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Abnormal Claisen

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

The first example of abnormal Claisen rearrangements was reported by Lauer and
Filbert in 1936.1 In contrast to the regular Claisen rearrangement ([3,3] � migration),2

the abnormal Claisen rearrangement3 usually occurs for the allyl aromatic ethers. A similar
reaction also occurs for the thermal rearrangement of cyclopropyl ketones to homoallylic
ketones.4 The abnormal Claisen rearrangement is believed to proceed via two consecu-
tive processes, i.e., the normal ortho Claisen rearrangement of γ-alkylallyl aryl ether to
an o-(α-alkylallyl) phenol and the isomerization of the resulting phenol. In general, this
type of abnormal Claisen rearrangement does not occur smoothly, except when in the pres-
ence of Lewis acids FeCl3, even though other Lewis acids (e.g., HfCl4, GaCl3, ZrCl4)
have limited ability to accelerate such reaction.3a It is reported that the abnormal Claisen
rearrangement can be prevented by the application of 1,1,1,3,3,3-hexamethyldisilazane and
N,O-bis(trimethylsilyl)acetamide.5

B. GENERAL REACTION SCHEME
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2 ABNORMAL CLAISEN REARRANGEMENT

C. PROPOSED MECHANISMS

Two kinds of mechanisms have been proposed for the abnormal Claisen rearrangement:
the concerted process (Scheme 1)6 and the stepwise process consisting of two consecutive
steps (Scheme 2).4 However, much experimental evidence is inconsistent with the stepwise
mechanism.

SCHEME 1. Concerted mechanism for abnormal Claisen rearrangement.

SCHEME 2. Stepwise mechanism for abnormal Claisen rearrangement.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has certain applications in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Claisen Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES
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Caution! The reaction becomes vigorous and exothermic when heated above 200◦C,
especially on a large scale. To a 25-mL round-bottomed flask equipped with a magnetic stir-
ring bar and an air condenser was added 5.06 g 3-hydroxy-2-(2-propenyloxy)benzaldehyde
(28.43 mmol). The flask was gently heated to melt the solid and then placed in a Wood’s
metal bath at 165–170◦C. After an induction period of a few minutes, the liquid in the
flask darkened and evolved a gas. When the reaction was finished (detected by TLC) and
cooled down, the mixture was triturated 10 times with boiling hexane. The dark, granular
residue was dissolved in EtOAc and adsorbed on 10 silica. The mixture was separated by
column chromatography using hexane/EtOAc/AcOH (65:35:1) as the eluent to give the
major normal Claisen rearrangement product and the first abnormal Claisen rearrangement
product, i.e., 2-allyl-3,4-dihydroxybenzaldehyde (1). The hexane extracts were evaporated
and chromatographed on silica using hexane/EtOAc/AcOH (80:20:1) as eluent to give the
second abnormal Claisen rearrangement product, i.e., 2,3-dihydroxy-4-allylbenzaldehyde
(2) and other minor products.

O

O

O O

Ph

H
SnCl4

O

CH2Cl2, –78°C H

Reference 3a.

General Procedure for the Preparation of Geranyl Phenyl Ether

To a stirred suspension of 176 mg sodium hydride (60% in oil, 4.4 mmol) in 20 mL
THF at room temperature under argon atmosphere was added 0.376 g phenol (4.0 mmol)
in portions followed by a catalytic amount of hydroquinone. The mixture was stirred for
0.5 h. HMPA (2 mL) and 0.74 mL geranyl chloride (4.0 mmol) were successively added.
The whole mixture was stirred for 1 day. After decomposition of excess sodium hydride
with 0.5 mL methanol, the mixture was poured onto ice water and extracted with ether. The
combined organic layers were dried, concentrated, and purified by column chromatography
on silica gel (hexane-dichloromethane as eluent).

General Procedure for the Enantioselective Cyclization of Geranyl Phenol
Ether Promoted by the BINOL-SnCl4 Complex

To a solution of BINOL (0.22 mmol) in 4 mL distilled CH2Cl2 was added 200 �L
1.0 M SnCl4 in CH2Cl2 (0.2 mmol) at −78◦C under argon atmosphere. After the mixture
was stirred for several minutes at the same temperature, 0.230 g geranyl phenyl ether
(0.1 mmol) was added dropwise at −78◦C. After the resulting mixture was stirred for
3 days at −78◦C, 16 �L pyridine (0.2 mmol) was added. Then the mixture was poured
onto a saturated NaHCO3 solution and extracted with ether. The combined organic layers
were dried over anhydrous MgSO4 and concentrated. The residue was purified by silica
gel column chromatography using hexane/CH2Cl2 (4:1) as the eluent to give 98% of the
rearrangement product as detected by GC.
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Other references related to the abnormal Claisen rearrangement can be found in the
literature.8
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Acetoacetic Ester

Condensation
(Claisen-Geuther Ester Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Geuther in 18631 and subsequently studied by
Claisen.2 It is a self-condensation of ester in the presence of alkali alkoxide in alcohol
to form β-keto esters (e.g. ethyl acetoacetate from ethyl acetate) and is generally known
as acetoacetic ester condensation.3 This reaction was extensively explored by McElvain
in 1930s.4 In general, it is carried out under basic conditions (e.g., NaOEt) to generate
β-keto-esters from aliphatic carboxylic acid esters.

B. GENERAL REACTION SCHEME

O

O

R
NaOEt

O

O O

R

R
EtOH

(R = H, alkyl, aryl)

C. PROPOSED MECHANISMS

The general mechanism for acetoacetic ester condensation shown here uses ethyl acetate
as an example.3f,4
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6 ACETOACETIC ESTER CONDENSATION
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D. MODIFICATION

Three esters (ethyl isovalerate, ethyl t-butylacetate, and ethyl isobutyrate) do not undergo
this type of condensation under normal conditions with sodium ethoxide, presumably due to
the steric hindrance. However, their condensation proceeds readily when mesitylmagnesium
bromide is applied as the base.5 In addition, the acetoacetic ester condensation has been
improved to give high yields using some quaternary ammonium salts of long aliphatic chains
as the phase transfer catalyst in benzene.6

E. APPLICATIONS

This reaction is useful for the synthesis of a series of β-keto esters (both branched and
unbranched). In addition, ethyl acetoacetate can be applied to the preparation of γ-diketones
in reaction with epoxides followed by oxidation and decarboxylation.7

F. RELATED REACTIONS

This reaction is related to Acetoacetic Ester Synthesis.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 3a.

To a 500-mL flask equipped with a sealed stirrer and a reflux condenser were added fresh
NaOEt (prepared from 4.6 g sodium) and 70.0 g ethyl phenylacetate (0.42 mol). The flask
was heated with stirring in a steam bath at about 95◦C for 6 h; however, the solid material
(NaOEt) in the reaction mixture completely disappeared after a few minutes of heating.
Then the flask was cooled to room temperature and treated carefully with 15 mL acetic acid
in 100 mL water. At this point, a considerable amount of ethyl α,γ-diphenylacetoacetate
precipitated. Ether (150 mL) was added to return this precipitate to solution, and the
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separated aqueous layer was further extracted with 50 mL ether. The combined ether layers
were washed sufficiently with saturated sodium bicarbonate solution. After the removal of
ether, the residue was allowed to crystallize, and the resulting crystalline mass was again
added to 20 mL alcohol and kept at 0◦C. The precipitate was filtered off by suction and
dried over a porous plate, and 28 g of material was obtained. The filtrate was then distilled
from an oil bath to remove alcohol, and the unreacted ethyl phenylacetate was collected
at 5 mmHg. The residue was dissolved in another 10 mL hot alcohol and cooled to 0◦C.
An additional 3 g ethyl α,γ-diphenylacetoacetate was recovered. The yield was 55% on the
basis of sodium ethoxide used, or 78% based on the ethyl phenylacetate recovered. The
product has an m.p. 75 – 77◦C.
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Reference 3f.

To a 125 mL Claisen flask equipped with a 35-cm-long fractioning column were placed
0.1 mol corresponding ester and 0.05 mol NaOEt. The fractioning column was attached to
a receiving flask (without cooling) that was in turn attached through a soda lime tower and
a safety bottle to a manometer and a water pump. The flask was then heated carefully in an
oil bath to a temperature and under a pressure that caused a moderate, but not too vigorous,
evolution of alcohol vapor, as shown by the ebullition of the reaction mixture. The required
temperature and pressure varied with the boiling point of the esters; the lower esters required
lower reaction temperatures and higher pressures to prevent the loss of ester. Consequently,
the time necessary for the completion of the reaction in these cases was increased. After
the reaction had proceeded for some time, the temperatures and pressures could be raised
and lowered, respectively, until the reaction mass ceased ebullition. The reaction product
after cooling was treated with the calculated quantity of 30% acetic acid and shaken vig-
orously until the sodium salt had been completely decomposed. The β-keto ester was then
extracted with 25 mL ether followed by the standard workup procedure. This procedure
was quite satisfactory for all of the esters except ethyl α-pelargonylpelargonate and ethyl
α-caprylcaprate, both of which suffered a small amount of pyrolysis to the corresponding
ketone.

Other references related to acetoacetic ester condensation are cited in the literature.8
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3
Acetoacetic Ester Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Simonsen in 1908;1 unfortunately, it was not named
after this inventor. It is the synthesis of α-substituted acetic acid esters or substituted acetones
from acetoacetic ester by treatment of ethyl acetoacetate with a strong base, followed by
alkylation and subsequent deacetylation or decarboxylation; it is known as acetoacetic ester
synthesis.2 Being adjacent to two electron-withdrawing groups (i.e., carbonyl and ester
groups), the α-methylene protons in β-ketoesters (e.g., acetoacetic esters) are very acidic;
the pKa of which could be as low as 10.3 Therefore, the α-methylene proton is readily
deprotonated, and the resulting α-carbanion can be alkylated or acylated. In addition, the
acetoacetic esters can also be alkylated in acidic condition via the form of enol intermediate,
although some unexpected products might form.4 The new substituted β-ketoesters are then
either treated with a concentrated base (normally strong base) to give substituted esters or
are hydrolyzed under mild conditions (either acidic or basic) to give substituted acetones
through decarboxylation.5,6

B. GENERAL REACTION SCHEME
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10 ACETOACETIC ESTER SYNTHESIS

C. PROPOSED MECHANISMS

Displayed here is a general mechanism for acetoacetic ester synthesis from ethyl acety-
lacetate.

D. MODIFICATION

N/A

E. APPLICATIONS

Besides the applications to synthesize ketones and esters, this reaction has been used to
synthesize 7-nitro-indole by me in 1995, as shown in the following reaction route.

O

O

O

MeI, NaOEt

EtOH
O O

O
NO2

N2
+Cl–

O

OEtNO2

N N

NO2

N
H

F. RELATED REACTIONS

This reaction is very closely related to Acetoacetic Ester Condensation; and mechanisti-
cally, the cleavage of β-ketoesters under strong base conditions is similar to the Retro-Aldol
Addition.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

To a 500-mL three-necked flask equipped with a mechanical stirrer and two pressure-
equalizing dropping funnels was added a mixture of 100 mL water and 50 mL hexane.
The flask was placed in an ice bath. To the cooled mixture was added 40 mL tert-butyl
acetoacetate and 13 mL of a solution of 66 g NaOH in 200 mL water. Through the two
dropping funnels were added 40 mL freshly distilled benzoyl chloride and 54 mL of the
NaOH solution over a period of 2 h with stirring. The solution was then warmed to 35◦C
for 30 min. The layers were separated in a separatory funnel, and the aqueous layer was
collected and stirred with 16 g NH4Cl for 15 h. After filtration to remove solids, 18 g NaCl
was added to the filtrate to induce the separation of phases. The organic layer was collected,
and the aqueous layer was extracted with ether. The extracts combined with the organic
layer were dried by addition of benzene and azeotropic evaporation on rotary evaporator.
The residue was distilled at 115–116◦C (0.5 mmHg) to afford t-butyl α-benzoylacetate.

To the three-necked flask equipped with a dropping funnel was added NaOEt solution
prepared from 1.1 g sodium in 15 mL absolute ethanol. When the solution was cooled
to 5◦C, 4.5 g of tert-butyl benzoylacetate was added under stirring. After a while, 10.0 g
iodomethane, which had been cooled to −17◦C was added. The reaction flask was stoppered,
and after 16 h the reaction mixture was refluxed gently to ensure completion of the reaction.
Sodium iodide precipitated during the course of the reaction. The solution was filtered, and
ethanol was removed by rotary evaporation. The flask was cooled to 5◦C, and the solution
was neutralized with an NH4Cl solution prepared from 2.7 g ammonium chloride in 20 mL
water. The solution was extracted with ether (2 × 100 mL), and the ether extracts were
combined. The aqueous layer then was acidified with 10 mL 1 M HCl and then extracted
again with ether. The combined ether extracts were dried over anhydrous sodium thiosulfate,
a procedure that also removes iodine. After filtration and evaporation, the residue was
distilled at 85–90◦C (0.2 mmHg) to give 85% of tert-butyl α,α-dimethyl-benzoylacetate.

O

O O

NC

O O

O O

N
H2)

1) Na

60%

Reference 8.

To a three-necked flask were added 300 mL anhydrous ether and 4.6 g sodium ribbons
(0.2 mol), followed by 25.5 mL ethyl acetoacetate (0.2 mol) dropwise under well stir-
ring. Then an additional 300 mL anhydrous ether was added, and the reaction mixture was
refluxed for 4 h. Then 25.5 mL freshly distilled cyclohexyl isonitrile (0.2 mol) was added
dropwise to the resulting viscous mixture. After being refluxed for 50 h, the reaction mixture
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was diluted with 150 mL benzene and neutralized by adding an aqueous phosphate buffer
solution while stirring vigorously. The benzene extracts were washed with 5% NaHCO3
and water and dried over MgSO4. Upon removal of solvent by evaporation, about 31.0 g
N-cyclohexyl β-ethoxycarbonyl acetoacetamide was obtained, in a yield of 60%. The
product was purified by crystallization in hexane, with on m.p. of 47.2–48◦C.

Other references related to acetoacetic ester synthesis are cited in the literature.9
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T. I.; Astaf’eva, A. E. and Semenova, S. N., Zh. Org. Khim., 1970, 6, 736. (e) Temnikova,
T. I.; Markina, G. V.; Borodavko, V. A. and Yaskina, N. I., Zh. Org. Khim., 1970, 6, 739.
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Acyloin Condensation

(Acyloin Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bouveault and Blanc in 1903,1 and was further
extended by Bouveault and Locquin.2 It is the synthesis of symmetrical �-hydroxy ketones
via the reductive condensation of esters in an inert solvent in the presence of sodium. Since
symmetrical α-hydroxy ketones, the aliphatic analogs of benzoins, are generally known as
acyloins, the formation of α-hydroxy ketones from esters is simply referred to as acyloin
condensation.3 In a few cases, it is also referred to as acyloin reaction.4 For the individual
acyloin, the name is derived by adding the suffix oin to the stem name of corresponding
acid, e.g., acetoin prepared from acetate.5 The most common method used to make acyloin
is the reductive condensation of aliphatic esters with sodium in inert solvents, such as
ether, xylene or even in liquid NH3.3aaa The yield of this reaction can be greatly improved
when trimethylchlorosilane presents.4d Intromolecular acyloin condensation from aliphatic
diesters affords cyclic ketones of different ring sizes.

B. GENERAL REACTION SCHEME

Na

COOR

COOR
O

OH
Inert Solvent
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C. PROPOSED MECHANISMS

Under the reductive condition, the ester group is reduced to hemiacetal radical by sodium,
and the coupling of the radical pairs accompanied with the elimination of alkoxide affords
the α-dicarbonyl intermediate, which is further reduced by two sodium atoms to ene-diolate.
Upon hydrolysis, the ene-diol tautomerizes to acyloin product.6 A general mechanism for
acyloin condensation is displayed below.

D. MODIFICATION

This reaction has been modified to form bis(trimethylsilyloxy) alkenes.4d In addi-
tion, C8K7 and thiazolium salt,8 such as 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium
chloride,3c have been applied for the acyloin condensation.

E. APPLICATIONS

This reaction has been used to synthesize cyclic ketones of intermediates to a large ring
from diesters with long hydrocarbon chain between two ester groups.9

F. RELATED REACTIONS

This reaction is related to Benzoin Condensation, in which the benzoin is prepared from
benzaldehyde.
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G. CITED EXPERIMENTAL EXAMPLES

O

OMe

C8K

THF

OH

O

C8K
O

O

Reference 7.

Preparation of C8K. To a 100 mL argon-flushed and flame-dried three-necked round-
bottomed flask, were added 2.4 g of graphite powder, and magnetic stir bar. The graphite
powder was heated to 150◦C under argon atmosphere while stirring. After 15 minutes, 1 g of
clean potassium metal (25 mmol) was added in slices. The stirring at 150◦C was continued
until the bronze-colored C8K was formed. The reagent was cooled to room temperature and
kept under argon.

The generally procedure for acyloin condensation. To the above flask (protected under
argon) was added 50 mL of dry THF, and the flask was kept at 25◦C under argon atmosphere.
Then a solution of 710 mg of methyl p-isopropylbenzoate (4 mmol) in 50 mL of solvent
was dropped into the reaction mixture over 20 minutes under stirring. The reaction was
monitored by TLC. After the ester was totally consumed, the mixture was stirred for 1 hour
and then cooled to 0◦C, and 10 mL of water was added to the solution (no violent reaction
occurred at this moment). The reaction mixture was filtered through a fritted glass funnel,
and the filter cake was washed with two 25-mL portions of ether. The combined filtrate was
washed twice with 20 mL of water, the organic phase was dried over MgSO4, and removed by
evaporation. The crude product (400 mg) was then purified on a chromatographic preparative
plate. Crystallization from methanol gave 175 mg of 3,6-diisopropylphenanthrenequinone,
in yield of 30%, m.p. 155-157◦C.

Reference 10.

To a 5-L three-necked flask (equipped with a high speed stirrer and protected by nitrogen
or other inert gas) was added a mixture of 115 g of sodium (5 mol) and 3 L of xylene. The
mixture was heated to 105◦C, and the sodium melted. The stirrer was started and the sodium
dispersed in a finely divided state in the xylene. From a separatory funnel, 535 g of methyl
laurate (2.5 mol) was then added into the flask. The addition was at such a rate that the
temperature did not rise above 110◦C. The addition of the ester required about 1 hour.
Stirring was continued for one-half hour after the ester had been added. Small portion of
unchanged sodium were decomposed by the addition of an excess of methanol (1–2 mol).
After cooling to about 80◦C, 0.5 to 1 L of water was added cautiously until the alkali had
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dissolved, and the layers were separated by decantation. After one or two more washings
of the xylene layer with water, the remaining alkali was neutralized with a slight excess
of mineral acid, and this excess acid was finally neutralized with sodium bicarbonate. The
xylene was removed by steam distillation, and the residual oily layer was poured into a
suitable vessel to solidify. The impure product contains 80–90% of the lauroin, which can
be purified through crystallization from 95% ethanol, m.p. 62◦C.

Other references related to acyloin condensation are cited in literature.11
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5
Acyloin Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

Acyloins are the general name of symmetrical α-hydroxy ketones, the aliphatic analogs of
benzoins; and the individual name is derived by adding the suffix-oin to the stem name of the
corresponding acid.1 The acyloin rearrangement is the conversion of an α-hydroxycarbonyl
compound into its structural isomer (also an α-hydroxylcarbonyl compound), which is
accomplished by the interchange of the carbonyl group and migration of an alkyl group
to the adjacent carbon atom.2 While this rearrangement is usually promoted by acid3 or
base,4 it also proceeds under pyrolytic conditions;5 and the thermal acyloin rearrangement
can be accelerated by high pressure.6 The details of acyloin rearrangement are given in the
literature.7

B. GENERAL REACTION SCHEME

R1
R2

O

OH
R3

R1
R2

OH

O
R3Acid (or base)

C. PROPOSED MECHANISMS

Both acid-(Scheme 1) and base-(Scheme 2) catalyzed reactions are displayed here.
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SCHEME 1. An acid-catalyzed acyloin rearrangement.

SCHEME 2. Mechanism of a base-catalyzed acyloin rearrangement.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general applications in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

HO
O

KO2

O

O
HO

Reference 8.

A solution of 236 mg 5-hydroxy-2,2,5,7,8-pentamethylchroman-6(5H)-one (1 mmol) in
20 mL dry THF was added to a stirred suspension of 70 mg potassium superoxide (KO2,
1 mmol) in 50 mL dry THF at 0◦C. The reaction mixture was stirred for 1 h at 0◦C. The
excess amount of KO2 was decomposed by the addition of 10 mL water. The resulting
mixture was extracted with diethyl ether. The combined organic layers were washed with
brine, dried over anhydrous Na2SO4, and filtered. Upon removal of solvent under reduced
pressure, the resulting solid residue was purified by silica gel column chromatography using
a mixture of n-hexane and ethyl ether (1:l) as eluent to afford 224 mg 6-hydroxy-2,2,6,7,8-
pentamethylchroman-5(6H)-one, in a yield of 95%.
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N OH

OEtO2C

Ph

N O

OHEtO2C

Ph

∆
5% KOH

Reference 9.

A mixture of 2.89 g 1,2-dimethyl-3-(ethoxycarbonyl)-5-benzyl-5-hydroxy-2-pyrrolin-
4-one (10 mmol), 30 mL 5% aqueous potassium hydroxide (30 mL), and 30 mL chloroform
was heated with stirring in a water bath at 65◦C for 10 min. Then the mixture was allowed to
stand at room temperature for 1 h. After filtration, the resulting solution was acidified with
6 N HCl. The precipitated hydroxypyrrolinone was extracted with CHCl3 (2 × 40 mL). The
combined organic layers were washed with water and dried over Na2SO4. Upon removal
of the solvent under reduced pressure, the remaining white solid was recrystallized to give
1.74 g 1,2-dimethyl-3-(ethoxycarbonyl)-4-benzyl-4-hydroxy-2-pyrrolin-5-one, in a yield
of 60%, m.p. 119◦C.

Other references related to acyloin rearrangement are cited in the literature.10
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Adkins Catalyst

A. GENERAL DESCRIPTION OF THE REACTION

Adkins catalysts are kinds of metal complexes prepared from chromium, copper,
nickel, platinum, etc. These catalysts were primarily developed by Homer Adkins and
have been applied to many organic reactions, e.g., hydrogenation, dehydrogenation and
decarboxylation. Hydrogenations include the hydrogenation of ester to alcohol,1 hydrogena-
tion of amide to amine,2 and other hydrogenations.3 Similarly, dehydrogenations include
dehydrogenation of alcohol,4 dehydrogenation of aromatic compounds,5 and some other
dehydrogenations.6 The protocols for the preparation of these catalysts are also provided
by Adkins.7

B. GENERAL REACTION SCHEME

Some representative reactions are illustrated here.

R O
R′

O

R N
H

R′
O

R OH

R NH2

H2

H2

H2

Catalyst

Catalyst

Catalyst
+

Hydrogenation
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Catalyst

Dehydrogenation

C. PROPOSED MECHANISMS

The mechanisms of a few representative reactions are illustrated: in the hydrogenation
of alkene (Scheme 1), the decarboxylation of conjugated carboxylic acid (Scheme 2), and
the dehydrogenation of diols (Scheme 3).

For hydrogenation, the Adkins catalyst will help the cleavage of a hydrogen-hydrogen
bond so that the hydrogen can add to double bonds (Scheme 1).

SCHEME 1. Hydrogenation of olefin over an Adkins catalyst.

SCHEME 2. Decarboxylation of ˛,ˇ-unsaturated carboxylic acids.

SCHEME 3. Dehydrogenation of a diol.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has broad applications in organic synthesis, especially on a large reaction
scale.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O OH

Triethylamine

H2/Adkins Catalyst
Methanol

Reference 3g.

The Preparation of Catalyst HJS 2

To a 900 mL of a solution (at 25◦C) prepared from 178 g sodium dichromate dihydrate
(Na2Cr2O7·2H2O) and 225 mL 28% NH4OH was poured 900 mL of a solution (at 80◦C)
containing 260 g copper nitrate trihydrate (Cu(NO3)2·3H2O) and 31 g Ba(NO3)2. The
orange precipitate was collected on a filter, washed with 200 mL of water in two portions,
pressed and sucked as dry as possible, dried at 75–80◦C for 12 h and pulverized. This product
was decomposed in a 1-L four-necked flask held in a Woods metal bath at 350◦C. The flask
was equipped with a wide air condenser, a funnel for introducing a solid, a thermometer, and
a stainless-steel stirrer with a 1.25-cm-wide and 10-cm-long crescent blade. The material to
be decomposed was added through the funnel during a period of 15 min with rapid stirring.
The product was heated with stirring at a bath temperature of 350◦C for 20 min after all of
the material had been added. The product from the decomposition was leached by stirring
for 30 min with 600 mL 10% acetic acid at room temperature. The powder was washed
with water (6 × 100 mL), dried at 125◦C for 12 h and pulverized. The catalyst so obtained
was brownish black and amounted to 160–170 g. The cooper-chromium oxide catalyst was
activated by shaking the catalyst, suspended in methanol, under approximately 4000 psi of
hydrogen at 100◦C for 5 min. The reaction vessel was then cooled to room temperature,
and the compound to be hydrogenated was added.

The Hydrogenation of Methyl 2-Naphthyl Ketone

A mixture of 17 g methyl 2-naphthyl ketone and 10 g of the activated catalyst (described
above) in 100 mL methanol was stirred under a hydrogen pressure of 4000 psi. Methyl-2-
naphthylcarbinol was obtained, m.p. 74–75◦C.
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Other references related to the Adkins catalyst are cited in the literature.8
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(l) Miyake, R., Yakugaku Zasshi, 1948, 68, 8.
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Ainley and King Synthesis
(Ainley-King-Sargent Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reported first by Ruzicka et al. in 19241 and was extended by Ainley
and King in 1935.2 It is a multistep synthesis of α-piperidyl-4-quinolinemethanols3 (or
quinolyl-4-α-piperidylcarbinols4), involving the reaction of (a) amidation of p-anisidine by
an acetoacetic ester, (b) electrophilic cyclization to give 2-hydroxy-lepidine, (c) replacement
of the 2-hydroxyl group by a chlorine atom, (d) removal of chlorine by Pd/C catalyzed hydro-
genation in AcOH, (e) condensation with benzaldehyde followed by oxidation to afford
4-quininic acid in 50% pyridine, (f) esterification of the 4-quininic acid, (g) Claisen-Geuther
ester condensation5 of ethyl quininate with ethyl ε-benzamidocaproate, (h) hydrolysis of
the ester and β-decarboxylation, (i) α-bromination and cyclization, and (j) reduction of the
carbonyl group to a secondary hydroxyl group via hydrogenation.2,6 This reaction played
an important role in the preparation of large quantities of quinine for antimalarial3,4a,6,7

during the World War II and is generally known as the Ainley and King synthesis.3,4a,6

Subsequently, this reaction has been modified by various researchers, especially by Sargent
in 1946;4 thus this synthesis is also referred to as the Ainley-King-Sargent synthesis.8

Compared to that of the Ruzicka protocol, the Claisen-Geuther ester condensation in
this synthesis was optimized from 17% to 64% by replacement of sodium ethoxide with
sodium or sodium amide. In addition, the cyclization to form the piperidinyl ring is carried
out in a two-phase solvent system (H2O and ether) using sodium carbonate as base.2

Among the subsequent modifications, it was found that, if the preparation of lepidine
at the stage of dehalogenation is performed in warm alcoholic KOH in the presence of
Raney nickel, the lepidine can be easily isolated; in addition, such dehalogenation can also
be accomplished by zinc and acetic acid.6 Moreover, the formation of quininic acid via
oxidation in acetone was found to be superior to that in 50% pyridine due to the easy
isolation of product.5
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Details of this multistep reaction are not shown because each step is very simple and
obvious in modern organic synthesis.

D. MODIFICATION

Although the general reaction route of the Ainley and King synthesis is generally fol-
lowed, each step has been modified in same way to produce large quantities of quinine.
Some of the modifications are the removal of chlorine by zinc and acetic acid to form
lepidine and the formation of quininic acid in acetone during the oxidation.6

E. APPLICATIONS

This reaction provided the basic blueprint for the production of quinine in the 1940s, the
product was widely used for the treatment of malaria.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 3.

To a 5-L three-necked flask equipped with a Hirshberg stirrer and a condenser protected
with a soda lime tube, were added 38.0 g powered sodium amide (1.65 mol), 360 g ethyl
2-phenylcinchoninate (1.30 mol), 345 g ethyl benzamidocaproate (1.31 mol), and 675 mL
thiophene-free dry benzene. After the solution was stirred at 90◦C for 22 h, the mixture
was cooled in an ice water bath while a solution of 1.2 L concentrated HCl and 1 L water
was added. The Hirshberg stirrer was then replaced with a stillhead, and the benzene steam
distilled until the temperature of the vapor reached 108◦C. After substituting a condenser
for the stillhead, the remaining solution was refluxed for 40 h. The solution was then cooled
and adjusted to pH 10–12 with 50% NaOH (920 mL). The ketone was extracted with
1.5 L CHCl3 in portions and the combined organic layers were dried over Na2SO4. The
chloroform solution of ketone was then extracted with 750 g 40% HBr, and chloroform
was removed from the HBr layer by heating on a steam bath while stirring (30 min). The
increase in weight of the solution was 304 g. (This part is not clearly stated, as the combined
chloroform layers will be extracted with 48% HBr; it is not necessary to dry the chloroform
solution with Na2SO4). Small amounts of ketone dihydrobromide can be isolated by cooling
the solution; and recrystallization of the isolate solid in 96% ethanol is as yellow clusters
of needles, with a m.p. of 225–227◦C (dec.).

The solution of ketone dihydrobromide in 40% HBr was heated to 85◦C and, under
mechanical stirring, a solution of 138 g bromine in 275 mL 40% HBr was added over
a period of 20 min, during which the temperature was maintained at 85–90◦C. The prod-
uct (ε-bromo-ε-(2-phenylcinchoninyl)-N-amylamine dihydrobromide) began to crystallize
out before all the bromine was added. The mixture was heated to the boiling point and
250 mL 40% HBr was added, but the product did not dissolve. The reaction mixture was
then chilled, and the precipitate was collected on a sintered glass funnel. It was washed
by suspension in isopropanol to remove hydrobromic acid, then with acetone until the
filtrate was colorless, and finally with ether. After drying in vacuo over NaOH, 334.5 g of a
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light yellow powder was obtained, m.p. 210.5–212◦C (dec.), and additional crop of 41 g of
crystal was obtained after the mother liquors were concentrated to half volume. The total
yield was 375 g (52%). (By acidifying the aqueous phase from the chloroform extraction of
the ketone and washing the precipitate with ethanol to remove benzoic acid, 96 g of crude
cinchophen was recovered.)

To a suspension of 140 g ε-bromo-ε-(2-phenylcinchoninyl)-N-amylamine dihydrobro-
mide (0.25 mol) in 2.2 L absolute ethanol in a 4-L bottle was added 735 mL 15% (by
weight) Na2CO3 solution. After displacing the air with nitrogen, the bottole was stoppered
and shaken mechanically for 50 min. Then 3.0 g platinum oxide was added, and the bot-
tle was filled with hydrogen. The reduction was performed at room temperature for 4 h,
at which time the rate of hydrogen absorption had fallen from an initial 100 mL/min to
1 mL/min with the total uptake of 6.7 L. After removal of the catalyst and precipitated
salts, ethanol was removed under reduced pressure. After decanting the aqueous phase, the
residul oil was rinsed with water and dissolved in 1 L of absolute ethanol. The solution was
filtered and 50 mL concentrated HCl was added. The precipitate was filtered, washed with
acetone, and dried to give 71 g 2-phenyl-α-(2-piperidyl)-4-quinolinemethanol as a light
pink powder, m.p. 226–228◦C (dec.)

Other references related to the Ainley and King synthesis are cited in the literature.9

H. REFERENCES

1. Ruzicka, L.; Seidel, C. F. and Liebl, Fr., Helv. Chim. Acta, 1924, 7, 995.

2. Ainley, A. D. and King, H., Proc. Royal Soc. London, Series B, Biol. Sci., 1938, 125, 60.

3. Rapport, M. M.; Senear, A. E.; Mead, J. F. and Koepfli, J. B., J. Am. Chem. Soc., 1946, 68, 2697.

4. (a) Sargent, H., J. Am. Chem. Soc., 1946, 68, 2688. (b) Buchman, E. R.; Sargent, H.; Myers, T.
C. and Seneker, J. A., J. Am. Chem. Soc., 1946, 68, 2692.

5. See Acetoacetic Ester Condensation herein (P. 5).

6. Campbell, K. N.; Tipson, R. S.; Elderfield, R. C.; Campbell, B. K.; Clapp, M. A.; Gensler, W. J.;
Morrison, D. and Moran, W. J., J. Org. Chem., 1946, 11, 803.

7. Mead, J. F.; Senear, A. E. and Koepfli, J. B., J. Am. Chem. Soc., 1946, 68, 2708.

8. Winstein, S.; Jacobs, T. L.; Levy, E. F.; Seymour, D.; Linden, G. B. and Henderson, R. B.,
J. Am. Chem. Soc., 1946, 68, 2714.

9. (a) Brasyunas, V. B.; Andreyanova, T. A.; Safonova, T. S.; Solov’eva, N. P.; Turchin, K. F. and
Sheinker, Yu. N., Chem. Heterocycl. Compd., 1988, 24, 670. (b) Schultz, O. E. and Amschler,
U., Ann., 1970, 740, 192. (c) Harington, C. R., Biograph. Memoirs Fellows Royal Soc., 1956,
2, 157. (d) Ramsey, V. G.; Baldwin, W. E. and Tipson, R. S., J. Am. Chem. Soc., 1947, 69, 67.
(e) Mead, J. F.; Rapport, M. M. and Koepfli, J. B., J. Am. Chem. Soc., 1946, 68, 2704. (f) Work,
T. S., J. Chem. Soc., 1946, 194. (g) Brown, R. F.; Jacobs, T. L.; Winstein, S.; Kloetzel, M. C.;
Speath, E. C.; Florsheim, W. H.; Robson, J. H.; Levy, E. F.; Bryan, G. M.; Magnusson, A. B.;
Miller, S. J.; Ott, M. L. and Terek, J. A., J. Am. Chem. Soc., 1946, 68, 2705. (h) Buchman, E. R.;
McCloskey, C. M. and Seneker, J. A., J. Am. Chem. Soc., 1947, 69, 380. (i) Work, J. Chem. Soc.,
1942, 426. (j) Rabe, P.; Huntenburg, W.; Schultze, A. and Volger, G., Ber., 1931, 64B, 2487.
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Akabori Amino Acid Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Akabori in 1931.1 It is the synthesis of an aldehyde,
an α-amino aldehyde, or a primary amine from α-amino acid under different reaction con-
ditions. In the presence of a reducing agent (usually a reducing sugar), an α-amino acid is
oxidized to an aldehyde and ammonia by molecular oxygen (Scheme 1). For comparison,
the α-amino acid ester is reduced by sodium amalgam in alcoholic solution in the presence
of hydrochloric acid to give an α-amino aldehyde (Scheme 2). However, under pyrolytic
condition, the α-amino acid is converted to primary amine in the presence of benzaldehyde
(Scheme 3).

B. GENERAL REACTION SCHEME

NH2

CH CR
OH

O O2

Sugar
RCHO   +    NH3   +   CO2

SCHEME 1. Oxidation of ˛-amino acid to an aldehyde in the presence of a reducing sugar.

NH2

CH CR
OEt

O Na/Hg
CR

H

ONH2

CH
HCl/EtOH

SCHEME 2. Formation of ˛-amino aldehydes via the reduction of ˛-amino acids or esters with sodium
amalgam in the presence of ethanolic HCl.
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O

H
CHR

NH2

C
OH

O

∆
NH2CH2R+

SCHEME 3. Formation of a primary amine from the pyrolysis of an amino acid in the presence of an
aromatic aldehyde (e.g., benzaldehyde).

C. PROPOSED MECHANISMS

The mechanism for the conversion of α-amino acid to aldehyde in the presence of a
reducing sugar (sugar was emphasized by the aldehyde group) is displayed in Scheme 4.
The reduction of an α-amino acid or its ester derivatives to α-amino aldehyde by sodium
amalgam in acidic alcohol is illustrated in Scheme 5, and the mechanism for the pyrolytic
decarboxylation of an α-amino acid to a primary amine in the presence of an aromatic
aldehyde is given in Scheme 6.

SCHEME 4. Conversion of an ˛-amino acid into an aldehyde.

SCHEME 5. Reduction of an ˛-amino acid or its esters to ˛-amino aldehyde by a sodium amalgam.
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SCHEME 6. Formation of primary amines via the pyrolysis of ˛-amino acids in the presence of an
aromatic aldehyde.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to synthesize dichlorophthalimido derivatives for the analy-
sis of peptides, since the mass spectra of those derivatives are easily recognized due to the
characteristic pattern of ions containing two chlorine atoms.2 The simplicity of this tech-
nique is illustrated by the following general example, in which a few milligrams of a peptide
is subjected to reaction with hydrazine dissolved in dimethlysulfoxide in a commercially
available microwave oven for about 30 min. Samples are then removed from the solution
in 5 min intervals, and the FAB MS of corresponding samples are recorded. In the case of
oligopeptides, it is often possible to determine the entire sequence of amino acids via this
application.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 3.

About 50 g of the hydrochloride salt of (dl)-α-alanine ethyl ester (0.56 mol) was sub-
jected to reaction with 2 kg finely divided sodium amalgam (2.5%) at a pH between 2.0
and 4.5. The resultant mixture was then stirred for an additional 30 min. The solution was
decanted from mercury and then filtered, and the pH of the filtrate was adjusted to 4.0
using a solution of sodium bicarbonate. Upon refluxing in the presence of 70 g potassium
thiocyanate (0.72 mol), the solution acquired a dark brown color. After an additional 0.75-h
reaction period, the solution was concentrated at atmospheric pressure until crystals began
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to appear. The dark brown product was filtered off and subsequently recrystallized from
water (charcoal was added to decolorize the solution), to give 16.5 g 1-acetyl-2-mercapto-
5-methylglyoxaline as white blades, in a yield of 35%, m.p. 182–183◦C.

Reference 4.

About 10 g of (dl)-α-alanine were first esterified with ethanol by standard methods.
The resulting ester was then reduced with sodium amalgam using the reaction conditions
described earlier. To the resultant 10 g solution of the aminoaldehyde, 10 g cyanamide
in 60 mL 10% acetic acid aqueous solution was added, and the mixture was adjusted to
pH 4.0–5.0 and then refluxed for 30 min. The cooled and filtered solution was then made
alkaline by the addition of a solid sodium bicarbonate and extracted with ether to remove
unused cyanamide and dicyandiamide. Sodium hydroxide was next added, and the solution
was extracted with ether again. The ether solution was dried over Na2SO4 and evaporated.
The residue was dissolved in a little anhydrous ether, and anhydrous hydrogen chloride was
passed into the ether solution. The dark precipitated hydrochloride salt, in amount of 3.2 g,
was recrystallized from ethanol to afford colorless prisms, m.p. 272◦C (dec.).

Other references related to the Akabori amino acid reaction are cited in literature5.

H. REFERENCES

1. Akabori, S., Nippon Kagaku Kaishi, 1931, 52, 606.

2. See www.pepnet.com/products/Antisera.pdf.

3. Lawson, A. and Morley, H. V., J. Chem. Soc., 1955, 1695.

4. Lawson, A., J. Chem. Soc., 1956, 307.

5. (a) Bose, A. K.; Ing, Y. H.; Lavlinskaia, N.; Sareen, C; Pramanik, B. N.; Bartner, P. L.; Liu,
Y.-H. and Heimark, L., J. Am. Soc. Mass Spectr., 2002, 13, 839. (b) Ambach, E. and Beck, W.,
Chem. Ber., 1985, 118, 2722. (c) Belikov, V. M.; Vitt, S. V.; Kuznetsova, N. I.; Bezrukov, M. G.
and Saporovskaya, M. B., Izv. Akad. Nauk SSSR, Ser. Khim., 1969, 2536. (d) Emoto, S. and Ando,
M., Nippon Nogei Kagaku Kaishi, 1961, 35, 663. (e) Dose, K., Ber., 1957, 90, 1251. (f) Takagi,
E. and Mangyo, M., Yakugaku Zasshi, 1952, 72, 812. (g) Takagi, E., Yakugaku Zasshi, 1951, 71,
648. (h) Akabori, S., J. Chem. Soc., 1943, 64, 608. (i) Akabori, S., Ber., 1933, 66, 143, 151.
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Albright-Goldman Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Albright and Goldman from the American Cyanamid
Company in 1965.1 It is a mild conversion of primary and secondary alcohols into cor-
responding aldehydes and ketones using the mixture of dimethyl sulfoxide and acetic
anhydride as the oxidant. This reaction is particularly useful for the oxidation of the steri-
cally hindered hydroxyl groups. In general, the oxidation is carried out by allowing a mixture
of 1 mmol primary or secondary alcohol, 3 mL DMSO, and 2 mL (20 mmol excess) acetic
anhydride to stand at room temperature for 18–24 h.2

B. GENERAL REACTION SCHEME

R R′

OH
DMSO/Ac2O

R R′

O

(R′ = H, alkyl or aryl)
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34 ALBRIGHT-GOLDMAN OXIDATION

C. PROPOSED MECHANISMS

Displayed here is a simple illustration of this reaction.

S

O

S

O
O

O O

O

O O

O

S

O

O

S
R

R´

O

H

O

O

SR

R′

O

H O

O

H

H

O

O

S

O

R H

R′
O

O

S

R R′

O

++AcO AcOH+

Ac2O RR′CHOH

AcO–

AcO–

D. MODIFICATION

This reaction has been modified using the mixture of DMSO and one of the following
reagents: benzoic anhydride, polyphosphoric acid, and phosphorus pentoxide. However, it
seems that the mixture of acetic anhydride and DMSO is still the best combination for this
reaction.3

E. APPLICATIONS

This reaction has been used to convert primary and secondary alcohols into corresponding
aldehydes and ketones, especially for the sterically hindered alcohols. This reaction has been
commonly used in carbohydrate transformation. However, for the oxidation of phenols with
DMSO/Ac2O, the thiomethoxymethylation of the corresponding phenols occurs.4

F. RELATED REACTIONS

Other oxidation reactions using DMSO as an oxidant include the Pfitzner-Moffatt
Oxidation (DMSO/dicyclohexylcarbodiimide), Swern oxidation (DMSO/oxalyl chloride
or trifluoroacetic anhydride), Onodera oxidation (DMSO/phosphorus pentoxide), Parikh-
Doering Oxidation (DMSO/pyridine-sulfur trioxide), Corey-Kim Oxidation (dimethyl
sulfide/N-chlorosuccinimide), and Liu oxidation (DMSO/phenyl dichlorophosphate).



CITED EXPERIMENTAL EXAMPLES 35

G. CITED EXPERIMENTAL EXAMPLES

N

H
H

H

MeO2C

OH

H

N

H
H

H

MeO2C

O

H
N

H
H

H

MeO2C

O

H

CH2SCH3

DMSO/Ac2O

84% 0.7%

+

1
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Reference 3.

To a mixture of 886 g yohimbine (1) and 7.55 L dry dimethyl sulfoxide was added
5.05 L acetic anhydride. The mixture was stirred at room temperature for 18 h, then diluted
with 16.8 L ethanol, stirred for 1 h, and mixed with 4.2 L water. Concentrated ammonium
hydroxide (11 L) was added while maintaining the temperature at 15–30◦C by cooling. The
mixture was then diluted with 16.8 L water. Filtration gave a solid that was washed with
water and dried to give 818 g (93%) of tan crystals, with a m.p. of 248–250◦C (dec.). A
slurry of this tan crystal was formed twice with 4 L ethanol, and 742 g methyl yohimban-
17-one 16α-carboxylate (2) was obtained by filtration, in a yield of 84%, m.p. 253–254◦C
(dec.).

The filtrate from the first slurry with 4 L ethanol was concentrated to give a dark colored
gum. The gum was dissolved in chloroform-acetone-ethanol (6:3:1) and filtered through
synthetic magnesia silica gel. The filter cake was washed with acetone, and the combined
filtrates were concentrated to give 40 g of dark gum. The gum (20 g) was chromatographed
on a column of 300 g silica gel using chloroform-ethanol (99.3:0.7) as the eluting solvent
and 250-mL cuts were collected. Evaporation of cuts 5–11 gave the product as a glass.
The combined glass from two column purifications was crystallized from methanol to
give 6.95 g (0.7%) methyl 17α-[(methylthio)methoxy]yohimban-l6α-carboxylate (3) as tan
crystals, m.p. 195–198◦C.
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O

OBn

HO

OBn

O

OBn

OMe

DMSO/Ac2O
O

OBn

O
OBn

O

OBn

OMe

Reference 5.

To a mixture of 18 mL anhydrous DMSO and 15 mL acetic anhydride was added 2.93 g
p-methoxyphenyl-2,4,6-tri-O-benzyl-β-d-galactopyranoside. The solution was stirred
under nitrogen for 12 h at room temperature, then acetic anhydride was evaporated and
the remaining solution was diluted with water and extracted with chloroform. The com-
bined organic layers were washed with H2O, dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The residue was purified by chromatography on silica
gel using EtOAc/petroleum ether (1:3) as the eluent to give 2.45 g p-methoxyphenyl-2,4,6-
tri-O-benzyl-β-d-xylo-hex-3-ulopyranoside as a light yellow solid, in a yield of 84%, m.p.
85–87◦C; α23

D = −52◦ (c = 1, CHCl3).

Other references related to the Albright-Goldman oxidation are cited in the literature.6

H. REFERENCES

1. Albright, J. D. and Goldman, L., J. Org. Chem., 1965, 30, 1107.

2. Albright, J. D. and Goldman, L., J. Am. Chem. Soc., 1965, 87, 4214.

3. Albright, J. D. and Goldman, L., J. Am. Chem. Soc., 1967, 89, 2416.

4. Hayashi, Y. and Oda, R., J. Org. Chem., 1967, 32, 457.

5. Bazin, H. G.; Du, Y. G.; Polat, T. and Linhardt, R., J. Org. Chem., 1999, 64,7254.

6. (a) Dodd, D. S. and Oehlschlager, A. C., J. Org. Chem., 1992, 57, 2794. (b) Tadanier, J.; Martin,
J, R.; Goldstein, A. W. and Hirner, E. A., J. Org. Chem., 1978, 43, 2351. (c) Wikholm, R. J. and
Moore, H. W., J. Am. Chem. Soc., 1972, 94, 6152. (d) Dmitriev, B. A.; Kost, A. A. and Kochetkov,
N. K., Izv. Akad. Nauk SSSR, Ser. Khim., 1969, 903. (e) Gabriel, T.; Chen, W. Y. and Nussbaum,
A. L., J. Am. Chem. Soc., 1968, 90, 6833. (f) Sweat, F. W. and Epstein, W. W., J. Org. Chem.,
1967, 32, 835. (g) Torssell, K., Tetrahedron Lett., 1966, 4445.
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Alder Ene Reaction

(Conia Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Alder in 1943.1 It is the reaction between an alkene
of at least one allylic hydrogen (ene) and another unsaturated compound (i.e., enophile) to
form a new olefinic compound with a new bond connecting the two unsaturated termini,
and the allylic hydrogen is transferred to the enophile. Therefore, this reaction is generally
known as the Alder ene reaction2 and is occasionally referred to as ene cyclization,3 ene
functionalization,4 or Alder ene synthesis.5 This reaction has been extensively reviewed.6

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism of ene reaction is similar to that of Diels-Alder Reaction.
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R

Z

R′

H

R

Z

R′

H

Lewis acid

D. MODIFICATION

Conia has developed an intramolecular version of Alder ene reaction of unsaturated
ketones, where the carbonyl group functions as the ene component via the tautomerization
and the olefinic moiety serves as the enophile.7 This kind of Alder ene reaction is generally
known as a Conia reaction.8

E. APPLICATIONS

This reaction has very wide applications in organic synthesis.

F. RELATED REACTIONS

This reaction is related to Pericyclic Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 9.

The mixture of 900 mg 1-O-(tert-butyldimethylsilyl)-2-methyl-3-methoxy-hex-4-yn-1-
ol (3.5 mmol) and 2.6 g 3-butenyloxycarbonyloxy-2,2,2-trichloroethane (10.5 mmol) in
7.0 mL acetone was treated with 76 mg CpRu(CH3CN)3PF6 (0.18 mmol) for 20 min at
room temperature. The reaction mixture was concentrated and purified by silica gel flash
column chromatography using ether/petroleum ether (1:9 to 1:3) as the eluent to afford
1.49 g (2E,5E)(7S,8S)-9-(tert-butyldimethylsilyloxy)-7-methoxy-5,8-di-methylnona-2,5-
dienoxycarbonyloxy-2,2,2-trichloroethyl, in a yield of 85%.

MeO2C CO2Me

CO2Me

MeO2C CO2Me

CO2Me

550°C

Reference 10.
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Methyl 5,5-bis(methoxycarbonyl)-6-(l-cyclo-hexenyl)-2(E)-hexenoate (40 mg, 0.17 mmol)
was distilled at 180◦C (0.1 mmHg) into a horizontally mounted nonpacked quartz
tube that was heated in an oven at 550◦C at a 0.1 mmHg vacuum. The product
was collected in a dry ice trap. Flash chromatography (3:l hexane-ether) gave 32 mg
of 2,2-bis(methoxycarbonyl)-4-[(methoxycarbonyl)-methyl]spiro[4.5]dec-6-ene, in a yield
of 80%.

Other references related to the Alder ene reaction are cited in the literature.11

H. REFERENCES

1. Alder, K.; Pascher, F. and Schmitz, A., Ber., 1943, 76B, 27.

2. (a) Ashirov, R. V.; Balandina, A. A.; Kharlamov, S. V.; Appolonova, S. A.; Figadere, B.; Latypov,
S. K. and Plemenkov, V. V., Lett. Org. Chem., 2006, 3, 670. (b) Ashirov, R. V.; Appolonova, S. A.;
Shamov, G. A. and Plemenkov, V. V., Mendeleev Commun., 2006, 276. (c) Brummond, K. M. and
McCabe, J. M., Tetrahedron, 2006, 62, 10541. (d) Naerhi, K.; Franzen, J. and Baeckvall, J.-E.,
J. Org. Chem., 2006, 71, 2914. (e) Struebing, D.; Neumann, H.; Huebner, S.; Klaus, S. and Beller,
M., Tetrahedron, 2005, 61, 11345. (f) Naruse, Y.; Suzuki, T. and Inagaki, S., Tetrahedron Lett.,
2005, 46, 6937. (g) Brummond, K. M. and You, L. F., Tetrahedron, 2005, 61, 6180. (h) Pedrosa,
R.; Andres, C.; Martin, L.; Nieto, J. and Roson, C., J. Org. Chem., 2005, 70, 4332. (i) Hansen, E.
C. and Lee, D. S., J. Am. Chem. Soc., 2005, 127, 3252. (j) Chen, H. and Li, S. H., Organometallics,
2005, 24, 872. (k) Pedrosa, R.; Andres, C.; Martin, L.; Nieto, J. and Roson, C., J. Org. Chem.,
2005, 70, 4332. (l) Hansen, E. C and Lee, D. S., J. Am. Chem. Soc., 2005, 127, 3252. (m) Hartley,
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Alder-Rickert Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Alder and Rickert in 1936.1 It is the extension of the
Diels-Alder Reaction in which the Diels-Alder cycloadducts extrude the cleavable groups
to give even more stable aromatic compounds2 under thermal conditions or in the presence
of either acid or base. Thus this reaction is generally known as the Alder-Rickert reaction.3

In addition, the Diels-Alder cycloadducts can also be converted into aromatic compounds
via rearrangement or oxidation.4

B. GENERAL REACTION SCHEME

Shown here is a typical Alder-Rickert reaction in which R1 and R2 are eliminated. Other
groups are also possible to cleave.
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C. PROPOSED MECHANISMS

There are too many types of reactions to be generalized here; however, the formation of
a stable aromatic ring will be the driving force for this reaction.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general applications in the formation of aromatic compounds.

F. RELATED REACTIONS

This reaction is related to Diels-Alder Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N O

S
O Ph

Cl

Cl

CO2Me

CO2Me

N

Cl

Cl

SPh

CO2Me

CO2Me

+
Ac2O, p-TsOH

Toluene, reflux

44%

Reference 5.

To a flask equipped with a condenser were added 10 mL dry toluene,
3.0 mmol acetic anhydride, 0.15 mL dimethyl maleate (1.27 mmol), and a catalytic
amount of p-toluenesulfonic acid. Under argon, 100 mg 2,6-dichloro-4-[(phenyl-
sulfinyl)methyl]nicotinaldehyde (0.32 mmol) in toluene was added to above solution,
dropwise over a period of 10 min. After the addition was complete, the yellow mix-
ture was refluxed for an additional hour. The reddish yellow solution was cooled and
washed with saturated aqueous NaHCO3 solution. The organic layer was concentrated
and purified by preparative layer chromatography to give dimethyl 1,3-dichloro-5-
(phenylthio)isoquinoline-6,7-dicarboxylate, in a yield of 44% yield, m.p. 109–111◦C.

CO2Me

CO2Me

CO2Me

CO2Me
200°C

+

Reference 6.
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To a 5-mL flask with a capillary inlet attached to a source of dry nitrogen, was added 4.72 g
of the Diels-Alder cycloadduct from cyclooctatriene and dimethyl acetylenedicarboxylate.
The flask was connected to a 25-cm tube, which served as an air-cooled condenser, and
which led to a trap cooled with liquid nitrogen. The system was evacuated at 100 mmHg,
and the flask was heated in a bath at 200◦C for 20 min. The flask was cooled, and nitrogen was
admitted. The trap contained 0.97 g cyclobutene (95%), which was solid at the temperature
of liquid nitrogen and liquefied when placed in a dry ice bath at −78◦C. The residue from
the pyrolysis of cycloadduct was shown to be dimethyl phthalate by comparing its infrared
spectrum with the spectrum of an authentic sample and by saponification to phthalic acid,
isolated by sublimation as phthalic anhydride.

Reference 7.

The solution of 205 mg 2-((E)-1-oxo-hepta-4,6-dienyloxyimino)malononitrile
(1.01 mmol) in 200 mL dry toluene was stirred at reflux for 24 h. The solution was concen-
trated in vacuo to give a dark brown oil that was purified by flash column chromatography
on silica gel eluting with hexanes/EtOAc (1:1) to give 139 mg 2-oxo-3,4,4a,7-tetrahydro-
2H-pyridio[1,2-b]oxazine-8,8-dicarbonitrile as a thick brown oil, in a yield of 68%. The
solution of 140 mg of the above cycloadduct (0.69 mmol) and 671 mg Cs2CO3 (2.06 mmol)
in 5 mL dry DMF was stirred at room temperature for 18 h. The reaction mixture was
diluted with 20 mL EtOAc and acidified to pH 2 with 10% aqueous HCl. The aqueous layer
was extracted with 5 mL EtOAc three times. The combined organic layers were dried over
Na2SO4 and concentrated in vacuo to give 87 mg 6-(2-carboxyethyl)pyridine-2-carbonitrile
as a light tan solid, in a yield of 72%, m.p. 95–98.5◦C.

Other references related to the Alder-Rickert reaction are cited in the literature.8
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Aldol Reaction and Aldol

Condensation

A. GENERAL DESCRIPTION OF THE REACTION

The aldol reaction1 or aldol condensation,2 first reported by Kane in 1838,3 is one
of the most important C-C bond formation reactions for aldehydes and ketones. Due to
the electron-withdrawing characteristic of carbonyl groups in aldehydes and ketones, the
α-methylene group is relatively acidic (with a pKa of 16–214); therefore, aldehydes and
ketones can isomerize into enolates or enols under basic or acidic conditions, respectively.
The enolates or enols can further add to the carbonyl group in aldehydes or ketones,5 giving
β-hydroxyl carbonyl compounds known as aldols (aldehyde + alcohol). Enolates normally
aggregate to form dimer, tetramer, or higher oliogmers and exist as monomer predomi-
nantly only in very dilute solutions.6 In general, this reaction is complicated7 because many
possible reactions can occur at the same time. For example, the enolization of a ketone
will give two possible enolates, which will add to the same molecule or another aldehyde
or ketone (in a stepwise manner) to give aldols that differ in regioselectivity and stere-
oselectivity. In addition, the aldol products can undergo dehydration to form conjugated
carbonyl molecules (α,β-unsaturated aldehydes or ketones, in this case; the whole pro-
cess is also referred to as aldol condensation8), which might undergo the Michael Addition
with the existing enolates. On the other hand, under the basic condition, the aldehydes can
undergo disproportionation to give both carboxylic acid and alcohol (Cannizzaro Dispro-
portionation) or to form the ester (Tischenko Reaction). Furthermore, the addition of an
enolate to a carbonyl group could be complicated with either O-attack or C-attack.6 If all
of these possible reactions occur during the aldol reaction, then the aldol reaction will not
be as useful. However, more selective methods have been developed to generate enolates
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or enols, which selectively give the desired carbonyl molecules. Because this reaction is so
important, it has been extensively reviewed in different aspects.9

B. GENERAL REACTION SCHEME

The aldol reaction or aldol condensation proceeds under either acidic (Scheme 1) or
basic (Scheme 2) conditions.

SCHEME 1. Acid-catalyzed aldol reaction.

SCHEME 2. Base-catalyzed aldol reaction.

C. PROPOSED MECHANISMS

The mechanism is similar to that shown in Schemes 1 and 2 and illustrated in detail in
Schemes 3 and 4.

SCHEME 3. Mechanism of aldol reaction under acidic conditions.
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SCHEME 4. Mechanism of aldol reaction under basic conditions.

D. MODIFICATION

When aldehydes or ketones enolize to enols under acidic conditions, the enols are not
as stable as aldehydes or ketones. However, the formed enols can be fixed or protected
by a trimethylsilyl group to form trimethylsilyl vinyl ethers, which then undergo the aldol
reaction. This modification is known as Mukaiyama Aldol Reaction.

E. APPLICATIONS

Beside being used to form a variety of compounds (some of which are listed in the
experimental section), the aldol reaction has been used to synthesize the following antibiotic
macrolides, especially for the macrolide acutiphycin, which is primarily prepared by five
steps of consecutive aldol reactions. Among the listed structures, the bonds arising from
aldol reactions are labeled with many lines.

(Ref. 10a). (Ref. 10b).



48 ALDOL REACTION AND ALDOL CONDENSATION

(Ref. 10c).

F. RELATED REACTIONS

Besides the aldol reaction to form β-hydroxyketone, 1,3-Dipolar Cycloaddition can
also form similar molecules. In addition to the Mukaiyama Aldol Reaction, the following
are also similar or closely related to the aldol reaction: the Claisen-Schmidt Condensa-
tion (the aldol reaction between benzaldehyde and an aliphatic aldehyde or ketone in
the presence of relatively strong bases to form an α,β-unsaturated aldehyde or ketone),
the Henry Reaction (base-catalyzed addition of nitroalkane to aldehydes or ketones), the
Ivanov Reaction (the addition of enediolates or aryl acetic acid to electrophiles, espe-
cially carbonyl compounds), the Knoevenagel Reaction11 (the condensation of aldehydes
or ketones with acidic methylene compounds in the presence of amine or ammonia),
the Reformatsky Reaction (the condensation of aldehydes or ketones with organozinc
derivatives of α-halo-esters), and the Robinson Annulation Reaction (the condensation
of ketone cyclohexanone with methyl vinyl ketone or its equivalent to form bicyclic
compounds).

G. CITED EXPERIMENTAL EXAMPLES

Reference 12 (a similar reaction condition is also found in Ref. 13).

To 10 mL CH2Cl2 was added 0.28 mL triethylamine (2.00 mmol), and the resulting
solution was cooled to 0◦C. To this solution, was added 2.0 mL 0.5 M dicyclohexylboron
chloride in hexane (1.00 mmol), and the solution was stirred for 5 min. Then 0.13 g diox-
anone (1.00 mmol) was added; and after being stirred for 15 min, 0.1 mL benzaldehyde
(1.00 mmol) was added. After stirring for another 15 minutes, 0.28 mL of triethylamine
(2.00 mmol) was added, followed by 2.0 mL of 0.5 M dicyclohexylboron chloride in hexane
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(1.00 mmol). After another 15 minutes, 0.17 mL of cyclohexyl aldehyde (1.50 mmol) was
added. After being stirred for an additional 15 min, the reaction mixture was quenched with
20 mL concentrated buffer (pH = 7). The resulting product was extracted with diethyl ether
(3 × 50 mL). The combined extracts were washed with brine (2 × 10 mL) and dried over
MgSO4. Upon evaporation of the solvent, the residue was dissolved in 18 mL methanol and
cooled to 0◦C. To this solution were sequentially added 6 mL concentrated buffer (pH = 7)
and 6 mL 30% H2O2. The solution was stirred at 0◦C for 3 h and 150 mL Et2O was then
added; the separated organic layer was washed with saturated NaHCO3 (2 × 15 mL) and
15 mL brine and was dried over MgSO4. Upon removal of the solvent, four com-
ponents were identified in the residual mixture as analyzed by 1H NMR in a ratio
of 83:9:6:2. The residue was isolated by DFC (9:1 hexane/CH2Cl2 followed by 9:1:2
hexane/CH2Cl2/AcOEt) to give 224 mg of the major product as a colorless liquid, in a
yield of 64%.

O

OLi S

S

O

Et

O

+
THF, –78°C

S

S

O

Et
OEt

HO O

Reference 14.

A solution of 4.5 mL 2.5 M n-BuLi in hexane (10.5 mmol) was slowly added to a cooled
solution (−78◦C) of 1.7 mL diisopropylamine (12.6 mmol) in 45 mL THF under a nitrogen
atmosphere. After 30 min, a solution of 1.072 g ethyl propanoate (10.5 mmol) in 30 mL
THF was slowly added. After being stirred for 30 min at the same temperature, a solution of
0.619 g 2-acetyl-2-ethyl-1,3-dithiane 1-oxide (3 mmol) in 20 mL THF was added dropwise
via syringe, and the mixture was stirred for 5 min. Saturated aqueous NH4Cl was added; and
the aqueous layer was extracted with CH2Cl2 (3 × 50 mL). The combined organic phases
were washed with brine and dried over MgSO4. Upon removal of the solvent under reduced
pressure, the residue was purified either by flash chromatography or by crystallization.

Other references related to the aldol reaction are cited in the literature.15
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Algar-Flynn-Oyamada

(AFO) Reaction
(Algar-Flynn-Oyamada Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Algar and Flynn1 and concurrently by Oyamada2

in 1934. It is the synthesis of flavones via oxidative cyclization of 2′-oxychalcones with
hydrogen peroxide under alkaline conditions. Therefore, this reaction is generally known
as the Algar-Flynn-Oyamada reaction.3 In addition, this reaction has also been referred to
as the Algar-Flynn oxidation,4 Algar-Flynn-Oyamada oxidation,5 Algar-Flynn-Oyamada
(AFO) reaction,6 Algar-Flynn-Oyamada condensation,7 and AFO cyclization.8 It has been
found that a variety of 2-hydroxychalcones with methoxy groups in different positions in
the two aromatic nuclei smoothly undergo the AFO oxidation.9

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism of this reaction is somewhat controversial. The initial formation of fla-
vanone from 2′-hydroxychalcone and subsequent oxidation to flavonol has been postulated
by Oyamada,10 but the prior oxidation of 2′-hydroxychalcone into either an epoxide or a
glycol followed by intramolecular cyclization to afford flavonol has been favored by Algar
and Flynn.1 However, because flavanones readily undergo ring-opening under alkaline con-
ditions to the salts of the corresponding 2′-hydroxychalcones,9 the mechanism proposed
by Oyamada is difficult to validate.11 In comparison, although a chalcone epoxide inter-
mediate would lead to a flavone or a benzalcoumaranone,1 no trace of a chalcone epoxide
has ever been isolated.3e The α-attack is predominant for the intromolecular cyclization
of the corresponding 2′-hydroxychalcone epoxide, yielding a diasteroisomeric mixture of
aurone hydrates, which can be sustained for several days in an aqueous media at neutral
pH.8 Displayed here is one kind of reaction mechanism.

D. MODIFICATION

This reaction has been modified to convert 2′-hydroxychalcones into flavones via SeO2
oxidation;4 in addition, flavone has recently been prepared via a polystyrene-supported
selenenyl bromide followed by H2O2 oxidation.12
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E. APPLICATIONS

This reaction is widely used for the preparation of flavones and flavonols.

F. RELATED REACTIONS

This reaction is related to the Auwers Synthesis, Baker-Ollis Reaction, Kostanecki-
Robinson Reaction and Allan-Robinson Annulation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 3g.

A suspension of 10.0 g 3,4-dibenzyloxybenzaldehyde (31.4 mmol) and 4.28 g
2-hydroxyacetophenone (31.4 mmol) in 80 mL ethanol and 50 mL dioxane was cooled
to 10◦C, and 25 mL 40% w/v KOH solution was added dropwise. The reaction mixture
was stirred for 66 h at room temperature. CH2Cl2 (400 mL) was added, and the organic
layer was washed with H2O (3 × 50 mL), dried over Na2SO4 and concentrated in vacuo.
The oily residue was dissolved in 110 mL dioxane and 300 mL ethanol, and 100 mL of
5.4% (w/v) NaOH solution was added, followed by 11.4 mL of 35% H2O2 dropwise. The
reaction mixture was stirred in an ice bath for 2 h and subsequently at room temperature
overnight, resulting in a yellow suspension. After acidification with 100 mL 2 M HCl, the
precipitate was filtered and washed with 500 mL H2O. The crude product was recrystallized
from ethanol to give 7.0 g 3′,4′-dibenzyloxy-3-hydroxyflavone as a light yellow solid, in a
yield of 49%, m.p. 145.8–146.8◦C.

Reference 3e.
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To a solution of 0.69 g 1-(4,6-dimethoxy-3-phenylindol-7-yl)-3-phenyl-2-propen-1-one
(1.8 mmol) in 30 mL aqueous THF was added 10 mL saturated NaOH; the mixture was
stirred at room temperature for 5 min. To this mixture was added 15 mL 30% H2O2
dropwise, and the resulting mixture was stirred for 6–8 h. Water was added, and the
resulting pale yellow precipitate was filtered, washed, and dried. After flash chromatogra-
phy with dichloromethane and recrystallization (dichloromethane/petroleum ether), 0.59 g
1-(4,6-dimethoxy-3-phenylindol-7-yl)-3-phenyl-2,3-epoxypropan-1-one was obtained as
a pale yellow powder, in a yield of 82%, m.p. 217–219◦C. To a solution of 0.17 g
1-(4,6-dimethoxy-3-phenylindol-7-yl)-3-phenyl-2,3-epoxypropan-1-one (0.42 mmol) in
13 mL aqueous THF was added 3 mL saturated KOH solution and 0.3 g solid KOH
(5.3 mmol). The reaction mixture was stirred at room temperature for 4 h. Water was
added, and the resulting pale yellow precipitate was filtered, washed, dried, and flash
column chromatographed (dichloromethane/methanol = 97:3). After recrystallization from
dichloromethane/petroleum ether, 0.14 g 5-hydroxy-7,9-dimethoxy-1,4-diphenyl-6-oxo-
6H-pyrrolo-[3,2,1-ij]quinoline was obtained, in a yield of 82%, m.p. 250◦C.

Other references related to the Algar-Flynn-Oyamada reaction are cited in the
literature.13
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Alkene Metathesis

(Olefin Metathesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Eleuterio in 19631 and concurrently by Bailey in
1964;2 it was subsequently extended primarily by Grubbs et al.3 It is the swap of olefinic
substituents between two alkenes in the presence of a metallo-carbene complex. There-
fore, it is generally known as the alkene metathesis4 or olefin metathesis.5 Occasionally,
it is also referred to as the Grubbs metathesis,6 Grubbs olefin metathesis,7 and olefin
disproportionation.2 It is a synthetically powerful chemical transformation, enabling the
synthesis of complicated molecular structures for the preparation of novel pharmaceuticals
and is the basis of many important industrial processes. The catalyst used in this reaction
is generally referred to as the Grubbs catalyst.8 It is generally proposed that the alkene
metathesis proceeds via insertion (or oxidative addition) followed by reductive elimina-
tion to afford the final product in the presence of only a catalytic amount of the Grubbs
catalyst. During the development of alkene metathesis, different types of ruthenium-based
metallo-carbene complexes were designed and are referred to as first-generation Grubbs
catalysts, second-generation Grubbs catalysts, first-generation Hoveyda-Grubbs catalysts,
and second-generation Hoveyda-Grubbs catalyst,9 as shown. Many new ruthenium-based
metallo-carbene complexes have recently been synthesized.10

According to the nature of alkene metathesis, this general reaction can be divided
into different subgroups: cross-metathesis (CM),11 ring-closing metathesis (RCM),12 ring-
opening metathesis polymerization (ROMP),13 and acyclic diene metathesis polymerization
(ADMET).14 From an industrial perspective, a more cost-effective method for alkene
metathesis is to generate the metallo-carbene in situ.15 This reaction has been extensively
reviewed.16
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B. GENERAL REACTION SCHEME

A A

A A

B B

B B

A A

B B

+
Catalyst

C. PROPOSED MECHANISMS

This reaction generally involves insertion and subsequent reductive elimination.

D. MODIFICATION

This reaction has been modified to generate the catalyst in situ.15

E. APPLICATIONS

Besides its extensive application in industrial processes, e.g., ROMP and ADMET,
the alkene metathesis has been applied to drug discovery and peptide synthesis. Exam-
ples include the synthesis of antifungal lactone (-)-gloeosporone,17 the cross-metathesis of
the amino acid homoallylglycine,18 the introduction of carbon-carbon cross-linkages into
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peptides,19 and ring-closing olefin metathesis of non-natural α-amino acids.20 Other appli-
cations are the synthesis of polymer bound olefins,21 stereoselective preparation of cyclic
1-amino-1-carboxylic acids,22 asymmetric synthesis of a potent inhibitor of HIV reverse
transcriptase,23 synthesis of the potential anticancer drugs epothilone A and B in solution
and on solid support24 (as well as the solution-phase combinatorial synthesis25), efficient
synthesis of [2]-catenanes,26 template-directed synthesis and polymerization of unsaturated
crown ethers,27 and synthesis of bridged oligocalix[4]arenes.28 Moreover, this reaction has
been applied to the general field of material sciences.16

F. RELATED REACTIONS

This reaction is related to Tebbe Olefination.29

G. CITED EXPERIMENTAL EXAMPLES

Reference 30.

The catalyst was added to a mixture of (2R)-tert-butyl 2-{(3S,4R)-3-[(1R)-(tert-
butyldimethyl-silyloxy)ethyl]-2-oxo-4-(2-propenyl)-1-azetidinyl}-4-pentenoate and (2S)-
tert-butyl 2-{(3S,4R)-3-[(1R)-(tert-butyldimethylsilyloxy)ethyl]-2-oxo-4-(2-propenyl)-1-
azetidinyl}-4-pentenoate in CH2Cl2 (2 mL). The mixture was stirred for 12 h before destruc-
tion of the catalyst by exposure to air. The mixture was then evaporated, and the residue
was chromatographed to afford a colorless oil as a mixture of the following-inseparable
diastereoisomers: (2R,7R,8S)-tert-butyl-1-aza-8-[(1R)-(tert-butyldimethylsilyloxy)ethyl]-
9-oxobicyclo[5.2.0]non-4-ene-2-carboxylate and (2S,7R,8S)-tert-butyl 1-aza-8-[(1R)-
(tert-butyldimethyl-silyloxy)ethyl]-9-oxobicyclo[5.2.0]non-4-ene-2-carboxylate, in a yield
of 97%, Rf = 0.41 (Et2O:hexanes = 3:2).

Reference 31.
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To 90 mL anhydrous CH2Cl2 was added 12.3 g 1,1,1-trimethylsilylethyl (4-nitro-1-but-
3-enyl)-pyrrole-2-carboxylate (39.6 mmol); the resulting solution was purged with argon
for 15 min. Then 0.760 g Grubbs catalyst (1.98 mmol, 2.5 mol %) was added to the solution,
and the solution was refluxed while stirred under argon for 24 h. Another 0.76 g Grubbs
catalyst was added, and the stirring/refluxing was continued for another 12 h until the
reaction was complete as determined by TLC analysis. The solvent was removed in vacuo,
and the residue was chromatographed on silica using hexane/EtOAc (5:1) as an eluent. Two
isomers (E and Z) were collected in total amount of 8.71 g, in a yield of 74%.

Other references related to the Alkene metathesis are cited in the literature.32
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Allan-Robinson

Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Allan and Robinson in 1924.1 It is the synthesis of
flavones or isoflavones derivatives by means of the condensation between o-hydroxyaryl
ketones and an anhydride of aromatic acid in the presence of the sodium salt of cor-
responding acid in the anhydride. Thus this reaction is known as the Allan-Robinson
condensation,2 Allan-Robinson’s flavone synthesis,3 Allan-Robinson reaction,4 and Allan-
Robinson synthesis.5

B. GENERAL REACTION SCHEME

OH

O

R

Ar O Ar

O O

NaO Ar

O

O

O

R

Ar

∆

C. PROPOSED MECHANISMS

A general illustration of the reaction mechanism is provided here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to synthesize the structurally disparate flavonoids and
isoflavones.6

F. RELATED REACTIONS

This reaction is closely related to the Baker-Venkataraman Rearrangement and
Kostanecki-Robinson Reaction. Regarding the synthesis of flavone derivatives, the Allan-
Robinson condensation is also related to the Algar-Flyn-Oyamada (AFO) Reaction and
Auwers Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

OMe
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N
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OH

MeO

OMe

OMe

OMe

+
1) ZnCl2, Et2O

2) Pyridine, ethoxalyl chloride

Reference 7.
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To a mixture of 4.2 g iretol, 6.0 g 2,4,5-trimethoxybenzyl cyanide and 5.0 g anhydrous
zinc chloride in 150 mL anhydrous ether was bubbled with dried hydrogen chloride for 5 h
at 0◦C. After remaining at 0◦C for 1 week, the ether solution was decanted from the oily
layer of the ketimine hydrochloride-zinc chloride complex, which had separated. The oily
layer was shaken with dry ether (2 × 250 mL) then heated under a nitrogen atmosphere
on a steam bath with 400 mL water, which had been previously boiled with a stream of
nitrogen bubbling through it. After cooling and standing, the product was collected and
recrystallized from aqueous ethanol to afford 5.9 g of ketone as almost colorless rhombs, in
a yield of 60%, m.p. 211–212◦C. A part of the ketone (2.48 g) was dissolved in 50 mL dry
pyridine, and 4.5 mL ethoxalyl chloride was added with shaking at 0◦C. After remaining
at 0◦C for 3 days, it was poured into water and extracted with chloroform. The combined
extracts were washed with dilute sulfuric acid and water, dried over MgSO4, and evaporated
to yield 3.18 g 2-carbethoxyisoflavone as an oil.

OHHO

OH

Ph

O

CH3COCl
OAcAcO

OAc

Ph

O

K2CO3

Ph

O

OMeO

OMe

Pyridine

Me2SO4/Acetone

Reference 6d.

To a mixture of 1.0 g 2,4,6-trihydroxy-3-methyldeoxybenzoin and 20 mL pyridine was
added 1.4 mL freshly distilled acetyl chloride at 0◦C with stirring. After remaining for 24 h
at 0◦C, crushed ice was added and the solution was extracted several times with ether. The
combined extracts were washed with ice cold hydrochloric acid, then with water, and then
dried. Upon removal of ether via distillation, 1.4 g of a reddish brown semisolid mass was
obtained.

About 0.2 g of this product (m.p. 224–225◦C) was co-heated with 2 mL methyl sulfate
and 5.0 g potassium carbonate in 150 mL dry acetone for 50 h. The product on repeated
crystallization from methanol separated into 90 mg of colorless shining needles, m.p. 176–
177◦C. The second product, which separated from methanol as colorless needles (60 mg,
m.p. 184–186◦C), was characterized as the final product.

Other references related to the Allan-Robinson condensation are cited in the literature.8
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Allylic Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Claisen in 1912.1 It is a migration of a carbon-
carbon double bond within a three-carbon system (i.e., allylic), often occurring on the
nucelophilic substitution of allylic systems in which the nucleophile adds to the carbon-
carbon double bond along with the cleavage of the allylic leaving group. Thus this reaction
is generally known as the allylic rearrangement,2 and occasionally referred to as the allylic
isomerization,3 allylic transposition,4and allylic 1,3-rearrangement.5 Because the allylic
cation is relatively stable, the allylic rearrangement is often competed with regular SN1
and SN2 substitutions; therefore, the allylic rearrangement is also known as the SN1′ or
SN2′ reaction. The allylic rearrangement can be promoted by light,6 enzymes,7 solvents,8

acid,6,9 (especially the Lewis acids such as Eu(fod)3
10 PBr3

11 and NiCl212) and transition
metal catalysts (including tungsten,13 rhodium,14 cobalt15 and palladium16). In addition,
the allylic rearrangement also occurs under the conditions of electrophilic substitution.17

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

This reaction is proposed to occur through what is referred to as “super-conjugation”
between α-methylene hydrogen and the π-double bond. The positive charge thus formed can
be distributed to the double bond, especially under SN1 conditions, forming a three-center
two-electron system. On the other hand, the allylic cation can also isomerize to another
resonance structure, via the distribution of the positive charge, resulting a relatively stable
allylic cation. When a nucleophilic group attacks the allylic cation, it can bind to either one
of the two positions as shown (a proposed mechanism).

D. MODIFICATION

This reaction has been extended to proceed via the promotion by means of enzymes,
Lewis acids, transition metal complexes, and so on.

E. APPLICATIONS

The allylic rearrangement is so common in organic chemistry that it has been extensively
used to synthesize a variety of organic molecules.

F. RELATED REACTIONS

This reaction is similar to the Chapman Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 18.

Under nitrogen atmosphere, 1.0 mL 2.0 M butyllithium in hexane (2.0 mmol) and
398 mg 4-nitrobenzenesulfenyl chloride (2.1 mmol) were added sequentially to a solution of
328 mg 2-(4-methoxyphenyl)-prop-2-en-1-ol (2.0 mmol) in anhydrous THF at 0◦C. After
being stirred for 30 min, the reaction mixture was diluted with EtOAc, washed with aque-
ous phosphate buffer (400 mM, pH 6.8) and brine, dried over MgSO4, and concentrated in
vacuo. The residue was purified by flash chromatography on silica gel with hexane/EtOAc
(2:1) as an eluent to afford 2-(4-methoxyphenyl)prop-2-en-1-yl-4-nitrophenyl sulfoxide as
a yellow solid, in a yield of 55%, m.p. 99.9–100.7◦C, Rf = 0.25 (hexane/EtOAc = 2:1).

Reference 19.

To a suspension of 418 mg KH (10.4 mmol, prewashed with hexane) and 25 mg tetra-
butylammonium iodide in 10 mL dry THF at 0◦C was added dropwise a solution of
1.2 g (methyl (E)-5,6-dideoxy-2,3-O-isopropylidene-β-d-ribo-hept-5-enofuranoside (1)
(5.23 mmol) in 2 mL THF. The resulting red suspension was allowed to warm to 23◦C,
and the mixture was stirred for 1 h. The reaction was cooled to 0◦C, and 2.1 g Bu3SnCH2I
(6.8 mmol) in 2 mL THF was added dropwise over a period of 2 min. The mixture was
stirred at 0–23◦C for 4 h. Then the reaction was quenched with 10 mL saturated NH4Cl
solution. The layers were separated, and the aqueous layer was extracted with EtOAc. The
combined organic layers were dried over anhydrous Na2SO4. Evaporation of the solvents
provided the allyl stannylmethyl ether (2) as a colorless oil. This material was used for the
next reaction without further purification. An analytical sample of structure 2 was obtained
by flash chromatography over silica gel (5% EtOAc in hexane).
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To a stirred solution of the formed crude stannyl ether 2 in 10 mL of THF at −78◦C
was added 3.2 mL 2.5 M n-BuLi in hexane (8 mmol) dropwise by a syringe pump over a
period of 1 h. The resulting mixture was stirred for 2 h at −78◦C. Then the reaction was
quenched with saturated NH4Cl solution, and the resulting mixture was warmed to 23◦C.
The layers were separated, and the aqueous layer was extracted with EtOAc (2 × 20 mL).
The combined organic layers were dried over anhydrous Na2SO4. Upon evaporation
of the solvents, the residue was chromatographed over silica gel using EtOAc/hexane (1:4)
as an eluent to furnish 1.07 g of an inseparable mixture of methyl 5-(S)-deoxy-5-vinyl-2,3-
O-isopropylidene-β-d-ribo-hexanofuranoside (3) and its epimer (4.4:1 by 1H NMR) as a
colorless oil, in a yield of 84%.

Other references related to allylic rearrangement are cited in the literature.20
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Amadori Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Amadori in 1925.1 It is the transformation of
N-glycosides of aldoses into N-glycosides of corresponding ketoses under acidic
condition, or more generally the conversion of aldimines into ketoamines.2 Thus this
reaction is commonly known as the Amadori rearrangement.3 This reaction often occurs
in the formation of complex glycation end products4 that have been potulated to play very
important roles in biological processes. For example, in the Maillard Reaction pathway, the
Amadori rearrangement appears to be involved in the manifestations of the pathological
effects of diabetes, Alzheimer disease, and aging processes in general. Unfortunately, in
its non-vivo applications, the Amadori rearrangement suffers from a variety of prepara-
tive shortcomings. This reaction is different from the so-called glycosylation in which the
products are glycosides. This reaction has been extensively reviewed.5

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

A general illustration of the reaction detail is displayed here.

D. MODIFICATION

There is a Hodge and Rist modification of Amadori rearrangement, as shown in the first
experimental protocol provided here.6

E. APPLICATIONS

This reaction has been extensively applied to the preparation of glycoproteins, via the
reaction of the reducing sugars with the amino termini or the side chains of lysine and
arginine residues in proteins. In addition, the Amadori rearrangement has been used for the
synthesis of aminopolysaccharides.7

F. RELATED REACTIONS

This reaction is related to the Lobry de Bruyn-van Ekenstein transformation of aldoses
involving the rearrangement of N-alkylamino-d-glucopyranosides into 1-alkylamino-1-
deoxy-d-fructoses.8

G. CITED EXPERIMENTAL EXAMPLES

Reference 6.
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The Preparation of β-D-Glucopyranosylamine

To 50 mL methanol, were added 20 g d-glucose and 0.5 g ammonium chloride, and the
mixture was treated with ammonia gas at 0◦C until the sugar dissolved. The solution was
stored at 0◦C until satisfactory crystallization had occurred. The first crystallization was slow
and required storage of the solution for about a month. Subsequent recrystallizations with
the aid of seed crystals were more rapid, but maximum yields required storage for a week or
two. The crystals were separated, washed with methanol, and dried over sodium hydroxide
in a vacuum desiccator. The crude product, 17 g, was dissolved in 17 mL water, and the
solution was diluted with 170 mL methanol and sufficient ethanol to produce turbidity.
After 48 h, the crystalline material was separated, washed with methanol, and stored over
sodium hydroxide in an atmosphere of ammonia for 2 days.

Amadori Rearrangement of D-Glucopyranosylamine in Acetic Acid

To 10 mL glacial acetic acid was added 0.5 g β-d-glucopyranosylamine, and the solution
was kept at 20◦C. The optical rotation, [α]20

D , changed from a +18◦ to a value of −18◦ in
1 h and to a value of −65◦ after a period of 18 h. The solution had then become amber
colored after this period. The acetic acid was removed by the repeated addition of toluene
and evaporation in a rotary film evaporator apparatus. The residue, still containing a small
amount of acetic acid, was redissolved in 10 mL water for hydrolysis to take place. After
several hours, the solution was again concentrated; this treatment caused decomposition
of any remaining d-glucosylamine. The residue was dissolved in 10 mL water and passed
through a column containing 20 mL cation exchange resin (amberlite IR120-H, Rohm &
Haas Co., Philadephia, Pa.); the resin was then washed with water, and the wash liquor was
discarded. The basic materials held on the resin were eluted with 20 mL 1 N-hydrochloric
acid. The eluent and wash liquor were combined, concentrated, and then adjusted to a
volume of 0.1 mL. The specific rotation, [α]20

D was −58◦. Production of the stable basic
substance having a levo-rotation (−58◦ in this case) indicates the presence of 1-amino-1-
deoxy-d-fructose.

Hodge and Rist Modification of the Amadori Rearrangement

To 5 mL dimethylsulfoxide were added 0.2 g d-glucosylamine and 5 mL diethyl mal-
onate. The mixture was heated for 90 min at 80◦C and, after cooling back down to room
temperature, was kept at room temperature overnight. The resultant brown solution was
diluted with water and allowed to stand for several hours for effective hydrolysis of the
remaining d-glycosylamines. The solution was then extracted several times with chloro-
form, and the aqueous portion was filtered through decolorizing carbon, concentrated using
rotary film evaporation, and adjusted to a volume of 10 mL. The optical rotation, [α]20

D , was
−43.5◦, based on the weight of the original d-glucosylamine.

Reference 9.
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The mixture of 90 g anhydrous d-glucose (0.50 mol) and 57 g piperidine (0.67 mol) was
stirred mechanically at 60–75◦C until a homogeneous amber sirup was obtained (∼20 min).
After the heating bath was removed, 18 g malonic acid (0.17 mol) was added slowly to the
stirred sirup over a period of 10 min. The temperature rose to 80◦C,and the color of the sirup
deepened to a reddish hue. After stirring for 5 min longer, 70 mL ethanol was added; and
the resulting solution was heated at 75◦C for 30 min. After the addition of 70 mL acetone,
seed crystals appeared; and after 1 h at 25◦C, the first batch of d-glucose piperidine furanose
was obtained (28 g), m.p. 123–125◦C (dec.). Reheating the mother liquors at 95–100◦C
was required to produce further crystallization at 0◦C without long waiting periods. A total
of 37.0 g of crude product was obtained, in a yield of 30%. Recrystallization from 200 mL
of hot ethanol and 200 mL acetone gave 33 g of pure product as colorless, glistening plates,
in a yield of 27%, m.p. 126–127◦C (dec.).

Other references related to the Amadori rearrangement are cited in the literature.10
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Andrussow Process

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Andrussov (Andrussow) in 1927.1 It is primarily
an industrial process used to manufacture hydrogen cyanide from methane, ammonia, and
oxygen over a catalyst of 90% Pt–10% Rh in the form of a pad of woven screens at 1050–
1100◦C and 2 atm.2 Therefore, this reaction is known as Andrussow process.3 In this process,
the catalytic gauze is 3–5 mm thick, and when the high gas velocities are employed, the
contact times achieved are of the order of a few milliseconds. The effluent stream contains
about 8% HCN and a number of byproducts such as hydrogen, CO, and CO2.2b It was
reported that in 1978 the output of hydrogen cyanide exceeded 600 million pounds in the
United States alone.2b

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism for the oxidation of ammonia has been discussed by Zawadski;4 however,
at least three theories have been proposed for the Andrussow process.5 Bodenstein and
Krauss proposed the mechanism of the initial oxidation of ammonia with adsorbed oxygen to
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form hydroxylamine,6 while Zawadski believed that the imide (NH) was initially formed.4

The third mechanism, proposed by Andrussov, is that the initial oxidation of ammonia
with oxygen forms nitroxyl (HNO).7 Later experimental evidence supported Andrussow’s
postulation.5,8 Although 90% Pt–10% Rh rhudium is used as a catalyst, it is believed
that platinum is the actually catalytic center. Therefore, the mechanism of this reaction is
tentatively given here.

D. MODIFICATION

As rhodium is not the actual catalytic center and is very expensive, modifications have
been done on both the catalyst and the starting materials. For example, one modification
used α-Al2O3-supported platinum as a catalyst, and mixture of C2H6, NH3, and oxygen
as the reactants.2a In other modification, the combination of manganese oxide and bismuth
oxide was tested as a catalyst.5

E. APPLICATIONS

This reaction is usually used to manufacture hydrogen cyanide.

F. RELATED REACTIONS

Homogenous oxidation of ammonia followed by hydration to form HNO3 is called the
Ostwald process.9,10 On the other hand, the strongly endothermic process in which methane
and ammonia react over platinum catalysts in the absence of air at 1150–1250◦C is called
the Degussa (or BMA) process,11 which holds the advantages of higher HCN yield, higher
NH3 conversion per pass, and a fairly high purity of the byproduct hydrogen but has the
disadvantage of needing external heating.
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G. CITED EXPERIMENTAL EXAMPLES

CH4 NH3 O2 HCN H2O+ +
68% CuCl2 –32% KCl

+

Reference 5.

The fused salt (68% CuCl2/32% KCl) reactor (which consisted of a 22-mm inside diam-
eter glass tube, 15 in. in length) was heated externally. The preheated gaseous reactants
were introduced near the bottom of the tube below the surface of the salt. Analysis of the
products was made after steady state conditions were obtained.

Additional references about the Andrussow process are cited in the literature.12
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Angeli-Remini Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Angeli in 1896.1 It is the preparation of hydroxamic
acids from aldehyde and benzosulfohydroxamic acid. As an important class of reagents,
hydroxamic acids have found a variety type of applications in inorganic, organic and phar-
maceutical chemistry, including antibiotics,2 inhibitors,3 and strong metal ion-chelators,4

etc. As of today, many other methods have been developed to prepare different hydroxamic
acids.5

B. GENERAL REACTION SCHEME

The original version of the Angeli-Remini reaction is displayed below.

Ph
S

OH

O N OH –OH

PhSO2H

O NH
RCHO

HN

OR

OH

C. PROPOSED MECHANISMS

The mechanism for the original Angeli-Remini reaction is proposed below.
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D. MODIFICATION

Different methods for the preparation of hydroxamic acids have been developed.5

E. APPLICATIONS

This reaction is useful for the preparation of hydroxamic acids.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O O
NH HO

H
N

O

1) Ph(CH2)2COCl, iPr2NEt, CH2Cl2

2) TFA/H2O in CH2Cl2

Reference 6.

The mixture of 300 mg of alkoxyamine resin, 126 µL of diisopropylethylamine
(0.72 mmol, 10 equiv.), and 53.4 µL of hydrocinnamoyl chloride (0.36 mmol, 5.0 equiv.)
was shaken for 18 hours at room temperature under nitrogen. The resin was filtered and
washed sequentially with MeOH (3×5 mL) and dichloromethane (2×5 mL). The resin was
then treated with a solution of 2.5% TFA and 1% H2O in 4 mL of dichloromethane, and
the mixture was shaken for 1 hour. Resin was filtered and washed sequentially with MeOH
(3×5 mL) and dichloromethane (2×5 mL), and then retreated with a solution of 50% TFA
and 1% H2O in 4 mL of dichloromethane under shaking for 1 hour. The resin was filtered,
and the filtrate was concentrated in vacuo to give crude product which was purified by
preparative TLC (5% MeOH in dichloromethane) to give 6.75 mg of hydroxamic acid, in
yield of 88%.
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R OH

O
N

N

N

Cl Cl

Cl

, NMM

R N
H

O

OH
DMAP (cat.), NH2OH·HCl

CH2Cl2 (or DMF), r.t.

Reference 7.

To a solution of 2.24 g of (S)-(N-benzyloxycarbonyl)proline (9.0 mmol), 1.0 g of
N-methylmorpholine (NMM, 9.9 mmol), 0.01 g of DMAP (0.1 mmol) and 0.68 g of hydrox-
ylamine hydrochloride (9.8 mmol) in 20 mL of dichloromethane, was added 0.5 g of cyanuric
chloride (3.0 mmol) at 0 ◦C under stirring. The mixture was warmed to room temperature
and stirred for 12 hours and then filtered on Celite. The organic phase was washed three times
with 15 mL of 1 N HCl and then brine, dried over Na2SO4 and evaporated to give 2.3 g
of (S)-(N-benzyloxycarbonyl)proline hydroxamate without further purification, in yield
of 96%.

Other examples about the preparation and application of hydroxamic acids are cited in
literature8.
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ANRORC Rearrangement

(Degenerate Ring Transformation
of Heterocycles)

A. GENERAL DESCRIPTION OF THE REACTION

ANRORC rearrangement occurs in nucleophilic substitution of heterocyclic compounds,
and stands for a whole process of the initial Addition of a Nucleophile, followed by the
Ring Opening and Ring Closure during the substitution. This transformation, known as
SN(ANRORC) reaction1 or degenerate ring transformation,2 is a very common transfor-
mation for heterocycles, and has been discovered for more than a century already. One
example is the well-known Dimroth Rearrangement.3 In ANRORC rearrangement, one (or
more) of the ring atoms(s) will be replaced by one (or more) identical atom(s) present in the
nucleophilic reagent that can be divided into two subgroups, including the reactions with
the leaving group as a substituent on the heterocyclic ring (“outside” leaving group) and
those with the leaving group as an integral part of the heterocyclic system (“inside” leaving
group).4

B. GENERAL REACTION SCHEME

Listed below are two examples of such reaction with either an “outside” leaving group
or “inside” leaving group.5,6
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“Outside” leaving group “Inside” leaving group

C. PROPOSED MECHANISMS

This reaction involves three consecutive steps: addition of nucleophile, ring opening and
ring closure.

“Outside” leaving group

“Inside” leaving group

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has wide applications in heterocycle chemistry.



CITED EXPERIMENTAL EXAMPLES 89

F. RELATED REACTIONS

Dimroth Rearrangement is a special type of ANRORC rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

N

N

N

O

N
O

OAcOAc

AcO

NO2

PhCH2NH2

N

N

N

O

N
O

OAcOAc

AcO

CH2Ph

*
*

Reference 7.

To a small flask, were added 132 mg of nitroinosine (0.30 mmol) and 6.0 mL of CH2Cl2.
After being cooled to -78◦C, 64 mg of benzylamine (0.60 mmol) in 1.0 mL of CH2Cl2 was
added. The resulting mixture was left overnight at -20◦C. The mixture was then allowed to
warm to room temperature and was stirred for 2 days (until no nitroinosine remained). After
being treated with 46 µL of CF3COOH (0.60mmol) for 35 hours, solvent was removed and
the residue was purified by column chromatography to give final product.

N

N

NN

S S

N
X 

–

BnNH2
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N N
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Bn Bn

S

N
N N

NHBn N N
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+
X 

– X 
–

+

++

Reference 8.

To a 250 mL of flask, were added 60.0 mL pyridine and 5.0 mmol of bis(1,3,4-
thiadia-zolo)-1,3,5-triazinium halide. Triazinium halide will suspend in pyridine under
stirring. To this suspension, 10 mmol of benzylamine was added and the mixture was
stirred for 24 hours at room temperature. This procedure gave a clear solution with a
slight red coloring, while the smell of hydrogen sulfide was observed. After the reac-
tion, pyridine was removed via rotatory evaporation, the crude product was extracted
with tert-butyl methyl ether and the solid residue was washed with water. After filtra-
tion and drying in vacuo, two main products were isolated by column chromatography on
silica gel 60 (0.063 – 0.200 mm): N-benzyl-5-methyl-2-(4-methylphenyl)-N ′-(5-methyl-
1,3,4-thiadiazol-2-yl)-1,3,4-thiadiazole-3(2H)-carboximidamide (0.78 g, m.p. 161◦C, in
yield of 37%) and 3,5-dibenzyl-2,6-dimethyl-9-(4-methylphenyl)-3H,5H,9H-di[1,2,4]-
triazolo[1,5-a:1′,5′-d][1,3,5]triazine-8-ium bromide (0.65 g, m.p. 238◦C, in yield of 24%).

Other references related to ANRORC rearrangement are cited in the literature.9
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Anschütz Anthracene

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially studied by Anschütz between 1879 and 1886.1 It is the
synthesis of anthracene from vinyl bromide and benzene in the presence of aluminum
chloride. In addition, methyl phenyl carbinol or 1,1-diphenyl ethane can also be converted
into anthracene derivative in the presence of aluminum chloride.

B. GENERAL REACTION SCHEME

Br AlCl3

AlCl3

Ph

Ph

+

C. PROPOSED MECHANISMS

The reaction mechanism is similar to that of Friedel-Crafts Alkylation.
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D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Cl AlCl3
+

Reference 2.

To a 1-L three-necked flask equipped with condenser, thermometer and gas inlet tube
were added 300 mL thiophene-free benzene and 50 g AlCl3. The solution was agitated
using a stirrer at 1000–1400 rpm until the aluminum chloride was in a finely divided
state. Then vinyl chloride gas was passed into the flask at such a rate that only a few
bubbles of gas escaped from an alkali trap connected to the condenser. The reaction was
kept at 0–5◦C. No hydrogen chloride was evolved until an initial period of 15–20 min.
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After 90 g vinyl chloride gas had been added, all of the hydrogen chloride apparently
had been evolved. The reaction mixture was poured into ice and acidified with hydrochlo-
ric acid. After the heavy black layer had completely disappeared, the fluorescent brown
top layer was separated, washed with water, and steam distilled. The distillate, consisting
chiefly of unreacted benzene, was dried and fractionated. Besides benzene, some ethyl-
benzene was obtained in the fraction, boiling at 130–135◦C. In no case was a styrene
fraction (140–145◦C) obtained. The residue from the steam distillation was a viscous, flu-
orescent greenish oil. Water was removed first at a pressure of 50 mmHg, after which
unsymmetrical diphenylethane distilled at 130–140◦C at 12 mmHg. The latter was a nearly
colorless oil but possessed a strong violet fluorescence. On redistillation, most of the
fraction boiled at 134–130◦C (12 mmHg). Above 140◦C the pressure was reduced to
0.5 mmHg, and traces of 9,10-dimethyldihydro-anthracene was sublimed at 180–200◦C.
The residue was poured into a beaker and solidified on cooling to a dark green resin having
a reddish fluorescence when in solution. Occasionally, the residue from the steam distil-
lation crystallized on standing. In this event, the solid was filtered and crystallized from
alcohol. It was identified as 9,10-dimethyldihydro-anthracene and possessed the follow-
ing characteristics: yellow platelets, melting at 179–181◦C, and purplish fluorescence in
solution.

Reference 3.

To a 1-L three-necked flask equipped with condenser, thermometer, and gas inlet tube
were added 200 g benzene and 50 g AlCl3. The acetylene, after being purified by passing
through a solution of chromic acid, was washed and stored in gasometers from which it was
led at a nearly constant rate (20 L/h) through a drying bottle to the three-necked flask. This
flask was provided with an efficient return condenser through which the unabsorbed gas was
discharged to a large bottle, where its volume was measured approximately. No gas escape
if the pressure was 150 mmHg above atmospheric pressure. Provision was made for heating
or cooling the reaction flask, and the mixture was shaken frequently during the course of the
reaction. After passing 30–45 L acetylene through the reaction mixture, a reddish brown
material was obtained that was hydrolyzed and distilled with steam to give two volatile frac-
tions and a black tarry residue. The first fraction was unreacted benzene. A small portion of a
material, b.p. 140–145◦C, was also obtained. This gave evidence of the presence of styrene,
which, however, was not present in sufficient quantity to be isolated. The second fraction,
which came over slowly (in 4–6 h), when dried, boiled at 280–290◦C and was identified as
1,1-diphenylethane, b.p. 286◦C, by oxidation to benzophenone and the formation of ben-
zophenone oxime, m.p. 140◦C. The other fraction, which distilled above 360◦C, solidified
and, after several recrystallizations from alcohol, yielded long brown needles, m.p. 181◦C.
It was, therefore, identified as the 9,l0-dimethyl-anthracene hydride of Anschutz.

Other references related to the synthesis of anthracene are cited in the literature.4
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Appel Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported in 1966 by Lee et al.,1 after the initial work of Horner et
al. for the halogenation of alcohol using triarylphosphine dihalides in 1959.2 In this reaction,
primary and secondary alcohols are transformed into corresponding chlorides with a remark-
able tendency of inversion of the configuration when the alcohols react with triphenylphos-
phine and carbon tetrachloride. This reaction has been extensively reviewed by Appel3 and
is generally known as the Appel reaction.4 Likewise, the mixture of triphenylphosphine and
carbon tetrachloride is referred to as the Appel reagent5 and Appel agent.6

B. GENERAL REACTION SCHEME

R OH

R′

R Cl

R′PPh3/CCl4

R = Aryl, alkyl
R′ = Aryl, alkyl, H

C. PROPOSED MECHANISMS

It is believed that this reaction involves the initial halophilic substitution between
triphenylphosphine and carbon tetrachloride (i.e., triphenyl phosphine attacks the chlorine
atom in carbon tetrachloride instead of the carbon atom in a traditional SN2 substitution) and
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subsequent proton abstraction of alcohol from trichloromethyl anion, the attack of alkoxide
on phosphonium chloride, and final SN2 substitution from chloride, as shown. It is reported
that chloride and four valent phosphine species form a tight ion pair that does not react with
externally added nucleophiles (e.g., CN−).5

D. MODIFICATION

The pair of both hexachloroacetone/triphenylphosphine7 and dichloroselenurane/tri-
phenylphosphine4 are also applied to the chlorination of alcohol, and the first pair has
been extensively studied in the chlorination of allyl alcohol.

E. APPLICATIONS

This reaction has general applications for the preparation of alkyl chlorides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Cl

OH

Cl

Cl

PPh3/CCl4

65–70°C

Reference 8.

To a reaction flask, were added 1.08 g 6-chloro-2,3:8,9-dibenzobicyclo[3.2.2]nona-2,6,8-
trien-exo-4-ol (4.0 mmol), 7.0 mL carbon tetrachloride, and 1.06 g triphenylphosphine
(4.0 mmol). The solution was heated at 65–70◦C for 36 h, and the reaction mixture was
cooled and filtered. The yellow solution was chromatographed over a silica gel column with
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hexane. The solution was evaporated, and solid was crystallized from 95% ethanol to give
0.80 g of a white crystalline solid, in a yield of 70%, m.p. 113◦C.

OH
D

D

D

D

Cl
PPh3/CCl4

r.t.

Reference 5.

A solution of 1.14 g exo,exo-2,31-dideuterio-anti-7-hydroxybicyclo[2.2.1] heptane
(0.01 mol) and 2.88 g triphenylphosphine (0.011 mol) in 6 mL carbon tetrachloride was
stirred in a closed flask for 24 h at room temperature. Solvent was distilled at ≤ 35◦C
(at 30 mmHg) in a dry atmosphere. The residue was heated slowly at 16 mmHg pressure
to 175◦C. The distillate, collected in a dry ice trap (1.15 g), was sublimed and eluted on
a 1.5-g Florisil column first with pentane and then with methanol. Pentane was carefully
distilled, and the residue obtained was sublimed at 55–70◦C to give exo,exo-2,3-dideuterio-
syn-7-chlorobicyclo[2.2.1] heptane, m.p. 43–45◦C. (Note: After the solvent is removed, the
residue can be directly purified via column chromatography.)

OHR PPh3, HCA

S
O O

ClR

Cl Rαγ αγ

αγ
and/or

Reference 7a.

In a 100-mL, round-bottomed flask equipped with a magnetic stirrer were placed
∼0.03 mol of the alcohol and (usually) a slight excess of Ph3P in 10–15 mL of sulfolane.
To the cooled (10◦C), stirred solution was added hexachloroacetone (HCA) in ∼10 mL
sulfolane dropwise; after an initial temperature rise and formation of a precipitate, the tem-
perature gradually dropped to ambient as the rest of the HCA solution was added. The
reaction mixture was allowed to come to room temperature. Immediate flash distillation
at 4–5 mmHg into a dry ice/acetone cooled receiver gave product. In most instances, the
material was exclusively the allylic or saturated chloride.

C6H13

H
OH
CH3

PPh3, Me2SeCl2 C6H13

Cl
H
CH3

Reference 4j.

The Preparation of Dimethyldichloroselenurane

To a stirred solution of 3.76 g dimethyl selenide (20 mmol) in 20 mL ethyl ether was
added dropwise 2.70 g sulfuryl chloride (20 mmol) at 0◦C. Stirring was continued for an
additional 15 min. The crystals formed during the addition of sulfuryl chloride were filtered
off, washed with anhydrous benzene, and dried under reduced pressure to give 5.82 g
analytically pure dimethyldichloroselenurane, in a yield of 100%, m.p. 46–49◦C.
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General Procedure for Chlorination of Chiral Alcohols

In a 10-mL flask, 1.0 mmol alcohol and 1.0 mmol triphenylphosphine were dissolved
in 3 mL of the appropriate solvent (benzene). To this solution was added 1.0 mmol
dimethyldichloroselenurane in small portions over a few minutes. When the addition of
the dimethyldichloroselenurane was completed, the solvent was removed under reduced
pressure, and 10–15 mL of hexane was added to the residue. The precipitated triphenylphos-
phine oxide was filtered off. To remove the remaining traces, the hexane solution was passed
through a short silica gel column. Removal of the solvent gave virtually pure chloride.

Other references using triphenylphosphine and carbon tetrachloride to produce chlorides
are cited in literature.9
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Arens-van Dorp Reaction

(Isler Modification)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Arens et al. in 1947.1 It is the synthesis of α,β-
unsaturated aldehyde from the reaction of ethoxyethynemagnesium bromide and ketone
or aldehyde and is known as the Arens and van Dorp reaction.2 Because the preparation
of ethoxyacetylene is tedious, this reaction has been modified to generate lithium ethoxy-
acetylene by treatment of β-chlorovinyl ether with lithium amide, which then reacts with a
ketone or aldehyde to form α,β-unsaturated aldehyde.3 This new protocol is referred to as
the Isler modification.

B. GENERAL REACTION SCHEME

O OC2H5BrMg OC2H5

HO

R1
R2

MeOH

H+

O
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H

HO

R1
R2 OC2H5 H2O
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C. PROPOSED MECHANISMS

The mechanism of the Arens-van Dorp reaction is clearly illustrated in the original
reaction scheme; therefore, it is not necessary to repeat the mechanism here. The mechanism
of the Isler modification is shown here.

D. MODIFICATION

In the presence of a chiral catalyst (BINOL), substituted acetylene and diethyl zinc can
react with aldehyde to give chiral alkynyl alcohols of up to 99% e.e.4

E. APPLICATIONS

N/A

F. RELATED REACTIONS

This reaction is related to the Favorskii-Babayan Synthesis and Nef Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

To a 25-mL flask were added 1 mL toluene, 226 µL phenylacetylene (2.0 mmol), and
210 µL diethylzinc (2.0 mmol), and the mixture was refluxed for 1 h under nitrogen. After the
solution was cooled to room temperature, 57.2 mg (S)-BINOL (>99% e.e., 0.2 mmol), 8 mL
diethyl ether, and 150 µL Ti(OiPr)4 (0.5 mmol) were added sequentially. The solution was
stirred for 1 h more, and 0.5 mmol 4-methylbenzaldehyde was added. After 4 h, the reaction
was quenched with saturated ammonium chloride. The resulting mixture was extracted with
methylene chloride and concentrated under vacuum. Pure propargylic alcohol was obtained
via short silica gel column chromatography, in a yield of 93% and 97% e.e.

Other references related to the Arens-van Dorp reaction are cited in the literature.5
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Arndt-Eistert Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Arndt and Eistert in 1935.1 It is the extension of car-
boxylic acid by one CH2 unit via the reaction of acyl chloride with diazomethane and is gen-
erally known as the Arndt-Eistert synthesis.2 In addition, this reaction is also occasionally
referred to as the Arndt-Eistert acid synthesis,3 Arndt-Eistert homologation,4 and Arndt-
Eistert reaction.5 This reaction has been extensively reviewed.2x,6 Other reagents instead
of diazomethane have been similarly applied to extend the length of the carboxylic acids.7

B. GENERAL REACTION SCHEME

R OH

O
SOCl2

R Cl

O
1) CH2N2

OH

O

R
∆ 2) H2O, Ag2O

     or h ν

C. PROPOSED MECHANISMS

A general mechanism for the Arndt-Eistert synthesis is provided here.
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D. MODIFICATION

This reaction has been modified using other reagents than diazomethane to elongate the
carboxylic acid chain.7

E. APPLICATIONS

This method has been used to synthesize unsaturated diazoketone8 and amino acids.9

Other early applications of such reactions to prepare carboxylic acids are cited in Ref. 10.

F. RELATED REACTIONS

This reaction is similar to the Wolff Rearrangement and Nierenstein Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

O

O
OBn

NBnCbzO

N2

O

O

O
OBnHO

NBnCbzO

O

O

O
OBn

NBnCbz

MeO

O

1) EtOCOCl, Et3N, THF
     0°C, 30 min

2) CH2N2, Et2O
     0–25°C, 1.5 h

PhCO2Ag, NEt3
MeOH, r.t., 1.5 h

Reference 11.
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A solution of 0.80 g ethyl 3-O-benzyl-5-(N-benzyl-N-benzoxycarbonylamino)-5,6-
dideoxy-1,2-O-isopropylidene-α-d-gluco-hepto-furan-uronic acid (1.42 mmol) in 10 mL
THF was cooled to 0◦C under dry nitrogen, then 0.16 g triethylamine (1.57 mmol) and
0.17 mL ethylchloroformate (1.57 mmol) were added one after another. After 15 min,
the suspension was allowed to warm to 25◦C and filtered through celite. To the filtrate
was added a freshly prepared solution of diazomethane in diethyl ether [(prepared from
N-nitrosomethyl urea (1.02 g, 7.12 mmol) and 2 g KOH] dropwise over a period of
30 min. The mixture was stirred for 1.5 h, during which the reaction slowly come to
room temperature. The solvent was evaporated under reduced pressure, and the residue was
purified by column chromatography using petroleum ether/EtOAc (9:1) as an eluent to give
0.52 g 5,6,8-trideoxy-1,2-O-isopropylidene-3-O-benzyl-5-(N-benzyl-N-benzoxy carbonyl
amino)-8-diazo-α-d-gluco-octo-1,4-furan-7-ulose as a thick liquid, in yield of 62%. Rf =
0.35 (n-hexane/EtOAc = 7:3); [R]D = −12.2◦ (c4.0, CHCl3).

To a solution of 0.5 g 5,6,8-trideoxy-1,2-O-isopropylidene-3-O-benzyl-5-(N-benzyl-N-
benzoxy carbonyl amino)-8-diazo-α-d-gluco-octo-1,4-furan-7-ulose (0.85 mmol) in 12 mL
anhydrous MeOH was added dropwise a solution of 0.06 g silver benzoate (0.27 mmol) in
1 mL triethylamine under dry nitrogen. The mixture was stirred at 25◦C for 1.5 h. The solvent
was evaporated, and the residue was purified by column chromatography using petroleum
ether/EtOAc (95:5) to give 0.42 g methyl 3-O-benzyl-5-(N-benzyl-N-benzoxycarbonyl-
amino)-5,6,7-trideoxy-1,2-O-isopropylidene-α-d-gluco-octo-1,4-furanuronate as a thick
liquid, in a yield of 83%. Rf = 0.46 (n-hexane/EtOAc = 7:3); [R]D = −50.87◦ (c3.0,
CHCl3).

Cl

O
CH2N2

MeOH, PhCO2Ag

Et3N OMe

O
+

Reference 25.

To a 1000-mL three-necked, round-bottomed flask equipped with a condenser, mechan-
ical stirrer, and a dropping funnel were added 0.15 mol diazomethane in 150 mL dry ether,
and the solution was cooled to −10◦C. To this solution was added 8 g 7-octynoyl chloride
(0.05 mol) in 50 mL dry ether. After stirring for 1 h, the solvent and excess of diazomethane
were removed under reduced pressure at room temperature. The yellow oily residue did
not solidify on cooling in attempted crystallization. It was, therefore, dissolved in 70 mL
methanol and placed in a 500-mL three-necked, round-bottomed flask fitted with a mercury-
sealed mechanical stirrer, a dropping-funnel, and a condenser connected to an azotometer. A
solution of 1 g dry silver benzoate (prepared by mixing equivalent portions of silver nitrate
and sodium benzoate) in 9 g triethylamine was then added dropwise over a period of 90 min.
The reaction mixture turned black, and the evolution of nitrogen commenced immediately.
A total of 93% of the theoretical amount of gas was collected. The reaction mixture was
then refluxed for 5 min and filtered. Most of the alcohol was removed under a vacuum;
the residue was dissolved in ether and washed successively with hydrochloric acid, sodium
hydroxide, and water. After drying over magnesium sulfate, distillation yielded 13 g (80%)
of product, b.p. 97–100◦C at 8 mmHg.

Other references related to the Arndt-Eistert synthesis are cited in the literature.12
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Asinger Reaction

(Asinger Multicomponent Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Friedrich Asinger in 1956.1 It is a multicomponent
reaction for preparing 3-thiazolines from ketones, ammonia, and sulfur2 and is generally
known as the Asinger reaction.3 This reaction was subsequently extended to the synthe-
sis of m-thiazines.4 The Asinger reaction, together with other multicomponent reactions
(MCRs)—such as the Ugi Reaction, Biginelli Reaction, Passerini Reaction, and Hantzsch
Dihydropyrimidine Synthesis—have attracted more attention recently and have been com-
monly applied to the process of drug and agrochemicals discovery, because these reactions
are highly atom economic and can efficiently produce a variety of molecular libraries of
small molecular weight and structural diversity.5 So far, more than 20 molecular scaffolds
have been prepared from these MCRs.5

B. GENERAL REACTION SCHEME

R1

R3

O

R2
R1

R3

O

R2
NH3  S8 N S

R3 R1

R3 R1

R2

R2

+

R1 R2, R3 = H, alkyl

1

8
++

C. PROPOSED MECHANISMS

As proposed by Asinger, this reaction contains two steps. The first step is an α-thiolation
catalyzed by amine to form α-surfhydryl ketone, and the second step is an α-aminoalkylation
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of an SH acid and subsequent stabilization via ring closure with elimination of water (similar
to the Mannich Condensation). The details are illustrated here.6

At least two weaknesses exist in this mechanism: (a) NH3 is not strong enough to abstract
an α-proton from ketone and (b) no detail is given about the formation of final 3-thiazolines.
Therefore, an alternative mechanism is proposed here, as shown.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful in the preparation of 3-thiazoline derivatives.
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F. RELATED REACTIONS

Being an MCR, the Asinger reaction shares similarities with other MCRs (e.g., Ugi,
Gewald) in that more than one bond is formed in the final product. These reactions are
shown here.5

G. CITED EXPERIMENTAL EXAMPLES

N

O

S

NH3

NS

N
N

Reference 7.

To a three-necked flask equipped with gas inlet and outlet were added a stir bar, 6.0 g
sulfur, and 40.0 g 1-methyl-4-piperidone. The flask was cooled with ice, and under stirring
ammonia gas was bubbled into the mixture. The temperature of the reaction was maintained
between 40 and 50◦C. The introduction of ammonia was continued until the last traces of
sulfur disappeared (usually 2 h). The excess ammonia was removed by connecting the gas
outlet to vacuum while stirring. The warm, viscous liquid was diluted with 200 mL 50%
potassium carbonate solution, and the mixture was extracted with five 100-mL portions
of ether. The ether solution was dried over potassium carbonate, filtered, and
treated with hydrogen chloride. A yellow precipitate of 1,6′-dimethyl-2′,4′,5′,6′,7′,7a′-
hexahydrospiro[piperidine-4,2′-thiazolo[5,4-c]-pyridine]dihydrochloride formed immedi-
ately, which was filtered, washed with ether, and dried under reduced pressue over CaCl2
to afford 53.5 g of product, m.p. 200–205◦C. An analytical sample was prepared by
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recrystallization of this solid from a mixture of ethanol and isopropyl alcohol and melted
at 240–241◦C. The pure 1,6′-dimethyl- 2′,4′,5′,6′,7′,7a′-hexahydrospiro-[piperidine-4,2′-
thiazolo[5,4-c]pyridine] was formed in quantitative yield from its dihydrochloride salt by
neutralization with potassium carbonate solution. The base thus formed was purified by
distillation under reduced pressure, and the fraction, b.p. 198–202◦C at 16 mmHg was
collected.

Other references related to the Asinger reaction are cited in the literature.8
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Aston-Greenburg

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Aston and Greenburg in 1940.1 It is the transformation
of α-haloketone into ester along with the migration of one of the alkyl (or aryl) moieties in
this ketone to the α-position of another moiety when the α-haloketone is treated with alkali
alkoxide (e.g., NaOEt, NaOMe). In many cases, this rearrangement is used to prepare the
esters of tertiary α-carbon.

B. GENERAL REACTION SCHEME

R1
R3

X

R2

O

NaOEt

Et2O R1
OEt

R2

R3

O

X = F, Cl, Br, I

C. PROPOSED MECHANISMS

This reaction involves the following steps: the addition of an alkoxyl group to the carbonyl
group, the formation of epoxide, and the migration of the alkyl group, as illustrated below.
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D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

This reaction has a similar mechanism to the Favorskii Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Br

O

NaOEt

Et2O OEt

O

Reference 1.

To a flask equipped with condenser were added 500 mL ether, 29.2 mL absolute ethanol
(0.5 mol), and 11.5 g sodium (0.5 mol). This mixture was refluxed for 48 h to ensure
the completion of reaction and then cooled in ice. After that, 82.5 g 3-bromo-3-methyl-2-
butanone (0.5 mol) was added over a period of 2 h. The solution was refluxed 3 h, then water
was added to dissolve the precipitated sodium bromide. The organic layer was separated
and fractionated via distillation, and 39.8 g ethyl trimethylacetate was obtained, in a yield
of 61.3%, b.p.116◦C at 725 mmHg, n20

D 1.3912, d20
4 0.856g/cm3.

O

O

Cl

KOMe

MeOH

MeO

O

O

Reference 2.

To a flask equipped with condenser, were added 220 mL absolute methanol and 2.1 g
potassium. After the potassium disappeared, 9.615 g chloroprogesterone was added to
the solution in portions. The mixture was refluxed for 2 h with exclusion of moisture.
After cooling, the solution was poured into water, and the product was extracted with
ether. The organic layers were combined and washed until neutral, and 9.687 g oil was
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obtained after removal of the solvent. This mixture was purified using 250 g aluminum
oxide with petroleum ether-benzene (4:1 to 1:1) as an eluent. This fraction after drying and
recrystallization from acetone-hexane gave 2.945 g methyl �4-3-keto-17α-methyletienate,
m.p. 173–173.5◦C. Another fraction from the column using benzene and benzene-ether as
an eluent yielded 378 mg methyl �4-3-keto-17-isoetienate after removal of the solvent and
recrystallization, m.p. 155.5–156◦C. The rest of the mass was a mixture of the two products.

Other references related to the Aston-Greenburg rearrangement are cited in the
literature.3
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Atherton-Todd Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Atherton and Todd et al. in 1945.1 It is a transformation
of dialkylphosphite into dialkyl chlorophosphate in the presence of carbon tetrachloride and
a base (usually tertiary amine, secondary amine, or primary amine). Therefore, it is generally
known as the Atherton-Todd reaction.2 In general, the formed dialkyl chlorophosphate is
too reactive to be isolated, which further reacts with alcohol or amine to give phosphate or
phosphoramidate. Only a few dialkyl chlorophosphates have been separated so far.3

B. GENERAL REACTION SCHEME

O

P
ORRO

H

+ CCl4 + R′3N

O

P
ORRO

Cl

+ HCCl3

C. PROPOSED MECHANISMS

The commonly known mechanism for the Atherton-Todd reaction is based primarily on
the early kinetic investigations.4 It is believed that the initial step is the deportonation of the
dialkyl phosphonate (RO)2P(O)H by a base to give a dialkyl phosphite anion that undergoes
the halophilic substitution with CCl4, as illustrated here.
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O

P
ORRO

H

B

HB O

P
ORRO

Cl CCl3

O

P
ORRO

H

CCl4
O

P

ORRO

O

P
ORRO

ClCCl3

CCl3

CHCl3

O

P

ORRO

CCl4
O

P
ORRO

ClCCl3

However, it has been established that, in the initial step, amines as a base are actu-
ally alkylated and not protonated at the nitrogen by dialkyl phosphonates.5 Therefore, an
alternative mechanism is proposed in agreement with both experimental and computational
results.2l

O

P
ORO

H

R NR′3

O

P
ORO

H

+ R NR′3

O

P
ORO

H

O

P
ORH

RO

O

P
ORRO

O

P
OHRO

H

+

O

P

ORRO

CCl4
O

P
ORRO

ClCCl3

O

P
OHRO

H

O

P
ORO

HCHCl3

CCl3

D. MODIFICATION

It is reported that the original process can be improved effectively by employing an
aqueous base and a phase-transfer catalyst.6 After this modification, many mixed trialkyl
phosphates, dialkylphosphorylated amines, hydrazines, and hydroxylamines can be easily
prepared.

E. APPLICATIONS

This reaction has general applications in the preparation of trialkyl phosphates,
dialkylphosphorylated amines hydrazines, and hydroxylamines.



116 ATHERTON-TODD REACTION

F. RELATED REACTIONS

This reaction is related to the Appel Chlorination.

G. CITED EXPERIMENTAL EXAMPLES

O

P
(OCH2CH2)13EtO

H
O

O

P

H
(OCH2CH2)13 O H

n

CCl4, Et3N, MeOH

Et3N.HCl
O

P
(OCH2CH2)13EtO

O
O

O

P

O
(OCH2CH2)13 O H

n

Me Me

Reference 7.

To a three-necked flask equipped with a magnetic stirrer, thermometer, reflux condenser,
and a dropping funnel were added 9 mL dichloromethane, 22.5 mL carbon tetrachloride,
0.94 g triethylamine, and 0.72 mL methanol. Then 13.5 mL dichloromethane solution
containing 2.3 g polymer (0.0036 mol of repeating units) was added dropwise at ambi-
ent temperature under continuous stirring. The reaction was allowed to proceed for 24 h.
After filtration of the precipitated triethylamine hydrochloride, the filtrate was concen-
trated and the polymer product was precipitated by addition of diethyl ether. The product
of poly(oxyethylene phosphate) was purified by dissolution in N,N-dimethylformamide
(DMF) and reprecipitation in diethyl ether. The isolated product was dried at 30–40◦C
under reduced pressure (1 mmHg) to give 2.6 g of a polymer product, in a yield of 100%.

O

P
OO

H

+ CCl4

O

N
+

O

P
OO

Cl

Aniline

O

P
OO

HN
Ph

Reference 1.

To a 500 mL flask, were added 150 mL carbon tetrachloride and 83.0 g diisopropyl
phosphite (0.5 mol). To this solution was added 50.5 g N-methylmorpholine (0.5 mol), no
apparent reaction occurred until refluxing. After 3 h the solvent was removed in vaccum
(distillate contained chloroform); the residue was stirred with 200 mL light petroleum; and
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28.0 g of N-methylmorpholine hydrochloride (solid material) was obtained by filtration,
washing with light petroleum, and drying. The ligroin solution was evaporated on a water
bath, and the residue was distilled under reduced pressure. The main fraction (70.0 g)
contained traces of solid and on filtration and redistillation afforded 58.0 g of colorless
diisopropyl chlorophosphonate. When diisopropyl chlorophosphonate was treated with two
equivalents of aniline, both aniline hydrochloride and diisopropylanilinophosphonate were
obtained. The latter one has a m.p. of 121◦C.

Other references related to the Atherton-Todd reaction are cited in the literature.8
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Auwers-Skita Rule
(Conformational Rule)

A. GENERAL DESCRIPTION OF THE REACTION

Auwers-Skita rule,1 also called conformational rule, is an empirical rule related to the
physical properties of geometrical isomers and their configurations. This rule was initially
proposed by von Auwers,2 and Skita3 separately and was restated by Allinger.4 This rule
was extensively applied during the assignment of the structures of isomers before the NMR
techniques were commonly available. This rule, applying to alicyclic epimers not differing
in dipole moment, states that the isomer of smaller molecular volume and therefore higher
physical constants (e.g., density, index of refraction, and boiling point) has the higher heat
content (enthalpy),4e,5 however, molecules of higher enthalpy have a lower melting point.6

Between the pair of cis- and trans- isomers, cis-compounds are higher in specific gravity and
refractive index but smaller in molecular refraction.2,3 Between stereoisomers, the trans-
form of a pair of stereoisomers has the lower density, boiling point, and refractive index.7

This rule can even be used to assign the conformers, in which the conformer of higher
enthalpy has a lower molecular volume.8 In cyclic stereoisomers, when the substituents are
bound to configurationally identical ring systems, the isomer with the higher density and
the higher refractive index is that which has the higher heat content.9 Usually, the (higher)
boiling point and (lower) molar refraction can be related in a similar manner. In other
words, isomers having the greater number of axial substituents within a series will have
the higher boiling point and refractive index and the greater density.10 Although this rule
has been proved successful with a variety of disubstituted cyclohexanes,11 it is recognized
that such an empirical rule is of limited reliability, especially in complex systems, such
as the configuration for isopinocampheol,12 3-methylcyclohexanol,13 thiabicyclo[3.3.0]-
octanes,14 and other 1,3-disubstituted cyclohexenes.15
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B. GENERAL REACTION SCHEME

N/A

C. PROPOSED MECHANISMS

N/A

D. MODIFICATION

N/A

E. APPLICATIONS

This rule was extensively used to assign the structures between stereoisomers before the
era of NMR.

F. RELATED REACTIONS

The van Arkel Rule (i.e., dipole rule) describes the relationship between physical prop-
erties and the dipole moment of geometrically isomeric olefins, i.e., the isomer of higher
dipole moment has the higher boiling point, refractive index, and density.4e,16

G. CITED EXPERIMENTAL EXAMPLES

R

H

R

H

R = OH

trans cis

54°C 65°C

R = NH2 –25°C –13°C

Reference 17.

N
But

N
But

Cis-N-methyl-N-neopentyl-4-methylcyclo-
hexylamine, nD

20 = 1.4569, 
b.p. 90–91°C (4.5 mmHg).5a

trans-N-methyl-N-neopentyl-4-methylcyclo-
hexylamine, nD

20 = 1.4527, 
b.p. 88–89°C (4.5 mmHg).5a

Other applications of the Auwers-Skita rule are also cited in Ref. 18 and Ref. 19 (Ref. 19
were located by keyword Skita).
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Aza-Claisen Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

Similar to normal Claisen Rearrangement, the aza-Claisen rearrangement1 involves the
cleavage of one bond and the formation of a new bond; however, in this reaction, one allyl
carbon atom is displaced by a nitrogen atom and the carbon-nitrogen bond is the bond to
break. In general, the nitrogen atom in aza-Claisen rearrangement is either in a heterocycle
or a quaternary amine (ammonium salt), and the extension of heterocycle ring or cleavage of
ammonium salt is probably the driving force for this reaction. Although one of the earliest
examples of the aza-Claisen rearrangement—the reaction between N-methylpyrrole and
dimethyl acetylenedicarboxylate (DMAD)—was reported by Alder in 1931,2 this reaction
is currently receiving renewed attention.3−14

B. GENERAL REACTION SCHEME

This reaction is represented by a general nitrogen-containing heterocycle, as illustrated
here.

∆
N N
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C. PROPOSED MECHANISMS

This rearrangement will be similar to a regular [3,3]-sigmatropic rearrangement.

∆N N

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare a variety types of nitrogen-containing
compounds.3−14

F. RELATED REACTIONS

Conceptually, this rearrangement is related to the Bellus-Claisen Rearrangement, in
terms of ring expansion.8b,14g,14i This reaction is also related to the regular Claisen
Rearrangement and Cope Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Reference 1ff.

Standard Procedure for the Zwitterionic aza-Claisen Rearrangement

To 35 mL dry CHCl3 was added 1.6 g dry K2CO3 (11.6 mmol) under argon. The suspen-
sion was cooled to 0◦C. N-allylpyrrolidine (5 mmol) and 6 mmol of acetyl chloride were
added subsequently by means of a syringe. After about 30 min of stirring at 0◦C, 0.25 mL
2 M Me3Al in toluene (0.50 mmol) was added via syringe. The resulting mixture was also
stirred at 0◦C. After 24 h, a second volume of Me3Al was injected. After 2–3 days, the
reaction was stopped by quenching dropwise with saturated aqueous NaHCO3 (5–10 mL)
at 0◦C until the Al2O3/K2CO3 precipitated. Then the organic layer was decanted, the solid
residue was extracted with CH2Cl2 (5 × 20 mL), and the combined organic layers were
dried over MgSO4. The solvent was removed, and the crude mixture of diastereomeric
amides and von Braun type products was purified by column chromatography. If necessary,
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diastereomers were separated via HPLC or column chromatography on silica gel. If the
crude product contained more than 10% of allylic amine (occurred in the majority of the
experiments), the mixture was subjected to these reaction conditions for a second cycle.

N

Ph

TBSO

+ Ph
F

O

Me3Al, K2CO3
N

O

Ph

TBSO

Ph

Reference 4a.

To a small flask were added 70 mg dry K2CO3(0.5 mmol) and 15 mL CH2Cl2 under
argon. The mixture was cooled to 0◦C, then 320 mg of N-allylpyrrolidine (1 mmol) and
3–6 mmol of acid fluoride were added subsequently via a syringe. After about 15 min of
stirring at 0◦C, 0.75–1.5 mL Me3Al in n-heptane (1.5–3 mmol) was added via syringe, and
CH4 evolved. The mixture was allowed to warm to room temperature, and the reaction was
completed within hours (groups other than phenyl may take up to 2 days). In some cases,
the addition of a second amount of acid fluoride and Me3Al was necessary to achieve a
complete conversion of the reactant. After the reaction, the mixture was diluted with Et2O
and filtrated through a short silica gel column to remove the polar impurities. The residual
organic layer was washed with saturated NaHCO3 solution and dried over MgSO4. When
solvent was removed below 20◦C, (pS)E-3S,8R-1-benzyl-8-(tert-butyldimethylsilyloxy)-
3-phenyl-2,3,4,7,8,9-hexahydro-1H-azonin-2-one was yielded. (Note: Heating to 40 – 60◦C
led to a fast epimerization to give the pR-lactams).

Other references related to the aza-Claisen rearrangement are cited in the literature.15
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Baddeley Isomerization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baddeley in 1930s.1 It is the migration of alkyl groups
in polyalkylbenzenes or polynuclear aromatic compounds in the presence of anhydrous
aluminum chloride or the mixture of protonic acid and Lewis acid. In one of Badde-
ley’s experiments, when 1,3,4-tri-n-propylbenzene was warmed with AlCl3 at 100◦C, the
1,3,5-tri-n-propyl was formed, along with the lower and higher alkylated benzenes.1b After
extensive studies, it was found that the amount of α-isomer can be reduced by the addi-
tion to the reaction mixture of a variety of substances (e.g., nitrobenzene and excess acid
chloride) that complex strongly with aluminum chloride.2,3 Likewise, less α-isomer has
been observed when this reaction is carried out in nitrobenzene. In addition, isomerization
of hindered aromatic ketones occurs if the ketones are melted with an excess amount of
aluminum chloride and sodium chloride.4

B. GENERAL REACTION SCHEME

The reaction is simply illustrated by the isomerization of 1,2,4-tri-n-propylbenzene to
1,3,5-tri-n-propylbenzene in Baddeley’s initial work.
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AlCl3

100°C

C. PROPOSED MECHANISMS

It is proposed that in the presence of a protonic acid and a Lewis acid, a direct [1,2] alkyl
shift is involved in this isomerization, which is displayed here.5

However, in the absence of protonic acid, the Baddeley isomerization may involves the
reaction of AlCl3 with two aromatic molecules.6

D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

n-Bu

AlCl3

n-Bu n-Bun-Bu

+ + + Higher boiling 
residue

15.2% 45.2% 24.9%

100°C

Reference 6a.
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To a flask equipped with a condenser were added 202.5 g n-butylbenzene and 40.0 g
anhydrous aluminum chloride (sublimed). The mixture was stirred for 3 h at 100◦C to form
two layers, the lower being of relatively small volume and dark in color. After the reaction,
the mixture was poured over cracked ice; and the organic layer was separated, washed
with water, and dried over anhydrous calcium chloride. A total of 192.8 g hydrocarbon was
recovered at this step. Careful fractionation of this hydrocarbon gave 15.2% benzene, 45.2%
n-butylbenzene, b.p. 98.5–97.5◦C at 50 mmHg (99.4 mol % n-butylbenzene and 0.6 mol %
s-butylbenzene by mass spectrometer analysis), 27.7% dibutylbenzene, b.p. 160–162◦C at
50 mmHg (at least 90 mol % m-di-n-butylbenzene), and 11.9% of a higher boiling residue.

O

AlCl3/NaCl/H2O

O O

O O O

10%
trace

5% 82% 1%

Reference 7.

To a flask equipped with a refluxing condenser were added 7.5 g 2,3,5,6-
tetramethylacetophenone (0.043 mol), 15 g anhydrous AlCl3 (0.11 mol), 90 mg H2O
(0.005 mol), and 1 g NaCl (0.02 mol). The mixture was stirred at 100◦C for 2 h. The reac-
tion mixture was cooled, poured onto ice, and neutralized with saturated NaHCO3 solution.
The organic material was extracted with a total of 30 mL C6H6, washed with H2O, satu-
rated NaHCO3 solution, and H2O and dried over Na2SO4. Analysis of the mixture by GC
(150 ft. MBMS column at 160◦C, helium pressure 30 psi) showed the product distribution
as 2,4,5-trimethylacetophenone (10%), 2,3,4,6-tetramethylacetophenone (starting material,
trace), 2,3,4,6-tetramethylacetophenone (5%), 2,3,4,5-tetramethylacetophenone (82%), and
pentamethylacetophenone (1%).

Other references related to the isomerization of polyalkyl aromatic compound in the
presence of Lewis acids are cited in the literature.8
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F. R., J. Am. Chem. Soc., 1957, 79, 1226. (i) Brown, H. C. and Young, H. L., J. Org. Chem., 1957,
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Chem. Soc., 1939, 61, 1163.
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Baeyer Diarylmethane

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially studied by von Baeyer in 1872.1 It is an acid-catalyzed
condensation of aromatic compounds with formaldehyde or formaldehyde derivatives.
In normal conditions, the reactive benzene derivatives such as phenols and arylamines
are applied to condense with formaldehyde; however, a small number of less-reactive
aromatics have also been used in this reaction, including benzene,2a toluene,2b,c benzyl
chloride,2b,c biphenyl,2b,c iodobenzene,2d naphthalene,2e and mesitylene.2f Although no
yields were given in the early studies, it is reasonable to obtain 70–80% yield for this
type of reaction. Many other reactions have been developed to synthesize diarylmethanes,
including Katritzky’s benzotriazole method,3 Kochi’s dealkylative coupling,4 Fukuzaw’s
1,3-propandiol method,5 and the reduction method.6 In general, the condensation occurs at
the para-position of substituted aromatics.

B. GENERAL REACTION SCHEME

R

O

R′

R′

RR

H+

∆
+

R = OH, OMe, NMe2
R′ = H, Alkyl, Aryl
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C. PROPOSED MECHANISMS

The mechanism is similar to that of the Friedel-Crafts Alkylation.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be applied to prepare diarylmethanes.

F. RELATED REACTIONS

This reaction is related to the Baekeland-Lederer-Manasse Reaction, which gives
resinous product from the reaction between phenol and formaldehyde. In addition, this
reaction is related to Zinke Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Cl

O

O

Cl

TFSA
+

Reference 5b.

To a solution of 199 mg 2-(4-chlorophenyl)-1,3-dioxane (1.0 mmol) in 5.0 mL toluene
was added 8.0 mg TFSA (0.05 mmol) at room temperature while stirring. The mixture was
refluxed for 17 h, then cooled down to room temperature and poured into aqueous NaHCO3.



134 BAEYER DIARYLMETHANE SYNTHESIS

The organic layer was separated, and the aqueous phase was extracted with diethyl ether.
The combined organic extracts were washed with brine and dried over MgSO4. The product
distribution was analyzed by GC/MS, using naphthalene as standard and comparing with
an authentic sample. The ortho/meta/para ratio was found to be 27:7:56, in a yield of 81%
on the basis of dioxane.

O

H H

H2SO4/EtOH+

Reference 7.

To a 500-mL three-necked flask equipped with a reflux condenser, mechanical stirrer, and
thermometer were added 0.67 mol pentamethyl benzene and 0.17 mol paraformaldehyde.
The mixture was warmed to 75◦C by a water bath. In a separate beaker was placed 170 mL
95% ethanol, and 68 mL 96% sulfuric acid was poured into at the side of the beaker
(EtOH/H2SO4 = 2.5:1). This alcoholic solution was stirred and cooled to 5◦C below the
desired reaction temperature (75◦C), and then poured into the flask. The heterogeneous
mixture was stirred vigorously at 75◦C for 1 h. When the solution was cooled down to
room temperature, it was poured into 250 mL water, and 250–300 mL benzene was added
to extract the product. The benzene extract was fractionated by distillation using a 10-in.
Vigreux column to afford 86% of product, m.p. 220.6–221.2◦C. Other polyalkylbenzenes
react at different temperatures, and different solvents were used to extract the corresponding
product. Yields were found between 50% and 86%.

Other references for making diarylmethanes can be found in the literature.8
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Baeyer-Drewson Reaction

(Baeyer-Drewson Indigo Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

Indigo is one of the oldest and most important coloring agents obtained from the
vegetable kingdom. von Baeyer initially developed a protocol to synthesize indigos in
the 1880s and 1890s1 via the condensation of 2-nitrobenzaldehyde with acetone in the
presence of dilute NaOH or Na2CO3.2 Therefore, this reaction is known as the Baeyer-
Drewson reaction.3 After the pioneering work of von Baeyer, many other methods have
been developed to synthesize indigos, including the acidic hydrolysis of the dimethyl
acetal of o-amino-phenylglyoxal,4a reduction of l-o-nitrophenyl-2-nitroethanol by the basic
dithionite,4b acid or base treatment of 2-anilinoindoxyl,4c treatment of 2-oximinoindoxyl
with sulfuric acid,4d reduction of o-nitrobenzoylacetic acid by base and glucose,4e,f and
reduction of 2-chloroindolone.4g,h In addition, the Heumann Indigo Process was the indus-
trial manufacturing process applied to making indigo in large quantitles.5 The original indigo
synthesis was developed for testing for o-nitrobenzaldehyde in alkaline acetone solution
(not applicable to o-nitrobenzaldehydes with meta- or para-hydroxyl groups, otherwise, a
second nitro group is needed to form 2,6-dinitroisovanillin.)3,6 The Baeyer-Drewsen indigo
synthesis in combination with the Lieben Iodoform Reaction has been developed to differ-
entiate methylcarbinols from methyl ketones. As an example, a positive iodoform reaction
and a negative indigo reaction indicate a methylcarbinol; a positive iodoform reaction and
a positive indigo reaction indicate a methyl ketone; whereas a negative iodoform reaction
can rule out both methylcarbonols and methyl ketones.7
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B. GENERAL REACTION SCHEME

Indigo should be the trans-isomer, preferentially stabilized by intramolecular hydrogen
bonding available only in the trans-configuration.8

NO2

CHO

+
O

NaOH

H
N

HN
O

O

C. PROPOSED MECHANISMS

It is believed that this reaction occurs via the addition of an enolate, followed by the
reduction of the nitro group and the final ring closure, as illustrated here.7

D. MODIFICATION

N/A
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E. APPLICATIONS

This reaction is useful for the preparation of indigo derivatives; in addition, it can be
applied for testing the presence of methyl ketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

H
N

OH

OH

O
O OH

1)   OH
H
N

HN
O

OHO

OH

2) Oxidation

Reference 9.

A mixture of 10.1 g 2-amino-acetic-4-(α-hydroxyisopropyl)-benzoic acid (0.04 mol)
and 50.5 g potassium hydroxide (0.90 mol) were fused in a nickel crucible to exclude air.
The fusion was conducted initially at 180–200◦C and was completed at 220–230◦C within
15 min. Then the reddish yellow mass was cooled and dissolved in water. A current of air
was led through the solution until a test portion no longer produced a bluish precipitate
when air was drawn through. The oxidation product then formed was filtered off, washed
successively with water and with very dilute hydrochloric acid, and finally dried to give
2.32 g of the shown product, in a yield of 31.0%. (Note: The name of the starting material
has been changed from the original paper.)

N

O O O

MeOH

N

N
O

O

Reference 10.

N,N ′-dimethylindigo was prepared by the oxidation of l .05 mmol N-methylindoxyl
acetate in 9 mL methanol by 2.2 mmol duroquinone under nitrogen and in the presence
of 8.8 mmol sodium methoxide. After 15 min the mixture was acidified with hydrochloric
acid and chromatographed on silica gel with chloroform to give 0.44 mmol pure N,N ′-
dimethylindigo, in a yield of 84%. Alternately, this N,N ′-dimethylindigo can also be
prepared according to the procedure of Ettinger and Friedlaender by oxidation of N-
methylindoxyl in aqueous ammonia.11 Recrystallization from heptanem under nitrogen
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yielded 28% of needles, m.p. 180◦C. No impurities were found by TLC or mass spectro-
metric (parent peak m/z 290).

Other references related to the Baeyer-Drewson reaction are cited in the literature.12
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Baeyer Indole Synthesis

(Baeyer-Emmerling
Indole Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baeyer and Emmerling in 1869.1 It is the synthe-
sis of indole via the alkaline reduction of o-nitro-cinnamic acid by iron. Although the
Fischer Indole Synthesis has been considered as the most versatile approach for the indole
derivatives,2 a few methods similar to Baeyer indole synthesis have also been developed so
far.3

B. GENERAL REACTION SCHEME

NO2

CH CH
COOH

Fe

KOH N
H

C. PROPOSED MECHANISMS

Displayed here is the mechanism of Baeyer indole synthesis.
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D. MODIFICATION

A few modifications have been developed, as described in detail in Cited Experimental
Examples.3

E. APPLICATIONS

N/A

F. RELATED REACTIONS

This reaction is related to the Reissert Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

NH2 NH2
N
H

N
H

Catalyst

Heat

Reference 3a.
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The preparation of chromium-copper-on-charcoal catalyst has been reported elsewhere.4

It is prepared by adding acid-washed charcoal to a strong hot solution of Ca(NO3)2, KNO3,
or KH2PO4. The amount of salt adsorbed was determined by filtering off the catalyst after
a few minutes, evaporating the filtrate to dryness, and weighing the residue. (Interested
readers should see Ref. 4 for details because chromium and copper salt were not mentioned
here.)

The apparatus was similar to the reported one;5 however, in the runs above 625◦C, a
catalyst tube made from Corning 172 glass was used instead of the usual Pyrex. In the
experiment, 10 mL of catalyst was used and preceded by about 10 mL of quartz chips,
which served as a preheater for the incoming vapors. Before use, the catalyst was reduced
in situ there with a slow stream of hydrogen for 30 min at 150–200◦C, and then for 1 h
at a few degrees above the actual reaction temperature. The o-ethyl aniline was passed
through the reaction tube. The indole and skatole were isolated from the condensate by first
extracting the unconverted aniline and aminostyrene with dilute hydrochloric acid and then
steam distilling the residue to obtain the pure indole. The amount of indole present in the
skatole was determined by repeated crystallization from water and alcohol.

NO2

NH2

R2

R1 NO2

N2
+

R2

R1

R3 R4

OAc

LiCl NO2

R2

R1

R4

Cl
OAc

R3

R2

R1
N
H

R3

R4
Fe/AcOH

Reference 3b.

2-Nitroaniline hydrochloride, prepared from heating a mixture of 1.38 g 2-nitroaniline
(10.0 mmol) and 2.50 mL 12 M HCl (30.0 mmol) for several minutes, was cooled to
−5◦C in an ice salt bath. A cold solution of 725 mg sodium nitrite (10.5 mmol) in 3 mL
water was added over 15 min with stirring, while the temperature of the reaction was held
between −5◦ and 2◦C. The mixture was stirred for an additional 15 min, and 30 mg urea
(0.60 mmol) in 5.0 mL cold water was added. This cold solution was added over 10 min
to a stirred mixture of 2.77 mL vinyl acetate (30.0 mmol) and 0.85 g LiCl (20.0 mmol)
in 50 mL acetone-water mixture (v/v = 65:35) in a 100-mL two-necked flask fitted with
a gas bubbler that was cooled to −5◦C under an argon atmosphere. A cold solution of
0.26 g cupric chloride dihydrate (1.5 mmol) in 5 mL water was then added over 10 min,
and the evolution of nitrogen commenced. The temperature of the reaction mixture was
held between 3◦ and 10◦C for 2 h and then warmed to room temperature over 2 h. After
an additional 2 h, nitrogen evolution ceased, and the acetone was evaporated. The reaction
mixture was poured into 50 mL water and extracted with dichloromethane (3 × 30 mL).
The combined extracts were washed successively with water and brine and dried over
anhydrous magnesium sulfate. Evaporation of the solvent and purification by flash column
chromatography on 70 g silica gel using 35% dichloromethane in hexanes as an eluent gave
1.21 g l-acetoxy-l-chloro-2-(2-nitrophenyl)ethane as a light yellow oil, in a yield of 50%.
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To a 250-mL one-necked flask fitted with a reflux condenser were added 1.22 g l-acetoxy-
l-chloro-2-(2-nitrophenyl)ethane (5.00 mmol), 0.98 g 200 mesh iron powder (17.5 mmol),
2.10 g acetic acid (35.0 mmol), 0.68 g sodium acetate dihydrate (5.0 mmol), and 100 mL
80:20 (v/v) ethanol/water. The mixture was refluxed with stirring for 2 h under an atmosphere
of argon. The reaction mixture was cooled, the ethanol was evaporated, and the residue
was extracted with dichloromethane (3 × 30 mL). The combined extracts were washed
successively with water and brine and dried over potassium carbonate. Evaporation of
the solvent and purification by flash column chromatography on 50 g silica gel (50:50
dichloromethane-hexanes eluent) gave 0.53 g indole, in a yield of 90%.

NO2
O

O

CN

CO2Et

EtOAc N
H

O

O

CO2Et

Pd/C, H2

Reference 3d.

A solution of 6.12 g ethyl 2-nitro-4-carbethoxyphenylcyanoacetate in 60 mL freshly
distilled ethyl acetate was placed in a pressure bottle with 1 g 30% palladium-on-carbon.
Hydrogenation was performed at a hydrogen pressure of 56 psi at 22◦C. Approximately
3 mol of hydrogen per mole of starting material was absorbed during the first 15 min. The
temperature was raised to 85–90◦C, and another mole of hydrogen was absorbed during
the next 2 h. The product, insoluble in ethyl acetate, was collected by filtration along
with the catalyst. The product was dissolved in ethanol, filtered to remove the catalyst,
and recrystallized twice from ethanol water. Finally, 4.70 g 3,6-dicarbethoxyindole was
obtained, in a yield of 90%, m.p., 134–136◦C.

Other references related to the Baeyer indole synthesis are cited in the literature.6
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Baeyer Oxindole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by von Baeyer in 1878.1 It is the synthesis of oxindole
via the acidic reduction of o-nitrophenylacetic acid by tin and the subsequent cyclization of
the resulting reduced intermediate. Besides such reaction conditions, other acidic reducing
combinations can also be applied to the preparation of oxindole, including Zn + H2SO4,
Zn + HOAc, and Fe + HOAc, SnCl2 + NH4Cl. Recently, other methods have been
developed for preparing oxindoles.2

B. GENERAL REACTION SCHEME

NO2

COOH
R

N
H

ORSn + HCl
(R = H, Br, NH2, alkyl)

C. PROPOSED MECHANISMS

Displayed is the mechanism for the formation of oxindole.
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D. MODIFICATION

The reaction has been modified using a palladium catalyst as the coupling reagent, as
shown in Cited Experimental Examples.

E. APPLICATIONS

This reaction has general usage for the preparation of oxindoles.

F. RELATED REACTIONS

This reaction is related to the Béchamp Reduction and Hinsberg Oxindole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2a.

The reaction was carried out in THF using a certain amount of substrate, 1.5–3 mol %
Pd2(dba)2, 3–6 mol % 1-mesitylimidazoium salt, and 1.5–2 eq. of LiN(TMS)2. The reaction
mixture was stirred at 68◦C for 1–4 h and monitored by TLC. After the reaction, the
solvent was evaporated, and the residue was directly purified by column chromatography.
Normally, the isolated yield was in the range of 40–95%. (Note: This reference did not
provide experimental details.)
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Reference 2b.

To the mixed solvent of THF and NMP (1:1), were added certain amount of starting
material, 0.2 eq. of Pd2(dba)2·CHCl3, and Et3N. The mixture was stirred at room
temperature and monitored by TLC. After the reaction, the solvent was evaporated, and the
residue was purified on column chromatography. The yield was 86% with a Z:E selectivity
of more than 95%. (Z:E > 20:1). The reaction temperature is crucial for the regioselectivity
of this reaction, as an example, the Z:E ratio of the shown product was decreased to 3:1
when the reaction was conducted at 50◦C. (Note: Experimental details were not given in
this reference; interested readers should see Ref. 3).

Other references related to the synthesis of oxindole are cited in the literature.4
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Baeyer Pyridine Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by von Baeyer in 1910.1 It is the transformation of γ-
pyrones or other pyrone derivatives into pyridines via pyronium salt intermediates, which
subsequently react with an ammonium salt, such as ammonium carbonate. This reaction
can be applied to the preparation of other types of heterocycles containing nitrogen. Besides
this reaction, other methods have been developed to synthesize pyridines, which have been
extensively reviewed by Bergstrom.2 Other methods not included in Bergstrom’s review
include distillation of allylethylamine over heated lead oxide,3a passing a mixture of acety-
lene and hydrocyanic acid through a red-hot tube,3b heating pyrrole with sodium methylate
and methylene iodide to 200◦C,3c heating isoamyl nitrate with phosphorus pentoxide,3d

and heating piperidine in acetic acid with silver acetate.3e These methods normally give
low yields of pyridine derivatives.

B. GENERAL REACTION SCHEME
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Starting from any pyronium salt:

O

R2

R1 R3

(NH4)2CO3

ClO4

+

–
N

R2

R1 R3

C. PROPOSED MECHANISMS

It is believed that this reaction involves the following steps: the addition of amine, opening
of the pyronium ring, closure of the ring, and elimination of water. This mechanism is similar
to that of ANRORC Rearrangement.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the formation of pyridines.

F. RELATED REACTIONS

This reaction is related to the Clauson-Kaas Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

O

MeO Me2SO4

O

OMe

MeO
(NH4)2CO3

HClO4

ClO4

+

– N

OMe

MeO

Reference 4.
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To a flask equipped with a condenser were added 70 g 2-methyl-5-methoxy γ-pyrone
(0.2 mol) and 31 g dimethyl sulfate (0.25 mol). The mixture was heated at 50◦C for 2 h, and
was then poured into 3 eq. of ice-cooled 20% HClO4. After 2 h, the pyronium perchlorate
salt was filtered and added to 175 mL 10% ammonium carbonate solution saturated with
ammonium sulfate. After the reaction, the product was extracted with EtOAc. The product
was obtained via evaporation of solvent and vacuum distillation, b.p. 75–80◦C (1 mmHg).
The product can also be converted to hydrochloride salt, m.p. 164◦C.

Reference 5.

To a suspension of 2.9 g methyl acetoacetate (25 mmol) in 50 mL dry THF was added
16.4 mL 20 wt % t-BuOK in THF (26.3 mmol, 1.05 eq.) at 0◦C. The slurry was warmed
to room temperature and stirred for 45 min, then 1.0 eq. DABCO was added followed by
11.5 g vinamidinium hexafluorophosphate salt (37.5 mmol, 1.5 eq.) in one portion. The
mixture was stirred for 45◦C for 3 h, and 2 eq. ammonium acetate was added in one portion.
The resulting dark solution was heated at reflux for 6 h and concentrated under reduced
pressure. The yield was found to be 84%, m.p., 186–187◦C. The residue was directly purified
by chromatography on silica gel. Alternatively, the residue after evaporation of the THF can
be extracted with EtOAc, and washed with water and saturated sodium chloride solution
after the purification.

Other references related to Baeyer pyridine synthesis are cited in the literature.6
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Baeyer-Villiger Oxidation

(Baeyer-Villiger Reaction,
Baeyer-Villiger Rearrangement)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baeyer and Villiger in 1899.1 It is the oxidation of
ketones or cyclic ketones into esters or lactones by peracids or hydrogen peroxide. This
reaction is thus known as the Baeyer-Villiger oxidation,2 Baeyer-Villiger reaction,3 and
Baeyer-Villiger rearrangement.4 Typical peracids in this oxidation include peroxybenzoic
acid, m-chloroperoxybenzoic acid (mCPBA), peroxyacetic acid, and trifluoroperoxyacetic
acid. In this reaction, the more substituted group often migrates preferentially, and the
migratory aptitudes of these groups are tertiary > secondary > cyclohexyl > benzyl >

phenyl > primary > methyl. More importantly, both the stereochemistry and chirality of
the migrating group are retained during the migration. This reaction has been extensively
reviewed.5

B. GENERAL REACTION SCHEME

R1 R2

O

RCO3H R1 O

O

R2

Dashed line, cyclic ketone.
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C. PROPOSED MECHANISMS

A general mechanism is displayed here.

D. MODIFICATION

Because alkenes react readily with peroxyacids to form epoxides, the Baeyer-
Villiger oxidation has been modified using bis[trimethylsilyl]peroxide6a or basic hydrogen
peroxide.6b Recently, a modification of Baeyer-Villiger oxidation on cyclohexanone using
tin-infused zeolite as catalyst and hydrogen peroxide as oxidation reagent has been
developed.6c,6d This method can be extended to other ketones with high selectivity. It
is said that this route is more environmentally friendly than the traditional manufac-
turing methods for caprolactone and other lactones. Moreover, as an environmentally
friendly reagent, hydrogen peroxide has been widely applied for the Baeyer-Villiger oxida-
tion under various conditions: (a) using [(triphosPO)Pt]2+,7a montmorillonite-supported
SnCl2,7b Sn-palygorskite,7c organoselenium,7d selenoxides,7e aminomethyl polystyrene
resin-supported tin complex,7f and water-tolerant Lewis acid in molecular sieves7g as cat-
alysts; (b) using H2O2/nitrile as oxidant, such as H2O2/nitrile over Mg(OH)2 or MgO,7h

Mg/Al hydrotalcite,7i and H2O2/benzonitrile over hydrotalcite;7j,7k and (c) with tailor-
ing Pt(II) chiral catalyst7l and Pt(II) catalyst7m or CH3ReO3/H2O2 in ionic liquids.7n In
addition, other kinds of reagents have been applied as oxidant for the Baeyer-Villiger
oxidation, including potassium peroxomonosulfate,8a,8b bis-cationic platinum (II) com-
plex ([Pt(mu-OH)(Pom-Pom)]2[BF4]2 [Pom-Pom = (OMe)2PCH2CH2P(OMe)2]),8c and
molecular oxygen/benzaldehyde.8d Furthermore, microbial9a and enzymatic9b,9c Baeyer-
Villiger oxidation (e.g., monooxygenases,9d−9h cunninghamella echinulata NRRL 3655,9i

and arabidopsis CYP85A29j).

E. APPLICATIONS

This reaction has broad applications in organic synthesis for the preparation of esters
and lactones.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

N
BnO2C

O

N

BnO2C

O O

CH3CO3H

HAc/NaAc

Reference 10.

To a solution of 400 mg N-carbobenzyloxy-2-azabicyclo[2.2.2]octan-5-one (1.53 mmol)
in 1 mL acetic acid containing 0.1 g sodium acetate was added 1 mL 28% peracetic
acid. After the mixture was stirred in the dark for 24 h, 10 mL methylene chloride
was added, and the solution was washed with saturated sodium sulfite (4 × 5 mL) fol-
lowed by saturated sodium bicarbonate (2 × 5 mL). After removal of the solvent, the
residue was purified by flash chromatography, and 338.0 mg 6-(benzyloxycarbonyl)-2-
oxa-3-oxo-6-azabicyclo[3.2.2]-nonane was obtained, in a yield of 80%, b.p. 145–150◦C
(0.025 mmHg).

O

O

O

CO2Et
CO2Et

mCPBA

O

O

O

EtO2C CO2Et

O
CH2Cl2/Li2CO3

Reference 11.

To a solution of 0.045 mmol 4,4-dicarbethoxy-3,7β-dioxa-8,2-dioxobicyclo[4.3.0]-
nonane-2-spiro-1′-cyclopentane in 1.0 mL dichloromethane were added a catalytic amount
of Li2CO3 and 0.068 mmol mCPBA. The mixture was stirred for 5 h at room tem-
perature and quenched by 0.5 mL 10% Na2S2O4 solution. The product was extracted
with chloroform (3 × 5 mL), and the combined organic layers were washed with 10%
K2CO3 and brine and then dried over Na2SO4. Upon removal of solvent, the residue was
purified by flash chromatography to afford 70–75% of 5,5′-dicarbethoxy-3,7β,2β-trioxa-
8,3-dioxobicyclo[4.3.0]nonane-2-nonane-1-cyclohexane.

Other references related to the Baeyer-Villiger oxidation are cited in the literature.12
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Bailey Peptide Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

Several methods have been developed to synthesize peptides, of which one is to use N-
carboxyanhydrides (NCAs). The most successful application of the NCA method in peptide
synthesis is the one developed by Bailey in 1949,1 in which amino acids and peptide esters
condense with NCAs at low temperatures in organic solvents.2 This reaction is known as the
Bailey peptide ester synthesis.3 This method for peptide synthesis has the a great advantage
of rapid acylation of an amino acid so that the reaction completes in a few minutes to a
few hours to give a peptide in very high yield.4 In addition, the reaction of NCAs with
amino acids or peptides can be accomplished without protection of the functional group
of the amino acids or the peptides. This method, therefore directly gives a free peptide
from an amino acid. Although a by-product sometimes exists, N-substituted NCA has been
developed so that the formed by-product can be easily removed from the conventional
washing of the product with an acid or base.5

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed here is a simple illustration of this reaction.

D. MODIFICATION

N-substituted amino acid NCA has been applied to a similar reaction.6b

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

H2N CH C

CH2

OEt

O

CH2

S

CH3

N
CH

C
O

OSO2N

O

+
1) Nps-L-glycine-NCA
2) Nps-L-isoleucine-NCA
3) Nps-L-phenylanaline-NCA

Nps-Phe-Ile-Gly-Leu-Met

Reference 4.

To a solution of 10.7 g l-methionine ethyl ester hydrochloride (0.05 mol) in 200 mL
THF was added 7.0 mL triethylamine (0.05 mol). The resulting salt was filtered. To the
solution, 17.0 g (0.055 mol) Nps-leucine NCA was added and stirred at room temperature
for 2 h. Then the solvent was evaporated under reduced pressure at 35◦C, the residual oil was
dissolved in 200 mL ethyl acetate, and the solution was washed with 5% of citric acid, 5%
of sodium bicarbonate, and water; and dried over Na2SO4. The solution was concentrated
in vacuum at 40◦C to give an oil, which was crystallized by adding n-hexane. Further
purification can be done from recrystallization in ethyl acetate.
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Then 13.3 g (0.03 mol) purified Nps-l-leucyl-l-methionine ethyl ester was dissolved in
150 mL methanol saturated with ammonia, and the solution was allowed to stand for 3 days.
The solvent was evaporated to give a yellow solid, which was again dissolved in 150 mL
methanol. The solution was concentrated, and diethyl ether was added to the residue. The
resulting crystals of the Nps-dipeptide amide were obtained in 96% yield. The Nps-dipeptide
amide was dissolved in 50 mL 1 N hydrochloric acid in methanol. After the solvent was
evaporated, 300 mL diethyl ether was added. The resulting solid of the hydrochloride was
isolated and washed with diethyl ether until the yellow color disappeared. The dipeptide
amide hydrochloride (8.35 g, 0.028 mol) was dissolved in 150 mL tetrahydrofuran and
treated with 4.2 mL (0.03 mol) triethylamine. After the crystals of the salt were removed
by filtration, 7.6 g (0.03 mol) Nps-glycine NCA was added and allowed to react for 2 h
at room temperature. The solvent was evaporated at 35◦C. The residue was dissolved in
400 mL ethyl acetate, washed with 5% citric acid, 5% sodium bicarbonate, and water, and
dried over sodium sulfate. The filtrate was concentrated to crystallize the Nps-tripeptide
amide. The product was recrystallized from warm tetrahydrofuran. The Nps-protecting
group of the tripeptide amide was removed by dissolving in 50 mL 1 N hydrochloric acid
in methanol. Glycyl-l-leucyl-l-methionine amide hydrochloride was isolated by adding
400 mL diethyl ether, followed by filtration, and the filtrate was washed with diethyl ether.
The tripeptide amide hydrochloride was dissolved in 200 mL tetrahydrofuran and treated
with triethylamine, followed by 9.3 g (0.03 mol) Nps-l-isoleucine NCA. The isolation and
purification of the product were done by the same procedure of Nps-tripeptide amide to give
a pure Nps-tetrapeptide amide. The Nps group of 11.7 g (0.02 mol) Nps-l-isoleucylglycyl-
l-leucyl-l-methionine amide was removed by action of hydrochloric acid. The tetrapeptide
amide hydrochloride was treated in the presence of 3 mL (0.0214 mol) triethylamine with
7.8 g (0.022 mol) Nps-l-phenylalanine NCA in 300 mL tetrahydrofuran. The solvent was
removed by evaporation, and the residue was diluted with 400 mL water to crystallize the
Nps-pentapeptide amide. The product was collected by filtration and washed with 5% citric
acid, 5% sodium bicarbonate, and water and then dried in vacuo over P2O5. The yield was
93%, m.p. 232–234◦C.

Other references related to the Bailey peptide synthesis have been cited in the literature.6
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Bakelite Process

(Baekeland-Manasse-Lederer
Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

Orthohydroxy benzyl alcohol,1 oxybenzylalcohol,2 or simply phenol alcohol or
saligenin2,3 was first isolated by Piria in 1843.1 It can be converted into resin (known
as “saliretins”4) on heating. The reaction between phenol and aldehyde was first reported
by von Baeyer in 1872,5 who used an iron pressure cooker he invented, called a “bakelizer,”2

and resulted in a sticky substance that he dismissively called “Schmiere”. The actual reaction
between formaldehyde and phenol was independently studied by Manasse6 and Lederer in
1894,7 after formaldehyde became a commercial product.

In Manasse’s protocol, phenol was treated with an equivalent of strong alkali base in
aqueous solution for several days until the odor of formaldehyde disappeared, whereas in
Lederer’s process, phenol was heated with weak base until the completion of the reaction.1

Therefore, the reaction of phenol and formaldehyde under basic condition is referred to as
the Manasse-Lederer reaction.8 The resulting products, known as “shellac substitutes,”2 are
soluble in alcohol, acetone, and alkaline hydroxide and melt on heating and resolidify after
cooling. In addition, the heating and melting can be repeated indefinitely.3 It was Baeke-
land who in 1909 developed a process to make phenolic thermosetting resin from phenol
and formaldehyde in an apparatus that provided external pressure2 to balance the internal
pressure.[2,3,9] Formaldehyde was heated with an excess of phenol and in the presence of an
acid condensing agent to form fusible, soluble resins. This process consists of three phases.
In the first phase, the product is referred to as initial condensation product, designated by
Baekeland as Bakelite A, which at ordinary temperatures may be liquid, viscous, pasty, or
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solid. Bakelite A is soluble in alcohol, acetone, phenol, and NaOH solution.2 The product
from the second phase—the so-called intermediate condensation product—is designated as
Bakelite B, which is solid at all temperatures and insoluble in all solvents but may swell
in acetone, phenol, or terpineol. It softens decidedly but does not melt and becomes elastic
during heating and becomes again hard and brittle upon cooling. The product of the third
phase is called the final condensation product, or Bakelite C, which is infusible, insoluble
in all solvents, and indifferent to ordinary acids and alkaline solutions. Other properties of
Bakelite C include poor conductivity of heat and electricity and excellent thermal stability.
For example, Bakelite C can stand boiling with dilute H2SO4 and does not soften to any
serious extent if heated (but chars without entering into fusion). It stands at temperatures as
high as to 300◦C.2,9k Therefore, the process to make Bakelite is referred to as the Bakelite
process,10 and Bakelite is the trademark of oxybenzylmethylen-glycolanhydride.9k

B. GENERAL REACTION SCHEME

OH

CH2O
H+

OH OH

OH+
> 100°C

n

(n > 6)

C. PROPOSED MECHANISMS

This reaction should involve multiple condensation between formaldehyde and phenol,
as shown here.

D. MODIFICATION

N/A
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E. APPLICATIONS

This reaction has important applications in industry for making phenolic resins.

F. RELATED REACTIONS

This reaction is related to the Rothemund Condensation and Zinke Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

OH

CH2O
H2SO4

OH

OH+
AcOH, 0–5°C

Reference 8f.

A substituted phenol (0.1 mol) was dissolved in 20 mL glacial acetic acid, and a cold
solution of 20 g of conc. H2SO4 in 40 mL glacial acetic acid was then added. Over a
period of 2.5 h, 4.2 mL 40% formaldehyde (0.055 mol) was added to the mixture at 0–5◦C.
The reaction mixture was stirred cold for an additional 3 h and was then stirred at room
temperature for 24 h after the beginning of the reaction. The reaction mixture was poured
into cold water, and the precipitate was filtered off and neutralized with sodium bicarbonate
solution. The product was purified by crystallization.

Other references related to the Bakelite process are cited in the literature.11
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Baker-Ollis Sydnones

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

The sydnones, of both biological and structural importance, were first reported by Earl
and Wackney in 19351 but were not studied intensively until 1946 and thereafter.2 The struc-
tural importance of this type of compound is that no single valence structure can adequately
explain the chemical and physical properties of sydnones, although many controversial
structures have been proposed to solve this problem.3 The most commonly used structure is
the one proposed by Baker and Ollis in 1957.4 From the structural point of view, sydnones
represent only 1 of some 288 possible five-membered ring systems having similar electronic
characteristics, of which relatively few have yet been prepared.5 Generally, sydnones can be
simply synthesized from N-nitroso derivatives of N-substituted α-amino acids with certain
dehydrating agents, such as acetic anhydride.6 The sydnones were reviewed by Stewart in
1964.7

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The formation of sydnone is shown here.
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D. MODIFICATION

Trifluoroacetic anhydride,2h,6c thionyl chloride,2h and carbonyl chloride8 have been
applied as dehydrating reagents. When trifluoroacetic anhydride is used, a reaction that
usually takes a few days can be completed in seconds. In aqueous solution, N,N-
diisopropylcarbodiimide8 has been used in this reaction at room temperature.

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N
OH

N
O

OO

O

DCC

Benzene

O

O

ON

N
O–

Reference 9.

To a solution of 4 g N-nitroso-N-piperonylglycine in 150 mL dry benzene at
70◦C was added a 50 mL dry benzene solution (also 70◦C) containing enough N,N-
dicyclohexylcarbodiimide (DCC), and N,N-dicyclohexylurea immediately precipitated.
The mixture was stirred at 50–60◦C for 2 h and filtered while hot. The filtrate was evap-
orated to dryness in vacuo, and the residue was recrystallized from 75 mL toluene; 2.7 g
3-piperonylsydnone (shiny needles) was obtained, in a yield of 72.4%, m.p. 158–159◦C.
A parallel run was also carried out using acetic anhydride as a cyclizing reagent, and a
comparable yield was obtained.
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C16H33
N

OH

N
O

O

Ac2O C16H33
N

N O

O

Reference 10.

A mixture of 0.5 g nitroso acid and 10 mL acetic anhydride was kept at room temperature
in the dark for 3–4 days, with gentle warming at intervals to maintain complete solution. The
excess anhydride was decomposed with water, and the precipitated N-hexadecylsydnone
was filtered off, washed, and recrystallized from aqueous ethanol to afford 0.33 g product
as colorless needles, in a yield of 70%, m.p. 63.5–64.5◦C.

Other references related to sydnones are cited in the literature.11,12
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Baker-Venkataraman

Rearrangement
(Baker-Venkataraman

Transformation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first and concurrently reported by Baker1 and Venkataraman2 in 1933.
It is the rearrangement of o-acyloxyketones into β-diketones under basic conditions and
is generally known as the Baker-Venkataraman rearrangement3 or Baker-Venkataraman
transformation.4 In addition, this reaction is also referred to as the Baker-Venkataraman
reaction,5 and Baker-Venkataraman synthesis.6 Although this intramolecular acyl transfer
reaction has become a major reaction in flavone chemistry,7 the migration of acyl group has
been confined to aromatic or heteroaromatic acyl group.8 The resulting molecules can be
applied to the synthesis of chromones and flavones and has been extensively reviewed.9

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Even though the mechanism of this reaction has been discussed elsewhere,10 shown here
is another illustration of this reaction.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been applied to synthesize other types of molecules.11

F. RELATED REACTIONS

This reaction is related to the Allan-Robinson Annulation and Kostanecki Acylation
in terms of the formation of flavones. In mechanism, this reaction is related to the Fries
Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

O

O

O

Ph

OBz

NaH
OH

O

OBz

Ph

O
O

O

OBz

Ph

THF, 65°C, 2 h

H2SO4, 0.5%

AcOH, 60°C, 1.5 h

Reference 12.
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To a suspension of 48.0 mg NaH (2.0 mmol) in 10 mL dry THF was added 250 mg 2,2′-
dibenzoyloxyacetophenone (0.7 mmol) in 10 mL THF. The mixture was refluxed for 90 min,
and then the cooled mixture was poured into a mixture of 120 g ice and 2 mL concentrated
HCl. The precipitated crude β-diketone was washed with water and dried. This β-diketone
was added to 10 mL acetic acid, and 0.25 mL conc. H2SO4 was added dropwise. The reaction
mixture was heated at 60˚C for 90 minutes with stirring, and the solution was poured over
60 g ice. The precipitate was filtered, washed with water, and recrystallized from ethanol
to yield 150 mg pure 2-phenyl-3-benzoyloxy-4-oxo-4H-1-benzopyran as colorless needles,
in a yield of 63%.

Reference 13.

To a three-necked flask equipped with stirrer and condenser were added 10 g 2,6-
bis(methoxybenzoxyl)-acetophenone, 12 g anhydrous potassium carbonate, and 100 mL
2,6-lutidine (or pyridine). The mixture was refluxed for 2 h. The resulting yellow precip-
itate and 2,6-lutidine (or pyridine) were dissolved in water and poured cautiously into an
excess of ice cold 6 N HCl solution. The resulting pale yellow to bright orange precipitate
was collected by filtration and dried. This product was not purified further and was subjected
into cyclization to give flavone directly.

Other references related to the Baker-Venkataraman rearrangement are cited in the
literature.14
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Ball-Goodwin-Morton

Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

Manganese dioxide has been considered a specific reagent for oxidation of allyl alcohol
to allyl aldehyde or ketones, and several different types of manganese dioxide have been
used for this type of oxidation. The first type of these manganese dioxides was initially
reported by Ball, Goodwin, and Morton in 1948.1 In their original study, vitamin A alcohol
was oxidized to vitamin A aldehyde using manganese dioxide suspended in petroleum ether.
Other oxidations of alcohol using manganese dioxide include the oxidation of unsaturated
steroidal alcohol,2 polyene alcohol,3 acetylenic alcohol,4 ferrocene alcohol,5 and benzyl
alcohols.6 It is interesting that manganese dioxide prepared by heating the corresponding
carbonate or oxalate in air will oxidize benzyl alcohols dissolved in petroleum ether
(or preferably in ethyl ether) to aldehyde in good yield but not the allylic alcohols.1,2d,6

However, acid-washed manganese dioxide suspended in petroleum ether will oxidize allylic
alcohols to corresponding aldehydes in good yield, but not for saturated alcohols.6

B. GENERAL REACTION SCHEME

R OH
MnO2

R OPetroleum ether
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C. PROPOSED MECHANISMS

Displayed is the oxidation mechanism; a similar mechanism has been proposed by
Goldman for the oxidation of benzyl alcohols.7

D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

D

OH MnO2

D

O

Benzene

Reference 8.

The active manganese dioxide was prepared by azeotropic removal of water according
to the reported procedure.9 To 125 mL benzene were added 1 g deuterated benzyl alcohol
(C6H5CHD-OH) and 10.5 g activated manganese dioxide under nitrogen (from 25 g wet
manganese dioxide). The mixture was stirred for 1 h and then filtered through Celite, and
benzene was removed carefully under reduced pressure. The product was analyzed directly
after the purification by GLPC or distillation, the yield is 91.7%.

OH MnO2
O

Reference 7a.

To a 500-mL flask were added 100 g activated manganese dioxide and ∼ 300 mL solvent.
The flask was immediately swirled and, if necessary, sealed and shaken vigorously to wet
all of the MnO2. Then 25 g of the alcohol to be oxidized was added, and the flask was
stoppered and shaken in a shaking machine at a rate sufficient to keep the MnO2 suspended
for the time given, generally about 3 days. The solid then was separated from the solution
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by suction filtration, using an inorganic filter aid when necessary (e.g., Celite), and the
solid was washed with more solvent. The combined solution was concentrated to give the
corresponding aldehydes.

Procedures for preparing different types of manganese dioxides have been reported.7a,10

Other references related to this type of oxidation are cited in the literature.11
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Bally-Scholl Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bally in 19051 and was investigated again by Bally and
Scholl in 1911.2 It is the synthesis of benzanthrone from the condensation of anthraquinone
with acrolein in the presence of an acidic condensing agent, especially sulfuric acid. In
addition, the formation of acrolein from glycerol and sulfuric acid was carefully studied by
Scholl in 1936.3 Therefore, this reaction is known as the Bally reaction,4 Bally benzanthrone
synthesis,5 or Bally-Scholl reaction.6 The yield of this reaction is usually 50–60%.7 In
industry, benzanthrone is produced from the reaction among anthraquinone, glycerol, and
iron in concentrated H2SO4, where acrolein can be generated in situ, and 9,10-anthraquinone
is reduced to anthracene-9(10H)-one.8 Nevertheless, it has been applied to make different
types of dye molecules.9

B. GENERAL REACTION SCHEME

O

O

HO OH

OH

O

H+

+
Reducing agent
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C. PROPOSED MECHANISMS

It is generally accepted2,8,10 that this reaction involves the conversion of glycerol
into acrolein and reduction of anthraquinone to anthrone, the latter undergoing the Aldol
Condensation with acrolein.2 After that, the consecutive dehydration, cyclization, and oxi-
dation afford the final product of benzanthrone.8 An illustration of the reaction mechanism
is displayed here.

It may be possible that the anthrone undergoes the Michael Reaction with acrolein, and
the cyclized product is then oxidized by anthraquinone and the latter is reduced to anthrone,
as shown by the partial illustration of the mechanism. This route is consistent with the
relatively low yield of 50–60%.7
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D. MODIFICATION

This reaction has been modified to proceed from glycerol and anthraquinone in sul-
furic acid in the presence of iron,8 copper,11 or a reducing agent of anthrone12 or sodium
hypophosphite.13 Moreover, a reaction between hydroanthraquinone and acrolein in sulfuric
acid to afford benzanthrone has also been developed.14 Another modification is the reaction
between anthraquinone-1-diazonium salt and α-methylacronitrile or α-methyl vinyl acetate
in monovalent alcohol (e.g., MeOH, EtOH) in the presence of a catalytic amount of cuprous
chloride.15

E. APPLICATIONS

This reaction has general application in preparation of benzanthrone.

F. RELATED REACTIONS

This reaction is related to the Skraup Reaction and Scholl Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

O

O

HO OH

OH

Et

Cu

H2SO4

O

Et

+

Reference 4.

To 132 mL H2SO4 (2.4 mol) stirred at room temperature was slowly added 9.0 g
anthraquinone (0.043 mol). When all of anthraquinone had dissolved, 5 mL water was
added. The resulting mixture was maintained at 38–42◦C while 6.0 g freshly precipitated
copper (0.01 mol) was added over 90 min; after 3 h the copper had dissolved, and the mix-
ture acquired a yellow-brown color with separation of some anthranol. A mixture of 14.4 g
α-ethylglycerol (0.12 mol) and 14 mL water was added over 50 min while the temperature
was raised to 80◦C, and the whole solution was then maintained at 100◦C for 2.5 h. The
progress of the reaction was shown by the development of a red color; and considerable care
was exercised in heating to avoid charring, which occurred quite readily. The whole mixture
was cooled and poured into 500 mL boiling water, and the resulting mixture was boiled for
a few minutes and kept overnight. The precipitate was collected, washed with water, and
boiled with 150 mL 1% NaOH for 40 min to dissolve unchanged anthranol. The solution,
which could not be filtered, was shaken several times with benzene, and the emulsion was
centrifuged into two layers. The combined benzene extracts were boiled for 2 h with animal
charcoal and then filtered. The solvent was removed principally by distillation and finally
by evaporation in a vacuum at the ordinary temperature. The crystals that separated were
pressed on a porous plate to remove an oily material and recrystallized from methanol, from
which 0.5 g 1′-ethylmesobenzanthrone was separated in yellow needles, m.p. 106◦C.

O

O

HO OH

OH NaH2PO2

H2SO4

O

+

Reference 13.

Anthraquinone (208 g) was dissolved in 1000 g conc. H2SO4 at 80–110◦C. Then a
solution of 96 g sodium hypophosphite in 240 g glycerol was added in a manner such that a
reaction temperature of 100◦C could be maintained. The mixture was then heated to 120◦C
and kept at this temperature for 3 h. After that, the reaction mixture was poured into 3 L
water, and the product that precipitated was filtered off. The solid was washed with hot
water until the runnings were almost colorless, and the filter cake was then suspended in
1.5 L water and the suspension was rendered weakly alkaline and boiled up. After renewed
filtration of the product, washing with hot water, and drying at 100◦C, 200–225 g 92–97%
pure benzanthrone was obtained, in the yield of 80–93%.
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More procedures with experimental details for the preparation of benzanthrone can be
found in the literature.11,12,14,15 Other references related to the Bally-Scholl reaction are
cited the literature.16
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Balsohn Alkylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Balsohn in 1879,1 just two years after Friedel and
Crafts’s acylation and alkylation with AlCl3.2 In its initial reaction, benzene was directly
alkylated with ethylene in the presence of AlCl3, and the prolonged reaction favored a higher
yield of polyethylbenzenes, including pentaethylbenzene. Since then, many other acidic
catalysts have been applied to similar reactions, and these catalysts include sulfuric acid,3

phosphorus acid,4 phosphorus pentoxide,5 and boron trifluoride.6 It should be pointed out
that the Balsohn alkylation is not limited to ethylene itself but works for other alkenes1,7 as
well, and even for acetylene.8 Other aromatics such as phenol also react in a similar fashion.9

When higher alkenes react with aromatics, the less substituted end of the alkenes always
reacts and attaches to the aromatic ring, whereas when acetylene is used, diphenylethane and
9,10-dimethyl-9,10-dihydroanthracene will form.8 When sulfuric acid is used as catalyst,
two other side reactions—polymerization and formation of ester—also compete with the
actual alkylation.3 Some of the reactions have been used on a large scale for industrial
production.10 In addition, the Balsohn alkylation follows the para/ortho regio-selectivity
as shown in the Friedel-Crafts Acylation and Friedel-Crafts Alkylation.

B. GENERAL REACTION SCHEME

R

+
AlCl3

R R

and/or
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C. PROPOSED MECHANISMS

Kinetic studies showed that this reaction is similar to that of ethylation of benzene with
ethyl bromide when aluminum bromide presents; therefore, it is believed that this reaction
occurs via the generation of carbocation as the first step,11 as illustrated here.

D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Alkylation.

G. CITED EXPERIMENTAL EXAMPLES

+ Si
Cl

Cl

H

AlCl3
Si

Cl

Cl

H

Reference 12.

To mixture of 13.9 g benzene (178 mmol) and 0.4 g anhydrous aluminum chloride
(3 mmol) was added dropwise 5.0 g allyldichlorosilane (36 mmol) at room temperature.
The mixture was stirred for 30 min, and 2.0 g sodium chloride (34 mmol) was added to the
mixture, which then was warmed to 70◦C and stirred for 1 h. After the salts were filtrated
and the mixture was evaporated to remove benzene, the residue was subjected to vacuum
distillation to give 5.7 g 3-phenyl-1,1-dichloro-1-silabutane (26 mmol), in a yield of 72%.
(b.p., 64 – 67◦C/0.6 mmHg). In addition, 0.6 g di-adducts was obtained.
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Reference 13.

A mixture of 780 g benzene (10 mol), 50 g phosphorus pentoxide, 24 g lampblack and 10 g
cresol were heated in an autoclave for 100 min at 250◦C with agitation, while a approximate
pressure of 27 atm was maintained by a periodic introduction of ethylene. The weight of
the liquid in the autoclave was increased by 527.7 g, indicating that 18.86 mol ethylene
had been absorbed. The reaction mixture was fractionated into five portions, corresponding
to benzene (1.6%), monoethylbenzene, (23.1%), diethylbenzene isomers (42.3%), triethyl
benzene isomers (24.4%), and higher ethylbenzene isomers (8.5%) by volume.

Other references related to the Balsohn reaction are cited in the literature.14
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Balz-Schiemann Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Balz and Schiemann in 1927.1 It is the most popular
reaction to introduce a fluorine atom into aromatic rings through the thermal decomposi-
tion of diazonium tetrafluoroborate by diazotization of the corresponding aromatic amines.
Therefore, this reaction is generally known as the Balz-Schiemann reaction2 or Schiemann
reaction3 and is referred to as the Balz-Schiemann decomposition4 as well. This reaction
is especially important for synthesizing the specifically fluorinated aromatic compounds,
of which the decomposition in the absence of solvent normally affords a fairly good yield
of aromatic fluorides. The general procedure can be directly extended for preparing other
aromatic halides. The Balz-Schiemann reaction has been extensively reviewed.5

B. GENERAL REACTION SCHEME

Ar NH2

NaNO2/H+

BF3/HF
Ar N2

+BF4
– Ar F

∆

C. PROPOSED MECHANISMS

Although the mechanism was studied by Swain et al.6a and Olah et al.,6b an illustrative
detail of this reaction is proposed here.
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D. MODIFICATION

This reaction has been extensively modified for different conditions, using a large excess
of HF,7a HPF6 instead of HBF4,7b NaBF4 rather than HBF4,7c microwave accelerated
multiphase reaction,7d and photo-Balz-Schiemann reaction.7e−7i Other modifications of
this reaction are cited in Refs.7j−7t

E. APPLICATIONS

This reaction has general application in the preparation of aromatic halides.

F. RELATED REACTIONS

The metal-catalyzed Sandmeyer Reaction is also widely used to prepare fluorinated
aromatic compounds;8 unfortunately, it is often accompanied by unwanted side reactions.

G. CITED EXPERIMENTAL EXAMPLES

NH2

BrO2N

NaNO2

HBF4

N2
+BF4

–

BrO2N

F

BrO2N150°C/N2

Reference 9.

To a 400-mL beaker were added 110 mL fluoroboric acid and 57.75 g 2-amino-3-bromo-
5-nitrotoluene (0.25 mol). The beaker was placed in an ice bath, and the solution was
efficiently stirred while adding a 35 mL of a cold solution of sodium nitrite (17 g, 0.25 mol)
dropwise. When the addition was complete, the mixture was stirred for 15 min and filtered
by suction on a sintered glass funnel. The solid diazonium salt was washed with fluoroboric
acid, twice with ethanol, and several times with ether; 57.57 g diazonium fluoroborate was
obtained, in a yield of 70%. This solid was subjected to thermal decomposition without
further purification and was mixed with 150 g acid-washed sand. The mixture was placed
in a three-necked flask, and a nitrogen supply was attached to allow a constant flow of
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nitrogen through the apparatus during decomposition. The reaction was initiated by heating
to 150◦C for 10 min. The vigorous reaction was allowed to continue until the evolution of
BF3 gas had ceased. The nitrogen supply was removed, and the dark mass was cooled. The
residue was dissolved in 600 mL dichloromethane, and the sand was filtered off. The solvent
was removed, under reduced pressure, and the residue was purified by chromatography on
alumina using dichloromethane as the eluent, and 20 g 2-fluoro-3-bromo-5-nitrotoluene
was obtained, in a yield of 40%.

N NH

O2N

CH3

HBF4

Zn
N NH

H2N

CH3

NaNO2 N
NH

N2
+BF4

–

H3C

N NH

F

CH3

hυ

Reference 7e.

The solution of 5.08 g 2-methyl-4-nitroimidazole in 200 mL 42% tetrafluoroboric acid
was cooled to -10◦C; to this cooled solution was added 5.08 g zinc dust (78 mmol) in
portions of ∼ 0.1 g with rapid stirring. Each addition was made only after the prior portion
had dissolved and the temperature had fallen to at least -5◦C. The addition took about
1 h. Small aliquots were removed, diluted with water, and examined by UV. Total loss of
the chromophore at 310 nm indicated the completion of reduction. Then a solution 2.04 g
sodium nitrite (44 mmol) in 10 mL water was added dropwise. The resulting solution of the
diazonium salt was diluted to 380 mL with cold 42% tetrafluoroboric acid and was irradiated
under argon in a Pyrex immersion-well photoreactor using a 400-W high-pressure mercury
lamp (Riko 400-HA). After 90 min, the diazonium chromophore at 280 nm had disappeared.
The solution was cooled to -10◦C with dry ice, neutralized slowly with 25% aqueous sodium
hydroxide to pH 5–6, and extracted with EtOAc (5 × 200 mL). The combined extracts were
dried over Na2SO4 and evaporated. The residual material was purified on 100 mL silica gel
with EtOAc as an eluent to give 1.06 g 4-fluoro-2-methylimidazole, in a yield of 27%, m.p.
142–144◦C.

Other references related to the Balz-Schiemann reaction are cited in the literature.10
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Bamberger Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bamberger in 1894.1 It is an intermolecular rearrange-
ment of N-phenylhydroxylamines in acidic aqueous solution to afford the corresponding
4-aminophenols, e.g., in aqueous sulfuric acid. Thus this reaction is generally known as the
Bamberger rearrangement.2 Occasionally, it is also termed the Bamberger reaction.3 It is
believed that in this rearrangement the hydroxyl group is introduced into the aromatic ring
via a nucleophilic attack of a hydrosulfate ion on the anilenium ion, which is generated
by the heterolytic N-O bond cleavage of O-protonated N-phenylhydroxylamine.4 It has
been found that alkoxy, halogen, phenoxy are incorporated into the aromatic ring when the
rearrangement of N-phenylhydroxylamine is carried out in nucleophilic solvents, such as
alcohols, hydrogen halides, and phenols.5 There is much mechanistic evidence to favor the
heterolytic N-O bond cleavage.6 This rearrangement has been reviewed.7

B. GENERAL REACTION SCHEME

H
N

OH H2SO4

H2O

NH2

HO

C. PROPOSED MECHANISMS

Under acidic conditions, phenylhydroxylamine is first protonated and subsequently trans-
formed into anilenium by releasing a water molecule, during which the aromatic ring carries
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a partial positive charge so that the nucleophilic attacking occurs at the para position (the
amino group is an ortho and para-determining group). The mechanism of this rearrangement
has been extensively studied in detail.2g,4,6g,8

D. MODIFICATION

This type of rearrangement has been extended to pyridines and isoquinolones.9a It is
reported that the nitro group (NO2) will migrate to the ortho position when it is connected
to nitrogen atom of aniline.9b−d However, in the case of O-phenylhydroxylamine, the amino
group will migrate to both the ortho and the para positions.4 It has been found that when
hydrogen is replaced by a sulfur atom in phenylhydroxylamine [i.e, PhN(OH)SR], the
rearrangement rate will be 106 as fast as normal Bamberger rearrangement.10

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NO2

CH3

HN

O2N

NO2

H2SO4

NO2

CH3

NH2

O2N NO2

Reference 9b.

To a flask were added 10 mL conc. H2SO4 and 0.5 g 4-amino-N,2,5-trinitrotoluene
(2.06 mmol). The mixture was cooled at 0◦C, stirred for 69 h, and then poured into 100 mL
ice water. The resulting precipitate was filtered off and washed with water to give 0.44 g
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4-amino-2,3,5-trinitrotoluene, in a yield of 88%, m.p., 145–151◦C. Further recrystallization
from hot ethanol gave pure 4-amino-2,3,5-trinitrotoluene, in 40% of recovery, m.p., 150–
153◦C.

N
O–

NH

O

1) Ac2O

2) NaOH, H2O
+

Reference 9a.

In a typical experiment, 18.12 g isoquinoline-N-oxide was added to 150 mL acetic
anhydride and refluxed gently for 5 h. The liquid soon turned dark red. The acetic anhydride
was removed under an aspirator vacuum, and the residue was distilled. The volatile portion
was collected in one fraction, which boiled at ∼ 142◦C (0.9 mmHg); however, an appreciable
non-volatile portion remained. The solid distillate was heated on the steam bath with 4 g
NaOH and 75 mL water for 40 min and then allowed to stand at room temperature overnight.
A pale yellow solid was filtered off and washed with water to give 9.02 g isocarbostyril, in
a yield of 53%, m.p., 208.0–209.5◦C.

Other references related to the Bamberger rearrangement are cited in literature.11
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Bamford-Stevens Reaction

(Bamford-Stevens Olefination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bamford and Stevens in 1952.1 It is the trans-
formation of ketones and aldehydes into alkenes through the base-promoted thermal or
photolytic decomposition of p-toluenesulfonylhydrazones of the corresponding ketones or
aldehydes.2 Therefore, this reaction is generally known as the Bamford-Stevens reaction.3

In addition, this reaction is also referred to as the Bamford-Stevens olefination.4 The bases
used in this reaction are strong bases, including NaOMe, LiH, NaH, NaNH2, and BuLi.
The alkenes formed are normally the thermodynamic product, i.e., the highly substituted
alkenes. Depending on the reaction conditions (e.g., bases used, solvents), other types
of products rather than alkenes can be prepared as well, including diazo compounds,5

carbenes,2e−h cyclopropyl compounds,2e−h,6 and alcohols.7 This is because during the
pyrolysis, p-toluenesulfonylhydrazone salts first lose p-toluenesulfinate anion to generate
a diazo intermediate, and the diazo intermediate can change into different species, depend-
ing on the reaction conditions, such as solvents (protic vs. aprotic),8 metal cations9 and the
type and concentration of alkali.10

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism is illustrated by the reaction with butyl lithium.

D. MODIFICATION

Hoffman has modified this reaction to generate diazo compounds in situ.11

E. APPLICATIONS

This reaction has wide applications in the preparation of alkenes.

F. RELATED REACTIONS

This reaction is closely related to the Shapiro Reaction developed 15 years later.12 The
Shapiro Reaction is also the decomposition of p-toluenesulfonylhydrazones of ketones and
aldehydes and is carried out under mild conditions to form less-substituted alkenes.

G. CITED EXPERIMENTAL EXAMPLES

O

NH2NHTs

MeOH

NNHTs CHO

1) n-BuLi, TMEDA
2) DMF
3) H2O

Reference 13.

To a flask, were added 46 mL 60% aqueous MeOH and 3.53 g tosylhydrazine
(18.9 mmol), and the mixture was heated to 60◦C. Then 2.33 g (1SR,5SR)-
methylbicyclo[3.2.0]heptan-2-one (18.8 mmol) was added dropwise to the solution. The
reaction mixture was immediately stored at 5◦C for 15 h. The resultant white crystals were
filtered, washed with 60% aqueous MeOH, and air-dried for 10 min. A mixture of 4.91 g E

and Z isomers of tosylhydrazone (N-1-[(1SR,5SR)-5-methylbicyclo[3.2.0]hep-2-yliden]-
4-methyl-1-toluenesulfonoylhydrazone) was obtained as white crystals, in a yield of 89%,
m.p. 174–176◦C.
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Caution: Nitrogen is produced in this reaction and allowance must be made for its
escape. Do not use a sealed system. A suspension of 1.04 g of tosylhydrazone (3.59 mmol)
in 15 mL TMEDA was cooled to −78◦C, under a nitrogen atmosphere. Then 4.6 mL
2.3 M n-BuLi (10.58 mmol) was added dropwise to the frozen suspension, and the solution
generated was kept at −78◦C for 15 min and then allowed to warm to ambient temperature,
whereupon it turned a dark red color. This solution was stirred for a further 5 h. When the
solution was cooled to 0◦C, 0.4 mL DMF (5.18 mmol) was added, and the solution was
stirred at ambient temperature overnight. It was then poured into 60 mL 7.5% HCl (aq.)
and extracted with CH2Cl2 (4 × 40 mL). The combined organic phases were washed with
40 mL sat. NaCl (aq.) and dried; solvent was removed in vacuum. The crude material was
used directly in the next reaction. A small portion was purified by flash chromatography
using CH2Cl2 as the eluent to give a pure sample for spectroscopic analysis.

Reference 14.

To a cold (−78◦C) suspension of 0.14 g hydrazone (0.38 mmol) in 1.0 mL THF was added
0.37 mL 3.07 M n-BuLi (1.14 mmol), and the solution was stirred for 30 min. Nitrogen
evolution was observed when the temperature was taken up to 0◦C, before cooling to −78◦C
for the addition of 0.17 mL triisopropyl borate (0.75 mmol). The mixture was stirred for
1 h at 0◦C and then warmed to room temperature. Then 0.035 g Pd(PPh3)4 (0.030 mmol)
followed by iodide dissolved in 1.0 mL THF were added. After 10 min of stirring, a 2.6
mL of 10% aqueous solution of TlOH (1.16 mmol) was added, and the final mixture was
stirred at 25◦C for 30 min. It was then diluted with Et2O and filtered through Celite. The
filtrate was washed with a saturated NaHCO3 solution three times, dried over Na2SO4,

and evaporated. The crude residue was purified by column chromatography (SiO2, 90:10
hexane/EtOAc) to afford 0.06 g ethyl (2E,4E,6Z,8E)-(cyclohex-1-en-1-yl)-3,7-dimeth-
ylnona-2,4,6,8-tetraenoate as a yellow solid, in a yield of 65%, m.p. 77.5◦C (recrystallized
from hexane/EtOAc).

Reference 15.
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A suspension of 30.5 g 7-bromo-1,1,4,4,6-pentamethyl-1,3,4-trihydronaphtha-len-2-one
(0.10 mol), 22.1 g p-toluene-sulfonylhydrazide (0.119 mol), and 4.92 g of p-toluenesulfonic
acid monohydrate (25.9 mmol) in 611 mL MeOH was refluxed under nitrogen for 24 h.
The resultant reaction slurry was cooled for 1 h in an ice bath, filtered, and rinsed with
150 mL cold MeOH to give 36.8 g [aza-(7-bromo-1,1,4,4,6-pentamethyl(2-1,3,4-trihydro-
naphthylidene))methyl][(4-methylphenyl)-sulfonyl]-amine, in a yield of 77%.

A suspension of 20.0 g [aza-(7-bromo-1,1,4,4,6-pentamethyl(2-1,3,4-trihydro-naphthyl-
idene))methyl][(4-methylphenyl)-sulfonyl]-amine (43.2 mmol) in 400 mL MTBE was
treated with 86.3 mL of a 1.5 M solution of MeLi complexed with LiBr in Et2O (0.13 mol)
at room temperature under nitrogen. The reaction was stirred at room temperature for 1 h,
cooled to 0◦C, and quenched with 500 mL water. The reaction was extracted with 1 L
MTBE. The organic layer was dried over MgSO4, and the solvent was removed in vacuo
to give 12.0 g -bromo-1,1,4,4,7-pentamethyl-1,4-dihydronaphtha-lene as a white solid, in
a yield of 99%.

Other references related to the Bamford-Stevens reaction are cited in the literature.16
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Barbier Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Barbier in 1898,1 just 2 years earlier than the well-
known but closely related Grignard Reaction.2 In the Grignard Reaction, alkyl halides react
first with magnesium to form Grignard reagents, which further attack the carbonyl groups
to form carbon-carbon bonds; however, in the Barbier reaction,3 both alkyl halides and
carbonyl compounds are simultaneously mixed with magnesium turnings and form carbon-
carbon bonds in one-step. In the latter case, a much smaller excess of the toxic halide
can be used,4 and similar results, including the R:S ratio, with respect to the Grignard
Reaction can be obtained.5 Therefore, the purification procedure is considerably
simplified.4,6 This reaction is known to be preferable for halides, like allyl and benzyl
bromides,7 and is believed to go through the single-electron transfer (SET) process.8

Currently, many zero-valent metals have been successfully applied to similar reaction
conditions, particularly lithium,9 because it often results in exceptional yields.10 Even
metal halides instead of metal have been applied to this reaction.11 One important advan-
tage associated with the Barbier reaction over the Grignard Reaction is that this reaction
tolerates water; and, in fact, many metals have been reported to be effective in mediat-
ing the aqueous Barbier reaction, including aluminum,12a antimony,12b bismuth,12c,12d

cadmium,12e gallium,12f indium,12g−12r lead,12s,12t magnesium,3b,5,12u manganese,12v,12w

samarium,11d,12x−12ad tin,12ae−12jj and zinc.12kk−12yy It has been reported that nonpolar
solvents favor R-regioselection,13a,13b whereas polar solvents, such as DMSO, which is
strongly coordinated12x−12dd with the tin of an allylic tin, lead to γ-syn selection.13c The
versatility and mildness of this reaction12ee−12jj has been extensively reviewed.14
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B. GENERAL REACTION SCHEME

R1 R2

O
R X + Metal

R1 R2

OH

R

X = Br, Cl

C. PROPOSED MECHANISMS

The mechanism of both the Barbier reaction and the Grignard Reaction have been
extensively studied.15It is believed that this reaction occurs at least partially via SET,8

as illustrated here.16

D. MODIFICATION

Compared to the initial reaction conditions, the applications of other metals to this
reaction can be considered modifications.

E. APPLICATIONS

This reaction has wide applications in organic synthesis.

F. RELATED REACTIONS

This reaction is closely related to the Grignard Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

F

F

Br O

SCH3 HO

F

F
CrCl2, NiCl2

DMF, r.t. 60%

SCH3

Reference 17.

To a flask in a dry box were added 154 mg chromium(II) chloride (1.25 mmol) and 65 mg
nickel(II) chloride (0.5 mmol), and the flask was sealed under argon. To this flask was added
a solution of 100 mg 5-bromo-5-(3,5-difluorophenyl)-1-(4-methylsulfanylphenyl)pent-4-
en-1-one (0.25 mmol) in 2 mL DMF, and the solution was stirred for overnight at room
temperature. The crude reaction mixture was then loaded directly to a silica gel column
(3/1 petroleum ether/ethyl ether) to give 48 mg 2-(3,5-difluorophenyl)-1-(4-methylsul-
fanylphenyl)cyclopent-2-enol as a colorless oil, in a yield of 60%, as well as 12 mg of
unreacted starting material (20%). This product was found to be unstable and needed to
react in the next step very quickly to prevent decomposition. Rf = 0.28 (3/1 petroleum
ether/ethyl ether).

Reference 7d.

To a solution of 320 mg (S)-allyl chloride (1.5 mmol) in 1 mL THF was added 670 mg
NaI (4.5 mmol) under argon. After being stirred for 5 min at room temperature, a solution
of the 1.5 mmol aldehyde in 0.5 mL THF was added, followed by the addition of 610 mg
ZnCl2 (4.4 mmol) in portions and 7.5 mL saturated aqueous NH4Cl solution. The reaction
mixture was then cooled in an ice water bath, and 150 mg Zn dust (2.3 mmol) was added
in portion. After stirring at 0˚C for 2 h, the reaction mixture was extracted with 10 mL
CH2Cl2/Et2O (1:2) and worked up in the usual way to obtain an oil, which was purified by
flash chromatography to give the desired sulfinylamino alcohol, in a yield of 90%, as a 3:1
mixture of diastereomers.

Reference 7f.



REFERENCES 205

α-Regioselective Carbonyl Allylation by 1-Bromobut-2-ene with SnBr2

A typical procedure is as follows: To a solution of 0.56 g SnBr2 (2 mmol) and 0.27 g
1-bromobut-2-ene (2 mmol) in 6 mL mixed solvent of CH2Cl2-H2O (1:1), was added 0.11 g
heptanal (1 mmol) at ambient temperature under a nitrogen atmosphere. After being stirred
for 24 h, the mixture was diluted with 120 mL of a mixed solvent (ether/dichloromethane =
2:1) and washed successively with 10 mL aqueous 10% HCl solution, 10 mL aqueous
NaHCO3 solution, 10 mL water, and 10 mL brine. The extracts were dried over anhydrous
MgSO4, and 0.082 g undec-2-en-5-ol (0.48 mmol) was obtained after evaporation of solvent
and column chromatography (hexane/EtOAc = 7.1), in a yield of 48%.

γ−Syn-Selective Carbonyl Allylation by 1-Chlorobut-2-Ene with SnI2 and
TBAI

A typical procedure is as follows: To a solution of 0.74 g SnI2 (2.0 mmol), 0.074 g
TBAI (0.20 mmol), and 0.30 g NaI (2.0 mmol) in mixed solvent of 3 mL DMI and 0.1 mL
H2O, was added 0.19 mL 1-chlorobut-2-ene (2.0 mmol), followed by 0.10 mL benzaldehyde
(1.0 mmol) at ambient temperature under a nitrogen atmosphere. After being stirred for 41 h,
the mixture was diluted with 100 mL CH2Cl2 and was washed successively with 10 mL aque-
ous 10% HCl solution, 10 mL aqueous NaHCO3 solution, 10 mL water, and 10 mL brine.
The extracts were dried over anhydrous MgSO4 and evaporated to give 0.13 g 2-methyl-
1-phenylbut-3-en-1-ol as a colorless oil after column chromatography (hexane/EtOAc =
10:1), in a yield of 83%.

Reference 7e.

General Procedure for the Barbier-Type Allylation

A mixture of 1 mmol imine, 1.5 mmol indium and 1.5 mmol allyl bromide in 5 mL
DMF was stirred for 1 h at room temperature under nitrogen. The reaction mixture was
evaporated, and EtOAc and 1 N aqueous HCl were added to the resulting suspension and
stirred for 30 min. Then 30% NaOH was added to neutralize the resulting solution, which
was further stirred for 10 min. The mixture was extracted with EtOAc and washed with
brine, dried over anhydrous potassium carbonate, and concentrated under reduced pressure.
The mixture was purified by flash silica gel column chromatography with hexane/EtOAc
(8:1) to give the product in 95% yield.

Other references related to the Barbier reaction are cited in the literature.18,19
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Barbier-Wieland Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reported independently by Wieland in 19121 and Barbier in 1913.2

However, this reaction is generally known as the Barbier-Wieland degradation.3 In this
reaction, higher-order aliphatic acids (particularly in steroid side chains3g,3j,4 and side chains
of other cyclic compounds5) will degrade to the next lower homologs via the consecutive
processes of (a) the formation of ester, (b) the reaction with phenylmagnesium bromide
to form carbinol, (c) the dehydration to form diphenyl alkenes, and (d) the oxidation of
alkenes by CrO3 to give aliphatic acid. This method has been an important method for the
elucidation of aliphatic acid structures, although it has failed in a few cases,6 such as in
cyclopropyl acetic acid7 and lactone.8 Currently, this method has been modified by using
different oxidation reagents,9 Grignard reagents,10 and dehydration reagents.11

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

This reaction is believed to proceed via the process illustrated below.
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D. MODIFICATION

The whole process has been modified using different oxidation reagents, such as the
mixture of ruthenium tetroxide and sodium metaperiodate;9 different Grignard reagents,
such as methyl magnesium iodide10 and different dehydration reagents, such as boric acid.11

Other modifications are cited in Ref. 4b and Ref. 12.

E. APPLICATIONS

This reaction was extensively applied to structural elucidations in the 1930s through the
1950s. Its recent synthetic applications are cited in Ref. 13.

F. RELATED REACTIONS

This reaction is related to the Miescher Degradation.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 4g.

Preparation of Ester of Methyl 3-Hydroxy-12-Ketocholanate

To a solution of 5.95 g 3-hydroxy-12-ketocholanic acid in 50 mL methanol was added
2 mL acetyl chloride. The solution was refluxed for 15 min and then allowed to stand
at room temperature for 3 h. The ester was obtained in crystalline form by carefully
diluting the solution to 175 mL with water, in the amount of 5.10 g (99% yield), m.p.,
110–112◦C.

Preparation of Carbinol of 3-Hydroxy-12-Keto-Nor-Cholanyldiphenylcar-
binol

A solution of phenylmagnesium bromide was prepared from 7.78 g magnesium
(0.32 mol) and 37.5 mL bromobenzene in 150 mL dry ether. To this solution was added
slowly with stirring a solution of 8.05 g methyl 3-hydroxy-12-ketocholanate (0.02 mol)
in 150 mL dry benzene. The resulting solution was refluxed for 3.5 h and then decom-
posed by pouring it into a mixture of 500 mL ice and 50 mL conc. hydrochloric acid.
The layers were separated, and the aqueous layer was extracted with ether. The combined
ether extracts were washed with dilute hydrochloric acid, water, 5% sodium carbonate solu-
tion, and finally with water. The residue left after removing the solvent was steam distilled
for 2 h, collected, and dried to give 13.27 g 3-hydroxy-12-keto-nor-cholanyldiphenylcar-
binol.

Dehydration of Carbinol

A sample of 7.2 g of the crude 3-hydroxy-12-keto-nor-cholanyldiphenylcarbinol dis-
solved in 50 mL acetic acid and 25 mL acetic anhydride was refluxed for 2.5 h. The solvent
was removed by vacuum distillation, and the gummy residue was dissolved in hot acetone.
On standing in the cold room, 1.454 g 3-acetoxy-12-keto-bis-nor-cholanyldiphenylethylene
was separated as crystals, in a yield of 24% (based on methyl 3-hydroxy-12-ketocholanate),
m.p. 175–178◦C
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Oxidation of Alkene

To a suspension of 1 g 3-acetoxy-12-keto-bisnor-cholanyldiphenylethylene in 1 mL
chloroform and 5 mL acetic acid was added slowly with stirring a solution of 0.63 g chromic
acid in 0.5 mL water and 3 mL acetic acid. The temperature was kept at 3.5◦C by slight
cooling during the addition, which required ∼30 min. After stirring for ∼5 min more, the
excess chromic acid was reduced by adding 2 mL methanol while cooling. The reaction
mixture was concentrated in vacuum at room temperature until quite viscous. Water and
ether were added, and the aqueous layer was repeatedly extracted with ether. The combined
ether extracts were washed several times with dilute hydrochloric acid and then with water.
The clear, colorless ether solution was extracted several times with 1% sodium hydroxide
solution (total ∼70 mL). The basic solution was concentrated to 30–35 mL and 2 g solid
sodium hydroxide was added. After refluxing for 1.5 h, it was diluted with water and filtered
into 20 mL 6N hydrochloric acid. The 3-hydroxy-12-keto-nor-cholanic acid that precipitated
was separated and dried. It weighed 0.470 g and melted at 230–245◦C. Crystallization from
ethanol gave material melting at 248–250◦C, which did not depress the melting point of an
authentic sample.

Other references related to the Barbier-Wieland degradation are cited in the literature.14
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Bardhan Sengupta Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bardhan and Sengupta in 1932.1 It is the synthesis
of phenanthrene via the following consecutive processes: the alkylation of arylethyl halide
with cyclohexanone under basic conditions, the reduction of the carbonyl group, cycliza-
tion to an aromatic ring in the presence of phosphorus pentoxide, and dehydrogenation to
phenanthrene with selenium. Therefore, this reaction is known as the Bardhan-Sengupta
synthesis.2 Unfortunately, Bardhan and Sengupta’s original claim of 1,4-dimethyl-
phenanthrene prepared by this reaction has proven to be the 1,3-dimethylphenanthrene.3 In
this reaction, some side products, including the spiro compound, might form.4 The synthesis
of phenanthrene has been reviewed.5

B. GENERAL REACTION SCHEME

The whole reaction process is illustrated here.
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C. PROPOSED MECHANISMS

Because the mechanism of this reaction has been studied6 and is clearly shown in the
reaction scheme, only a part of the mechanism is given here. The presence of an ester group
in cyclohexanol will prevent the formation of spiro cyclics.

D. MODIFICATION

A few modifications have been carried out for this reaction.6,7 The dehydrogenation of
octahydrophenanthrene can also be carried out using sulfur.8

E. APPLICATIONS

This reaction is a general method for synthesizing different phenanthrenes and can be
extended to other higher polynuclear aromatics.
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F. RELATED REACTIONS

This reaction is related to the Haworth Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

OH

Se

∆
85% H2SO4

Reference 4.

1-β-Phenylethylcyclohexanol was obtained from the Grignard Reaction between
phenylethyl bromide and cyclohexanone, in a yield of 54%.

Dehydration of Carbinol

1-β-phenylethylcyclohexanol was added slowly with stirring to two volumes of 85%
sulfuric acid cooled by ice pack (90% sulfuric acid is needed for the secondary alcohol).
When all the alcohol had been added, the stirring was continued for 15–20 min at room
temperature, and the mixture was then extracted with petroleum ether. The extract was
agitated vigorously two or three times with cold 85% sulfuric acid, until the ether layer
was a pale lemon yellow. The reaction mixture was washed with a 10% sodium carbonate
followed by a 10% sodium sulfate solution, dried over anhydrous potassium carbonate, and
fractioned under vacuum to give 90% yield of octahydrophenanthrene, b.p. 135–137◦C at
10 mmHg.

Dehydrogenation of Octahydrophenanthrene by Selenium

The mixture of octahydrophenanthrene and 1.5–2 Eq. selenium in a flask equipped with
a long Pyrex tube, which functioned as an air condenser, was heated in a potassium nitrate–
sodium nitrate bath at 290–320◦C for 14–15 h. The dehydrogenation product was extracted
with benzene; the benzene extract was distilled at atmospheric pressure, and the residual
was crystallized to give phenanthrene, m.p. 99.5◦C.

HO

∆

P2O5 Se

∆

Reference 6.
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Dehydration of Carbinol

The procedure was precisely the same as used by Bardhan and Sengupta by which 5.5 g
β-phenylethylcyclohexanol-3 was treated with 11.0 g phosphorus pentoxide, and the product
upon distillation over sodium afford 4.1 g 1,2,3,4,4a,9,10,10a-octahydrophenanthrene, in a
yield of 81.8%, b.p. 131◦C at 5.0 mmHg.

Dehydrogenation of Octaphenanthrene

Octahydrophenanthrene (4.0 g) was heated with 4.0 g 10% palladized charcoal at 210–
270◦C for ∼3 h in a slow steam of carbon dioxide. The mass was cooled and thoroughly
extracted with ether. The solvent was removed, and 3.5 g crude phenanthrene was purified
through its picrate, affording 3.0 g phenanthrene, m.p., 100◦C.

Other refereces related to the Bardhan-Sengupta synthesis are cited in the literature.9
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Bargellini Condensation

(Bargellini Coumarin Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bargellini in 1925.1 It is the synthesis of coumarins
from the reaction between o-oxyarylketones and sodium phenylacetates in the presence
of acetic anhydride. This reaction is based on Bargellini’s earlier work in which ben-
zoylacetonitriles condense with polyhydric phenols, such as resorcinol, in the presence
of concentrated sulfuric acid to give the corresponding coumarins.2 Thus this reaction is
known as the Bargellini condensation.3 This reaction is inconvenient from the practical
point of view and generally leads to poor yields,4 so other methods have been developed
for preparing coumarins.5 The Bargellini condensation has been modified via the conden-
sation of o-methoxybenzaldehydes with arylacetonitrile and demethylation with pyridine
hydrochloride6 and via 2,5-dimethoxycinnamic acid with boron tribromide.7

B. GENERAL REACTION SCHEME

OH

R

O

PhCH2COONa
Ac2O

∆
O O

R

Ph
+

R = alkyl, aryl
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C. PROPOSED MECHANISMS

An exemplary mechanism is displayed below.

D. MODIFICATION

This reaction has been modified by the condensation of o-methoxybenzaldehydes with
arylacetonitrile6 or from the condensation of 2,5-dimethoxycinnamic acid with boron
tribromide.7

E. APPLICATIONS

This reaction has been applied to the synthesis of different coumarins.

F. RELATED REACTIONS

This reaction is related to the Perkin Reaction and Pechmann Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

OH

Ph
CN

O AlCl3
O

Ph

NH·HCl
H2O

O

Ph

O

+

Reference 8.

General Procedure for the Acid-Catalyzed Reaction Between Phenol
and Benzoylacetonitrile

To a stirred suspension of 0.1 mol anhydrous aluminum chloride in 15 mL isopropyl
ether was added dropwise at 20–30◦C a solution of 0.05 mol phenol and 0.05 mol benzoy-
lacetonitrile in 60 mL isopropyl ether. The mixture, into which dry hydrogen chloride was
continuously passed, was gradually heated at 50–60◦C and kept for 5 h. The resulting mix-
ture was chilled and poured over water containing crushed ice and concentrated hydrochloric
acid. After it was stirred for 0.5 h, filtration and drying gave the crude intermediate shown.
(Substitution of isopropyl ether for an inert solvent such as sym-tetrachloroethane afforded
a lower yield of such intermediate.) The formation of such intermediate can also be carried
out without any solvent but at a higher temperature (e.g., 70–80◦C).

Conversion to Coumarin

The mixture of 0.6 g intermediate and 6 mL water was heated on a steam bath for 3 h.
Upon cooling to room temperature, the solution was filtered to give 0.5 g coumarin, in a
yield of 95%, m.p. 246–247◦C. One recrystallization from the ethanol gave pure coumarin,
m.p. 249–250◦C.

ONa

O
MeO

O

OAcOAc

Ac2O

∆

O O

OMe

OAc

+

Reference 4a.

A mixture of sodium p-methoxyphenylacetate (prepared from 5.56 g p-methoxy-
phenylacetic acid and 7.20 g 25% methanolic sodium methoxide) and 2,4′-
diacetoxybenzophenone was refluxed in 50 mL acetic anhydride for 40 h. When the solution
was cooled to room temperature, it was poured into water and stirred for 2 h. The aqueous
phase was removed by decantation, and the organic gum was dissolved in methylene chlo-
ride. This solution was washed in turn with aqueous-saturated NaHCO3, water, and brine and
taken to dryness in vacuo. The residue was recrystallized once from methanol and twice from
aqueous acetic acid to give 1.85 g 3-(p-methoxyphenyl)-4-(p-acetoxyphenyl)-coumarin.

Other references related to the Bargellini condensation are cited in the literature.9
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Bart Reaction

(Scheller Modification)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bart in 1910.1 It is the synthesis of arylarsenic acids
from aromatic diazonium compounds with alkali arsenites in the presence of cupric salts,
powdered silver, or copper. Therefore, this reaction is generally known as the Bart reaction.2

In addition, the reaction between aromatic diazonium and arsenious chloride in the presence
of trace amounts of cuprous chloride is referred to as the Scheller modification.3 Besides the
Scheller modification, the Sakellarios modification is the reaction between sulfanilamide
and phenyldisodium arenite.4

B. GENERAL REACTION SCHEME

ArN2
+Cl–

Na3AsO3

CuCl
ArAsO(ONa)2 + NaCl + N2Bart reaction.

ArNH2  +  HNO2  + AsCl3  + (H2O)Scheller modification. ArAsO3H2  +  N2  +  HCl

C. PROPOSED MECHANISMS

It is believed that this reaction proceeds via a radical mechanism, as proposed here.
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D. MODIFICATION

A few modifications have been developed for the Bart reaction, including the Scheller
modification and the Sakellarios modification. The most useful and famous one is the
Scheller modification.

E. APPLICATIONS

This reaction can be applied for synthesizing aromatic arsenic acid, which has important
applications in the pharmaceutical industry for isotopic labeling (76As has a half-life of
26 h).5 In addition, this reaction can be used to prepare arylstibonic acid,6 and even other
metals can be bounded to the aromatic ring in a similar fashion to form metallic aromatics,
such as mercury,7 tin,8 lead,9 and bismuth.10

F. RELATED REACTIONS

This reaction is related to the Béchamp Reduction, Sandmeyer Reaction, and Rosenmund
Reaction.

G. CITED EXPERIMENTAL EXAMPLES

ArAsO3H2ArNH2  +  H2SO4  + AsCl3
1) NaNO2

2) CuBr

Reference 11.

To a mixture of 0.1 mol aromatic amine, 10 g sulfuric acid, and 28 g arsenous chloride
(AsCl3) in 250 mL absolute alcohol cooled at 0◦C was added an equivalent amount of
saturated aqueous solution of sodium nitrite, using starch-iodide paper to protect the end
point. Then, and not before, 1 g cuprous bromide was added to the mixture, and the resulting
mixture was stirred vigorously. The solution was warmed to 60◦C until no more nitrogen
was evolved, then the reaction mixture was steam distillated to afford the corresponding
arsonic acid, which can be further purified via recrystallization.

Reference 12.

To a two-necked flask equipped with a sealed stirrer and an outlet tube connected to a
water trap were added 125 mL solvent and 0.1 mol p-nitrobenzenediazonium fluoroborate,
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then 0.1 mol arsenic trichloride and 2 g catalyst (CuBr or CuCl) were added. In the majority
of experiments, nitrogen was evolved immediately upon starting the stirring. After the
evolution of nitrogen, the mixture was steam distilled to remove the organic solvent and
volatile by-product. The residual liquid in the flask was condensed to 100 mL; on cooling,
the precipitate was filtered and dissolved in sodium carbonate solution to remove the small
amount of impurity. The filtrate was acidified to congo red with concentrated hydrochloric
acid, and the mixture of p-nitrobenzenearsonic and bis-(p-nitropheny1)-arsinic acids was
removed by filtration. The mixture was extracted with boiling water. The primary acid
crystallized out of this solution and was purified by two recrystallizations from hot water.
The water-insoluble portion, which consisted of crude secondary acid, was recrystallized
from hot alcohol.

Other references related to the Bart reaction are cited in the literature.13,14
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Bartoli Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Giuseppe Bartoli in 1989.1 It is the treatment of an
ortho-substituted nitroarenes with 3 eq. of vinylmagnesium bromide to afford 7-substituted
indole,2 and is generally known as the Bartoli indole synthesis.3 Currently, this reaction has
rapidly become the shortest and most flexible approach for indoles with 7-substituents.2 In
fact, this reaction is based on Bartoli’s earlier work, in which he had extensively studied
the reaction between nitroarenes and a lesser amount of Grignard reagents and found that
aromatic nitroso compounds can be formed by using 2 eq. of vinylmagnesium bromide and
nitroarenes.4

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism for Bartoli indole synthesis is proposed5 as shown below, according to
the fact that nitroso compounds may be generated from nitroarenes and 2 equivalents of
Grignard reagents.4
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D. MODIFICATION

The reaction has been modified to take place on solid-state supporting material.6

E. APPLICATIONS

Besides the general application in the preparation of 7-substituted indoles,1,2 Bartoli
indole synthesis has found other applications, including the synthesis of azaindoles7 and
optically pure 7-alkoxyltryptophan.8

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Br

NO2

Me

MgBr

Me

THF, –40°C

Br

N
H

Me

Me

67%

Referece 2a.



230 BARTOLI INDOLE SYNTHESIS

To a two-necked flask equipped with a gas inlet (argon) and rubber septum was added
5.0 mmol 3-nitro-4-bromo-toluene. The flask was purged several times with argon before
the addition of 35–40 mL dry THF and being cool to between −40◦ and −45◦C. Then
15.0 mmol isopropenyl magnesium bromide (3 eq.) was added rapidly in one portion to the
THF solution and stirred for a further 30–60 min (the exact length of time had no effect
on the yield). Saturated ammonium chloride solution was added to the reaction mixture
(at ∼ −40◦C) before the mixture was allowed to warm to room temperature. The mixture
was thoroughly extracted with diethyl ether (2 × 200 mL); the ether extracts were combined
and thoroughly washed with a further 300 mL saturated ammonium chloride, 300 mL water,
and 300 mL brine. They were dried over MgSO4. Evaporation of the solvent and flash column
chromatography (hexane/EtOAc = 9:1) afford 67% of 2,4-dimethyl-7-bromo-indole.

Reference 9.

The solution of 85.6 g tert-butyldimethyl[2-(2-nitrophenyl)ethoxy]silane (304 mmol)
in 1000 mL THF was cooled to −65◦C, and 913 mL 1.0 M solution of vinylmagnesium
bromide in THF (913 mmol) was introduced while maintaining a temperature below −60◦C.
The reaction was stirred for 15 min at −45◦C, then an additional 152 mL vinylmagnesium
bromide (152 mmol) was added, and the reaction was stirred at −45◦C for 30 min. The
cold reaction solution was poured into 800 mL saturated NH4Cl and extracted with EtOAc
(500 mL, 200 mL, and 200 mL). The organic layers were combined, washed with 400 mL
brine, and dried over MgSO4. Upon removal of the solvent in vacuo, the residue was
purified by silica gel chromatography using hexane/EtOAc (95:5) as the eluent to give
47.1 g 7-[2-(tert-butyldimethylsilanyloxy)ethyl]-1H-indole, in a yield of 56%.

Other references related to the Bartoli indole synthesis are cited in the literature.10
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Barton Decarboxylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Barton in 1983.1 It is a radical decarboxyla-
tion of organic acids to generate alkanes via a two-step process: the formation of
thiohydroxamic acid esters of the corresponding organic acid2 and the addition of a
radical initiator and the radical transfer reagents of a good H-atom donor such as tri-n-
butyltin hydride [HSnBu3],3 t-butylmercaptan [t-BuSH],4 phenylselenol [PhSeH],4 and
tri(trimethylsilyl)silane [(Me3Si)3SiH].5 Therefore, this reaction is generally known as the
Barton decarboxylation,6 or by the less common name Barton’s radical decarboxylation.7

However, THF cannot be applied as the H-atom donor,8 besides the application of a rad-
ical initiator, the Barton decarboxylation can also be initiated by either photolysis9 or
sonication.10 This important reaction has been extensively reviewed.11

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed here is the mechanism for the Barton decarboxylation.

D. MODIFICATION

The formation of thiohydroxamic acid esters has been modified using different sources,
including S-(1-oxido-2-pyridinyl)-1,1,3,3-tetramethylthiouronium hexafluorophos-
phate,12a 2,2-dithiopyridine-1,1-dioxide,5 sodium salt of N-hydroxy-2-thiopyridine,12b

and thiocarbonate.12c The structures of these thiohydroxamic acid sources are illustrated
below. On the other hand, the decarboxylation has been modified using other good H-atom
sources,4,5 and via initiation from photolysis9 and sonication.10 When thiohydroxamic
acid ester reacts with diphenyldiselenide, phenylselenide forms.12c

E. APPLICATIONS

This reaction is generally applied for removing the carboxylic group on organic com-
pounds.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 13.

A solution of 2.50 g 2-thioxo-2H-pyridin-1-yl ester of 6α,9α-difluoro-11β-hydroxy-
16α,17α-isopropylidenedioxy-3-oxoandrosta-1,4-diene-17β-carboxylic acid (4.57 mmol)
in 15 mL dry DMF was added to a stirred suspension of 2.15 g butyrolactone disulfides
(9.17 mmol) in 15 mL dry DMF under nitrogen at 0◦C. The resulting mixture was then
subjected to irradiation by two 200-W tungsten filament light bulbs for approximately
4 h. The reaction mixture was diluted with 650 mL EtOAc and washed with brine,
water, 2 M HCl, water, saturated NaHCO3, water and brine (200 mL each). The organic
solution was dried, the solvent was removed under reduced pressure, and the residue
was chromatographed on silica gel using CHCl3/MeOH (50:1) as the eluent. The
concentrated product was further purified by HPLC (60% MeCN-H2O) to give 635 mg
6α,9α-difluoro-11β-hydroxy-16α,17α-isopropylidenedioxy-17β-(2-oxo-tetrahydrofuran-
3-ylsulfanyl)androsta-1,4-dien-3-one as a white crystalline solid, in a yield of 27%.

Reference 5.

A mixture of 86.0 mg (1S,2R)-1-(tert-butyldiphenylsilyloxy)methyl)-2-carboxy-2-
phenylcyclopropane (0.20 mmol), 61.0 mg 2,2-dithiopyridine-1,1-dioxide (0.24 mmol),
125 �L Bu3P (0.50 mmol), and 1.0 mmol of a hydrogen donor (5 eq.) in 5 mL sol-
vent (THF, benzene, or chlorobenzene) was stirred at room temperature under shading.
After the disappearance of (1S,2R)-1-(tert-butyldiphenylsilyloxy)methyl-2-carboxy-2-
phenylcyclopropane on TLC, the radical reaction was carried out by the addition of an
initiator (Et3B and Me2Zn, 0.3 eq. or AIBN, 0.2 eq.) or irradiation with a high-pressure
mercury lamp (300 W). The resulting reaction mixture was evaporated, and the residue was
partitioned between EtOAc and H2O. The organic layer was washed with brine, dried over
Na2SO4, and evaporated. The residue was purified by column chromatography (silica gel,
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hexane/i-Pr2O, 100:1) to give the reductive decarboxylation products as an oil. A mixture
of the oil and 400 �L TBAF (1.0 M in THF, 0.40 mmol) in 5 mL THF was stirred at room
temperature for 12 h and then evaporated. The residue was partitioned between EtOAc and
H2O, and the organic layer was washed with brine, dried over Na2SO4, and evaporated. The
residue was purified by column chromatography (silica gel, hexane/EtOAc, 9:1) to afford
1-phenyl-2-hydroxymethyl-propane as an oil.

Reference 14.

A solution of 0.107 g carboxylic acid, 2-thioxo-2H-pyridin-1-yl ester (0.2 mmol), and
45.3 �L tert-butylthiol (0.4 mmol) in 4.0 mL allyl alcohol in a Pyrex flask was photolyzed at
room temperature with a 250-W Philips krypton lamp for 1 h. After removal of the volatiles
under vacuum, 1H and 31P NMR spectra indicated a clean reaction and complete conversion
of carboxylic acid, 2-thioxo-2H-pyridin-1-yl ester with essentially quantitative formation
of diphenyl phosphate (31P NMR δ -10.36 in CDCl3). Purification by preparative TLC
(hexane/EtOAc = 20:1) gave 32.0 mg cis/trans-2,2,4-trimethyl-3-phenyltetrahydrofuran as
the major product, in a yield of 82%.

Other references related to the Barton decarboxylation are cited in the literature.15
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Barton Deoxygenation

(Barton-McCombie Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Barton and McCombie in 1975.1 It is a two-step
process for removing the hydroxyl group of an alcohol involving the initial acylation
of such alcohol to the corresponding xanthate followed by a reductive cleavage of the
resultant thiocarbonyl compound in the presence of a good H-atom donor/radical initi-
ation system. Therefore, this reaction is generally known as the Barton deoxygenation2

or the Barton-McCombie reaction.3 The H-atom donor/radical initiation system used
in this reaction includes tributyltin hydride/AIBN, tributyltin hydride/Et3B,4 diphenylsi-
lane/peroxide (or Et3B),5 trialkylsilane/peroxide/thiol,6 5,10-dihydrosilanthrene/AIBN,3c

tris(trimethylsilyl)silane/AIBN,7 dibutylphosphine oxide/AIBN (or Et3B),8 phosphine-
borane/AIBN,9 H3PO2/Et3N/AIBN,10 and tetraphenyldisilane/AIBN.11 As of today, this
reaction has become the most effective and practical deoxygenation method of the hydroxyl
group in organic compounds (especially carbohydrates, nucleosides, and nucleotides) and
has found widespread application in synthetic organic chemistry. Due to some intrinsic
problems with the Barton deoxygenation—toxic tin hydride and disposal problems—the
original procedure has been modified via the preparation of different xanthates (with CH3,
SCH3, Ph, OPh, or imidazolyl on xanthates)12 and the application of different reduction
systems.3c,5−10 Other modifications include the application of a catalytic amount of trib-
utyltin hydride rather than 1.5–3 equivalents of Bu3SnH at the reduction step under normal
conditions13 and a single-step procedure that does not use the metal hydride reagent.14 The
reactivity of Barton deoxygenation is observed in the following order: primary alcohol >

secondary alcohol > tertiary alcohol. This reaction has been extensively reviewed.15
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B. GENERAL REACTION SCHEME

R OH R
O SMe

S

AIBN

Bu3SnH
R H

NaH, CS2, MeI

C. PROPOSED MECHANISMS

It is believed that this reaction involves a rapid, reversible addition of the stannyl radical
to the thiocarbonyl group followed by a slower fragmentation of the radical, with cleavage
of the carbon oxygen bond.3f,4b,4e,15

D. MODIFICATION

The original procedure has been extensively modified, including the preparation of dif-
ferent xanthates, the application of different reduction systems, and the use of a catalytic
amount of tributyltin hydride. Other modifications are collected in the literature16 including
the photolysis of a carbazole in the presence of Mg(ClO4)2

16a or benzoates16b and the for-
mation of alkyl halide using carbon tetrachloride or bromotrichloromethane as the solvent
instead of the tin hydride.16c

E. APPLICATIONS

This reaction has found widespread application in organic synthesis, especially in
the preparation of deoxy carbohydrates, deoxy nucleosides, and nucleotides. In addi-
tion, this reaction can also be applied for converting aldehydes/ketones to alkanes after
the reduction of the carbonyl groups.17 Unfortunately, this reaction has failed in a few
circumstances.18

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 19.

To a solution of 400 mg (E)-6,10-anhydro-7,8,9,11-tetra-O-benzyl-2,4,5-trideoxy-
1,2-N,O-isopropylidene-2-(tert-butoxycarbonylamino)-d-threo-l-galacto-undec-4-en-3-
ulose (0.51 mmol) in a mixed solvent of 1.5 mL MeOH and 1.5 mL Et2O cooled at
0◦C, was added 41 mg NaBH4 (1.07 mmol) under stirring. The mixture was stirred
at 0◦C for 10 min and at room temperature for 10 min, then diluted with 1.0 mL
acetone and partially concentrated. The residue was suspended in 100 mL CH2Cl2,
washed with H2O (2 × 10 mL), dried over MgSO4, and concentrated. To the solution
of crude allylic alcohol and 285 mg freshly recrystallized p-tolenesulfonylhydrazide
(1.53 mmol) in 7 mL dimethoxyethane at 85◦C was added 1.53 mL 1 M aqueous
sodium acetate in six portions over 3 h. After an additional 2.5 h at 85◦C, the mix-
ture was diluted with 5 mL H2O and extracted with CH2Cl2 (2 × 30 mL). The
organic phase was dried over MgSO4 and concentrated. The residue was eluted from
a silica gel column with cyclohexane/EtOAc (from 9:1 to 4:1) to give 311 mg of a
∼6:1 mixture of diastereomeric alcohol 3-hydroxy-6,10-anhydro-7,8,9,11-tetra-O-benzyl-
2,4,5- trideoxy-1,2-N,O-isopropylidene-2-(tert-butoxycarbonylamino)-d-lyxo-d-manno-
and -d-altro-undecitol (1, 3R/3S = ∼1:1) and their C-5 transposed isomers 5-hydroxy-6,10-
anhydro-7,8,9,11- tetra -O - benzyl - 2, 4, 5 - trideoxy - 1, 2 -N,O - isopropylidene - 2 - (tert-
butoxy-carbonylamino)-d-lyxo-d-manno- and -d-altro-undecitol (2, 5R/5S = ∼1:1), in a
yield of 78%. An analytical sample of 3-hydroxy-6,10-anhydro-7,8,9,11-tetra-O-benzyl-
2,4,5-trideoxy-1,2-N,O-isopro-pylidene-2-(tert-butoxy-carbonylamino)-d-lyxo-d-manno-
and -d-altro-undecitol was obtained by preparative TLC (2.5:1 cyclohexane/EtOAc).

To the solution of 300 mg of a ∼6:1 mixture of 1 and 2 (0.38 mmol) in 3 mL
anhydrous THF at 70◦C, were added 677 mg 1,1′-thiocarbonyldiimidazole (3.80 mmol)
and 696 mg 4-N,N-(dimethylamino)pyridine (5.70 mmol) under stirring. After an
additional 6 h at 70◦C, the mixture was concentrated. The residue was eluted from
a short silica gel column (1.5 × 8 cm, d × h) with 2.5:1 cyclohexane/EtOAc to
give 285 mg of the corresponding thiocarbonylimidazolides (83%), which were
slightly contaminated by uncharacterized by-products. To a solution of 285 mg
thiocarbonylimidazolides (∼ 0.32 mmol) in 3.0 mL anhydrous toluene at 85◦C
were added 0.86 mL Bu3SnH (3.20 mmol) and 5.3 mg AIBN (0.032 mmol) under
stirring. The solution was stirred at 85◦C for an additional 2 h and then concen-
trated. The residue was eluted from a silica gel column (3.5 × 15 cm, d × h)
with 10:1 cyclohexane/EtOAc to give 185 mg 6,10-anhydro-7,8,9,11-tetra-O-benzyl-
2,4,5-trideoxy-1,2-6,10-anhydro-7,8,9,11-tetra-O-benzyl-2,3,4,5-tetradeoxy-1,2-N,O-
isopropylidene-2-(tert-butoxycarbonyl-amino)-d-threo-l-galacto-undecitol as a syrup, in
a yield of 63%.
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Reference 20.

To a solution of 1.84 g 5,7,3′,4′-tetra-O-methylcatechin (5.31 mmol) in 5 mL DMF
was added 0.25 g 60% NaH in oil (6.4 mmol) all at once. The mixture was stirred with a
powerful magnetic stirrer at room temperature (mild exotherm) for 10 min while hydrogen
evolved, and then it was immersed in a +10◦C water bath; 0.48 mL of CS2 (8.0 mmol)
was added dropwise in 5 min, and stirred at +10◦C for 10 min. To the resulting yellow to
amber suspension was added 0.50 mL MeI (8.0 mmol) dropwise in 5 min. Halfway through
the addition, the stirrer stopped, and the mildly exothermic addition was continued without
cooling to reduce viscosity. The reaction mixture remained pasty and soon hardened; it was
left at room temperature for 20 min and then dissolved in the mixed solvent of 40 mL H2O
and 60 mL toluene. The phases were separated, and the aqueous phase was extracted with
20 mL toluene. The combined organic phases were washed with 40 mL H2O and concen-
trated, and the residue was chromatographed on SiO2 first with CH2Cl2/hexane (1:1) to
remove a forerun and then with CH2Cl2/EtOAc (19:1) to elute the product. Mixed frac-
tions with a nonpolar contaminant were again subjected to column chromatography (SiO2,
EtOAc/CH2Cl2/hexane 1:7:12 for forerun, 1:19:0 for product), and all product-containing
fractions were combined, evaporated, and dried in vacuo to yield 2.04 g 5,7,3′,4′-tetra-
O-methyl-3-O-[[(methylthio)thiocarbonyl]-oxy]catechin as a yellowish solid, in a yield
of 88%.

A stirred solution of 4.17 g intermediate 5,7,3′,4′-tetra-O-methyl-3-O-
[[(methylthio)thiocarbonyl]-oxy]catechin (9.55 mmol) in 150 mL anhydrous toluene
was heated to reflux under nitrogen and a solution of 10.3 mL n-Bu3SnH (38.2 mmol)
and 0.31 g AIBN (1.9 mmol) in 80 mL anhydrous toluene was added dropwise through
the reflux condenser over a period of 4.25 h. Reflux was continued for 4 h. The cooled
reaction mixture was directly chromatographed on SiO2. A forerun was eluted using
toluene, and then a mixture of (2S)-5,7,3′,4′-tetramethoxyflavan and a slightly more
polar impurity was eluted using toluene/EtOAc (12:1). A late fraction containing mostly
impurity was set aside for the isolation of the impurity; from the remaining mixture,
(2S)-5,7,3′,4′-tetramethoxyflavan was isolated by further column chromatography on
SiO2 with EtOAc/CHCl3/hexane (1:7:12). Evaporation and drying in vacuo yielded 2.52 g
(2S)-5,7,3′,4′-tetramethoxyflavan as a colorless glass, in a yield of 80%.
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Reference 21.

To a solution of 0.31 g (R)-1-(tert-butyloxycarbonyl)-4-(4-chlorophenyl)-5-hydroxyl-
2-piperidone (0.93 mmol) and 0.20 g phenyl chlorothionoformate (1.14 mmol) in 15 mL
CH2Cl2 was added a solution of 2.17 g 4-(dimethylamino)pyridine (DMAP) (17.8 mmol) in
15 mL CH2Cl2 under nitrogen and within a period of 15 min. After stirring for 18 h at 25◦C,
the reaction mixture was quenched with 1 M HCl, and then 40 mL CH2Cl2 was added. The
organic phase was washed twice with 1 M HCl and subsequently with a saturated aqueous
solution of NaHCO3 and brine. The dried organic phase over Na2SO4 was evaporated,
and the residue was subjected to column chromatography (light petroleum-EtOAc) to give
0.37 g phenyl thiocarbonate, in a yield of 85%, m.p. 153–154◦C, [R]20

D = +31◦ (c = 1.2,
CH2Cl2).

To a solution of 0.35 g (4R,5R)-1-(tert-butyloxycarbonyl)-4-(4-chlorophenyl)-5-[O-
(phenyloxythiocarbonyl) hydroxy]-2-piperidone (0.75 mmol) in 50 mL acetone were added
0.30 g tributyltin hydride (1.39 mmol) and subsequently 10 mg di-tert-butyl peroxyoxalate.
The solution was left at 25◦C for 18 h. The opalescent solution was evaporated, and the
oily residue was subjected to column chromatography (light petroleum-EtOAc) to give
0.22 g (R)-1-(tert-butyloxycarbonyl)-4-(4-chlorophenyl)-2-piperidone, in a yield of 94%,
m.p. 95.0–96.0◦C, [R]20

D = +22◦ (c = 2.1, CH2Cl2).

Other references related to the Barton deoxygenation (or the Barton-McCombie reaction)
are cited in the literature.22
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55
Barton Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reported by Barton in 1960.1 It is the transformation of a nitrite ester
into a nitroso alcohol under photolytic conditions and involves the homolytic cleavage of
a nitrogen-oxygen bond followed by an intramolecular δ-hydrogen abstraction with the
resulting oxygen-centered radical.2 Thus this reaction is known as the Barton reaction.3

The formed nitroso compound can tautomerize to an oxime derivative that further hydrolyzes
to aldehyde1 or can be oxidized to nitrile.4 This reaction is useful in the conversion of the
angular methyl groups (� methyl groups) in steroids into carbonyl groups.1,5

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Although the mechanism of this reaction has been extensively studied,4,6 it is believed
that the homolytic cleavage of the nitrogen-oxygen bond is reversible, which initially
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conforms to a geminate recombination.4 However, in the subsequent stages, the partners
are separated; therefore, the “solvent cage” effect is not shown in this reaction, as illustrated
here in detail for the transformation of nitrite ester into nitroso compound.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been applied for activating the methyl group that is three carbon atoms
away from the hydroxyl group, especially for methyl groups occurring in steroids.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

A solution of 600 mg 3β-acetoxy-6β-hydroxyandrostane in 10 mL pyridine at 0◦C was
treated with an excess of nitrosyl chloride. The product was worked up as usual (extraction);
after crystallization from methylene chloride-hexane, 500 mg 3β-acetoxyandrostan-6β-yl
nitrite was obtained, m.p. 135–138◦C.
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A solution of 70 mg 3β-acetoxyandrostan-6β-yl nitrite in 2 mL toluene was photolyzed
in a Pyrex test tube at 4◦C using a 200-w Hanovia high-pressure mercury arc lamp. After
15 min the nitroso dimmer was filtered off and washed with toluene. The dimmer was
refluxed in 5 mL isopropyl alcohol for 1 h. Evaporation of the solvent furnished a noncrys-
talline oxime. This oxime in 2 mL pyridine was treated with 200 mg chromium trioxide
in 7 mL pyridine at room temperature overnight and worked up as usual. Crystalliza-
tion from methylene chloride-methanol gave 25 mg 3β-acetoxy-19-nitriloandrostan-6-one,
m.p. 230–236◦C.

Reference 7.

A stream of NOCl, generated from 87.4 g NaNO2 and 509 mL 35% HCl, was introduced
to an ice cold solution of 298 g alcohol 1 (0.634 mol) in 3 L pyridine at −40◦C over 30 min.
The mixture was stirred at −40◦C for 30 min and poured into 4.4 L ice water. The resulting
precipitate was collected by filtration and washed with 2.5 L H2O. The wet precipitate was
dissolved in a mixture of 2.9 L CH2Cl2 and 52 mL pyridine, and the organic layer was
separated and concentrated. The residue was triturated with 1.2 L hexane, and the white
powder was filtered and washed with 0.5 L hexane to give 296 g nitrite ester 2, in yield of
94%, m.p. 254–258◦C (dec.), Rf = 0.68 (CH2Cl2/EtOAc = 8/1).

A solution of 20 g nitrite ester 2 in 1.2 L acetone containing a small amount of pyridine
(0.16 mL) was irradiated with a high-pressure mercury lamp (400 W) through a Pyrex filter
under nitrogen atmosphere for 1 h. A total of 14 batches of the photoreaction mixture were
combined and concentrated, and 1.4 L 1,2-dichloroethane was added to the residue; the solu-
tion was refluxed for 1.5 h. The resulting slurry was collected by filtration and washed with
dichloroethane to give 206 g oxime 3 as white crystals, in a yield of 74%. The filtrate was con-
centrated to 1.2 kg, and an additional 31 g oxime 3 was obtained (11%) as a crystalline pow-
der. The total yield was 85%, m.p. 285–289◦C (dec.), Rf = 0.16 (CH2Cl2/EtOAc = 8:1).

Other references related to the Barton reaction are collected in the literature.8
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Barton-Kellogg Olefination
(Barton-Kellogg Olefin Synthesis;

Barton-Kellogg Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Barton1 and Kellogg2 concurrently in 1970. It is the
coupling of two ketones into alkenes, particularly applicable to the synthesis of moder-
ately to highly hindered alkenes. Therefore, it is generally known as the Barton-Kellogg
olefination,3 Barton-Kellogg olefin synthesis,4 or Barton-Kellogg reaction.5 In this reac-
tion, the steric constraints are gradually introduced via sequential processes involving a
1,3-Dipolar Cycloaddition to form five-membered �3-1,3,4-thiadiazoline, followed by the
nitrogen elimination to three-membered episulfide, and finally the sulfur extrusion to afford
the alkenes.6 Although this reaction can be used for the synthesis of asymmetric alkenes
from two different ketones, symmetric alkenes will always be formed as by-products.

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed below is the olefination mechanism.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been applied for synthesizing alkenes, especially those overcrowded
alkenes.7

F. RELATED REACTIONS

The McMurry Reaction is similar to the Barton-Kellogg reaction. However, the McMurry
Reaction is unsuccessful for preparing some of the overcrowded alkenes, such as tetra-tert-
butylethylene.8

G. CITED EXPERIMENTAL EXAMPLES

Reference 7b.

A solution of 5.0 g tetrahydro-4H-thiopyran-4-one (43.0 mmol) in 125 mL ethanol at
reflux temperature was added dropwise to mixed solution of 1.06 mL H2NNH2·H2O (>99%,
21.6 mmol) and 50 mL ethanol. The mixture was refluxed overnight. After cooling to room
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temperature and the removal of solvent in vacuo, 4.90 g pure tetrahydro-4H-thiopyran-4-on
azine was obtained, in a yield of 100%. The 4.90 g tetrahydro-4H-thiopyran-4-on azine was
dissolved in 150 mL CH3CN and stirred under H2S (g) atmosphere for 5 days. After evapo-
ration of the solvent, 5.54g pure 3,7,11-trithia-14,15-diazadispiro[5.1.5.2]pentadecane was
obtained as a light yellow solid, in a yield of 98%. This compound (21.1 mmol) was oxidized
with a mixture of 13.0 g Pb(OAc)4 (29.3 mmol) and 13.0 g CaCO3(0.13 mol) in 160 mL dry
CH2Cl2. After work up, 5.87 g brown solid was obtained, which was recrystallized from hot
EtOAc to yield 3.39 g pure 3,7,11-trithia-14,15-diazadispiro[5.1.5.2]pentadec-14-ene, in a
yield of 62%. This solid (13.0 mmol) was mixed with 12.0 mL triethyl phosphite (70 mmol)
and 200 mL toluene and refluxed for 24 h. After cooling to room temperature, the solvent
was removed in vacuo, and the solid residue was triturated with 25 mL methanol. The solid
was filtered off and subsequently, sublimed (80◦C at 0.1 mmHg) to give 1.93 g of pure
4,4-bis(tetrahydro-4H-thiopyranylidene) in a yield of 74%, m.p., 144.1◦C.

Reference 7c.

To a 25-mL flask were added 1.2 g bicyclo[4.4.1]-undecan-11-one (7.25 mmol), 10 g
hydrazine monohydrate (200 mmol, 10 mL), and 1.0 g hydrazine sulfate (9 mmol). The
mixture was refluxed for 4 days, and upon cooling a solid precipitated. The mixture was
extracted with Et2O, washed twice with H2O, once with saturated brine, and dried over
Na2SO4. Solvent removal gave a white solid, which was used directly for the next step in
the reaction.

To a flask containing 2.0 g yellow HgO (9.23 mmol) was added a solution of 300 mg
bicyclo[4.4.1]undecan-11-one hydrazone (1.67 mmol) in 30 mL Et2O; then 2.0 g Na2SO4
(14.08 mmol) was added, followed by a few drops of a saturated ethanolic solution of
NaOH. The resulting yellow suspension was stirred for 14 h, filtered, and evaporated to
yield a crystalline orange solid. This solid was used for next step in the reaction without
further purification.

To a suspended mixture of 2.0 g 4,4-dibromobenzophenone and 4.02 g P4S10
(9.05 mmol) in 20 mL acetonitrile, was added 3.1 g NaHCO3 (36 mmol). The mixture
was stirred at 50◦C for 12 h, during which time it became dark blue. After cooling, the
mixture was transferred to a separatory funnel containing Et2O and H2O, and the resulting
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blue organic layer was washed three times with saturated aqueous NaHCO3, washed once
with saturated brine, and then dried over Na2SO4. The solvents were removed to give a
blue solid, which was recrystallized (argon was blown over the solution during boiling and
cooling) from MeOH to give dark blue microcrystals of the product (the thioketone). This
material was contaminated (∼ 25% by 1H NMR) with starting material; however, the sub-
sequent reaction was unaffected by such contamination so that no additional purification
was attempted.

To a 50-mL flask were added 1.14 g the thioketone (3.25 mmol) and 5 mL THF (deep
blue). Then the orange solution of 580 mg diazoalkane (3.25 mmol) in 15 mL THF was
added, causing gas evolution. The resulting blue solution was protected from light and
refluxed for 12 h. After removal of THF, the residue was subjected to radial chromatography
(SiO2, petroleum ether) to give 1.06 g bis(4′,4′′-bromophenyl)methylenebicyclo[4.4.1]-
undecane episulfide as a colorless solid, in a yield of 66%.

This episulfide (1.06 g, 2.13 mmol) and 1.12 g triphenylphosphine (4.26 mmol)
were dissolved in 15 mL toluene and refluxed for 2 nights. After cooling, the reaction
mixture was filtered through SiO2, and evaporated, and the residue was subjected to
radial chromatography (SiO2, petroleum ether) to afford 0.815 g bis(4′,4′′-bromophenyl)
methylenebicyclo[4.4.1]-undecane, as a colorless solid, in a yield of 87%.

Other references related to the Barton-Kellogg reaction are cited in the literature.9
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Barton-Zard Pyrrole Synthesis

(Barton-Zard Pyrrole Condensation;
Barton-Zard Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Barton and Zard in 1985.1 It is the synthesis of
2-substituted pyrroles (2-pyrrole-carboxylates or 2-sulfonyl pyrroles) via the basic con-
densation between alkyl isocyanoacetate (or tosylmethyl isocyanide) and α,β-unsaturated
nitroalkenes (or β-nitroacetates). Therefore, this reaction is generally known as the Barton-
Zard pyrrole synthesis,2 Barton-Zard pyrrole condensation,3 or the Barton-Zard reaction.4

This reaction is convenient for the synthesis of pyrroles with various substituents at the
β positions (R2 and R3) but is not applicable for the synthesis of pyrroles without a sub-
stituent at position 2. The yields of this reaction are generally high (80–90%), however, if
R2 is hydrogen, the yield is moderate. A nonionic strong base, such as DBU and guanidine,
is generally used in this reaction. Currently, this method has been developed for preparing
polypyrroles and porphyrins fused with various aromatic rings or bicyclic frameworks, start-
ing from aromatic nitro compounds and ethyl isocyanoacetate.5 The formed polypyrroles
and porphyrins can be applied as functional dyes. The reaction has been reviewed.6

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The reaction mechanism is shown below.

D. MODIFICATION

A few modifications have been developed for this reaction.7

E. APPLICATIONS

This reaction has been applied for preparing polypyrroles and porphyrins.5 Although
the substituted isoindoles can also be prepared from substituted nitrobenzenes, the simple
isoindole cannot be prepared in this manner because nitrobenzene does not react with ethyl
isocyanoacetate.8

F. RELATED REACTIONS

This reaction is similar to the Leusen Pyrrole Condensation,9 based on the reac-
tion of tosylmethyl isocyanide and electron-deficient alkenes (a toluenesulfinate anion is
eliminated).10 The most important advantage of this reaction is that α-free pyrroles can be
obtained directly.

G. CITED EXPERIMENTAL EXAMPLES

Reference 11.
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To a stirred solution of 3.04 g (E)-5,9-dimethyl-2-nitrodeca-4,8-dienyl acetate
(11.29 mmol) in 28 mL of a mixed solvent of anhydrous THF/t-BuOH (1:1) were added
1.23 mL ethyl isocyanoacetae (11.29 mmol) and 3.38 mL DBU (22.58 mmol)
dropwise while cooling at 0◦C. After stirring for 26 h, 30 mL water and 30 mL
EtOAc were added. The mixture was extracted with EtOAc (2 × 20 mL) and the
combined organic layers were washed with water (2 × 20 mL) and 30 mL brine,
dried over Na2SO4, and concentrated. The residue was purified by column
chromatography on silica gel (EtOAc/hexane = 1:9) to give 2.36 g ethyl 4-(3,7-
dimethylocta-2,6-dienyl)pyrrole-2-carboxylate as a yellow oil, in a yield of 18%.

Reference 10k.

A solution of 15 g tosylmethyl isocyanide (75 mmol) and 10.0 g ethyl sorbate
(71.3 mmol) in 50 mL dry DMSO and 100 mL ether was added to an ice cold suspen-
sion of 3.6 g NaH (88.5 mmol, 59% dispersion in oil) in 100 mL ether. The mixture was
stirred for 3 h at 20◦C, poured into 50 mL saturated aqueous NH4Cl solution, and extracted
with ether (4 × 50 mL). The combined extracts were washed with saturated aqueous NH4Cl
solution, and dried over MgSO4. Evaporation of the extract gave 13.0 g of crude ethyl 3-
(4-methyl-3-pyrrolyl)acrylate. Crystallization from EtOH gave 10.6 g of pure product, in a
yield of 80%; m.p. 88–89◦C.

Other references related to the Barton-Zard pyrrole synthesis are cited in the literature.12
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Batcho-Leimgruber Indole

Synthesis
(Leimgruber-Batcho Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Batcho and Leimgruber in 1971.1 It is a general,
mild, two-step process for indole synthesis that consists of the condensation between
substituted o-nitrotoluene and N,N-dimethylformamide dimethyl acetal to give an
o-nitrophenylacetaldehyde enamine, and the subsequent reductive cyclization to furnish
the indole. Therefore, this reaction is known as the Batcho-Leimgruber indole synthesis2

or the Leimgruber-Batcho reaction.3 The reagents used to reduce the nitro group can be
Fe(II), hydrogen, dithionite,4 and hydrazine hydrate-Raney Nickel,5 etc.; and the reductive
cyclization using the combination of hydrazine hydrate-Raney Nickel generally gives
better yield than other reducing reagents reported.6 This reaction is a particular useful
method for synthesizing indoles with substituents at the benzene ring rather than at the
heterocyclic pyrrole ring.

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The ortho electron-withdrawing nitro group enables the proton abstraction from the
methyl group, forming an anion that attacks the electrophilic carbon of the dimethylfor-
mamide dimethyl acetal to form the enamine. Upon the reduction of nitro group, ring closure
occurs and eliminates dimethylamine to afford indole. The mechanism is illustrated below.

D. MODIFICATION

The modification of this reaction includes the variation of the applied base, the reducing
reagents, and the available acetals of dimethylformamide. Some of the modifications are
collected in the literature.7

E. APPLICATIONS

This reaction has been applied for synthesizing indoles with substitutents in the benzene
ring rather than the pyrrole moiety of the indole ring. In addition, this method has been
adapted for synthesizing amides and esters via solid-support synthesis.8

F. RELATED REACTIONS

This reaction is closely related to the Reissert Indole Synthesis, which consists of a
decarboxylation in the final step.4
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G. CITED EXPERIMENTAL EXAMPLES

N

NH2

CH3

NO2

Me2NCH(OMe)2 N

N

NO2

CHNMe2

NMe2
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N
H

N

CHNMe2

10% Pd/C,  H2 (40 psi)

EtOH, r.t.

Reference 7a.

To a solution of 10.0 g 2-amino-4-methyl-5-nitropyridine (65.3 mmol) in 90 mL
DMF was added 87.0 mL N,N-dimethylformamide dimethyl acetal (653.0 mmol) in one
portion. The deep red reaction mixture was heated at 110◦C overnight and then cooled
to room temperature and concentrated in vacuo to provide 17.7 g N,N-dimethyl-N-[4-(2-
dimethylamino)vinyl)-5-nitropyridin-2-yl]formamidine as a red solid, in a yield of 100%.
An analytical sample was purified by recrystallization from benzene, m.p. 149–151◦C.

A mixture of 8.0 g N,N-dimethyl-N-[4-(2-dimethylamino)vinyl)-5-nitropyridin-2-
yl]formamidine (30.4 mmol) and 2.0 g 10% palladium on carbon in 80 mL EtOH was
hydrogenated at room temperature under 40 psi of hydrogen pressure for 24 h, and the mix-
ture was filtered through Celite and concentrated in vacuo. The resulting dark brown foam
was chromatographed (10–20% 2 M NH3-MeOH/CH2Cl2) to provide 3.4 g N, N-dimethyl-
N ′-(1H-pyrrolo[2,3-c]pyridin-5-yl)formamidine, in a yield of 60%, m.p. 162–166◦C.

OBn

MeO2C NO2

NH2NH2, Ni, THF-CH3OH

OBn

MeO2C N
H

Pyrrolidine, DMF diethylacetyl

Reference 9.

To a solution of 29.0 g methyl 3-(benzyloxy)-4-methyl-5-nitrobenzoate (0.0962 mol) in
60.0 mL DMF was added 12.0 mL freshly distilled pyrrolidine (0.144 mol) and 19.0 mL
N, N-dimethylformamide dimethyl acetal (of 94% purity, 0.134 mol). The dark red colored
reaction mixture was heated at 110◦C for 3.5 h and concentrated on a rotary evaporator.
Then 350 mL CH3OH and 15 mL CH2Cl2 were added to the residue, and the solution was
stored at 6◦C for 12 h. The garnet colored precipitate was filtered and carefully washed
with cold CH3OH. Upon removal of the solvent under high vacuum, 23.24 g of a 10:1
mixture of pyrrolidino-styrene and N, N-dimethylamino-styrene was obtained, in a yield
of 64%.

To a solution of 21.5 g of the nitrostyrenes in 300 mL of mixed solvent (THF/CH3OH =
1:1) at room temperature was added 1 mL Raney nickel (50% slurry) at pH 9.0. Then
5 mL 55% hydrazine hydrate was added dropwise under stirring accompanied by vigorous
evolution of gas. When the evolution of gas subsided (∼1.3 h), an additional 5 mL hydrazine
hydrate was added, and the reaction mixture was warmed to 43◦C. Over the next 3 h, two
additional portions of hydrazine hydrate (4 mL, 1 mL) were added, and the reaction mixture
was stirred until gas evolution ceased. The Raney nickel was filtered on a pad of Celite and
washed with CH2Cl2. The filtrate was worked up. Flash chromatography of the residue
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(EtOAc/hexanes = 3:7) afforded 14.06 g methyl 4-(benzyloxy)-1H-indole-6-carboxylate
as a white solid, in a yield of 88%, m.p. 165.0–166.8◦C.

Other references related to the Batcho-Leimgruber indole synthesis are cited in the
literature.10
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Baudisch Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baudisch in 1939.1 It is the synthesis of o-
nitrosophenols from benzene (or its derivatives), hydroxylamine, and hydrogen peroxide in
the presence of copper salts and is generally known as the Baudisch reaction.2 In contrast to
conventional nitrosation of phenol with HNO2, which always leads to p-nitrosophenols, the
Baudisch reaction proceeds via the simultaneous introduction of the nitroso and hydroxyl
group into the adjacent position on the aromatic nucleus to form reddish violet copper
salts.3 Besides the copper salts, other metal salts (Ni2+, Fe2+, etc) can also be applied to
this reaction.4 The free o-nitrosophenols, due to the formation of intramolecular hydrogen
bonding, is volatile2e and can be obtained via acidifying the complexes with HCl followed
by extraction in petroleum ether.5 It is known that the presence of copper salts is necessary
to stabilize the nitrosyl radical to form stable complexes and to prevent the further oxidation
of o-nitrosophenols to o-nitrophenols or the rearrangement to p-quinone monoximes.6 If
the reaction is applied to phenols instead of nonhydroxyl benzene derivatives, similar prod-
ucts are obtained with higher yields in a much shorter reaction period, because the higher
solubility of phenols in water.7 However, the Baudisch reaction is not applicable to aromatic
aldehydes and primary amines because the aldehyde group will react with the nitrosyl rad-
ical or hydroxylamine directly to form hydroxamic acid or oxime (i.e., the Angeli Remini
Reaction), and primary amine will react with the nitrosyl radical to form diazo compounds.5

Some of the aromatic nitroso compounds have shown some antiviral activity, such as against
HIV.8
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Baudisch9 and Cronheim6a postulated that some of the cupric ion which is reduced to
cuprous ion, which forms the complex [Cu(NO)]− with nitrosyl radicals that were generated
via the prior oxidation-reduction reactions among the various reagents. Then this complex
attacks the aromatic ring, leading to nitrosation, followed by the hydroxylation adjacent to
the position of nitrosation. However, this mechanism has been questioned.2e A tentative
mechanism is thus proposed here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare more than 50 o-nitrosophenols.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

Na3Fe(CN)5(NH3)

OH

NONH2OH/H2O2

Reference 2e.
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A total of 4 mL 30% hydrogen peroxide was added to a solution of 1 g phenol, 4 g
hydroxylamine hydrochloride, and 2 g sodium pentacyanoaminneferrate(II) in 200 mL water
and 60 mL petroleum ether (b.p. 30–70◦C). The mixture was stirred at room temperature
for 1 h, the ether layer was separated, and the aqueous layer was extracted with petroleum
ether repeatedly until the green color was scarcely found in the ether layer. The petroleum
ether extracts of o-nitrosophenol were transferred to a flask, which was connected to an
empty flask by means of a T-tube fitted with a glass stopcock. After air was pumped out
through the stopcock, the empty flask was cooled with an ice-salt mixture, and the flask
containing the extract was warmed with hot water. o-Nitrosophenol, which was volatilized
with the petroleum ether, was condensed in the ice-cooled flask.

Reference 10.

Sodium pentacyano-ammine-ferroate (2 g) was dissolved in 100 mL water; then 25 mL
benzene and 50 mL ligroin (a kind of petroleum ether) were added, and the mixture was
cooled with ice water. Then 2 g hydroxylamine chloride was added (color changes from
brown to grass green), followed by 4 mL Merck superoxol (color changes from grass
green to deep brownish violet). After the mixture was shaken violently for 1 h, the color
of the benzene-ligroin layer was deep green, due to the formation of large amounts of
o-nitrosophenol. The green benzene-ligroin layer was separated, washed with ice water,
and shaken with a dilute copper sulfate solution; a deep red, water-soluble o-nitrosophenol
copper salt was formed while the benzene-ligroin became entirely colorless and was used
for further extraction of the aqueous layer. After undergoing shaking for 1 or 2 h, the deep
green benzene-ligroin was again separated and o-nitrosophenol was converted into the red
copper salt. The copper salt solutions were combined and acidified in presence of petroleum
ether with hydrochloric acid. The deep green petroleum ether was washed with ice water
free from excess acid. The solution, kept away from light in the cold, lasts for weeks without
any change.

Other references related to the Baudisch reaction are cited in the literature.11
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Baumann-Fromm Thiophene

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baumann and Fromm in 1891.1 It is the synthesis of
2,4-diarylthiophenes via the reaction between substituted styrenes and sulfur. Besides the
major product of 2,4-diarylthiophene, some minor 2,5-diarylthiophenes are also found in
this reaction.2 Similarly, butadiynes can react with hydrogen sulfide to afford thiophenes.3

However, at 600◦C in the presence of a ferrous sulfide-alumina catalyst, styrene reacted
with hydrogen sulfide to give 60% benzothiophene.4 On the other hand, thiophenes can also
be prepared via the reaction between ethylbenzene and sulfur,5 acetophene and hydrogen
sulfide,6 or 1,4-diketones and phosphorus trisulfide (or phosphorus pentasulfide).7 The
preparation of 2,4-diarylthiophene has been reviewed.8

B. GENERAL REACTION SCHEME

S8

∆ S Ph

Ph

C. PROPOSED MECHANISMS

It is believed that this reaction proceeds through a radical mechanism, similar to the
vulcanization of rubber.5 A tentative mechanism is illustrated here.
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D. MODIFICATION

This reaction has been modified using different starting materials, such as ethylbenzene5

and acetophenone.6

E. APPLICATIONS

This reaction has been used to prepare 2,4-diarylthiophene.

F. RELATED REACTIONS

This reaction is related to the Bogert-Herrera Reaction8 and Volhard-Erdmann
Cyclization.9

G. CITED EXPERIMENTAL EXAMPLES

O

S Ph

Ph
1) H2S / HCl / EtOH

2) Copper chromite

Reference 10.

Acetophenone (40 g) was dissolved in 300 mL absolute alcohol and cooled to 0◦C in
an ice salt bath. Dry hydrogen chloride was passed in for a few minutes until the rate
of gas influx could be regulated, and then hydrogen sulfide was also passed in at a slow
rate. Approximately 140 g dry hydrogen chloride (the amount calculated to saturate the
alcohol) was passed into the solution over a period of 6 h during which time the reaction
flask was kept in the ice-salt bath. When all the hydrogen chloride was used, the bath was
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allowed to come to room temperature, while hydrogen sulfide was passed continuously into
the flask for 8 h longer. About 3 h later, white crystals began to form in the flask, and a
purple resin precipitated. After 14 h, the gas-inlet tubes were removed, and the flask was
stored in the refrigerator overnight. The white crystals were stirred up and filtered from
the mother liquor, leaving the purple resin of thioacetophenone in the flask. The crystals
of “anhydroacetophenone disulfide” were washed once with alcohol and dried. The crude
product melted from 106–109◦C. The yield was 23.5 g, or 57% of the theoretical level.
After two recrystallizations from acetone, the product was obtained in white hexagonal bars,
m. p. 107–108◦C (corrected).

“Anhydroacetophenone disulfide” (3 g) was dissolved in 35 mL dry xylene, and 10 g
copper chromite powder was added, and the mixture was refluxed. No hydrogen sulfide was
evolved during the course of 3 h. At the end of this time, the mixture was cooled and filtered.
The residual catalyst was washed thoroughly with xylene, and the combined washings and
filtrate were distilled under a water-pump vacuum to remove xylene. The brown residue
solidified on cooling. It was dissolved in 80 mL boiling methanol and treated with norite.
Upon cooling, white flaky crystals deposited. These were recrystallized from methanol and
dried, and 1.5 g 2,4-diphenylthiophene was obtained, in a yield of 83%.

S8

∆ S Ph

Ph

Reference 11.

Ethylbenzene (4.1 mol) and sulfur (6.2 mol) were placed in a 800 mL bomb, and heated
to 340–350◦C for 40 min, at which time a small leak in the bomb head developed and
heating was stopped. Hydrogen sulfide at high pressures seemed to attack the brass threads
of the valve very rapidly. After releasing 78 g hydrogen sulfide, the heating was continued
for a second time until the leaking happened again. A total of 378 g liquid containing a small
amount of solid was removed from the bomb. The solid was filtered off, and the liquid was
distilled. The residue in the distilling flask, along with the solid filtered from the original
reaction mixture, was extracted with hot alcohol; this solution on cooling deposited 86.5 g
2,4-diphenylthiophene as a light yellow crystalline substance, which on recrystallization
had a melting point of 119.5–120.5◦C.

Other references related to the Baumann-Fromm thiophene synthesis are cited in the
literature.12
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Baumgarten α-Amino

Ketone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baumgarten in 1954.1 It is the synthesis of α-amino
ketones from the rearrangement of N,N-dichloro-sec-alkylamines by means of the treat-
ment of sodium methoxide.2 N,N-Dichloro-sec-alkylamines were initially prepared via the
chlorination of sec-alkylamine by chlorine.1

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that the reaction proceeds via N-chloro-imine intermediate, as illustrated
here.
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D. MODIFICATION

It has been modified for preparing α-amino ketones from the reaction between more gene-
rally available nitriles and a Gringard reagent.2 In addition, this reaction has been applied
to the synthesis of α-amino acids.2b

E. APPLICATIONS

It is a specific method to synthesize α-amino ketones and α-amino acids.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 3.

In a thoroughly dry 500-mL three-necked round-bottomed flask fitted with a mechanical
stirrer, dropping funnel, and a Y-tube containing a calcium chloride drying tube and a
thermometer were placed 24.2 g α-phenylethylamine (26 mL, 0.20 mol) and 50 mL dry



CITED EXPERIMENTAL EXAMPLES 273

benzene. The solution was cooled in an ice-salt bath to 5◦C, and a solution of 44.5 g
(50 mL, 0.41 mol) of tert-butyl hypochlorite in 50 mL dry benzene was added at such a rate
as to maintain the temperature below 10◦C. After the addition of the tert-butyl hypochlorite
solution was complete, the reaction mixture was stirred at room temperature for 1–4 h. The
Y-tube was replaced by a reflux condenser fitted with a calcium chloride drying tube, and
a freshly prepared solution of 13.8 g (0.60 mol) sodium in 140 mL anhydrous methanol
was added to the benzene solution of N,N-dichloro-α-phenylethylamine at such a rate
as to maintain gentle reflux. After the addition of the sodium methoxide was complete,
the reaction mixture was refluxed until a negative test was obtained with acidified starch-
iodide paper (45–70 min). The reaction mixture was cooled in an ice water bath, and the
precipitated NaCl was removed by filtration through a Büchner funnel. The filter cake was
washed with three 25-mL portions of dry benzene. The combined filtrates were added,
slowly with shaking or stirring, to 150 mL 2 N HCl contained in a 1-L beaker. The layers
were separated, and the benzene layer was extracted with three 50-mL portions of 2 NHCl.
The combined acid extracts were washed twice with 50-mL portions of ether. The ether
extracts were discarded. The pale amber to yellow aqueous solution was evaporated to
dryness at a temperature not greater than 40◦C. The residue was transferred to a 1-L round-
bottomed flask fitted with a reflux condenser to which was added 400 mL isopropyl alcohol-
hydrochloric acid solution. The mixture was refluxed for at least 30 min and was filtered hot
through a Büchner funnel. The residual solid was returned to the flask and extracted in the
same manner with a 150-mL portion of the isopropyl alcohol-hydrochloric acid solution. The
solid residue NaCl was discarded. The two extracts were cooled separately in the refrigerator
overnight and then filtered on a Büchner funnel. The nearly colorless crystals were washed
on the filter with two 50-mL portions of dry ether. Each of the filtrates was diluted with
an equal volume of dry ether (400 mL and 150 mL, respectively) and allowed to stand
in the refrigerator overnight. From these diluted filtrates additional crops of crystals were
collected. The combined yield of the three to four crops of phenacylamine hydrochloride
was 18.9–24.8 g (55–72%), m.p. 185–186◦C (dec.). Normally the product is sufficiently
pure for use without further purification; however, the product may be recrystallized from
an isopropyl alcohol-hydrochloric acid solution, using 100 mL of the solution for each 6 g
of compound. The recovery is ∼5.5 g per 6.0 g of crude product.

Reference 2a.

Only the procedure of making n-butyl phenyl ketimine is given, the rest of procedures
are similar to the first example.

To a solution of 84 mL 3 M n-butylmagnesium chloride (0.25 mol) and 150 mL dry ether,
was added a solution of 10.3 mL benzonitrile (0.1 mol) in 10 mL of dry ether dropwise at
such a rate as to maintain a slight reflux. After the addition was complete, the gray solution
containing a precipitate was refluxed for 10 h in an oil bath and cooled in an ice bath. To this
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cooled solution, 60 mL dry methanol was added dropwise, during which the first portion
was added slowly and cautiously because the reaction was quite vigorous. After the addition
was complete, the reaction mixture containing a finely divided white precipitate was stirred
at room temperature for 20 min. The mixture was then cooled in ice and filtered by suction
through a 0.25-in. layer of Celite in a Büchner funnel. The filter cake was washed with three
25-mL portions of dry ether, which were added to the filtrate. The ether was evaporated, and
to the remaining yellowish residue was added 80 mL dry benzene. Usually a small amount
of precipitate either remained after evaporation or formed on addition of the benzene, and
this was removed by filtering the mixture through a Büchner funnel into a tarred flask. The
evaporator flask was washed with small portions of dry benzene for a total of 30 mL. After
weighing the flask plus filtrate and washings, weighed samples of the solution were taken
for analysis. The apparent yield of the n-butyl phenyl ketimine was 70–86%.

Other references related to the Baumgarten α-amino ketone synthesis are cited in the
literature.4

H. REFERENCES

1. Baumgarten, H. E. and Bower, F. A., J. Am. Chem. Soc., 1954, 76, 4561.

2. (a) Baumgarten, H. E.; Petersen, J. M. and Wolf, D. C., J. Org. Chem., 1963, 28, 2369.
(b) Baumgarten, H. E.; Dirks, J. E.; Petersen, J. M. and Wolf, D. C., J. Am. Chem. Soc., 1960, 82,
4422.

3. Baumgarten, H. E. and Petersen, J. M., Org. Synth. Coll. 1973, 5, 909.

4. Baumgarten, H. E. and Petersen, J. M., J. Am. Chem. Soc., 1960, 82, 459.



62
Baylis-Hillman Reaction

(Morita-Baylis-Hillman Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

Although the Baylis-Hillman reaction1 has been primarily credited to Baylis and Hill-
man from Celanese Corporation, from their initial work patented in 1972,2 the initial
discovery of this reaction has roots back to 1968, when Morita et al. reported a tri-
cyclohexylphosphine catalyzed reaction between an aldehyde and acrylic compounds.3

Therefore, this reaction is also widely referred to as the Morita-Baylis-Hillman reaction.4

The Baylis-Hillman reaction is essentially a three-component reaction involving the cou-
pling of the α-position of activated alkenes with carbon electrophiles (i.e., aldehydes)
under the influence of a catalyst/catalyst system, with the characteristics of atom effi-
ciency and the formation of dense functionality. Likewise, the corresponding reaction
between alkenes and imines under similar conditions is referred to as the aza-Baylis-Hillman
reaction5 or aza-Morita-Baylis-Hillman reaction.6 In a few cases, this reaction is also
cited as Morita reaction,7 Morita-Baylis-Hillman alkylation,8 and Morita-Baylis-Hillman
cyclization.9 In this reaction, the activated alkenes include acrylonitrile, acrolein, acry-
lates, and α,β-unsaturated ketones. The catalysts applied include tricyclohexylphosphine
(the original Morita condition),3 a variety of tertiary amines (1,4-diazabicyclo[2.2.2]octane
(DABCO, the standard amine catalyst), 3-hydroxyquinuclidine (an optimal catalyst), DBU
3-quinuclidone, quinuclidine, and indolizine),10 and chalcogenides.4ij,11 Unfortunately, this
reaction also has some drawbacks, such as the slow reaction rate (up to weeks in an extreme
case),12 being limited to electrophilic α,β-unsaturated carbonyl compounds; and almost
exclusively occuring in the reactions involving β-unsubstituted α,β-unsaturated carbonyl
compounds and cyclic enones.13 Therefore, different measures have been taken to opti-
mize this reaction, including the application of activated alkenes,14 reactive electrophiles,15

aqueous medium,16 high pressure,17 microwave irradiation,18 and Lewis acids.19 This
reaction has been extensively reviewed.10c,10g,20
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The accepted mechanism is similar to the one originally proposed by Morita (as illustrated
here) and is supported mainly by kinetic studies.14c,21 However, none of the zwitterionic
intermediates shown in the mechanism has been isolated to date.

D. MODIFICATION

This reaction has been extensively studied recently and modified in many aspects com-
pared to the original reaction conditions, including the application of reactive alkenes,
electrophiles, aqueous medium, high pressure and Lewis acid catalysts.

E. APPLICATIONS

Owing to its atom efficiency and the generation of dense functionality, this reaction has
wide applications in producing of variety a molecules. Some of the Baylis-Hillman adducts
have shown promising biological activities.22
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 23.

A clear solution of 2.0 mmol aldehyde and 2.0 mmol acrylamide in 5 mL 1,4-dioxane
was slowly charged with 5 mL deionized water under stirring. The homogeneous reaction
mixture was stirred at ambient temperature in the presence of 1 Eq DABCO, and the reaction
progress was monitored by TLC. Upon completion or as indicated, the reaction mixture was
partitioned with 250 mL ethyl acetate and 20 mL brine. The aqueous layer was extracted with
chloroform (3 × 60 mL). The combined organic layer was dried over anhydrous MgSO4,
filtered, and concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel, eluting with ethyl acetate and/or methanol to give the desired
product, in a yield of 99%. (Note: Acrylamide was considered to be unreactive in the
Baylis-Hillman reaction.20b)

Reference 19a

To a solution of 12 mg chiral ligand (0.03 mmol) in 2.6 mL CH3CN was added 9 mg
La(OTf)3 (0.015 mmol) at room temperature under a nitrogen atmosphere. After stirring
for 10 min, 54 mg benzaldehyde (0.51 mmol), 0.10 g α-naphthyl acrylate (0.51 mmol), and
17 mg DABCO (0.15 mmol) were added sequentially. The resulting mixture was stirred for
20 min and the reaction was quenched with 5 mL H2O. The mixture was extracted with
10 mL CH2Cl2, and the layers were separated. The organic layer was washed with 10 mL
brine, dried over MgSO4, and concentrated. The crude product was purified by silica gel
using 8:1 hexane/EtOAc as an eluent to give 0.13 g alcohol as a white solid, in a yield
of 88%. The enantiomeric ratios were determined as 81% e.e. by HPLC analyses using a
chiral column.

Ph H

O

OMe

O

TsNH2
OMe

O

Ph

NH
Ts

++

DABCO 15 mol %, 4 A MS
La(OTf)3 · H2O 2 mol %

2-Propanol, 24 h, 72%

Reference 24a.
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In a dry flask were added 855 mg tosylamide (5 mmol), 84 mg DABCO (0.75 mmol),
and 58.5 mg La(OTf)3·H2O (0.1 mmol) together with 900 mg 4-Å molecular sieves. Then
2.5 mL iso-PrOH, 505 µL benzaldehyde (5 mmol), and 450 µL methyl acrylate (5 mmol)
were added, and the reaction mixture was stirred for 48 h at ambient temperature. The
mixture was filtered through a thin layer of Celite, which was rinsed three times with
10 mL iso-PrOH. The solvent was evaporated, and to the crude mixture were added 25 mL
methanol and 10 mL 1 M sulfuric acid. The solution was stirred for 1 h, and then methanol
was evaporated. The remaining acidic solution was diluted with water and extracted with
dichloromethane (3 × 30 mL). The organic phase was then successively washed with sat-
urated NaHCO3, 1 M NaOH, water, and saturated NaCl solution and dried over Na2SO4.
Evaporation of the solvent gave 1.38 g pure methyl α-methylene-β-[(p-toluenesulfonyl)-
amino]-3-phenylpropionate as a white crystalline material, in a yield of 80%, m.p.
76–77◦C.

Other references related to the Baylis-Hillman reaction are cited in the literature.25,26
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Béchamp Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Béchamp in 1854.1 It is the reduction of aromatic nitro
compounds to the corresponding aromatic amines by iron, ferrous salts, or iron catalyst in
aqueous acid. Thus this reaction is generally referred to as the Béchamp reduction.2 Besides
iron, zinc and tin are often used to reduce the aromatic nitro compounds in the presence of
an acid;3 however, the reduction of aromatic nitro compounds often stops at an intermediate
stage, yielding hydroxylamines,4 hydrazines,5 azoarenes,6 or azoxyarenes.7 These interme-
diates definitely indicate some aspects of the mechanism. Although the main drawbacks of
the Béchamp reduction include the slow reaction rate and costly steam distillation compared
with the catalytic hydrogenation of aromatic nitro compounds, the Béchamp reduction usu-
ally shows higher selectivity to the desired product.8 In addition, this reaction might give
much better results if some neutral organic solvents were added to the aqueous reaction
mixture, such as acetonitrile and propylene carbonate.9 Recently, a highly chemoselective
catalytic hydrogenation of nitrobenzenes using homogeneous iron complex catalysts has
been reported.10 The Béchamp reduction has been reviewed.11

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

It is proposed that the nitro group is reduced via a multistep process, as shown below.10,12

A tentative mechanistic detail of the Béchamp reduction is also illustrated below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is generally used to reduce aromatic nitro compounds into aromatic amines.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

N N

NO2

Cl

EtOH

N N

NH2

ClFeSO4/HCl

Reference 13.

To 300 mL EtOH was added 9.27 g 6-chloro-3-nitro-2-pyrrolopyridine (41 mmol), fol-
lowed by 115.25 g FeSO4·7H2O (414 mmol), 0.5 mL 10 N HCl, and 5 mL water. The mixture
was heated at 80◦C for 90 min, while a 30% ammonia solution was added in little fractions
to maintain a basic pH. After cooling, EtOH was evaporated under vacuum. The residue was
poured in 100 mL water and extracted with Et2O. After the usual treatment, the first amount
of the product was obtained. The aqueous phase was alkalinized with ammonia solution and
extracted with EtOAc. Finally, 4.59 g 3-amino-6-chloro-2-pyrrolopyridine was obtained as
a beige powder, in a yield of 57%, m.p. 89◦C (recrystallization from 80% Et2O and 20%
n-hexane).

CHO

NO2

O
N Fe, HCl, AcOH

EtOH, H2O, ∆

CHO

NH2

O
N

Reference 14.

To mixture of 1.2 g iron (21.6 mmol), 0.25 mL 10 N HCl, 10 mL acetic acid, 10 mL
ethanol and 5 mL water was added 1.0 g 2-nitro-5-(2-piperidin-1-ylethoxy)benzaldehyde
(3.6 mmol). The mixture was refluxed for 15 min with stirring, and iron was removed by
filtration. The product was worked up as usual.

Other references related to the Béchamp reaction are cited in the literature.15
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Beckmann Rearrangement

and Beckmann
Fragmentation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Beckmann in 1886.1 It is the rearrangement of an
oxime to its corresponding amide in the presence of an acid and is generally known as
the Beckmann rearrangement.2 Oximes of cyclic ketones give lactams as the final products,
resulting in the ring enlargements. An important example is the conversion of cyclohexanone
oxime into ε-caprolactam, which is a basic component for the fabrication of nylon 6.3 The
oxime is formed by the reaction of a ketone with hydroxyamine. The Beckmann rearrange-
ment of oxime derivatives proceeds stereospecifically, and the stereo-configuration of the
migrating group is retained. The migrating substituent is the electrofuge that can better sta-
bilize a partially positive charge.4 This rearrangement has been applied to the construction
of a variety of nitrogen-containing compounds, including amines (via imines),5 amidines,6

thioimidates,7 imidoyl halides,8 iminophosphonates,9 and enaminones.10 However, certain
oximes, particularly those having a quarternary carbon anti to the hydroxyl, are likely to
undergo the rearrangement to form nitriles instead of amides. This type of transformation
is called the Beckmann fragmentation,11,12 which was first reported by Werner and Piguet
in 1904.13 Because this kind of transformation is so different from the regular Beckmann
rearrangement, it is sometimes called abnormal Beckmann rearrangement,2y,4,11a,11f,14

secondary Beckmann rearrangement,15 Beckmann fission,16 etc. Besides those oximes
having a quarternary carbon anti to the hydroxyl group, other oximes such as the bridged
bicyclic ketoximes17 and oximes with an electron-donating substituent at the α-carbon also
undergo fragmentation rather than rearrangement under Beckmann rearrangement condi-
tions. A variety of substituents, notably alkyl, aryl, hydroxy, alkoxy, amino, and thioalkoxy

288

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



MODIFICATION 289

(thioether) can stabilize the intermediate carbonium ion and facilitate fragmentation.2y,18

The Beckmann fragmentation has been applied to the modification of steroids and other
organic syntheses.19 Owing to their importance, both the Beckmann rearrangement and
the Beckmann fragmentation have been extensively reviewed.20 Currently, the Beckmann
rearrangement has been carried out under mild conditions21 and in supercritical water;22 it
has also been modified to be catalytic.23

B. GENERAL REACTION SCHEME

Beckmann rearrangement Beckmann fragmentation

C. PROPOSED MECHANISMS

It is commonly assumed that the reaction involves an initial protonation at the oxygen
atom of the oxime moiety, giving an oxonium cation, and is followed by the migration of
an alkyl group plus the departure of a water molecule to give the nitrilium cation. The latter
ion is, in turn, hydrolyzed in a basic solution to finally yield an amide.24 The mechanism is
illustrated below.

D. MODIFICATION

This reaction has been modified to be catalytic23 and to occur under mild conditions,21

in supercritical water,22 and under photo-irradiation.25
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E. APPLICATIONS

This reaction has been used to synthesize different types of nitrogen-containing
compounds.

F. RELATED REACTIONS

This reaction is related to the Schmidt Reaction and Tiemann Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Reference 26.

A solution of 25 mg (1R,4S,12S,13S,16R)-9-methoxy-13-(methoxymethoxy)-11-
oxapentacyclo[8.6.1.01,12.04,16.06,17]-heptadeca-6(17),7,9-trienone oxime (0.072 mmol),
28 mg p-bromobenzenesulfonyl chloride (0.11 mmol), 16 µL Et3N (0.12 mmol), and
a catalytic amount of DMAP in 5 mL CH2Cl2 was stirred for 1 h at ambient tem-
perature. The solvent was removed under reduced pressure, and the residue was taken
up by 2 mL acetic acid. The resulting solution was stirred for 1 h and was neutral-
ized with saturated aqueous NaHCO3. The mixture was extracted with CH2Cl2, washed
with saturated aqueous NaCl, dried over anhydrous Na2SO4, and concentrated under
reduced pressure. Chromatography of the residue on silica gel column (6 g, EtOAc/MeOH,
12:1) gave 17 mg (1R,5S,13S,14S,17S)-10-methoxy-14-(methoxymethoxy)-12-oxa-4-
azapentacyclo[9.6.1.01,13.05,17.07,18]-octadeca-7(18),8,10-trien-3-one as a colorless oil, in
a yield of 69%. [R]23

D = +114.2 (c 1.47, CHCl3).

Reference 21.

To 2 mL DMF was added 1.83 g 2,4,6-trichloro-[1,3,5]triazine (TCT, 10.0 mmol) at
25◦C. After the formation of a white solid, the reaction was monitored by TLC until the
complete disappearance of TCT, then 1.41 g ethylcyclohexanone oxime (10.0 mmol) in
15 mL DMF was added. After the addition, the mixture was stirred at room temperature
and monitored by TLC until completion (∼8 h). Then 20 mL water was added, and the
product was extracted with organic solvent. The organic phase was washed with 15 mL of a
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saturated solution of Na2CO3, followed by 1 N HCl and brine. The organic layer was dried
over Na2SO4, and evaporation of the solvent gave 1.41 g 7-ethylazepan-2-one without other
purifications, in a yield of 100%, m.p. 91◦C.

Other references related to the Beckmann rearrangement and the Beckmann fragmenta-
tion are cited in the literature.27
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Bedoukian Halogenation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bedoukian in 1944.1 It is a reaction for preparing
α-brominated ketones or aldehydes via a sequential process, including the formation of enol
acetate, the addition of bromine to enol acetate, and the acidic hydrolysis of the resulting
intermediate addition.2

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed here is the general mechanism of the halogenation.
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D. MODIFICATION

This reaction has been modified for preparing α-halogenated ketones via enol tosylate,3

enol ethers,4 and enol silyl ether.5

E. APPLICATIONS

This reaction provides an alternative method for preparing α-halogenated carbonyl
compounds.

F. RELATED REACTIONS

This reaction is related to the Hell-Volhard-Zelinsky Reaction.

G. CITED EXPERIMENTAL EXAMPLES

OTs Br2

CCl4

OTs
Br

Br

HCOOH

HCOONa

Br

O

Reference 3.
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To a solution of 0.5 mL CCl4 containing 0.0358 g 2-buten-2-yl tosylate (0.01585 mmol)
cooled in an ice bath was added 0.025 g bromine (0.1585 mmol); the mixture was kept
cold until the completion of the addition. Evaporation of solvent gave the crude product.
The flask containing erythro-2,3-dibromo-2-butyl tosylate was added the 0.125 M buffer
of formic acid–sodium formate, and the reaction was monitored to completion. Then the
solution was neutralized with NaHCO3 and extracted with CCl4. Removal of the solvent
afforded 3-bromo-2-butanone. (Note: No complete experimental procedure was given in
the original literature.)

O

OAc

OAc

O

Br

p-TsOH, ∆
+

Electrolysis

OAc

NH4Br

Reference 2a.

A mixture of 1.02 g 2-octanone (7.92 mmol), 1.9 g isopropenyl acetate (19 mmol), and
50 mg p-TsOH was refluxed for 48 h. The mixture was worked up in the usual manner to
give 1.32 g 1- and 2-octen-2-yl acetates, in a yield of 90%, b.p. 54–57◦C (at 11 mmHg). To
an electrolysis apparatus (an undivided cell equipped with two platinum electrodes (3 cm2),
a gas lead pipe, and a thermometer) were added 30 mg enol acetate, 19.7 mg NH4Br
(0.201 mmol), 6 mL acetonitrile, and 2 mL water. This solution was under a constant
current of 6.7 mA/cm2 at 3.0–5.0 V (anode voltage −0.75 V vs. Ag wire) at 20–25◦C. After
2.3 F/mol of electricity was passed, the mixture was concentrated, and the residue was taken
up in benzene:EtOAc (1:l). The usual workup gave 33.3 mg 3-bromo-2-octanone, in a yield
of 95%. (Note: The corresponding chemical in the original literature was not relevant.)

Ph OSiMe3
Br2 Ph O

Br

Reference 5.

To a solution of 25 mL CCl4 containing 6.2 g silyl enol ether was added slowly, over
several hours, 1 equivalent of bromine in carbon tetrachloride. The rate of addition was main-
tained so that the solution was always colorless to pale orange. After the usual workup, 4.9 g
2-bromo-3-phenylpropanal was obtained as a colorless liquid, in a yield of 77%, b.p.
70–75◦C (at 2 mmHg).

Other references for the preparation of α-halogenated carbonyl compounds are cited in
the literature.6
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Béhal-Sommelet
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Béhal and Sommelet in 1904.1 It is the transformation
of methyl β-hydroxylalkyl ethers into aldehydes in the presence of acids, preferably oxalic
acid. The methyl β-hydroxylalkyl ethers can be prepared via the Grignard Reaction between
the Grignard reagents and esters of α-methoxy acetic acids.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that this reaction undergoes dehydration in the presence of an acid to form
an intermediate of vinyl ether that breaks down to the aldehyde. Some insight about the
mechanism can be found in the rearrangement of methylallyl alcohol into isobutyraldehyde.2
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D. MODIFICATION

The formation of methyl β-hydroxylalkyl ethers has been modified using Grignard
reagents and esters of α-phenoxyacetic acids because this reaction is easier to handle. The
formed phenyl β-hydroxyalkyl ethers are further converted into ethyl β-hydroxyalkyl ether
by heating under pressure with alcoholic potassium hydroxide because the ethoxy com-
pounds are more readily converted into the aldehydes.3 In the presence of oxalic acid, the
hydrocarbon chain of aldehydes can be extended while reacting with vinyl ether.4 It has been
found that the reaction between a Grignard reagent and ethoxymethyleneaniline also affords
aldehyde.5 In addition, vinyl ether can be converted into aldehyde when heated at 215◦C
over SiO2.6

E. APPLICATIONS

It is a general method for preparing α-branched aldehydes.

F. RELATED REACTIONS

This reaction is related to the Serini Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O
O

O

O
+ Oxalic acid

Boric acid

Reference 4.

To a mixture of 630.0 g crotonaldehyde (9.0 mol) and 0.42 g boric acid–oxalic acid,
was added 216.0 g vinyl ethyl ether (3.0 mol) over a period of 26 min while maintaining
a reaction temperature of 40◦C by periodic cooling. The red solution was stirred for an
additional 15 min followed by neutralization of the catalyst with 5 g sodium carbonate
in 200 mL water. Neutralization of the catalyst caused a color change from red to pale
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yellow. The organic layer was distilled to provide 469 g wet crotonaldehyde and 195 g
3-ethoxy-4-hexenal, which distilled at 60–65◦C (at 10 mmHg), in a yield of 46%.

Reference 7.

A total of 5 g l-p-bromobenzenesulfonamide-2-methyl-2-propanol was added to 60 mL
50% sulfuric acid, and the mixture was steam distilled until 100 mL distillate had been
collected. To this distillate was added 4 g methone in 50 mL alcohol and a few drops of
glacial acetic acid. The mixture was allowed to stand at room temperature for 8–9 days,
after which the white crystals were removed by filtration and washed with aqueous alcohol
to give 1.43 g methone derivative of isobutyraldehyde, m.p. 146–149◦.

To the acid residue from the steam distillation was added an equal volume of water. The
solid that separated was washed with water to afford 2.80 g p-bromobenzenesulfonamide,
in a yield of 73%, m.p., 158–160◦C.

Other references related to the synthesis of aldehydes are cited in the literature.8
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Beirut Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Haddadin and Issodorides in 1965.1 It is the preparation
of quinoxaline-1,4-dioxides from the cycloaddition between benzofuroxan (i.e., benzofu-
razan N-oxide) and dienes, α,β-unsaturated ketones, enamines, or enolates. Unfortunately,
this reaction is not named after the authors who discovered it; instead it is known as the
Beirut reaction2 after the city in which the inventors carried out is the initial work.3 In
most cases, ketones,4β-diketones,5β-ketoesters,5bβ-ketonitrile,2e 1,3-dinitrile,2d,2e,6 and β-
ketoamides7 all are suitable for this reaction, and the corresponding enolates can be easily
prepared in the presence of a weak base such as triethylamine.2a,2d,2e,5b In addition, even
phenolic enolates from phenol, resorcinol, hydroquinone, or benzoquinone undergo a simi-
lar dehydrative condensation with benzofuroxan under mild conditions (e.g., NaOH/H2O,
H2O, MeOH/RNH2, SiO2/MeCN at room temperature), to give phenazine N,N ′-dioxide
derivatives.3

It should be pointed out that the Beirut reaction from unsymmetrically monosubstituted-
benzofuroxanes affords two regio-isomers;2e,5a however, often only one regio-isomer is
obtained after the workup and purification process,2e as shown in the reaction between
5-substituted benzofurxanes with benzoylacetonitrile, which gives only 7-substituted
quinoxaline-1,4-dioxides.8 Such high practical regioselectivity is probably due to the fact
that the monosubstituents in benzofuroxanes do not have a directing effect on the forma-
tion of quinoxaline-1,4-dioxides.5a When aroylacetophenones are applied as the enolate pre-
cursors, the ortho-substituents have shown some directing effect, possibly owing to the steric
hindrance, and the para-substituents do not have such effect.5a Besides the formation of
quinoxaline N,N ′-dioxides, the Beirut reaction can be used for quinoxaline mono-N-oxides
as well.2k
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reaction is assumed to involve the initial conjugate addition of enolate (or enamine)
to the benzofuroxane ring, followed by the attack of nitrogen atom on the resumed carbonyl
group,3,5b as shown below. In addition, the fused benzo moiety in benzofuroxane plays an
important role, which provides the extra driving force for the Beirut reaction owing to the
rearomatization of such a fused benzene ring. Furoxanes without a fused benzene ring are
inactive in the Beirut reaction.2f

D. MODIFICATION

This reaction has been extended to use different phenolic enolates in the preparation of
phenazine derivatives.3

E. APPLICATIONS

This reaction provides a general tool for phenazine derivatives via the reduction of
quinoxaline-1,4-dioxides.1 Such reduction can be achieved by catalytic hydrogenation (e.g.,
complex hydrides, H2-Pd/C, or dissolving metals)9 or other reducing reagents, such as
sodium dithionite (Na2S2O4),5b,10 sodium hyposulfite (Na2S2O3),11 PCl3.7 In addition,
under light illumination, quinoxaline-1,4-dioxides easily rearrange to benzimidazolone
derivatives via an oxaziridine intermediate, as shown by the conversion of 2-benzoyl-3-
phenylquinoxaline-1,4-dioxide to 1,3-dibenzoylbenzimidazolone.12
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 2d.

To a solution of 0.2 g 4-butyl-1-[(benzo[1,2-c]1,2,5-oxadiazol-5(6)-yl-N1-oxide)
methylidene]semicarbazide (0.72 mmol) and 0.07 mL Et2NH in 0.5 mL DMF, was added
0.13 mL vinyl acetate (1.44 mmol) over 10 min at 0◦C. The reaction mixture was then stirred
at 40◦C for 24 h. An additional 1.3 mL vinyl acetate (14.4 mmol) and 1.0 mL Et2NH were
added, and the stirring was continued at 40◦C for 48 h. After that, the solvent was removed
in vacuo and the oily residue was co-evaporated with toluene (3 × 10 mL). The residue
was purified by silica gel column chromatography using CH2Cl2 as the eluent to afford 7%
4-butyl-1-[(quinoxalin-6-yl-N1,N4-dioxide)methylidene] semicarbazide as colorless oil.

Reference 6.

To a solution of 1.36 g benzofuroxan (10 mmol) and 0.7 g malononitrile (10.6 mmol) in
4 mL DMF cooled at 0◦C in an ice bath was added a solution of 0.2 mL Et3N in 3.0 mL DMF.
The resulting mixture was stirred below ambient temperature for 1.5 h, after that solution was
filtered, the solid was washed with Et2O to give 1.51 g 3-amino-2-quinoxalinecarbonitrile
1,4-dioxide, in a yield of 75%, m.p. 190◦C (dioxane).

Other references related to the Beirut reaction are cited in the literature.13
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9. Römer, A. and Sammet, M., Z. Naturforsch., Teil B: Anorg. Chem., Org. Chem., 1983, 38B, 866.

10. (a) Haddadin, M. J.; Zahr, G. E.; Rawdah, T. N.; Chelhot, N. C. and Issodorides, C. H., Tetrahedron,
1974, 30, 659. (b) El-Haj, M. J. A.; Dominy, B. W.; Johnston, J. D.; Haddadin, M. J. and Issidorides,
C. H., J. Org. Chem., 1972, 37, 589.

11. Vivian, D. L., J. Am. Chem. Soc., 1951, 73, 457.

12. Masoud, N. A. and Olmsted, J., J. Phys. Chem., 1975, 79, 2214.

13. (a) Itani, W.; Geara, F.; Haykal, J.; Haddadin, M. and Gali-Muhtasib, H., Radiation Oncology,
2007, 2, 1. (b) Gali-Muhtasib, H.; Sidani, M.; Geara, F.; Mona, A.-D.; Al-Hmaira, J.; Haddadin, M.
J. and Zaatari, G., Int. J. Oncology, 2004, 24, 1121. (c) Zarranz, B.; Aldana, I.; Jaso, A. and Monge,
A., Bioorg. Med. Chem., 2004, 12, 3711. (d) Panasyuk, P. M.; Mel’nikova, S. F. and Tselinskii,
I. V., Russ. J. Org. Chem., 2001, 37, 892. (e) Kotovskaya, S. K.; Perova, N. M.; Charushin, V. N.
and Chupakhin, O. N., Mendeleev Commun., 1999, 76. (f) Wu, Y. F.; Zhang, W. S.; Chen, X.; Hu,
X.; Li, W. L.; Tang, L. X.; Li, X. Y. and Shen, X., Zhongguo Yaowu Huaxue Zazhi, 1997, 7, 157.
(g) Wang, J. L. and Liu, F. C., Hecheng Huaxue, 1996, 4, 171. (h) El-Abadelah, M. M.; Nazer,
M. Z.; El-Abadla, N. S. and Meier, H., Heterocycles, 1995, 41, 2203. (i) Atfah, A. and Hill, J., J.
Chem. Soc., Perkin Trans. I, 1989, 221. (j) Lin, S. K., Yingyong Huaxue, 1988, 5, 17. (k) Dirlam,
J. P.; Czuba, L. J.; Dominy, B. W.; James, R. B.; Pezzullo, R. M.; Presslitz, J. E. and Windisch,
W. W., J. Med. Chem., 1979, 22, 1118. (l) Haddadin, M. J. and Salameh, A. S., J. Org. Chem.,
1968, 33, 2127.



68
Belluš-Claisen

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Malherbe and Belluš in 1978.1 It is a variant of the
Claisen Rearrangement involving the reaction of an allylic ether, thioether, or amine with
a ketene to form a γ ,δ-unsaturated ester, thioester, or amide, of which the double bond is
in trans configuration. Thus this reaction is known as the Belluš-Claisen rearrangement,2

Belluš-Claisen reaction,3 or the Belluš reaction.4 In addition, this reaction is also referred
to as the acyl-Claisen rearrangement,4,5 ketene-Claisen reaction,3 and ketene Claisen
rearrangement,6 ignoring the contribution from Belluš. For the specific reaction of allylic
amine, the corresponding rearrangement is also cited as the Aza-Claisen Rearrangement7

and zwitterionic Aza-Claisen Reaction.8

In the absence of heteroatom at the allylic position, alkenes usually undergo [2+2]
Cycloaddition with ketenes to give cyclobutanones;9 in contrast, in the case of allyl
ether, thioether, or amine, the heteroatom (oxygen, nitrogen, sulfur, etc.) can chelate
with ketene to form zwitterions, which undergo [3,3] sigmatropic rearrangement under
the help of a base or a Lewis acid to afford γ ,δ-unsaturated ester, thioester, and amide.
In a special case, the Belluš-Claisen rearrangement of cyclic allyl ethers, thioethers,
and amines can lead to the formation of ring-enlarged lactones, thiolactones, and lac-
tams with trans-configurated double bonds by adding four carbon atoms to the rings.2

It should be pointed out that when the heteroatom is oxygen or sulfur, the corresponding
allyl ether or thioether reacts only with electrophilic ketenes, with a reactivity order of
dichloroketene ≈ chloro(trichloroethyl)ketene >> chloro(methyl)ketene > chloroketene
≈ chloro(cyano)ketene.2 In comparison, when the heteroatom is nitrogen, the allylic amines
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can react with ketenes preformed,10 or generated in situ2 by zinc-induced dehalogenation
of a 2-chloroacyl chloride,11 photolysis of a chromium-carbene complex,12 or dehydro-
halogenation of an acyl halide13 (with Et3N9e). However, for this type of rearrangement,
the presence of sane ring strain on the allylamines is necessary, otherwise a strong Lewis
acid (e.g., Me2AlCl) is required to promote the reaction.12

Even though the non-electrophilic ketenes are not feasible for the Belluš-Claisen rear-
rangement with oxygen and sulfur as heteroatoms, the reaction of halogenated ketenes
provides an alternative route for those ketenes because the halogen atoms in the resulting
esters and thioesters can be easily removed by various methods, such as the treatment with
Zn/AcOH,1 catalytic hydrogenation,14 and radical dechlorination.15 During the rearrange-
ment, the original stereochemistry can be transferred into corresponding products.12,16

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Being a [3,3] sigmatropic rearrangement, this reaction is especially facilitated by the
negative charge at the C2 position,17 the positive charge at the heteroatom, and the ring strain
in the starting material, so that the Belluš-Claisen rearrangement often proceeds easily at
room temperature.2 Shown below is a representative mechanism between the reaction of
an allylic ether and a dichloroketene.

D. MODIFICATION

Although this reaction is still at an early stage of development, a few modifications
have been exploited. These modifications include the extension of the Belluš-Claisen
rearrangement to ring strain molecules (such as 2-vinyloxetane,3 2-vinyloxirane,13 and
2-vinylaziridines13) and to tertiary allyl amines,3,12 the application of chiral Lewis acid
derived from MgI2 and bis(oxazolinyl)aryl ligands,4 and the implementation of electron-
rich ketene equivalents (e.g., alkoxyketenes, aminoketenes) by the photolysis of chromium
carbene complexes.12
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E. APPLICATIONS

This reaction has great potential in organic synthesis.

F. RELATED REACTIONS

This reaction is closely related to the Aza-Claisen Rearrangement, Claisen Rearrange-
ment, and Abnormal Claisen Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Et

S

Cl3C Cl

O Zn

Et2O

SEt

Cl Cl
O

+

> 38 %

Reference 14.

To a 750-mL flame-dried, five-necked flask equipped with a condenser, addition funnel,
stirrer, thermometer, and nitrogen inlet were added 13.0 g ethyl 3-methyl-2-butenyl sulfide
(0.10 mol), 7.2 g activated zinc (0.11 mol), and 200 mL anhydrous ether. Under stirring, a
solution of 11.5 mL trichloroacetyl chloride (18.5 g, 0.105 mol) in 100 mL anhydrous ether
was added to the suspension over a period of 4 h. After that, an additional 3.5 g activated
zinc (0.05 mol) was added to the flask, and the mixture was stirred for an additional hour.
Pentane (200 mL) was added to precipitate the zinc salts, and the solution was decanted from
the residue. The residue was washed twice with ether-pentane (50 mL), and the combined
solutions was washed successively with water, a cold solution of 10% NaHCO3, and brine
and then dried over MgSO4. Upon removal of solvent under vacuum, 17.2 g of crude ethyl
thioester of 2,2-dichloro-3,3-dimethyl-4-pentenoic acid was obtained which was further
purified by vacuum distillation to give 9.1 g product, in a yield of 38% (should be >38%),
b.p. 66◦C 0.25 mmHg.

N

O
O

Cl

O

Cl

N

O
O

O

Cl

N

O
O

O

Cl

+
CHCl3, 0°C

K2CO3, Me3Al

+

79%

7:3

Reference 6a.

To a suspension of 3.2 g K2CO3 (23.2 mmol) in 60 mL dry CHCl3 at 0◦C under
an argon atmosphere were added 2.35 g N-allylpyrrolidine (11.12 mmol) and 13 mmol
ε-chlorobutanoyl chloride by means of a syringe. After being stirred at 0◦C for 30 min,
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a solution of 0.50 mL 2 M Me3Al in toluene (1.02 mmol) was added via syringe. The
mixture was stirred at 0◦C, and after 24 h, a second volume of Me3Al was injected.
After 6 days, the reaction was quenched by addition of 5–10 mL saturated aqueous
NaHCO3 at 0◦C dropwise until the Al2O3/K2CO3 precipitated. Then the organic layer
was decanted, the solid residue was extracted with CH2Cl2 (5 × 20 mL), and the com-
bined organic layers were dried over MgSO4. Upon removal of solvent, the residue was
purified by column chromatography using EtOAc/hexanes (1:1) to 2.77 g (2S,3R,4S)-2-
(2-chloroethyl)-3-ethenyl-4,5-(isopropylidendioxy) pentanoic acid pyrrolidinamide (Rf =
0.17) and (2R,3R,4S)-2-(2-chloroethyl)-3-ethenyl-4,5-(isopropylidendioxy) pentanoic acid
pyrrolidinamide (Rf = 0.22), in a yield of 79%. These diastereomeric amides (7:3) can be
isolated by preparative HPLC (5% 2-propanol in hexanes) to afford 1.94 g of the major
diasteromer, in a yield of 55%.

Other references related to the Belluš-Claisen rearrangement are cited in the literature.18
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Bénary Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bénary in 1909.1 It is the reaction between a Grignard
reagent (or an organolithium reagent) and an enamino ketone or aldehyde to yield an α,β-
unsaturated ketone or aldehyde.2 Therefore, it is generally known as the Bénary reaction.3

The Bénary reaction is a general reaction for preparing not only α,β-unsaturated ketones and
aldehydes but also α,β-unsaturated esters with stereoselectivity.3a The reaction might occur
via different mechanisms—for example, in the case of β-amino vinyl ketones, the reaction
seems to proceed through a 1,4-addition-elimination,3a,4 whereas β-aminopropenals seems
to react with organomagnesium and organolithium reagents mainly via a 1,2-addition at the
carbonyl group.3a For the Bénary reaction, it is found that higher yields can be obtained
when the reactions are carried out in toluene with Grignard reagents.5

B. GENERAL REACTION SCHEME

R NR′2

O

R R′′

O
R′′ MgX

C. PROPOSED MECHANISMS

It is believed that the reaction occurs mainly via 1,4-addition followed by the
elimination,3,4 as shown below.
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1,4-Addition–elimination mechanism.

1,2-Addition mechanism.

D. MODIFICATION

This reaction has been modified via the conjugate addition (1,4-addition) and elimination
of alkenyl-dialkylboranes with enones to prepare highly functionalized dienones.6

E. APPLICATIONS

This reaction has a general application in the preparation of α,β-unsaturated ketones,
aldehydes, and esters.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

Me2N-CH(OMe)2

O

NMe2

O

68% 75%

n-BuLi/THF

Reference 4.
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A mixture of 8.4 g cyclopentanone (0.1 mol) and 11.9 g N,N-dimethylformamide
dimethyl acetal (0.1 mol) was refluxed under nitrogen at 110◦C for 12 h. The resulting
mixture was stripped of methanol and distilled in a Kugelrohr apparatus to afford 12.2 g
2-[(dimethylamino)methylene]-cyclopentanone as an amber oil, in a yield of 88%.

To 350 mL THF at −30◦C under nitrogen was added 11.12 g 2-[(dimethyl-
amino)methylene]-cyclopentanone and 57.2 mL 1.6 M n-butyllithium (1.1 eq.) dropwise
over 30 min. The mixture was stirred to room temperature over 2 h. The excess n-
butyllithium was destroyed with 5.0 mL water, and the solvent was removed in vacuo.
The oily residue was treated with 100 mL water and extracted five times with 100-mL
portions of ether. The ether was washed with water, dried over MgSO4, and evaporated in
vacuo (40◦C, 10 mmHg) to afford 9.4 g 2-pentylidenecyclopentanone, in a yield of 75%,
b.p., 100–102◦C (8 mmHg).

Reference 6.

A dry nitrogen-flushed, 25-mL centrifuge tube equipped with a Teflon-coated magnetic
stirring bar and capped with a rubber septum was charged with 2.46 g B-trans-l-nonen-
l-yl-9-BBN (10 mmol), 0.34 g n-octane (3 mmol) as an internal standard, and 7.6 mL
anhydrous diethyl ether. To the resulting solution was added 1.2 g 4-methoxy-3-buten-2-
one (12 mmol). The reaction mixture was stirred for 24 h at 25◦C and then quenched with
0.61 g ethanolamine (10 mmol). A precipitate of 9-BBN-ethanolamine adduct was formed
almost immediately. After the resulting slurry was stirred for 1 h, the reaction mixture was
centrifuged. Analysis of the supernatant by GC revealed that trans,trans-3,5-tridecadien-
2-one was formed in 100% yield. The supernatant was decanted from the solid, and the
volatiles were removed in vacuo. There remained 1.85 g trans,trans-tridecadien-2-one in a
yield of 95%, with a purity > 95% by GC.

Other references related to Bénary reaction are cited in the literature.7
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314 BÉNARY REACTION
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Benkeser Reduction

A. GENERAL DESCRIPTION OF THE REACTION

Although Dumanskii initially reported the reduction of simple aromatics to mono-olefins
by lithium in liquid ammonia and calcium hexaamine [Ca(NH3)6]2+ suspended in anhy-
drous ethyl ether in 1916,1 these procedures were cumbersome and usually gave highly
impure products;2 thus the reduction of aromatic compounds using lithium or calcium was
not developed until Benkeser’s work in 1952.3 The generaly known Benkeser reduction4 is
the reduction of aromatic and olefinic compounds with lithium or calcium to unsaturated
olefins and fully reduced hydrocarbons in the presence of low molecular weight amines. In
fact, Benkeser found that low molecular weight monoamines, particularly methylamine and
ethylamine, were excellent media for reduction with lithium.5 In neat monoamines, aromatic
compounds are reduced to mono olefins,5a,5d,5f whereas in monoamine-alcohol solution,
di-olefins are obtained.5c Although ethylenediamine, with the same nitrogen-carbon ratio
as methylamine but with less volatility, has been applied as an alternative solvent for
the Benkeser reduction,6 the Benkeser reduction in ethylenediamine frequently results in
overreduction of the substrate, giving a mixture of products. This drawback has been over-
come by using 1 mole of ethylenediamine or N,N ′-dimethylethylenediamine per gram-atom
of lithium with or without the proton donor (alcohol).7 So far, the lithium-reducing sys-
tems have been applied to the reduction of furan or benzofuran,8 aryl halides,9 carbazole,10

epoxide,11 carboxamide,12 fluorene,13 carboxylic acid,14 quinoline, isoquinoline,15 etc.
Under certain conditions, the amination to hydrocarbon also occurs, besides the normal
reduction.16 Compared to the reduction of aromatics and olefins by lithium, the reduc-
tion by calcium in methylamine or ethylenediamine resembles the lithium-amine-reducing
system and holds the advantage of donating two electrons per atom.17 The calcium-reducing
systems have also been applied extensively to the reduction of aromatic hydrocarbons,2,18
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carbon-carbon double2 and triple bonds,19 benzyl ether,19a allylic ether,11 epoxide,11,19a

ester,21 aliphatic nitrile,22 dithiane,21,23 thiophenyl, and sulfonyl groups.19a Similar
reduction systems include the reduction by sodium in low molecular weight amine24 and
hexamethylphosphamide (HMPA) with alcohol.25 In addition to these reducing systems,
Benkeser also studied the electrochemical-reducing systems extensively,26 which have also
been extended by other research groups.27

B. GENERAL REACTION SCHEME

Li

EtNH2/Me2NH
+

80% 20%

C. PROPOSED MECHANISMS

It is believed that this reaction occurs via a radical mechanism, and the solvated electron
is the real reducing reagent. Details of the Benkeser reduction are illustrated here, using
benzene as an example.28

D. MODIFICATION

The reaction has been modified for reducing aromatics under electrochemical condi-
tions.26,27

E. APPLICATIONS

This reaction has broad applications in the reduction of a variety of mole-
cules.2,8−15,18−25
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F. RELATED REACTIONS

This reaction is closely related to the Birch Reduction, in which the alkali metals and alco-
hols are used in liquid ammonia. However, in laboratories, the Benkeser reduction is more
commonly used because the solvent is safer and more convenient than liquid ammonia.29

G. CITED EXPERIMENTAL EXAMPLES

Li

n-Propylamine
Ethylenediamine
t-Butanol

Reference 7.

To a cold solution (-6◦C) of 12.8 g naphthalene (0.10 mol) in 100 mL n-propylamine,
30 g ethylenediamine (0.5 mol) and 44.4 g t-butanol (0.6 mol), was added 3.5 g lithium
(0.5 mol) portionwise in small pieces. The solution was warmed to 20◦C and maintained
by the addition of lithium. After1.5 h, the reaction mixture was poured over 150 g ice
and 100 mL water and then extracted with ether. The ether was washed with water, brine,
and evaporated under reduced pressure to give 12.2 g of a colorless solid that was triturated
with methanol, filtered, and dried to give crude product. Recrystallization from 50 mL
methanol gave 9.8 g 1,4,5,8-tetrahydronaphthalene, in a yield of 74%, with a purity of 93%
by GLPC.

Ca

Methylamine
Ethylenediamine

Reference 19b.

Methylamine (75 mL) was distilled through a potassium hydroxide drying tube into a
500-mL three-necked, round-bottomed flask equipped with a mechanical stirrer, gas inlet
tube, and a reflux condenser through which ethylene glycol was circulated (-25◦C). All exits
were protected with a U-tube of mercury. Then 50 mmol 2-nonyne, 2.51 g calcium shot
(0.0625 mol), and 75 mL ethylenediamine freshly distilled from sodium were placed in the
reaction flask. The mixture was then stirred for the indicated amount of time. If the reaction
became too vigorous, it was controlled with a dry ice–acetone bath or by surrounding
the flask with a small amount of dry ice. Prolonged cooling caused the reaction to stop (it
resumed when allowed to warm up) and the ethylenediamine to solidify. A gray solid formed
during the reaction, which often sparked when dry upon exposure to the atmosphere and
reacted vigorously with water. The methylamine was allowed to evaporate by disconnecting
the cooling liquid from the condenser. The flask was cooled to 0◦C (ice water bath) and
200 mL diethyl ether was added. The mixture was hydrolyzed by the cautious, dropwise
addition of 200 mL 2 M aqueous NH4C1. A vigorous reaction accompanied this addition.
The layers were separated, and the aqueous layer was extracted with two 75-mL portions of
diethyl ether. The organic extracts were combined with the organic phase from the reaction
mixture and washed with two 75-mL portions of water, two 75-mL portions of NH4C1,
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75 mL 5% NaHCO3, and 75 mL brine and then dried over anhydrous Na2SO4. The solvent
was removed by fractional distillation through a 4-in. vacuum-jacketed column. A short-path
distillation of the remaining oil gave the product (trans-2-alkene) in a yield of 75–88%.

Other references related to reduction by either lithium or calcium are cited in the
literature.30
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Benzidine Rearrangement

(Semidine Rearrangement)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofmann in 1863.1 It is an acid-catalyzed
rearrangement of hydrazobenzenes (in general, the N,N ′-diaryhydrazines) to 4,4′-
diaminobiphenyls (benzidines) and is generally known as the benzidine rearrangement.2

However, when hydrazobenzene contains a para-substituent, then the favored product is
p-aminodiphenylamine, and such rearrangement is referred to as the semidine
rearrangement.3 In the benzidine rearrangement, besides the major product (4,4′-
diaminobiaryls), other products may also be formed, including the 2,4′-diaminobiaryls,
2,2′-diaminobiaryls, and the o- and p-arylaminoanilines. The formation of different rear-
rangement products has led extensive studies on the reaction mechanisms, including
the kinetic isotope effect,2l−2n,2u,4 kinetic studies,2a,2e,3i−3l,5 and other aspects of the
mechanism (disproportionation,6 salt formation,7 intramolecular character,8 effect of acid
concentration,9 effect of micelles,2a,2c,10 Hückel molecular orbital calculation,11 observa-
tion of dication intermediate,3d,12general acid catalysis,13 photolytic rearrangement,2a,2h,3h

etc.). The rearrangement to form benzidine is believed to occur via a [5,5]-sigmatropic shift
in a concerted nature.2k,2n,3c Other mechanistic studies on benzidine rearrangement are
available in Ref. 14.
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B. GENERAL REACTION SCHEME

Hydrazobenzene without para-substituent.

Hydrazobenzene with a para-substituent.

NH

HN R H+

RH2N

H
N

C. PROPOSED MECHANISMS

Based on extensive mechanism studies, it is believed that the rearrangement occurs via
cationic intermediates, as illustrated here.
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The last two pathways predominate in the rearrangements when a substituent exists at
the para-position of one aryl group.3c

D. MODIFICATION

This rearrangement has been carried out using different acids as catalyst.

E. APPLICATIONS

This reaction has general application in the preparation of biphenyls with or without
amino groups.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH

HN H+
NH2H2N

NH2

NH2

+

Reference 4.
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Partial Conversion

Hydrazobenzene (2.2 g) was obtained by reduction of 2.4 g azobenzene in 150 mL ace-
tone with 12 g zinc powder and 15 mL saturated NH4Cl solution. After being dried for
12 h over CaCl2 and under vacuum, 1.5 g hydrazobenzene (8.15 mmol) was dissolved in
a mixture of 306 mL freshly distilled 95% EtOH and 102 mL water. Another solution was
prepared from 10.5 g LiCl (248 mmol), 41 mL 2.0 N HCl and 61 mL water. Each solution
was cooled to 0◦C under argon. The two solutions were mixed under a flow of argon and
kept at 0◦C for 30 min, after which 50 mL saturated KOH solution was added quickly. Air
was bubbled through the alkaline solution for 24 h to oxidize unused hydrazobenzene to
azobenzene. The solution was evaporated to a smaller volume at room temperature. Approx-
imately 10 mg azobenzene distilled in the evaporation. The mixture that remained was
extracted with ether (4×100 mL). The ether solution was washed with 2 N HCl (3×100 mL)
and water (2×50 mL). The ether solution was dried over MgSO4 and evaporated in a rotary
evaporator to give 1015 mg azobenzene (5.58 mmol, 68.5%). This was sublimed to give
989 mg azobenzene (5.38 mmol, 66%). The combined aqueous washings were made alka-
line with saturated KOH solution and were extracted with ether (3×100 mL). Workup gave
379 mg residue. This was dissolved in 8 mL CH2C12, and hexane was added slowly to
the solution to precipitate 210 mg 4,4′-diaminobiphenyl, mp 125–126◦C. After filtration,
the solution was evaporated to give 126 mg residue. This was chromatographed on silica
gel with cyclohexane/absolute EtOH (5:l) to give 11 mg unknowns (two or more), 47.6 mg
(0.26 mmol, 3.2%) 2,4′-diaminobiphenyl as an oil, and 77.6 mg 4,4′-diaminobiphenyl,
m.p. 125–126◦C. The two portions of 4,4′-diaminobiphenyl were combined and crys-
tallized from hot water to give 237 mg (1.29 mmol, 15.8%) 4,4′-diaminobiphenyl, m.p.
125–126◦C.

Total Conversion

The procedure was as described but with a smaller amount of hydrazobenzene. The
rearrangement mixture was kept in the refrigerator for 48 h and then made alkaline (the
yields are 90–98%). Treatment with air was omitted.

NH

HN
O

O

H+

O

O
NH2H2N

Reference 2e.

A solution of 1.0 g bis[4-(2-furyl)phenyl]diazane (3.16 mmol) in 50 mL ethanol was
cooled to 0◦C under nitrogen. To this solution was added a solution of 3 mL conc. hydrochlo-
ric acid in 10 mL ethanol. The reaction mixture was allowed to stand in a refrigerator for
24 h, during which time the hydrochloride salt of benzidine rearrangement product was
precipitated out from the solution and was almost free from impurities. The precipitate
was filtered and neutralized with 1 N sodium bicarbonate solution. Further purification was
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achieved by column chromatography using EtOAc/CH2Cl2 (1:1 v/v) as the eluting solvent
to afford 0.75 g pure rearrangement product, in a yield of 75%, m.p. 203–205◦C.

Other references related to the benzidine rearrangement and semidine rearrangement are
cited in the literature.15
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Benzilic Acid

Rearrangement
(Benzil-Benzilic Acid

Rearrangement)

A. GENERAL DESCRIPTION OF THE REACTION

This rearrangement was first reported by von Liebig in 1838.1 It is the conversion of
benzil (α-diketone) into the salt of α-hydroxy acid by means of base treatment and is gen-
erally known as the benzilic acid rearrangement2 or benzil-benzilic acid rearrangement.3 It
is one of the oldest and most widely studied carbon-carbon bond cleavage reactions4 and
is a specific hydroxide ion catalyzed rearrangement.2mm,2bbb,2ccc,5 This rearrangement is
normally carried out in the favored solvents of water and aqueous ethanol,3d and it can also
be performed in other aqueous organic solvents, such as in aqueous dioxane2mm,2bbb,2ccc,6

or even in solid state.2f,7 The rearrangement may take up to 4 days at room temperature
but completes within a few hours under refluxing.3d On the other hand, the counterion of
the base also affects the reaction rate of the rearrangement when the reaction is carried
out in aqueous organic solvents, whereas the metal cation effect is not important when the
reaction occurs in water. For example, when 2,2′-dichlorobenzil was treated with base in
50% aqueous dioxane at 60.5◦C, barium hydroxide caused the rearrangement to occur about
15 times faster than that with sodium hydroxide, whereas thallous hydroxide effected the
reaction about 5 times faster than that with barium hydroxide;6 in 67% aqueous dioxane
at 49.5◦C, only lithium hydroxide among the alkali hydroxides can increase the rate about
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3 times of other alkali hydroxides.2mm For the rearrangement of unsymmetrically substi-
tuted benzils, rings containing electron-withdrawing substituents migrated preferentially to
phenyl, while phenyl rearranges before the ring containing electron-donating substituents.8

It is generally assumed that this rearrangement occurs via the preliminary reversible
addition of hydroxide ion to benzil followed by an irreversible migration of a phenyl
group and subsequent proton exchange.2bbb The coordination of metal cation also helps
this rearrangement.2mm

B. GENERAL REACTION SCHEME

Ph
Ph

O

O

KOH
Ph OK

OH

Ph
O

C. PROPOSED MECHANISMS

A general mechanism is illustrated below for the reaction of simple benzil.

D. MODIFICATION

This reaction has recently been carried out under the irradiation of microwave which
completed within 1 min.3d

E. APPLICATIONS

This reaction has general application for preparing benzilic acids and their esters
which have important biological activities.9 The formed benzilic acid can be used as
reducing reagent to transform α,β-unsaturated ketones into saturated ketones.2b In addi-
tion, the benzilic acid rearrangement on cyclic α-diketones will lead to ring contracted
products.2j,2ii,2kk,2nn

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Ph
Ph

O

O
t-BuOH

Ph OBut

OH

Ph
O

KOBut

Reference 5.

A solution prepared from 2.5 g potassium in 100 mL tert-butyl alcohol (dried by distill-
ing from sodium) in a flask protected from moisture was heated. With frequent flushing by
nitrogen, 8.0 g benzil was added quickly with stirring. After being refluxed for 2 h, excess
alcohol was removed by distillation, leaving a solid residue that was hydrolyzed with sodium
bicarbonate solution and extracted with ether. Acidification of the aqueous layer gave 0.85 g
benzilic acid (9.79%), m.p. 149–150◦C after one recrystallization from water. The dried
ether solution was concentrated to a residue that was crystallized once from carbon tetra-
chloride to afford 8.26 g crude t-butyl benzilate, in a yield of 76%, m.p. 53–55◦C. Further
recrystallization from carbon tetrachloride gave pure material, m.p. 60.0–60.2◦C,which was
soluble in ether and ethanol and insoluble in water.

Ph
Ph

O

O

KOH
Ph OK

OH

Ph
O

Microwave

Reference 3d.

The mixture of 0.56 g KOH (10 mmol) and 0.1 mL water was allowed to stand for 2 min.
to dissolve the KOH, then 0.42 g powdered benzil (2 mmol) was added to the KOH solution,
and the mixture was well ground with a pestle to form a milky material. Then 5 mL Celite
was added, and the resulting mixture was ground again. The final mixture was irradiated
in a domestic microwave oven (70% power) for 15s once and then three times for 10s.
Diethyl ether (5 mL) was added to the mixture, which was stirred for a while and filtered.
The mixture was acidified to pH 1.5 with 25 mL 3 M HCl and then extracted with 100 mL
ethyl acetate. The organic phase was dried over MgSO4 and concentrated to give 0.393 g
benzilic acid as a white solid, in a yield of 86%, m.p. 146–148◦C.

Other references related to the benzilic acid rearrangement are cited in the literature.10
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Benzoin Condensation

A. GENERAL DESCRIPTION OF THE REACTION

Benzoin condensation,1 sometimes known as the benzoin reaction,2 is the condensation
between aromatic aldehydes to form α-hydroxyl ketones (i.e., benzoins) in the presence of
a catalyst. It should be pointed out that benzoin itself is not produced from benzaldehyde
by acid or base catalysis or under thermal or free-radical conditions; in fact, benzoin is
generated from benzaldehye in the presence of a catalyst.3 The first benzoin condensation
catalyzed by cyanide ion was reported by Stange in 1824,1oo,4 and has been extensively stud-
ied by others since.5 The interest in benzoin condensation is probably due to the fact that
benzoins can be converted into 1,2-diphenyl amino ketones or 1,2-diphenyl amino alco-
hols, which have shown some important biological functions, such as tumor-necrotizing
activities.6 Since 1943, It has been known that thiamin (vitamin B1) and related thia-
zolium salts can catalyze the benzoin condensation in the presence of a mild base.1w,1ii,1ss,7

Currently, other catalytic systems have been developed, including N, N ′-disubstituted
o-phenylenediamines,8 thiazolium cyclophane,1o and enzymes.9 The benzoin cndensa-
tion is normally carried out in aqueous solution, and the addition of salt (LiCl, KCl) can
increase the reaction rate;1u however, the condensation can also be performed in organic
solvent, such as anhydrous petroleum ether.5e In contrast to the salt effect in aqueous solu-
tion, the addition of salt (LiCl, LiClO4) into organic solvents (ethylene glycol, formamide,
and DMSO) results in the decreasing of reaction rate.1u However, a few aldehydes were
found not to form benzoin under the benzoin condensation condition; instead ethylenediol
and ethanediol were formed.10 This condensation when catalyzed by cyanide ion, is assumed
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to occur via the addition of cyanide to an aldehyde group, deprotonation to form carbanion,
and the addition of carbanion to a second aldehyde group to form benzoin.1ee,5c,5j,7e,11 The
mechanism is similar when catalyzed by thiazolium salt.1n,1r,1w,1x,1dd,1gg,1ii,1jj,1ll,1pp,1rr

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general mechanism in the presence of cyanide is displayed here.

D. MODIFICATION

The original benzoin condensation catalyzed by cyanide ion has been modified to use
thiamin and a related thiazolium salt,7 diamine,8 or enzyme9 as a catalyst. In addition, the
aldehyde group can be replaced by a bisulfite group1ddd or converted to silyl-ester12 to
undergo the benzoin condensation.1ddd

E. APPLICATIONS

This reaction is generally applied for preparing benzoins that can be oxidized to
benzil,1hhh or converted to other diphenyl α-amino ketones or alcohols.

F. RELATED REACTIONS

This reaction is related to the Acyloin Condensation.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 1ooo.

2-Chlorobenzaldehyde (113 �L, 1.0 mmol) was dissolved in 10 mL DMSO and 40 mL
KPi buffer (50 mM, pH 7.0, ThDP 0.5 mM, MgCl2 2.5 mM) to give a 20 mM solution.
After the addition of 102 �L benzaldehyde (1.0 mmol, 20 mM), 516 units BFD H281A
was added, and the reaction mixture was stirred at 30◦C for 26 h. The aqueous phase was
extracted with 20 mL dichloromethane, the organic phase was dried over Na2SO4, and
the solvent was removed under reduced pressure. The crude product (160 mg, 65%) was
purified by column chromatography (hexane/EtOAc = 9:1) on a deactivated silica gel to
yield 80 mg (R)-2′-chlorobenzoin as colorless needles, in a yield of 33%, e.e.: > 99%, m.p.
70◦C; [α]21

D = −338.0(0.1, CHCl3).

Reference 1ddd.

Terephthalaldehyde biscyanohydrin was prepared from 10.0 g sodium bisulfite adduct
(0.0292 mol) and the stoichiometric amount of potassium cyanide. This aqueous solution
(which contained the inorganic reaction by-products) was then added to 18.9 g stirred
benzaldehyde (0.178 mol) at 68◦C over a period of 10 min. Subsequently, the reaction
mixture was stirred at 68–70◦C for 2 h. After cooling, the semisolid mass was washed
with water and the excess benzaldehyde was removed under reduced pressure at 88–100◦C.
The bisbenzoin, C6H5CH(OH)C(O)C6H4C(O)CH(OH)C6H5, was isolated in 46% yield by
treatment of the semisolid mass with benzene followed by crystyallization from methanol,
m.p. 230–233◦C. The bisbenzoin can be oxidized to bisbenzil as well, as described next.
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The residue (14.8 g) was dissolved in 140 mL 80% acetic acid and heated with stirring at
101–105◦C together with 20.0 g ammonium nitrate (0.2498 mol) and 0.2 g cupric acetate.
On cooling, 6.39 g of yellow crystals appeared, in a yield of 64%, m.p. 116–119◦C. Crys-
tallization from ethanol gave 5.74 g pure 1,4-bis(phenylglyoxyloyl)benzene in a yield of
57%, m.p. 123.5–124.2◦C.

Other references related to the benzoin condensation are cited in the literature.13
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Bergius Process

A. GENERAL DESCRIPTION OF THE REACTION

This process, first invented by Bergius in 1913,1 is based on Bergius’s earlier research
under high pressure in Hanover in 1909, in which cellulose was initially converted into
a coal-like substance followed by the hydroliquefaction of the coal itself.2 The generally
known Bergius process3 is a simple process for converting brown coal completely into crude
oil in the presence of certain catalysts. In this process, the brown coal, also known as lignite,
is ground into a fine powder and placed into a high-pressure reactor where the coal powder
reacts with hydrogen gas at high temperature (425–480◦C) and high pressure (200–700 atm).
The initial catalyst for brown coal was molybdenum oxide in low concentration, along with
sulfuric acid to partially neutralize the calcium humates in the brown coal.2 Subsequently,
iron, molybdenum, and tin, were commonly used as liquefaction catalysts in large-scale
plants in Germany and England before World War II. Although iron remains the catalyst
metal of choice because of the cost and availability, the effectiveness of well-dispersed
molybdenum at low concentrations has led to much research on precursors based on that
metal and on possible recovery and recycling of the catalyst.4 Different from the regular
hydrogenation reaction (or process) with Platinum or Palladium as catalyst, sulfur added
to the reaction systems of the Bergius process is not only nonpoisonous to the catalyst, but
also beneficial for increasing the efficiency of the catalyst.5 After the development of the
catalysts, Bergius won a Nobel Prize in 1931 for his contribution to industrial science.6

This liquefaction of coal has also been carried out in supercritical fluids, such as in scH2O.
Under this condition, the liquid hydrocarbons were extracted from the coal into the scH2O,
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and the catalysts were recovered by precipitation induced by a pressure reduction. The
advantages associated with such modification include the prevention of caking formation
with coal, convenient separation of hydrocarbons from solvent, high efficiency by rendering
the coal residue more porosity, and optimization of the yield up to 50 wt %.7

B. GENERAL REACTION SCHEME

C   +    H2
∆, high pressure

Catalyst
CnH2n+2

C. PROPOSED MECHANISMS

The hydroliquefaction of coal in the Bergius process is not a simple reaction or process;
in fact, it involves a series of organometallic transformation, such as insertion, migration,
and reductive elimination. Therefore, only a small part of the reaction scheme is displayed
here to show a possible conversion.

D. MODIFICATION

This process has been modified using different metals as catalyst and has been carried
out in supercritical fluids, such as scH2O.6

E. APPLICATIONS

This process has been used to produce hydrocarbons in the range of gasoline, diesel, and
jet fuel from coal.

F. RELATED REACTIONS

The mechanism in Bergius process might be similar to the hydrogenation of alkenes
using the Adkins Catalyst.
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G. CITED EXPERIMENTAL EXAMPLES

C   +   H2
MoS

420°C, 1500 psi H2

CnH2n+2

Reference 8.

Experiments were run using 0.9%, 2.0%, 3.0%, and 5.0% sulfided molybdenum naph-
thenate (as the percent of molybdenum in the resid) to select a catalyst level. Standard
conditions of 30 min at 420◦C at a 3:1 tetralin/resid ratio, 3 wt % sulfided molybdenum
naphthenate catalyst, and 1500 psi of hydrogen pressure were selected for determination of
the relative reactivity to hydroconversion of the coal-derived vacuum resids. It was found
that both catalyst concentration and hydrogen pressure have strong effect on the conversion
of coal to hydrocarbon.

Other references related to the Bergius process are cited in the literature.9
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Bergman Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

The generally known Bergman cyclization1 (or cyclisation2), sometimes also referred
to as the Bergman cycloaromatization,3 Bergman reaction,4 and Masamune-Bergman
cyclization,5 is the formation of aromatic compounds from (Z)-enediynes via a 1,4-biradical
intermediate. Although this reaction can be traced back to 1940–1950s,6 it is Bergman who
first proposed and proved the existence of the 1,4-aryldiradical intermediate in the gas
phase for the thermal rearrangement of substituted 3-hexene-1,5-diynes in 1972.7 Unfor-
tunately, this reaction was largely ignored until the discovery of the enediyne class of
anticancer antibiotics in the 1980s, including calicheamicin,8esperamicin,9 dynemicin,10

and kedarcidin.11 These enediyne antibiotics are among the most potent antibiotic anti-
tumor agents ever investigated.12 Their reactivity is believed to be the action of the
enediyne moiety, which undergoes a Bergman cyclization to generate a reactive dirad-
ical that can abstract hydrogen atoms from the backbone of DNA, thus cleaving the
DNA.13 The Bergman cyclization is an endothermic reaction (8.5 ± 1.0 Kcal/mol),14

and the formed 1,4-biradical is believed to be a reactive σ,σ-biradical15 that abstracts
hydrogen from the proton donor (usually 1,4-cyclohexadiene) to give an aromatic com-
pound; this intermediate sometimes also abstracts a chlorine atom from CCl4 to form
substituted 1,4-dichlorobenzenes or reacts with dissolved oxygen to form quinone.16 The
significant electronic configurational mixing from a closed-shell structure to the open-
shell character of 1,4-biradical in this cyclization has led extensive mechanistic studies,
mainly through computation.1i,1p,1q,1w,1aa−1dd,1ff,1pp,1qq,1vv,1zz,4,17 The factors that affect
the Bergman cyclization include solvent,1ss molecular strain energy,1vv,19 the distance
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separating the acetylenic termini,12 and electronic effect.1gg,1uu,1xx,20 The Bergman cycliza-
tion can be carried out either thermally1kk,1nn,13a,17c,21 or photochemically,1b,1f,1u,1ff,21e,22

and the formed 1,4-biradical intermediate can either polymerize to give polymer23 or ini-
tiate a radical polymerization process.1r,24 When a carbon-carbon double bond (ethylene
moiety) is replaced by a heteroatom (nitrogen), the corresponding cyclization is called aza-
Bergman cyclization.17f,25 Currently, this cyclization has been used to prepare macrocyclic
compounds26 and, more importantly, in photodynamic therapy27 and biomedicine.28

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general mechanism is displayed below.

D. MODIFICATION

The original thermal cyclization has been modified to occur under photo
irradiation.1u,1ff,21e,22b−22e

E. APPLICATIONS

This reaction can be applied to radical polymerization,1r,23,24 the preparation of sub-
stituted quinones,16 1,4-dichlorobenzenes, macrocyclic compounds,26 and heteroaromatic
compounds (via aza-Bergman cyclization).1f,25 However, the most important application
of this reaction is in photodynamic therapy27 and biomedicine.28

F. RELATED REACTIONS

This reaction is related to the Myers-Saito Cyclization and Schmittel Cyclization.
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G. CITED EXPERIMENTAL EXAMPLES

N

Ph

TIPS

Ph

TBAF N

Ph

H

Ph

NC Ph

Ph

 – 78°C  –10°–45°C

Reference 29.

A solution of 68.0 mg 1,4-diphenyl-6-(triisopropylsilyl)-3-aza-3-ene-1,5-diyne
(0.176 mmol) in 6.0 mL dry THF was cooled to –78◦C and then a 1 M solution of TBAF
(0.194 mmol) was added slowly. After being stirred at –78◦C for 5–10 min the mixture was
poured into 10 mL ice water and extracted by CH2Cl2 (2 × 15 mL). The dry organic solution
was plugged through a small column before evaporation. The conversion of aza-enediyne
to (Z)-2,5-diphenyl-pent-2-en-4-ynenitrile was followed by 1H NMR and/or UV-vis spec-
troscopy. After the conversion was complete, the (Z)-2,5-diphenyl-pent-2-en-4-ynenitrile
was purified by flash chromatography on silica gel (0–10% CH2Cl2 in hexanes) to afford
36.0 mg product as a yellow solid, in a yield of 89%, m.p. 79.3–80.7◦C, Rf = 0.41 (50%
CH2Cl2 in hexanes).

O

O

N

N
Cu

O

O

N

N

O

O

N
N

+

1) λ > 395 nm

2) EDTA, DMF
    H2O

Reference 1u.

Under anaerobic condition, a Schlenk tube was charged with 20 mg [Cu(bpod)2]PF6
(0.03 mmol) dissolved in 20 mL dry, degassed (five freeze–pump–thaw cycles) CH3CN. To
this solution, either a 10-fold excess of degassed 1,4-cyclohexadiene or > 5000-fold excess
of 2-propanol was added as a hydrogen-atom donor. In both cases, the final concentration
of [Cu(bpod)2]PF6 in solution was 1 mM. These solutions were photolyzed with light of
λ ≥ 395 nm within a temperature-controlled bath (0–3◦C) for 4 h (2-propanol) to 12 h
(1,4-cyclohexadiene), depending on the concentration of the hydrogen-atom donor. Upon
photolysis, the solutions change to a brown color, and a precipitate began to form within
1 h. To isolate the photoproduct, larger-scale photolysis was performed (∼275 mg) using
the same ratios of hydrogen-atom donor. Upon completion of the photolysis, the solutions
were concentrated, stirred with a 1:3 mixture of degassed ether/CH3CN to precipitate the
product, and filtered anaerobically. The solid was subsequently washed with ether and
dried in vacuo to yield ∼135 mg (47%) of solid metal-containing photoproduct. The solid
inorganic photoproduct (∼90 mg) was dissolved in 25 mL DMF. A 10-fold excess of aqueous
Na2EDTA solution was added to sequester the metal, and the mixture was allowed to be
stirred gently at 0◦C for 12 h. The precipitate was filtered and the uncomplexed organic
material was extracted with dichloromethane. The organic layer was then washed with
water, using a separatory funnel, and dried over anhydrous Na2SO4. The resulting brown
oil was purified by flash chromatography (20% MeOH/CH2Cl2, Rf = 0.47) and had a
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yield of 87% (based on 2 mol of ligand per mole of reacted complex) of the dark yellow
Bergman-cyclized ligand.

Other references related to the Bergman cyclization are cited in the literature.30
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Bergmann Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bergmann in 1934.1It is a method of elucidating
peptide sequences via carboxyl terminal (or C-terminal) peptide degradation,2 involving the
Curtis rearrangement of N-benzoylamino acids or N-benzoylpeptide hydrazides. The ther-
mal rearrangement of the corresponding azides in the presence of benzyl alcohol yields
the appropriate benzylurethanes. The removal of the N-benzyloxycarbonyl group is accom-
plished by catalytic hydrogenation in the presence of hydrochloric acid followed by boiling
in water. This method removes the C-terminal amino acid residue as the next lower alde-
hyde in the homologous series and leaves the rest of the peptide in the form of its amide.3

The acyl azide of C-terminal amino acid residue can be prepared in many ways, including
the nitrosylation of N-formylaminoacyl hydrazide followed by nucleophilic displacement
with sodium azide,4 reaction with diphenylphosphoryl azide,5 reaction between the mixed
anhydride of amino acid and the TMS azide,6 and other methods.7

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed is the reaction mechanism, including the benzoylation, hydrogenation, and
formation of aldehyde.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in protein and peptide sequencing. In addition, this
method has been used to cleave the penicillin nucleus.8

F. RELATED REACTIONS

This reaction is related to Curtius Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 8.
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To a stirred solution of 3.68 mL 1 N HCl in 300 mL 50% aqueous tetrahydrofuran at
room temperature was added dropwise over 3.25 h a solution of 1.26 g 2,2-dimethyl-6-
phthalimido-3-penamyl isocyanate (3.68 mmol) in 200 mL THF. The reaction mixture
was stirred for an additional 0.5 h after the addition of the isocyanate was complete.
The reaction mixture was then extracted with CH2Cl2 (3 × 200 mL), and the combined
methylene chloride extracts were washed with two 150-mL portions of water, dried over
anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure to an oil.
From this oil was obtained 0.02 g N,N ′-bis(2,2-dimethyl-6-phthalimido-3-penamyI)urea
mixture by fractional crystallization from an ethanol-petroleum ether (b.p. 30–60◦C), which
after recrystallization from acetone-petroleum ether, was purifed as a hygroscopic crys-
talline solid, m.p. 184–185.5◦C. The filtrate after removal of the urea was concentrated to a
viscous oil, which on crystallization from benzene-ligroin (b.p. 90–100◦C) yielded in four
crops of 1.0 g 3-phthalimido-4-(1′-formyl-1′-methylethylthio)-2-aze-tidinone, in a yield
of 76%, m.p. 101–105◦C. Two recrystallizations from benzene-ligroin gave an analytical
sample, m.p. 110–119◦C.

Other references related to the Bergmann degradation are cited in the literature.9
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Bergmann-Stern Azlactone

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bergmann and Stern and others in 1926.1 It is the syn-
thesis of peptides by aminolysis of azlactones from α-amino acids or corresponding esters
and is generally known as the Bergmann-Stern azlactone synthesis.2 This reaction involves
the conversion of an acetylated amino acid and an aldehyde into an azlactone (also known as
5-oxazolone3) with an alkylidene side chain, the reaction of azlactone with the second amino
acid to form an acylated unsaturated dipeptide along with the opening of the azlactone ring,
the catalytic hydrogenation of the resulting N-acyl enamine, and final hydrolysis to give
dipeptide. In fact, the first unsaturated azlactone was prepared by Plöchl, who condensed
benzaldehyde with hippuric acid.4 It was Erlenmeyer who coined the word of azlactone to
describe the formed oxazolone and who initially showed the usefulness of these compounds
in formation of α-keto acids and α-amino acids.5 In comparison, the first saturated azlactone
was reported by Mohr and Geis in 1908 by heating N-benzoyl-α-aminoisobutyric acid with
acetic anhydride.6 In most cases, the azlactone is racemic even though the starting material
is optically active,7and the partly optically active azlactone racemizes more rapidly than it
reacts with p-nitrophenol.8 It was Bergmann who realized the racemization of N-acyl or
benzoyl derivatives of α-amino acids in the presence of acetic anhydride, even in a catalytic
amount, and who developed the method of synthesizing peptide.9 This method has been
greatly improved, and its scope has been extended by gently heating α-amino acid with
trifluoroacetic anhydride to form 4-substituted-2-(trifluoromethyl)-6-oxazolone.10 Overall,
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this reaction can be used to synthesize peptides containing tyrosine, arginine, histidine,
glutamic acid, and other amino acids.11 In addition, the formed azlactones can be converted
into α-keto acids and α-amino acids.5

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS
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D. MODIFICATION

This reaction has been modified to heat amino acid with trifluoroacetic anhydride to
form 4-substituted-2-(trifluoromethyl)-6-oxazolone,10 which can react with the succeeding
amino acid to form peptide. The azlactone with a saturated side chain can be prepared from
α-keto acid and subjected to the peptide synthesis.12

E. APPLICATIONS

This reaction has general application in the preparation of peptide. The azlactone itself
can be converted into α-keto acid or α-amino acid.5

F. RELATED REACTIONS

This reaction is related to the Erlenmeyer-Plöchl Azlactone Synthesis.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 13.

To a solution of 1.0 g azlactone (3.0 mmol) in 20 mL dry chloroform was added to a 5 mL
CHCl3 solution containing 0.64 g phenylalanine methyl ester hydrochloride (3.0 mmol)
and 0.30 g NEt3 (3.0 mmol). The reaction mixture was allowed to reflux for 8 h; then
the solvent was removed under reduced pressure. The residue was washed with water and
recrystallized from methanol-water and chloroform-petroleum ether to give methyl ester
of Ac-(dehydro-Phe)2-L-Phe, m.p. 188–189◦C. (Note: No yield was given in the original
reference.)

Reference 12.

A suspension of 3 g α-acetamino-α-hydroxyglutaric lactone in 60 mL acetic anhydride
was heated on a boiling water-bath until all the material dissolved; 10–15 min was required,
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during which time the solution became orange-yellow. After removal of the excess acetic
anhydride in vacuo, the crude azlactone, a yellow viscous oil, was suspended in 30 mL
acetone and treated immediately with a solution of 1.12 g glycine in 15 mL normal sodium
hydroxide (1 N). The mixture, containing a trace of undissolved material, was shaken for
30 min, neutralized with 15 mL normal sulfuric acid (1 N), evaporated to dryness in vacuo,
and extracted thoroughly with cold 95% alcohol. The alcoholic solution was evaporated to
dryness; the residue was taken up in a small amount of water and decolorized with charcoal.
The aqueous solution was then evaporated to dryness, and the residue was washed with cold
alcohol. The 1.3 g of insoluble portion was recrystallized by suspension in hot alcohol with
dropwise additions of water until solution took place. On cooling, 0.7 g of the lactone of
α-acetamino-α-hydroxyglutarylglycine was separated from the solution.

Other references related to the Bergmann-Stern azlactone synthesis are cited in the
literature.14
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Bergmann-Zervas Peptide

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bergmann and Zervas in 1932.1 It is a synthesis of
peptide involving the process of conversion of the amino acid into its N-carbobenzoxy
derivative, activation of the carboxyl group, formation of peptide with the second amino
acid, and deprotection via hydrogenolysis.2 However, the original procedure did not lend
itself to the preparation of cysteine or cystine peptides, as the catalyst (Pd, Pt) was not active
enough in the presence of a sulfur-containing molecule. Therefore, the reductive removal
of the carbobenzoxy group was modified by treatment of the resulting peptide with metallic
sodium in liquid ammonia.3 Moreover, other deprotection methods have been developed,
such as the acidic hydrolysis using phosphonium iodide,4 and hydrogen iodide in acetic
acid.4 In addition, the carbobenzoxy group can also be cleaved using hydrogen bromide2,5

or hydrogen chloride.6 This method has become a standard method for protecting amino
groups in peptide synthesis.7

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

The removal of the carbobenzoxy group has been modified by reductive cleavage using
sodium in liquid ammonia3 or nonhydrolytic cleavage using acidic hydrolysis (HI, HBr or
HCl).2,4−6

E. APPLICATIONS

This method has been extensively applied for peptide synthesis.7

F. RELATED REACTIONS

This reaction is related to the Fischer Peptide Synthesis.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 7r.

dl-Valine (11.7 g, 0.10 mol) was dissolved in 25 mL 4 N sodium hydroxide. With cool-
ing in an ice-bath, there were added simultaneously with stirring, over a period of 45 min,
25 mL 4 N sodium hydroxide and 23 mL carbobenzoxy chloride solution (from 200 g of
20% phosgene in toluene and 38 mL benzyl alcohol, allowed to react and then concentrate
under reduced pressure to 80 g). The solution was acidified with hydrochloric acid, which
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deposited an oil. The mass was crystallized by dissolving in dilute sodium hydroxide,
reprecipitating with hydrochloric acid, and permitting it to stand overnight in the refrigerator
to yield 21.0 g carbobenzoxy-dl-valine, in a yield of 84%, m.p. 75–77◦C (uncor.). In later
preparations, ether or ethyl acetate was used to extract the initial oil obtained upon acidifi-
cation; the extracts were dried, and the solvent was removed by evaporation. The residue
was crystallized by dissolving in benzene, precipitating with hexane, and seeding with
material from the first preparation to yield 20.5 g carbobenzoxy-dl-valine, in a yield of 82%.
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Reference 2.

Carbobenzoxyglycylglycine benzyl ester (5 g) was suspended in 25 mL glacial acetic
acid, and a stream of dry hydrogen bromide was bubbled through the hot solution (60◦C) for
1 h. During the reaction, the starting material dissolved, and after 15 minutes the dipeptide
hydrobromide began to separate. Dry ether (100 mL) was then added, and the reaction flask
was kept in the refrigerator for 4 h. The supernatant liquid was decanted, and the solid
was washed with small portions of ether and dried in vacuo. To obtain the free peptide, the
hydrobromide was dissolved in a minimum amount of water, excess pyridine was added,
and the peptide was precipitated with absolute alcohol. It was filtered, washed with absolute
alcohol and dry ether, and dried in vacuo over sulfuric acid for 48 h to afford glycylglycine,
in a yield of 83%, m.p. 222◦C (dec.).

Other references related to the Bergmann-Zervas peptide synthesis are cited in the
literature.8
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Bernthsen Reaction

(Bernthsen Acridine Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bernthsen in 1878.1 It is one of the earliest methods for
the synthesis of acridine by heating diphenylamine hydrochloride with benzonitrile. There-
fore, this reaction is generally known as the Bernthsen reaction.2 In the modified method,
the mixture of diphenylamine, an aromatic or aliphatic carboxylic acid, and zinc chloride
is heated at 200–270◦C for 20 h.3,4 Heating zinc chloride with N-acyldiphenylamine5 or a
mixture of diphenylamine and acyl chloride also affords acridines.6

B. GENERAL REACTION SCHEME

H
N

R OH

O
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N

R

 + +   H2O

C. PROPOSED MECHANISMS

A tentative mechanism is proposed for this reaction, as shown here.
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D. MODIFICATION

This reaction has been modified to form the intermediate of 2-acyltriphenylamine from
triphenylamine.2d

E. APPLICATIONS

This reaction has generally been used to prepare substituted acridines, which can be
converted into quinolines.7

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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N

(CH2)4CO2Et

N

(CH2)4CO2H

Reference 6.

A mixture of equimolecular amounts of ethyl adipyl chloride and diphenylamine was
heated with a small amount of anhydrous zinc chloride at temperatures ranging between
180◦C and 220◦C for 30 h. The dark brown liquid mixture was saponified by boiling with
8% ethanolic sodium hydroxide solution for 3 h. The solid sodium salt was dissolved in
water, and unreacted diphenylamine was removed by ether extraction. The alkaline solution
was acidified, extracted again to remove adipic acid, and then carefully neutralized to phe-
nolphthalein. A brownish solid [6-(9-acridyl)valeric acid] precipitated, which was filtered
and recrystallized from boiling pyridine. The yield was 12%. The compound dissolved
to give a yellow solution in alkali and showed a green fluorescence in acids. It melted at
265–269◦C (dec.) after some sintering.

H
N

Ph OH

O
PPA

∆

N

Ph

 +

Reference 2d.

A mixture of 0.06 mol diphenylamine, 0.03 mol benzoic acid, and 230–250 g polyphos-
phoric acid was heated with stirring at 195–205◦C for 15 min. The reaction mixture was
then poured onto ice and filtered or decanted. Examination of the infrared spectra of the
gummy solid indicated that it contained mainly diphenylamine, a small amount of ketonic
product, and possibly some 9-substituted acridine. Treatment of the solution with 25%
sodium hydroxide solution caused the precipitation of a solid (while the solution was still
acidic), which was apparently the phosphate salt of the 9-phenyl acridine. This product was
washed with water and alcohol to give analytically pure material after drying in vacuo. The
yield was 18%, m.p. 184–185◦C.

Other references related to the Bernthsen reaction are cited in the literature.8
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Berti Olefination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Berti in 1954.1 It is a reaction for preparing olefin via
the pyrolysis of methyl sulfites of aliphatic or alicyclic alcohols. This reaction is similar to the
Chugaev Reaction (the pyrolysis of xanthates of alcohols) but occurs via a trans pyrolytic
elimination mechanism.2 Different from the pyrolysis of other esters of alcohol (via the
quasi six-membered ring transition sate2), the Berti olefination is evidenced to undergo
a nonconcerted mechanism with the heterolysis of the carbon-oxygen bond, yielding ion
pairs followed by direct proton loss or a 1,2-hydride shift and subsequent proton loss from
the cationic species.1,3,4 Important examples are the pyrolysis of cis-2-phenylcyclohexyl
methyl sulfite to 1-phenylcyclohexene (78%) in preference to 3-phenylcyclohexene (22%)1c

and the pyrolysis of 1,2-cis-cyclohexyl diol sulfite to cyclohexanone; the pyrolysis of 1,2-
trans-cyclohexyl diol sulfite gives cyclopentaldehyde.1b

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

This reaction is evidenced to undergo a heterolytic cleavage of C O bond to form
olefins.1,3,4

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general applications for the preparation of olefins.

F. RELATED REACTIONS

This reaction is related to the Chugaev Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 1c.

Methyl chlorosulfinate was prepared by the method of Carre and Libermann.5 A
500-mL three-necked, round-bottomed flask, fitted with a mechanical stirrer, calcium chlo-
ride tube, and dropping funnel was used. To 260 g thionyl chloride, 64 g anhydrous methanol
was added dropwise with stirring over 43 min. The reaction mixture was left 48 h at room
temperature to allow for the reaction to complete. Then it was distilled under reduced
pressure through a 50-cm Vigreux column; the fraction boiling between 35◦ and 36◦C
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(65 mmHg) was collected to give 199 g methyl chlorosulfinate, in a yield of 88%. The
product can be stored for some time in the refrigerator, but it slowly undergoes decompo-
sition.

General Procedure for Preparation of Methyl Alkyl Sufites

Equimolar amounts of the alcohol and methyl chlorosulfinate were used. A slight excess
(1.1–1.2 mol) of pyridine was employed. Dry ether was commonly used as the solvent,
but dioxane and benzene gave equally good results. A solution of the alcohol and the
pyridine was placed in a three-necked flask provided with a mercury-sealed stirrer and
dropping funnel. Calcium chloride tubes surmounted the third neck and the top of the
funnel. A solution of the chlorosulfinate was added slowly with stirring, controlling the
temperature below 10◦C. After the addition of the chlorosulfinate was completed, the stirring
was continued for 30 min, then the precipitated pyridine hydrochloride was filtered off and
the filtrate was washed with 0.1 N HC1, 5% sodium bicarbonate, and water. After drying
over magnesium sulfate, the solvent was eliminated in vucuo.The residue may be purified by
vacuum distillation or recrystallization. It also can be pyrolyzed without further purification.

Pyrolysis of Methyl α-Methyl-Phenethyl Sulfite

Method A The decomposition of this sulfite was found to start at 245◦C. Methyl
α-methylphenethyl sulfite (8 g) was heated at 285◦C for 75 min. At the end of this time,
97% of the theoretical amount of sulfur dioxide had been absorbed in the sodium hydroxide
solution. The distillate weighed 5 g, and 0.5 g tarry residue remained in the pyrolysis flask.
The distillate was redistilled, and 4.15 g of the fraction boiling between 93◦ and 111◦C
(97 mmHg) was collected. This fraction was found to contain 2% dimethyl sulfite, 1%
α-methylphenethyl alcohol, 53% propenylbenzene, and 43% allyl benzene.

Method B Through the column heated at 340–350◦C, 21 g methyl α-methylphenethyl
sulfite was dropped in about 1 h. After all the liquid had been passed through, the system
was swept with nitrogen for 15 min, then the column was taken off and the receiver was
stoppered and heated on a steam bath under a pressure of 5 mmHg to bring all volatile
products into the dry ice trap. A residue of 4 g unchanged sulfite was left in the flask. The
liquid that had collected in the dry ice trap was dissolved in ether and washed with water
to eliminate sulfur dioxide and methanol. After the elimination of the ether, 9 g of liquid
remained (96% based on unrecovered sulfite). The refractive index did not change after
distillation from sodium.

SO2CH2Ph

OSO2Me

SCH2Ph
OSO2Me ∆

SO2CH2Ph

SO2CH2Ph SO2CH2Ph

SO2CH2Ph

Oxidation

Oxidation

60.8% 15.2%

+

+

34.4% 51.6%

∆

Reference 2.
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Pyrolysis of Methyl cis- and trans-2-p -Tolylthiocyclohexyl Sulfites.

These were pyrolyzed directly in a 25-mL distillation flask fitted with a 3-in. Vigreux
head. The sulfite was heated to 200◦C under nitrogen at atmospheric pressure for ∼30 min.
Vacuum (1 mmHg) was then applied, and the decomposition products were distilled slowly
from the reaction mixture. The olefins were condensed in the air-cooled receiver, and the
methanol and sulfur dioxide were allowed to pass into the dry ice trap. The yield of olefin
was 86% from the cis isomer and 76% from the trans isomer.Analysis for the percentage of
l-substituted and 3-substituted cyclohexene was made by oxidation to the sulfones, and the
position of the absorption maximum in the ultraviolet spectra was determined. The oxidized
product from the cis isomer had an absorption maximum at 229 mµ, corresponding to
that of a mixture of 40% 1-p-tolylsulfonyl-1-cyclohexene and 60% 3-p-tolylsulfonyl-1-
cyclohexene. The oxidized product from the trans isomer had its absorption maximum at
232 mµ, corresponding to 80% of the 1-substituted isomer.

Other references of the pyrolysis of esters (except for the Chugaev Reaction) to afford
olefins are cited in literature.6
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Bertram-Walbaum Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bertram and Walbaum in 1894.1 It is a conversion
of camphene into isoborneol by the treatment of camphene with 50% sulfuric acid1 in
acetic acid followed by saponification. Therefore, this reaction is generally known as the
Bertram-Walbaum reaction2 or Bertram-Walbaum method.3 As a typical example, 20 g
of camphene in 50 mL acetic acid was treated with 0.8 mL H2SO4 in 1.2 mL water at
50◦–60◦C for 3 h, then saponified and steam distilled to give 13.7 g crude isoborneol.3 In
addition, 98–100% formic acid4 (with BF3·Et2O5) is often applied as the reaction media for
the Bertram-Walbaum reaction, instead of the combination of acetic acid and sulfuric acid;
however, it is found that the application of acetic acid gives exo-norborneol in preference.6

In this reaction, due to the nature of substituents, higher molecular weight by-products (e.g.,
dimers of olefins) might form in different amounts.2b For comparison, treatment of olefin in
acetic acid containing 0.15 M acetamide and 0.1 M p-toluenesulfonic acid only allows the
addition of acetic acid to olefins without any skeletal rearrangement.7 It should be pointed
out that the reversal reaction (i.e., from alcohol to olefin) under same conditions is also
referred to as the Bertram-Walbaum reaction.2a
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B. GENERAL REACTION SCHEME

HO

a) 50% H2SO4/AcOH

b) Saponification

C. PROPOSED MECHANISMS

It is assumed that this reaction involves the protonation of exo double bond of camphene
to generate a tertiary carbocation, followed by the carbon skeleton rearrangement to give a
transient secondary carbocation, which is immediately trapped by acetic acid. Upon saponi-
fication via SN2, the endo acetate is converted into exo alcohol as outlined in the mechanism
shown here.

D. MODIFICATION

This reaction has been modified to undergo in concentrated formic acid.4,5

E. APPLICATIONS

This reaction has certain applications in terpene chemistry.

F. RELATED REACTIONS

This reaction is related to the Wagner-Meerwein Rearrangement, Demjanov Rearrange-
ment, Tiffeneau-Demjanov Ring Expansion and Retropinacol Rearrangement involving
carbocation intermediates.
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G. CITED EXPERIMENTAL EXAMPLES

Ph

Ph

OH
AcOH Ph Ph

50% H2SO4 61.8%

Reference 2b.

To a solution of 1.65 g 1,2-diphenyl-2-endo-norbornanol (6.25 mmol) in 30 mL acetic
acid was added 1 mL 50% H2SO4; the resulting solution was stirred on a steam bath regu-
lated at 70 ± 2◦C for 2 h. When the solution was poured into water, a white solid formed
immediately, which was filtered with suction, washed with water and dried to give 0.95 g
1,2-diphenyl-norbornene, in a yield of 61.8 %, m.p. 95.4–98.0◦C (after four recrystalliza-
tions from ethanol).

OHa) 50% H2SO4/AcOH

b) LiAlH4/Et2O

Reference 6.

To 25 mL glacial acetic acid was added 4.9 g norbornene and ∼0.5 mL 50% H2SO4. The
solution was refluxed for 1 h, which quickly turned dark gray. The reaction mixture was
poured into 400 mL water and extracted twice with ether. The combined organic phase was
left overnight over solid Na2CO3, and the ether solution was washed twice with aqueous
Na2CO3 and then dried over MgSO4. Charcoal was added, and the solution was filtered
then refluxed overnight in ether with excess LiAlH4 to afford the exo-norborneol.

Other references related to the Bertram-Walbaum reaction are cited in the literature.8
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Betti Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Betti in 1900.1 It is a special case of the Mannich Reac-
tion involving the components of an ammonia, a 2-naphthol, and at least one benzaldehyde
to give either a phenyl β-naphtholaminomethane or a m-naphthoxazine derivative. The latter
upon acidic hydrolysis (e.g., HCl) decomposes to the hydrochloride salt of former molecule
along with a benzaldehyde.1,2 Thus this reaction is known as Betti’s condensation3 or the
Betti reaction;4 likewise, the corresponding β-naphtholmethylamines are generally referred
to as Betti’s amines5 or Betti bases.6

In this reaction, the course of condensation and the type of products formed depend
on several factors, such as the nature of hydroxyaromatic compounds, amines, aldehydes,
and the actual ratio of the components in the reaction system.7 For examples, besides the
initial ammonia, this reaction has been extended successfully to both primary amines5

and secondary amines;3and among the secondary amines, the reaction particularly works
for dimethylamine, diethylamine, and piperidine.3 In addition, when one of the secondary
amines exists in large excess or when dimethylamine or ammonia is removed from the
reaction system via vaporization, good yields of pure products are often achievable.6c

Besides the commonly used β-naphthol, many other hydroxyaromatic compounds are
suitable for this reaction as well, such as phenols, and quinolinols.3,4a It is found that
among kojic acid, 8-quinolinol, and 8-hydroxquinaldine, kojic acid is the most reactive
compound for the Betti reaction, which reacts with benzylideneaniline in less than 1 day
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at room temperature; 8-quinolinol needs weeks and 8-hydroxquinaldine takes months
for the corresponding reactions.4a On the other hand, when a stoichiometric amount
of naphthol, amine, and 2 equivalents of aldehyde are used, the resulting Betti base
can further react with additional aromatic aldehyde to afford the corresponding Schiff
base, whereas naphthoxazine is yielded in the case of aliphatic aldehyde.7 In addition,
even in the case of benzaldehydes, it is found that the stability of Betti bases from
monochlorobenzaldehydes is smaller than simple benzaldehyde, and that the stability
of Betti bases from those monochlorobenzaldehydes decrease in the order of m-Cl >

o-Cl > p-Cl.5 When nitrobenzaldehyde is applied, more than 90% of nitrohydrobenza-
mide can be obtained from β-naphthol and alcoholic ammonia.5 Moreoever, it is reported
that reaction in benzene is advantageous over that in alcohol solvent.7 All the generated
Betti bases can decompose to give β-naphthol and benzaldehyde, especially in alkaline
solution.5

The importance of this reaction relies on the fact that the Betti bases can function as
both excellent ligands and auxiliaries in asymmetric synthesis.8 The racemic Betti amines
can be separated into their optical antipodes.5 In this respect, among the Betti bases from
monochlorobenzaldehydes, only the dextro form of the ortho and meta chloro compounds
could be resolved with satisfaction, while the levo antipodes are extremely difficult to obtain
due to their higher solubilities.5

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is agreed that Betti reaction involves the initial reaction between aldehyde and amine,
followed by the second condensation of naphthol (or phenol or other active methylenes),3

as shown by the reaction among β-naphthol, benzaldehyde, and methylamine.
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D. MODIFICATION

On the basis of Betti’s initial work, the Betti reaction has been extended to both pri-
mary amines5 and secondary amines.3 The resulting Betti amines have been applied as
ligands or chiral auxiliaries in asymmetric synthesis.8 In addition, the Betti reaction has
also been extended to the reaction among aldehydes, secondary amines, and compounds
of active methylene moiety, such as dibenzyl ketones which can tautomerize to enols and
mimic naphthol.9 Moreover, the reaction of aromatic aldoximes and β-keto esters to afford
isoxazolones should also be considered as an extension of the Betti reaction.10

E. APPLICATIONS

This reaction should have wide applications for affording chiral ligands and auxiliaries
for asymmetric synthesis.

F. RELATED REACTIONS

This reaction is closely related to the Mannich Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

O

HO

OH

H

O NH2

O

O

HO
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95% EtOH

7 days

84%

Reference 4a.
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To the solution of 5.31 g benzaldehyde (0.05 mol) and 4.66 g aniline (0.05 mol) in
50–100 mL 95% ethanol was added 7.11 g kojic acid. The mixture was stoppered and
allowed to stand for 1 week, while the kojic acid derivatives precipitated within 1 day.
The solid was filtered and washed, then purified by recrystallization from ethanol to afford
13.58 g of the Betti amine, in a yield of 84%, m.p. 176◦C.

OH

OH

NPh Ph

OH

NH2 · HClPh

OH

NH2Ph

NH3, EtOH
84–91%

20% HCl

∆
84–91 %

5% KOH

71–75%

2 PhCHO

Reference 11.

To a cold solution of 144 g β-naphthol (1.0 mol) in 200 mL 95% ethanol in a 1-L round-
bottomed flask were added first 212 g freshly distilled acid-free benzaldehyde (2.0 mol) and
then ∼200 mL 95% ethanol saturated with NH3 at room temperature. The solution became
red and warmed up spontaneously. The flask was stoppered and allowed to stand for 2 h.
Then the stopper was removed, and the excess NH3 was allowed to escape. After 12 h,
the condensation product, which had separated as white needles, was filtered with suction
and washed with 50 mL ethanol. The mother liquors on standing for 3 days deposited an
additional quantity of the condensation product. The yield was 284–306 g (84–91% of the
theoretical amount), m.p. 148 –150◦C.

The condensation product thus obtained was introduced into a 5-L round-bottomed
flask arranged for steam distillation, and treated with three to four times its volume of
20% HCl. The mixture was steam distilled to remove all the benzaldehyde formed by
the hydrolysis (∼2 h). Meanwhile, an abundant flocculent precipitate of light pink or
white needles separated. The mixture in the flask was cooled thoroughly and filtered with
suction. The yield was 240–260 g (84–91% of the theoretical amount), m.p. 190–220◦C
(dec.).

To obtain the amine, 200 g finely divided hydrochloride salt was placed in a 1500-mL
beaker and stirred into a smooth paste with 300 mL water. To this was added 50 g crushed
ice, and the mixture was cooled in an ice bath. Then 750–800 mL 5% KOH solution was
added slowly under stirring until a nearly clear solution resulted. The cold solution was
transferred to a separatory funnel and extracted eight to ten times with 300-mL portions of
ether. The combined ether extract was dried overnight with 50 g anhydrous Na2SO4, filtered,
and concentrated to ∼300 mL. When the solution was cooled in an ice bath, the amine
crystallized and was filtered with suction. The first crop of crystals weighed 112–115 g.
Further concentration of the mother liquors to ∼100 mL and cooling yield an additional
14–18 g of the product. The total yield was 127–131 g (73–75% of the theoretical amount),
m.p. 124–125◦C.

Other references related to the Betti reaction are cited in the literature. 12
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A. GENERAL DESCRIPTION OF THE REACTION

Although in most cases the Biginelli reaction is cited from 1893,1 the initial reaction
was actually reported by Biginelli in 1891.2 The Biginelli reaction is an one-pot, three-
component condensation of β-dicarbonyl compounds (e.g., β-keto esters) with aldehydes
and urea (or thiourea) in the presence of a catalytic amount of acid to form dihydropy-
rimidine derivatives with normal yields of 20–50%.3 Therefore, besides the general name
of Biginelli reaction,4 this reaction is also referred to as the Biginelli condensation,5 Big-
inelli cyclocondensation,6 Biginelli multicomponent condensation,7 Biginelli synthesis,8

and Biginelli dihydropyrimidine synthesis.5l,9 In addition, dihydropyrimidine itself is called
the Biginelli compound.5l,10 This reaction has attracted extensive attention recently, though
it was ignored for a quite long time. This is because dihydropyrimidine derivatives have
shown important biological activities,11 and the reaction itself involves three components
at the same time, which is a perfect example of a multicomponent reaction (MCR), used
in the combinational synthesis.7,12 In terms of its versatility and importance, the Biginelli
reaction has been extensively modified to give high yields of product. So far, different
Lewis acids—including BF3,13 BiCl3,14 CeCl3,15 FeCl3,16 InCl3,15,17 LaCl3,18 LiClO4,19

Mn(OAc)3,20 and Yb(OTf)3,21— and protic acids — such as HCl,9c,16 H2SO4,5l and acetic
acid22 have been applied as catalysts. The solvents often used are CH3CN,23 CH2Cl2,23

THF,23 and dioxane9e etc. Other modifications include the application of microwaves,24

running a catalyst-free23 or solvent-free3,25 reaction, and carrying out the reaction in a
polyphosphate ester26 or fluorous phase.7 The Biginelli reaction can be enantioselective
when catalyzed by InCl3 or CeCl3 in the presence of chiral ligands.15
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It has been documented that the Biginelli reaction involves an aldehyde-urea conden-
sation to form N-acyliminium ion as the key intermediate, followed by the addition of a
π-nucleophile to the electron-deficient N-acyliminium ion and finally a ring closure,9c,27

as illustrated below.

D. MODIFICATION

The original Biginelli procedure has been modified extensively to increase the overall
yields, including the addition of Lewis acid catalyst,13−21 application of polyphosphate
ester26 or fluorous solvent,7 and introduction of microwaves24 and even solvent-free3,25 or
catalyst-free23 reaction conditions.

E. APPLICATIONS

This reaction has been successfully applied to the synthesis of complicated pentacyclic
alkaloid ptilomycalin A,5n,28 and other alkaloids, including crambine,29 crambescidin,30

and batzelladine.5i,31

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES
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Reference 21.

A screw-capped vial, containing a magnetic bar, was charged with 2.0 mmol Garner
aldehyde, 255 �L ethyl acetoacetetate (2.0 mmol), 360.0 mg urea (6.0 mmol), 620 mg
Yb(OTf)3 (1.0 mmol), 200 mg powdered 4 Å molecular sieves, and 5 mL anhydrous THF.
The mixture was stirred at 70◦C for 14 h then cooled to room temperature, diluted with
100 mL EtOAc, filtered through a pad of Celite, and washed with H2O (2 × 10 mL). The
organic phase was dried over Na2SO4, concentrated, and eluted from a column of silica gel
with cyclohexane-EtOAc (1:2, containing 0.3% Et3N), to afford 460 mg diastereoisomers
of (4R,4′S)- and (4S,4′S)-4-(3′-tert-butoxycarbonyl-2′,2′-dimethyl-oxazolidin-4′-yl)-6-
methyl-2-oxo-1,2,3,4-tetra-hydropyrimidine-5-carboxylic acid ethyl esters (5:1 ratio), in
a yield of 60%.

Reference 7.

A solution of 18 mg urea (9.6 µmol) in 0.75 mL THF/BTF (2:1) was treated at 25◦C
with 10 eq. ethyl acetoacetate, 10 eq. of benzaldehyde, and 1 µL HCl. After 3 days at 50◦C,
volatiles were removed in vacuo, and FC-84 and toluene (10 mL each) were added. The
toluene phase was extracted with FC-84 (5 × 5 mL). The combined fluorous phases were
filtered and concentrated. The resulting white solid was diluted with 0.5 mL THF/BTF
(1:1) and treated dropwise with a 1 M tributylammonium fluoride (TBAF) solution in
10 �L THF (10 �mol). After the mixture was stirred for 0.5 h at 25◦C, volatiles were
removed in vacuo and FC-84 and toluene were added (10 mL each). The fluorous phase
was extracted with toluene (3 × 5 mL). The combined toluene phases were extracted with
saturated aqueous NaHCO3 solution (3 × 10 mL) and brine (3 × 10 mL), dried over
Na2SO4, filtered, and concentrated to afford 2.8 mg 1-(2-(benzoyloxy)ethyl)-6-methyl-
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2-oxo-4-phenyl-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid ethyl ester, in a yield of
71%, m.p. 129◦C.

Reference 23.

Solvent-Free and Catalyst-Free Conditions

Small-Scale (Milligram Level) A mixture of 272 mg freshly distilled 3-
methoxybenzaldehyde (2 mmol), 260 mg freshly distilled ethyl acetoacetate (2 mmol),
and 180 mg urea (3 mmol) was heated at 100–105◦C under stirring. After few minutes dur-
ing the progress of reaction, the solid started to separate out; after completion (1 h, TLC)
the resulting solid was crushed, washed with cold water, filtered, and dried under vacuum to
give the crude product, which was reasonably pure (>95% purity by 1H NMR). However,
recrystallization from hot ethanol provided 476 mg analytically pure product, in a yield of
82%, m.p. 207–208◦C.

Large-Scale (Kilogram Level) A mixture of 530 g benzaldehyde (5 mol), 650 g
ethyl acetoacetate (5 mol), and 360 g urea (6 mol) placed in a 2-L round-bottomed flask
was stirred by a mechanical stirrer at room temperature for 2 min for uniform mixing, and
then the temperature was raised to 100–105◦C. No exothermic reaction was observed during
addition and mixing. Stirring was continued for another hour at that temperature. During the
progress of reaction (approximately during the first 20 min, all the urea dissolved and solids
started to appear), the reaction mixture became a thick slurry, with the solids deposited.
At this stage, although no efficient stirring or agitation could be made, the reaction was
not affected. After 1 h the reaction mixture was cooled in an ice water bath (0–5◦C), and
200 mL water was added. The solid was carefully broken into pieces with a spatula and
filtered. The yellow solid was then washed with 100 mL cold water followed by 50 mL cold
rectified spirit to provide 1.025 kg colorless solid that was practically pure (79% yield),
m.p. 201–202◦C. A portion of it was recrystallized from hot ethanol to give analytically
pure sample.

Other references related to the Biginelli reaction are cited in the literature.32
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Birch Reduction

(Metal-Ammonia Reduction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Wooster in 1937,1 and subsequently by Hückel et al in
1939,2 for the reduction of aromatic compounds by sodium in liquid ammonia with water;
however, no structural information was provided. It was Birch who extended Wooster’s
protocol in 19443 and since then had extensively explored the reduction of benzene and
aromatic derivatives with alkali metal (i.e., Li, Na, K) in liquid ammonia in the presence of an
alcohol (as the proton donor) to produce corresponding cyclohexa-1,4-diene derivatives.4

Therefore, the reduction of aromatic compounds by alkali metal in liquid ammonia in
the presence of alcohol is generally known as the Birch reduction5,6 or metal-ammonia
reduction.7 In addition, this reaction is also referred to as the Birch reaction,6ddd,8 and in
one instance is cited as the Birch-Hückel reduction.9

Different from the transition metal (e.g., Pd, Pt, etc.) catalyzed hydrogenation, by which
aromatic compounds can be converted into the fully hydrogenated molecules,5aa the Birch
reduction uses the ammonia-solvated electrons arising from alkali metal as the reducing
agent, which bears the extremely negative single-electron redox potential;10 thus even the
electron-enriched aromatic systems (i.e., carrying electron-donating groups) can be reduced
accordingly. In addition, once the solvated electron adds to aromatic system, the radical
anion is quenched by alcohol, so that cyclohexa-1,4-diene derivatives are often produced
from benzene derivatives without further reduced species. It should be pointed out that the
existing alkali metal also reacts with alcohol to generate hydrogen, in a reaction known as
the hydrogen reaction, which competes with the reduction of aromatic compounds.5aa It is
reported that both the rate5aa and yield11 of the Birch reduction decreases in the order of
Li > Na > K; as a result, the relatively slower reduction of sodium with aromatic compounds
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(compared to lithium) may allow a simultaneous base-catalyzed isomerization from the
isolated diene system to the more stable conjugated diene system, which in turn is further
reduced to tetrahydro stage by the existing metal. In comparison, lithium has higher reducing
power and does not tend to promote the isomerization of the isolated diene system.6ww Such
difference between lithium and sodium presumably is the reason that Wooster et al did
not exploit this reaction successfully. However, the combination of lithium-methylamine-
alcohol can further reduce the aromatic system into tetrahydro derivatives.6ggg It should
be pointed out that iron salts can strongly catalyze the sodium-based Birch reduction, but
they have less effect on the lithium-based Birch reduction.6hh Although the Birch reduction
and hydrogen reaction have a similar reaction order when the alkali metal concentration is
around 0.01 M (or less), the hydrogen reaction decreases in an inverse order—that is, the
reaction rate increases in the order of Li < Na < K.5aa Therefore, it is suggested that the
reduction be carried out at the lowest possible temperature with methanol as the quenching
agent to reduce the effect from the hydrogen reaction, because ethanol shows a faster rate
than does butanol.5aa,11d Moreover, it is reported that both the Birch reduction and hydrogen
reaction can be accelerated by the addition of an alkali cation common to the dissolved alkali
metal (e.g., alkali bromide), whereas both reactions are disfavored by the addition of the
complexing cryptands of the corresponding alkali cation, indicating that the formation of
intermediate ion pairs or shifting pre-equilibria in which solvated electrons are involved.
In addition, I propose that the added alkali cation might further stabilize the radical anion,
causing a shift in the equilibrium to the end of product. Besides the commonly used alcohols,
ethers and alkyl halides could be applied as anion quenchers,9 and sometimes, a co-solvent
such as THF5x is also added to the reaction system, presumably to alternate the solubility
of aromatic compounds.

On the other hand, one of the advantages associated with the Birch reduction is its effi-
cient steric control on the aromatic system—that is, the formed cyclohexa-1,4-diene system
is the isomer with the maximum number of alkoxy and/or alkyl groups on the residual dou-
ble bonds, known as the Birch rule.5ccc,5mmm,12 In other words, the electron-withdrawing
groups, (e.g., NO2, COR, and CO2H),13 facilitate the formation of anion and subsequent
reduction at the position on the aromatic ring bearing such group, leading to the formation
of 1,4-dihydro derivatives via the addition of hydrogen para to the electron-withdrawing
group;14 whereas electron-donating groups (such as OMe, Me, NR2, and SiMe3) are de-
activating substituents,13 resulting in the generation of 2,5-dihydro derivatives by meta addi-
tion of hydrogen to the strongly deactivating group.14 When both electron-withdrawing and
electron-donating groups exist on the aromatic system, the former has a greater directing
effect, whereas among the electron-donating groups, the ones with oxygen or nitrogen
atoms outweigh the alkyl groups. Thus the empirical order for directing is as follows:
carboxy > amino/alkoxyl > alkyl.14 For the fused aromatic ring system, the ring with the
most fusions to another aromatic ring is normally the one to undergo the Birch reduction;14

however, the carbon skeleton for the fused aromatic system may rearrange during the
Birch reduction. As an example, the reduction of biphenylene gives the expected 1,4,4a,8b-
tetrahydrobiphenylene and the unexpected 4,5-benzobicyclo[4.2.0]octa-2,4-diene.6ii In the
fused aromatic system, a ring with a hydroxyl group would be deactivated due to the
formation of anion analogous to phenoxide.14

One of the most important applications of the Birch reduction is to convert aryl alkyl
ethers into 1-alkoxycyclohexa-1,4-dienes which are then used as the starting materials
in organic synthesis.5x,13 Compared to the benzene series, the Birch reduction of naph-
thalenes may afford different products, depending on the position of the alkoxyl group.
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For example, along with the loss of the methoxyl group, both 1-methoxy-2-naphthoic acid
and 3-methoxy-2-naphthoic acid will be converted into 1,2,3,4-tetrahydro- or 1,2,3,4,5,
8-hexahydro-2-naphthoic acid depending on the reaction conditions or proportion of
reagents used, whereas 2-methoxy-1-naphthoic acid is mainly converted into 1,4,5,8-
tetrahydro-2-methoxy-1-naphthoic acid without loss of the methoxyl group.6s;6ii Besides
the reduction of aromatic systems, the Birch reaction has been found to reduce acetylenes
stereospecifically to trans-olefins15 and to hydrogenate graphite and carbon single-walled
nanotubes (SWNTs).16 However, the Birch reduction cannot reduce hexamethylbenzene
and highly substituted benzene rings in [2n]-cyclophanes,5oooo probably due to the steric
hindrance. In addition, the Birch reaction can also cleave the C-C bond in the presence of
the aromatic system. For instance, the Birch reaction with lithium-ammonia can remove the
tertiary cyano group,17 whereas potassium sand in ether can cleave pentaphenyl ethane,18

and sodium-potassium alloy is able to break 1,1,2,2-tetraphenylethane.18 It is pointed out
that the cleavage of 1,2-diarylethanes increases in the order of aryl = anthracene < naph-
thalene < benzene, with the alkali metal order of Li < Na < K, and the solvents in the
order of NH3 < THF < HMPA.5ppp It should be noted that the configuration is retained
during the bond cleavage under Birch-like conditions.14 Furthermore, the Birch reduction
has often been used to generate hydroxyl groups by the removal of the benzyl-protecting
group.5i,20 It is interesting that in the absence of the harsh conditions of the Birch reduction,
an enzyme-catalyzed reduction for the two-electron reduction of benzoyl-CoA to cyclohexa-
1,5-diene-1-carbonyl-CoA has been observed, where a conjugated diene is formed instead
of 1,4-diene in the Birch reduction.10

Nevertheless, the Birch reduction also has certain drawbacks, including the tedious exper-
imental procedure, the use of strongly basic solutions, and sometimes the solubility problem
of substrates.5llll

B. GENERAL REACTION SCHEME

R R R′′ R′′M, R′OH

NH3, < –33°C

R = alkyl, OMe, OEt, NMe2, etc.
R′ = Me, Et, But, 
M = Li, Na, K

M, R′OH

NH3, < –33°C

R′′ = CO2Et, CONMe2, NO2, CO2H, etc.
R′ = Me, Et, But, 
M = Li, Na, K

C. PROPOSED MECHANISMS

It is generally accepted that the metal ammonia solution (MAS) contains both the
solvated electron and alkali cation, in which the solvated electron has extremely high
single-electron redox potential5aa so that the solvated electron can even reduce electron-
enriched aromatic systems. In this reduction, the solvated electron adds to the aromatic
ring to generate a radical anion, which is protonated by an alcohol; then a second
solvated electron adds to the ring to form a new radical anion, followed by alcohol
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quenching to afford the unconjugated cyclohexa-1,4-diene.5ccc,5mmm The protonation
of the radical anion by alcohol is the rate-limiting step.5ccc,5mmm However, there is
disagreement about the electron density of the radical anion, for which Birch him-
self believed that the meta position of the radical anion formed from anisole had
the highest electron density (Scheme 1),21 whereas Zimmerman suggested the posi-
tion ortho to the maximum number of substituents to be most electron rich, from
the Hückel calculation (Scheme 2).5ccc Displayed here are Birch’s mechanism and
Zimmerman’s explanation for the regioselectivity of the Birch reduction of anisole.
The Birch reduction on a aromatic system with an electron-withdrawing group should
have a similar reaction process but a different position for the solvated electron to
attack.

SCHEME 1. Birch’s mechanism for the reduction of anisole.

SCHEME 2. Zimmerman’s mechanism for the reduction of anisole.

D. MODIFICATION

This reaction has been extensively modified. One of the important modifications is the
quenching of radical anion by an alkylation agent to give an alkyl-substituted cyclohexa-
1,4-diene derivative,5xa,5nnnn,13,22 a condition known as the Birch reductive alkylation.22b

On the other hand, a pyrrole nucleus bearing an extremely enriched electron density and
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an acidic hydrogen atom normally does not undergo the Birch reduction;5oo however, the
pyrrole nucleus has been successfully reduced to a dihydropyrrole derivative by replac-
ing the acidic hydrogen atom with an N-t-butylcarboxyl (Boc) group.5oo In addition, an
ammonia-free methodology has been developed by using a di-tert-butylbiphenyl radical
anion (generated from di-tert-butylbiphenyl and lithium in THF) to provide electrons and
bis(methoxyethyl)amine as an acid, so that a number of electrophiles, such as silyl halides,
chloroformates, acid chlorides, and enolizable aldehydes, can be trapped by the radical
anion.5f Furthermore, this reaction has been carried out via electrochemical reduction
in an aqueous media,5llll using a concentrated aqueous solution of tetrabutylammonium
hydroxide.23 Moreover, calcium has been applied successfully for the ultrasound-promoted
reduction of the aromatic compound;24 likewise, a photo-reduction6f system has been devel-
oped to reduce aromatic compounds by irradiation of an acetonitrile/water (9:1) solution in
the presence of NaBH4 and m- or p-dicyanobenzene.5wwww

E. APPLICATIONS

This reaction has been widely used to convert the aryl alkyl ethers into 1-
alkoxycyclohexa-1,4-diene derivatives. In addition, this reaction has been used to remove
the benzyl group on oxygen, cleave the C-C bonds, and reduce acetylenes into trans-olefins
stereospecifically.

F. RELATED REACTIONS

This reaction is closely related to the Benkeser Reduction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5f.

A Schlenk tube containing 119 mg small strips of lithium ribbon (17.0 mmol), antibump-
ing granules, and 4.5 g di-tert-butylbiphenyl (16.9 mmol) was evacuated and purged with
argon several times. The mixture was ground with a magnetic stirrer until all the lithium
became a dark powder. Freshly distilled THF (50 mL) was then added, and the mixture
was cooled down to −78◦C before a mixture of 1.1 g N-Boc ethyl 2-pyrrole carboxylate
(4.4 mmol) and 0.8 mL bis-methoxyethylamine (5.3 mmol) in 25 mL freshly distilled THF
was added dropwise to the turquoise solution. The mixture was then stirred at −78◦C for
a further 15 min after which 1.0 g freshly prepared MgBr2 (5.4 mmol) in 20 mL THF was
added, and the mixture was stirred for an additional 30 min. Distilled isobutyraldehyde
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(0.7 mL, 7.0 mmol) was then added. After 30 min the reaction mixture was quenched with
10 mL saturated NH4Cl aqueous solution. Stirring was continued at −78◦C for a further
30 min and then the solution was warmed to ambient temperature. The reaction mixture
was poured into a 50 mL 1 M HCl solution and extracted with Et2O (3 × 60 mL). The
combined organic layers were dried over Na2SO4, filtered, and evaporated under reduced
pressure. The residue was purified by gradient column chromatography by eluting with neat
petroleum ether to recover the di-tert-butylbiphenyl and then 5% acetone in petroleum ether
to afford 1.07 g product as a colorless oil, in a yield of 74%.

Na

NH(CH2)6
N

3+ +

Reference 6ddd.

To a 500-mL three-necked flask equipped with a stirrer, air condenser, and nitrogen inlet
tube were added 6.4 g naphthalene (0.05 mol) and 4.6 g dispersed sodium (0.2 mol), followed
by 100 mL hexamethylenimine. A red color developed within 20 min. The mixture was
stirred at 25◦C for 12 h, and the unreacted sodium, which had agglomerated, was removed.
The remaining solution was cooled and treated cautiously with water until the reaction
mixture became colorless, then acidified with 10% aqueous HCl. After the hydrocarbons
had been removed by extraction with ether, the aqueous layer was basified with dilute NaOH,
and surplus hexamethylenimine was removed by steam distillation. The steam distillation
residue was extracted with ether. Drying over anhydrous Na2SO4 and distillation yielded
6.2 g 2-N-hexamethylenyl tetralin, in a yield of 55%.

Other references related to the Birch reduction are cited in the literature.25
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Birckenbach-Goubeau

Halogenation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Birckenbach and Boubeau in 1932.1 It is the halo-
genation of aromatic compounds with halide cations generated from halogen and silver
perchlorate under anhydrous conditions. Especially when silver acetate is employed as
the silver salt and acetic acid as the reaction medium, many aryl aliphatic acids can be
halogenated.2 In addition, the halogen cations can also be produced by mixing halogen
with other metal halides (gold, copper, mercury, etc.), such as the iodination of cyclohexene
in anhydrous ether with iodine and a slight excess of cuprous chloride to form trans-1-
chloro-2-iodocyclohexane in an 80% yield.3,4 However, when cyclohexene was treated
with iodine and silver acetate at −80◦C, 2-iodo-1-cyclohexanol acetate was produced.4

Similarly, the mixture of bromine and silver acetate is an effective aromatic bromination
agent and is an agent for converting alkenes to bromoacetates.5

B. GENERAL REACTION SCHEME

R AgOAc X2

R1
R2 AgOAc X2

R

R1
R2

X

OAc

X
+ +

(X = Br, I)

+ +
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C. PROPOSED MECHANISMS

It is believed that acetyl hyperbromite5 or hyperiodite6 is formed as an intermediate when
bromine or iodine reacts with silver acetate, giving bromine or iodine cation. Positive iodine
has been stabilized via coordination with pyridine.7 Therefore, a tentative mechanism is
illustrated here.

In the case of reaction with alkenes, it will be:

D. MODIFICATION

Besides the original silver salt, different metal salts have been used in this reaction,
including the salts of mercury,5,8 gold,9 copper,9,10 and even zinc.5

E. APPLICATIONS

This reaction can be used to prepare brominated or iodinated aromatic compounds or
dihaloalkanes; the latter is produced from the mixture of metal halide and halogen with
alkenes.3,4

F. RELATED REACTIONS

This reaction is related to the Simonini Reaction and Hunsdiecker Reaction.

G. CITED EXPERIMENTAL EXAMPLES

I

+    I2     +   CuCl2

Reference 10.
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To a 500-mL flask equipped with a Teflon paddle stirrer and a reflux condenser was
placed 70 mL xylene, 13.0 g iodine (0.05 mol), and 13.3 g CuCl2 (0.1 mol). The reaction
was stirred at 140◦C for 5 h. The reaction mixture was cooled and filtered, and the filtrate
was washed with 100 mL 20% sodium thiosulfate solution to discharge any residual iodine.
The filtrate was dried over magnesium sulfate, the solution was filtered, and the excess
xylene was removed on a rotary evaporator at 60◦C (13 mmHg) to give 22.8 g of crude
product, which was distilled to afford 19.8 g iodoxylenes, in a yield of 85%, b.p. 65–72◦C
(0.2 mmHg).

Reference 11.

To a mixture of 75 mL dry chloroform and 9.5 g silver 3,5-dinitrobenzoate (0.03 mol)
cooled in an ice-salt mixture a solution of 0.03 mol iodine dissolved in 20 mL dry chloroform
was added over 10–15 min with shaking. 1-Butene was then passed into the solution for
15 min with continuous shaking. The solid silver iodide that precipitated was removed, and
the filtrate was washed with six 25-mL portions of 5% sodium carbonate solution. The chlo-
roform solution was then dried over Drierite, the chloroform was removed by distillation,
and boiling petroleum ether was added to dissolve the ester. The solution was then cooled,
and 1-iodo-2-butanol 3,5-dinitrobenzoates was removed and purified by recrystallization
from petroleum ether, in a yield of 46%.

Other references related to the Birckenbach-Goubeau halogenation are cited in the
literature.12
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Birnbaum-Simonini

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction has initially been reported by Birnbaum1 in 1869 and subsequently by
Simonini2 in 1892. It is the reaction for preparing esters by heating a mixture of silver salts of
carboxylic acids and iodine and is generally known as the Birnbaum-Simonini reaction.3 For
comparison, the silver salts of dicarboxylic acids will form lactones when heated together
with iodine.4 Because of the cost and inconvenience of preparing and drying the silver
salts, this reaction has been improved by heating the mixture of halogen with lead tetra-
salts of carboxylic acids, giving comparable yields.5 Such oxidative formation of esters from
metal salts of carboxylic acids1,2,3,5 has also been modified to the oxidation of carboxylic
acids themselves,6 and their corresponding peracids and peranhydrides.7 However, in the
presence of olefin, no ester is formed.5

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that carboxyl hyperiodite is formed as an intermediate, which might
decompose to give alkyl radical after decarboxylation, as illustrated here.
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D. MODIFICATION

This reaction has been modified for preparing esters from a reaction between lead
tetra-salts of carboxylic acids and iodine.5 In this reaction, the mixture will be heated
to >100◦C to prevent caking or gelling of the reaction mixture; and sym-tetrachloroethane,
o-dichlorobenzene, and mineral can be used as solvent. The yields depend markedly on the
structure of the acid. For example, straight-chained aliphatic acids react quite satisfactorily,
and the yields increase with the molecular weight of the acid. Unsaturated fatty acids give
tars, and benzoic acid gives iodobenzene; fatty acids with one or two α-alkyl groups give
diminished yields or no ester at all, respectively.

E. APPLICATIONS

This reaction can be used to prepare esters from carboxylic acids.

F. RELATED REACTIONS

This reaction is related to the Birckenbach-Goubeau Halogenation and Hunsdiecker
Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5.

Preparation of Lead Tetra-Salts

Lead tetraacetate (0.25 mol) and 1 mol of a carboxylic acid were heated together at
60–80◦C, and the acetic acid was distilled at 10 mmHg pressure as it formed. The product
was pure enough for further reactions without other treatment. When the lead tetra-salt
melted > 80–100◦C, a solvent, such as 1,1,2,2-tetrachloroethane, o-dichlorobenzene, or
mineral oil, was used to prevent caking and local superheating of the product.
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Generalized Preparation of Esters

A mixture of 0.25 mol of lead tetra-salt, 300 mL solvent, and 0.125 mol iodine was
heated until gas evolution began and was maintained at 85–105◦C until gas evolution ceased
(∼20 min). The temperature was then raised to 150–200◦C (depending on the boing points
of the solvent and alkyl iodide) for ∼1 h. The workup of the reaction mixture depended on the
relative boiling points of the solvent and the ester. For higher-boiling solvents, the ester was
distilled from the reaction mixture, washed with dilute sodium carbonate solution, dried, and
fractionated through a short column. For lower-boiling solvents, the solvent was distilled, the
residue was triturated with 300 mL ether, filtered to remove lead salts. Then the ether solution
was washed with sodium carbonate solution and sodium thiosulfate solution, dried, and frac-
tionally distilled. For high-boiling esters, the product was not distilled but was recrystallized
from a suitable solvent. Recovery of free carboxylic acids was accomplished by acidifying
the sodium carbonate wash solutions with mineral acid and distilling or recrystallizing the
nonaqueous phase that separated. For the case of lauric acid, the yield is 54%.

O
Ag

O
I2

∆ O

O

Reference 8.

Iodine (22 g) and 36.0 g silver cyclobutanecarboxylate (0.18 mol) were thoroughly
ground with 1 g powdered, soft glass in a mortar. This mixture was rapidly transferred to a dry
2-L long-necked flask and warmed on the steam cone. At ∼90◦C, a vigorous reaction
occurred, with the evolution of carbon dioxide and condensation of liquid on the walls of
the flask. The reaction mixture was heated for an additional 30 min at 100◦C. The liquid
products were then lyophilized into a dry ice trap and taken up in ether. The ethereal solution
was washed with 0.5 M sodium bisulfite solution and 1% sodium bicarbonate solution, water
and dried over anhydrous magnesium sulfate. The ether was removed through a glass helix-
packed column. The residue was fractionated through a microcolumn and yielded 1.1 g
ester mixture, in yield of 8%, b.p. 92.5–93.5◦C (20 mmHg).

Other references related to the Birnbaum-Simonini reaction are cited in the literature.9
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Bischler Reaction

(Möhlau-Bischler Indole Synthesis,
Möhlau-Bischler Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Möhlau in 18811 and subsequently by Bischler
in 1892.2 It is the reaction for preparing 2-substituted indoles by heating α-haloketone,
α-hydroxyketone, or α-anilinoketone with excess aniline via the cyclization of a
2-arylaminoketone intermediate. Therefore, this reaction is known as the Bischler
reaction,3 Mohlau-Bischler indole synthesis,4 Mohlau-Bischler reaction,5 or Mohlau-
Bischler synthesis.6 This reaction has been used for the preparation of a number of
tetrahydrocarbazoles from anilines and 2-chlorocyclohexanones7 and N-substituted indole-
3-acetic acids and acetamides, which are useful for the preparation of tryptamines.8 In
addition, this reaction can be applied to the synthesis of benzofuran and benzothiophene.

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

It is believed that this reaction occurs via a carbocation intermediate, as illustrated below.9

D. MODIFICATION

This reaction has been modified to react with α-chlorocyclohexanone.7

E. APPLICATIONS

This reaction is generally used to synthesize 2-substituted indoles; in addition,
this reaction can also be used to prepare benzofuran, benzothiophene, and tetrahydro-
carbazoles.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 10.

To a flask were added 45.0 g 4-benzyloxyaniline hydrochloride (0.23 mol), 21.0 g
4′-benzyloxy-2-bromophenylpropiophenone (0.066 mol), and 50 mL DMF. The reaction
was refluxed for 30 min and then cooled to room temperature and then partitioned between
EtOAc and 1 N HCl. The EtOAc was washed with NaHCO3 and brine, then dried over
MgSO4. The solution was concentrated, and the residue was taken up in CH2Cl2; hexanes
were added to precipitate out 25.0 g of a crude solid. The solid was dissolved in CH2Cl2,
evaporated onto silica gel, and chromatographed using CH2Cl2/hexane (1:5) to yield 9.2 g
2-phenyl-3-methyl-1H-indole as a tan solid, in a yield of 33%, m.p. 150–152◦C.

Two-Step/One-Pot Procedure

Bromophenylpropiophenone (50 g, 0.16 mol) in 200 mL DMF was treated with 44.0 g
aniline hydrochloride, and the reaction was purged with nitrogen for ∼10 min. Triethy-
lamine (54.6 mL) was added, and the reaction was heated at 120◦C for 2 h. TLC analysis
(EtOAc/hexanes) showed the starting material had disappeared, forming a more polar spot.
The reaction mixture was allowed to cool down, and an additional 48.0 g of the aniline
hydrochloride was added. The reaction was heated to 150◦C for 2 h. An additional 5.0 g of
the aniline hydrochloride was added, and the reaction was heated at 150◦C for an additional
30 min. The reaction mixture was allowed to cool to room temperature and then poured
into ∼1.5 L water and extracted with 2 L EtOAc. The solids were dissolved with additional
EtOAc as necessary. The EtOAc layer was washed with 1 L 1 N NaOH, 1 L water, and brine,
then dried over MgSO4 and filtered. The organic layers were concentrated down to yield a
crude solid that was stirred with 500 mL of methanol and filtered. This solid was then stirred
with 500 mL ethyl ether and filtered. The solid was stirred alternatively with methanol and
ether until it was of whitish color and had a melting point of > 150◦C. Reaction gave
36.0 g 2-phenyl-3-methyl-1H-indole, in a yield of 51%.

Reference 11.
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General Procedure for Preparation of Methoxy-2-(Methoxypheny1)-
1H-Indoles

A solution of 0.06 mol (2-bromoacy1)anisole was added slowly to a boiling mixture of
0.2 mol methoxyaniline and 35 mL N,N-dimethylaniline with stirring. After the addition,
the mixture was kept at 170◦C in a bath. After cooling, EtOAc was added and the mixture
was extracted with 2 N HCl. The aqueous layer was extracted several times with EtOAc.
After washing with 2 N HCl and water, the organic layer was dried over MgSO4. The
solvent was removed in vacuo and the resulting residue was chromatographed over SiO2
with CH2Cl2 as the eluent. The product was recrystallized from EtOH, affording colorless
crystals in a 10–50% yield.

Other references related to the Bischler reaction are cited in the literature.12
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Bischler-Napieralski

Isoquinoline Synthesis
(Bischler-Napieralski Reaction;

Bischler-Napieralski Cyclization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bischler and Napieralski in 1893.1 It is a two-step
reaction via the cyclization of N-acyl phenylethylamines with dehydrating agents to form 1-
alkyl or 1-aryl 3,4-dihydroisoquinolines, followed by dehydrogenation or oxidation to afford
isoquinolines.2 Thus this reaction is generally known as the Bischler-Napieralski isoquino-
line synthesis,3 Bischler-Napieralski reaction4 or Bischler-Napieralski cyclization.5 The
dehydrating agents used include phosphoric acid,6 sulfonic acid derivative,6 phosphorus
oxychloride (POCl3),6,7 phosphorus pentoxide,8,9 zinc chloride,9 aluminum chloride,9 and
ferric chloride9. This reaction has been successfully used to synthesize numerous naturally
occurring alkaloids, that including laudanosine, laudanine, and papaverine; cotarnine10

and hydrastinine; salsoline, pectenine, and corypallin; the anhalonium alkaloids;9 and
takatonine7f and petaline.7e This reaction is generally carried out in boiling toluene or
xylene in the presence of the listed dehydrating agents,9 but it can be carried out in low
boiling point solvents such as acetonitrile7c or dichloromethane7e,7f as well. In addition,
this reaction can be used to synthesize thiophene derivatives.11
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that this reaction proceeds via initial formation of hydrochloric salts of
imidoyl chloride when POCl3, PCl5, or SOCl2 is used as a reagent, followed by the formation
of imidoyl chloride by the loss of hydrogen chloride, which is in equilibrium with nitrilium
salt.12 Then the 3,4-dihydroisoquinoline is formed via the ring closure of nitrilium salt,
as indicated in the direct formation of such dihydroisoquinoline via alkylation of nitrile
with phenylethyl halide in the presence of a Lewis acid.13 An exemplary mechanism of the
Bischler-Napieralski reaction is illustrated here.

D. MODIFICATION

This reaction has been modified to occur in a solvent such as CH3CN7c and CH2Cl2.
7e,7f

The synthesis of thiophene analogues of isoquinolines is another modification.11

E. APPLICATIONS

This reaction has general applications in the preparation of alkaloids containing an
isoquinoline skeleton.7e,7f,9,10
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F. RELATED REACTIONS

This reaction is related to the Bradsher Pyridinium Salt Synthesis, Pictet-Gams Synthesis,
Pictet-Spengler Reaction, and Skraup Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 14.

A mixture of 7.013 g N-(3,4-dimethoxyphenethyl)-2-bromo-3,4-dimethoxy-
phenylacetamide (16 mmol), 12.240 g POCl3 (80 mmol), and 100 mL dry toluene
(100 mL) was refluxed under nitrogen for 3 h. The cooled mixture was poured into
100 mL ice water and stirred for 2 h. The organic layer was discarded. The water layer
and precipitates were then basified with 200 mL 2 N NaOH and extracted with CH2Cl2
(50 mL × 3). The extracts were washed with 100 mL water, dried over Na2SO4,
and evaporated to give 5.731 g 1-(2-bromo-3,4-dimethoxybenzyl)-6,7-dimethoxy-3,4-
dihydroisoquinoline as a solid, in a yield of 85%, m.p. 120–124◦C. Recrystallization from
benzene-Et2O gave an analytical sample, m.p. 123–125◦C; Rf = 0.15 on silica gel TLC
plate (5% MeOH in CH2Cl2).

Reference 15.

A solution of 300 mg N-(3-bromo-5-methoxyphenethyl)-2-benzyloxyphenylacetamide
(0.66 mmol) in 5.5 mL dry acetonitrile was treated with 0.6 mL phosphoryl chloride
and refluxed under nitrogen for 1 h; the solvent was evaporated off, and the excess of
reagent was removed in vacuo. A solution of the residue in CHCl3 was rapidly washed
with 1 N NaOH and H2O, dried, and evaporated under reduced pressure. The unstable
3,4-dihydrobenzylisoquinoline was refluxed with 1.05 mL MeI (17 mmol) in 4 mL acetoni-
trile under nitrogen for 3 h. Evaporation gave the crude alkylammonium iodide, which was
reduced in 1.1 mL CHCl3 and 6.6 mL CH3OH by adding 200 mg NaBH4 (5.3 mmol) in
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portions and then stirring for 30 min at room temperature. The solvent was evaporated off,
H2O was added, and the mixture was extracted with CHCl3. The organic phase was dried,
and the residue was chromatographed on silica gel, eluting with ethyl acetate, to afford 75 mg
1-(2-benzyloxybenzyl)-6-bromo-8-methoxy-2-methyl-1,2,3,4-tetrahydroisoquinoline, in a
yield of 25%, Rf = 0.26 (EtOAc).

Other references related to the Bischler-Napieralski isoquinoline synthesis are cited in
the literature. 16
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Black Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Black in 1986.1 It is a 4-N,N-dimethylamino-pyridine
(DMAP) catalyzed [1,3] translocation of an ester group (e.g., formate) from an oxygen atom
to the adjacent α-carbon atom of the carbonyl group for the carbonate esters of benzofuran
enolates. Therefore, this reaction is generally known as the Black rearrangement.2 Similar
to the competition between O-alkylation and C-alkylation in the reaction of enolate with
alkylating agents,3 the O-acylation and C-acylation also complete with each other in the
reactions of enolates with acylating reagents. Although it has been reported that under sev-
eral circumstances, the C-acylations are favored—such as the application of acyl chlorides
rather than anhydrides as acylating agents,4 the inverse addition of enolate to acyl chlorides5

at low temperature,6 and using enolates of divalent countercations instead of alkali7 — the
O-acylation may still predominate for certain types of substrates. As an example, the acy-
lation of benzofuran enolates under the above-mentioned conditions affords O-acylated
products in preference, with maximal C-acylation up to 30%.8 Especially for the enolate of
the diaryl acetic acid esters, only O-acylated products were isolated.9 The high preference
for O-acylation probably lies in the high electron density located at the negative oxygen
atom, resulting in the kinetically favored products.8

In the presence of a catalytic amount of DMAP, the enol carbonates of benzofuran
derived from O-acylation with alkyl chloroformates rearrange to the corresponding carbon-
acylated isomers within a short period of time (usually <2 min).8 Such rearrangement is
often accompanied by the appearance of a transient deep blue color. In addition, in the
presence of DMAP, the acylation and Black rearrangement can be run in an “one-pot”
fashion resulting almost exclusively in C-acylation products of high yields.8 Different from
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common acylations that take place under acidic conditions, the Black rearrangement can be
applied in the basic conditions necessary for generating enolates.8 Even though the solvent
effect has been reported for this rearrangement, DMAP still retains its catalytic efficacy in
a highly polar basic medium to maintain the regioselectivity.8

B. GENERAL REACTION SCHEME

O

R
H

O
NaH

O

R

O
DMF

O

R

OCO2R'

O

R
CO2R′

O

CH2Cl2

DMAPClCO2R′

R = alkyl, aryl
R′ = alkyl, vinyl, aryl, etc.

–

C. PROPOSED MECHANISMS

Due to the noticeable solvent effect of this rearrangement (e.g., slower rearrangement
observed in DMF than in halogenated solvents), the rearrangement is assumed to involve
polar donor-acceptor ion pairs.8 Shown here is a representative mechanism for the carbonate
ester of benzofuran.

D. MODIFICATION

This reaction has been extended to the translocation of the acyl group for indole
derivatives.10 In addition, a chiral planar DMAP derivative has been developed and applied
for the enantioselective rearrangement of O-acylated azlactone11 and the same catalyst
recently has been used for an intermolecular reaction to form 1,3-diketones.12 Moreover,
3-(2,2,2-triphenyl-1-acetoxyethyl)-4-(dimethylamino) pyridine (TADMAP) has been
applied as a chiral nucleophilic catalyst to catalyze the carboxyl migration of oxazolyl,
furanyl, and benzofuranyl enol carbonates with good to excellent levels of enantioselec-
tivity. The rearrangement for oxazole derivatives are particularly efficient for giving chiral
lactams and lactones.2
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E. APPLICATIONS

This reaction has limited applications for the formation of quaternary chiral centers in
benzofuran series.

F. RELATED REACTIONS

This reaction is related to the Steglich Rearrangement for benzofuran and indole deriva-
tives.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2.

After the solution of 38 mg 3-phenyl-benzofuran-2-yl 2′,2′,2′-trichloroethyl carbonate
(0.10 mmol) and 8.7 mg (R)-3-(2,2,2-triphenyl-1-acetoxyethyl)-4-(dimethylamino) pyri-
dine (TADMAP, 0.020 mmol) in 1 mL CH2Cl2 was prepared at −78◦C, the mixture was
allowed to warm to −40◦C and stirred at such temperature for 18 h. Then the solution was
warmed to room temperature and concentrated under nitrogen stream. The residue was puri-
fied by flash chromatography (silica gel, 15 × 1.5 cm column) using EtOAc/hexanes (2:1) as
the eluent. After elution with 200 mL EtOAc/hexanes (2:1), the column was further washed
with 200 mL EtOAc. The first compound eluted within the first 80 mL and these fractions
were evaporated to afford 35 mg of 2,3-dihydro-2-oxo-3-phenyl-3-benzofurancarboxylic
acid 2′,2′,2′-trichloroethyl as a colorless oil, in a yield of 92% with 86% e.e., Rf = 0.50
(Et2O/hexane = 1:1). Evaporation of further collected fractions from the column after
200 mL of solvent recovered 8.3 mg of the catalyst TADMAP, corresponding to 95% of
catalyst recovery.

O

Ph

O
O

O

Me
CH2Cl2 O

Ph

O

O
Me

O

87.5%DMAP

Reference 8.

To a 125-mL separatory funnel were charged 1 g carbonic acid, methyl 3-phenylbenzofur-
2-yl ester and 20 mL CH2Cl2. The solution was effected by swirling. Then 40 mg DMAP
was added, and the solution was briefly shaken. During the shaking, a deep blue/purple color
developed immediately and disappeared after about 1 min. The solution was then washed
successively with 5% HCl (3 × 20 mL) and 100 mL water, dried over MgSO4; and con-
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centrated. The residue was purified by bulb-to-bulb distillation (140–147◦C, 0.05 mmHg)
to afford 87.5% of 2,3-dihydro-2-oxo-3-phenyl-3-benzofurancarboxylic acid methyl ester
as a clear, colorless oil that solidified after standing for several days to a white, crystalline
solid, m.p. 68–70◦C.

Other references related to the Black rearrangement are cited in the literature.13
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Blaise Ketone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Blaise in 1907.1 It is the reaction between an organoz-
inc halide and acyl halide to form ketone,1,2 and is generally known as the Blaise ketone
synthesis.3In this reaction, organozinc chloride can be prepared by the reaction between
anhydrous zinc chloride and a Grignard reagent;3b the resulting organozinc chloride is
referred to as the Blaise reagent;4 which can be applied directly to the coupling with acyl
halide without any isolation.3b The yield of expected ketones can be as high as 80%, pre-
sumably due to the lower reactivity between organozinc chloride and ketones than that
between the ketone and corresponding Grignard reagents.3b As a result, even a hydroxyl
group can be tolerated in this reaction without protection.5 In addition, the coupling between
organozinc chloride and β-hydroxy carbonyl chloride to form β-hydroxy ketones and fur-
ther conversion into α,β-unsaturated ketones in boiling dilute sulfuric acid is known as the
Blaise-Maire reaction.3a,6

B. GENERAL REACTION SCHEME

R2 ZnCl
O

R1 R2R1 X

O
+ R1 = alkyl, aryl

R2 = alkyl, aryl

C. PROPOSED MECHANISMS

It is obvious that the Blaise ketone synthesis proceeds via the nucleophilic addition of an
organozinc reagent to the carbonyl group followed by the releasing of chloride, as displayed
here.
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D. MODIFICATION

The Blaise ketone synthesis has been extended to the synthesis of α,β-unsaturated
ketones, known as the Blaise-Maire reaction.3a,6 In addition, the organozinc chloride has
been replaced by an organocadmium reagent for a better yield.3b

E. APPLICATIONS

This reaction has important applications in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Grignard Reaction.

G. CITED EXPERIMENTAL EXAMPLES

PhSH CuI(CH3)3Li PhS[(CH3)3]CuLi

PhCOCl
Ph C(CH3)3

O

+
THF, –60° to –65°C

+

THF, –60° to –65°C

Reference 7.

A dry 200-mL round-bottomed flask was fitted with a magnetic stirring bar and a 100-mL
pressure-equalizing dropping funnel, the top of which was connected to a nitrogen
inlet. After the apparatus had been flushed with nitrogen, 50 mL 1.60 M n-butyllithium
(0.080 mol) solution was placed in the flask and cooled with an ice bath. Under a nitrogen
atmosphere, a solution of 8.81 g freshly distilled thiophenol (0.0801 mol) in 30 mL anhy-
drous THF was added dropwise to the cooled, stirred solution. An aliquot of the resulting
solution was standardized by quenching in water, followed by titration with 0.10 N HCl to
a green end point with a bromocresol indicator. The concentration of lithium thiophenoxide
prepared in this manner was typically 1.0 M.

A dry 250-mL three-necked, round-bottomed flask was equipped with a sealed mechan-
ical stirrer, a glass stopper, and a rubber septum through which were inserted hypodermic
needles used to evacuate the flask and to admit nitrogen. After the apparatus had been
flushed with nitrogen, 4.19 g purified copper(I) iodide (0.0220 mol) was added, and while
warming with a flame, the apparatus was evacuated and then refilled with nitrogen. After
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this procedure had been performed twice, the flask was allowed to cool, the stopper was
replaced with a thermometer, and 45 mL anhydrous THF was added with a hypodermic
syringe. With continuous stirring, 22 mL 1.0 M lithium thiophenoxide solution (0.022 mol)
was added with a syringe to the slurry of copper(I) iodide. After 5 min, the resulting yellow
solution was cooled, with continuous stirring, to −65◦C with an acetone–dry ice cooling
bath. Some copper(I) thiophenoxide usually separated from solution at ∼ −45◦C. When
the temperature of the mixture had reached ∼ −65◦C, 13.6 mL 1.60 M tert-butyllithium
(0.0218 mol) solution was added with a syringe to the stirred mixture at such a rate that the
temperature of the mixture remained at −65◦ to −60◦C. The resulting cloudy yellow-orange
solution of the cuprate reagent was stirred at −65◦ to −60◦C for 5 min.

With a syringe, a solution of 2.81 g freshly distilled benzoyl chloride (0.0200 mol) in
15 mL anhydrous THF was added dropwise, with stirring, to the cold solution (−65◦ to
−60◦C) of cuprate reagent. The resulting yellow-brown solution was stirred for 20 min
(at −65◦ to −60◦C) and quenched by the addition, with a syringe, of 5 mL anhydrous
methanol. The red-orange reaction mixture was allowed to warm to room temperature and
then poured into 100 mL aqueous saturated ammonium chloride. The copious precipitate
of copper(I) thiophenoxide was separated by suction filtration and washed thoroughly with
several 50-mL portions of diethyl ether. The combined filtrate was extracted with three
100-mL portions of ether. The combined ethereal solution was washed with two 50-mL
portions of aqueous 1 N sodium hydroxide and with one 50-mL portion of aqueous 2%
sodium thiosulfate. Each of the aqueous washes was extracted in turn with a fresh 50-mL
portion of ether. The combined ethereal solution was dried with anhydrous MgSO4, filtered,
and concentrated by distillation through a short Vigreux column. The residual pale yellow
liquid was distilled through a short column under reduced pressure, yielding 2.73–2.82 g
of tert-butyl phenyl ketone as a colorless liquid, in a yield of 84–87%, b.p. 105–106◦C
(15 mmHg).

CH3(CH2)10CH2Br Mg
ClC(O)(CH2)8CO2Et

ZnCl2 CH3(CH2)11C(O)(CH2)8CO2Et+ +
Benzene

Reference 8.

A Grignard reagent was prepared from 0.72 g magnesium and 7.5 g dodecyl bromide
in 50 mL dry ether in a 500-mL flask fitted with the usual equipment and an inlet through
which nitrogen was continuously passed. To the reagent was added 4.1 g freshly fused zinc
chloride dissolved in 12 mL ether. After the mixture was refluxed for 30 min, 60 mL sodium-
dried benzene was added to dissolve the white precipitate of dodecyl zinc chloride. With
continuous stirring and refluxing, 6.0 g ω-carbethoxynonoyl chloride (prepared from ethyl
hydrogen sebacate and thionyl chloride in 90% yield) dissolved in 50 mL dry benzene was
slowly added. The reaction mixture was refluxed for another 2 h; decomposed with dilute
HCl; and washed with dilute ammonium chloride solution, water, dilute sodium carbonate,
and water. After removal of the solvent, the syrupy residue was saponified. The crystalline
sodium salt was very insoluble in both cold water and cold benzene and was purified by
thorough extraction with each. The filtered salt was digested with dilute HCl and the free acid
crystallized from acetone-petroleum ether (b.p. 60–68◦C) to give 5.3 g 10-ketodocosanoic
acid as light, shiny crystals, in a yield of 62%. After one more crystallization, the melting
point was 91.5◦C.
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Other references related to the Blaise ketone synthesis are cited in the literature.9
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(Blaise Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Blaise in 1901.1 It is the reaction between a nitrile and
zinc reagent from an α-bromoester (i.e., the Reformatsky reagent) to give an enamino ester
or the further product of a β-keto ester upon acidic hydrolysis.2 Therefore, it is generally
known as the Blaise reaction.3 Occasionally, it is also referred to as the Blaise condensation.4

Although it is a one-step synthesis of higher aliphatic β-keto esters from a stable and
accessible starting material, the easy introduction of functionalities and the straightforward
nature of the conversion have been overshadowed by the problems of low yield, narrow
scope, and competing side reactions.5 It is found that the structure of bromoester strongly
affects the efficiency of this reaction–for example, esters of bromoacetic acid give no isolable
yield of β-keto esters, whereas esters of α-bromopropionic acid and α-bromoisobutyric acid
give β-keto esters in yields varying from 30% to 60%.5d However, when a Reformatsky
reagent reacts with an excess amount of cyanogens (CN)2, 30–60% of nitrile will form,
resulting in a valuable method for synthesizing α-cyano ester, which is not easily obtained
in good yields by other direct syntheses.6 The original reaction procedure has been modified
to a convenient preparation of enamino ester and β-keto ester by refluxing aliphatic or
aromatic nitriles with 3–5 equivalents of α-bromo esters in THF in the presence of activated
zinc dust.2 This modification has been applied to the total synthesis of the paralytic shellfish
poisons, saxitoxin, and gonyautoxin.2
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reaction is believed to proceed by a mechanism analogous to that of the Reformatsky
Reaction,1 involving an initial condensation of the nitrile with the Reformatsky reagent; the
intermediate is finally transformed into β-keto ester via acidic hydrolysis,5d as illustrated
here.

D. MODIFICATION

This reaction has been modified via the generation of Reformatsky reagent in situ by
refluxing the mixture of α-bromo esters and nitriles in the presence of activated zinc dust.2

In addition, when a benzene solution of α-bromo esters are added slowly to a refluxing
mixture of zinc and nitriles, a high yield of α,α-di and α-monosubstituted β-keto esters are
obtained.5c On the other hand, the Blaise reaction has been improved by using a Zn-Ag
couple under ultrasonic radiation. For example, the coupling by means of different forms
of activated zinc instead of a zinc-silver couple or without the use of ultrasound does not
occur or gives only poor yield.3m Moreover, it is reported that methanesulfonic acid can be
used as an in situ activator of zinc to remove the induction period of the Blaise reaction.3d

Furthermore, this reaction has been modified to afford β-amino esters via the reduction
of the intermediate obtained by the hydrolysis of the reaction mixture with concentrated
potassium carbonate.2
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E. APPLICATIONS

This reaction can be generally applied to the preparation of enamino esters and β-keto
esters, which can be asymmetrically reduced to yield chiral β-amino or hydroxyl esters and
further hydrolyzed toβ-amino or hydroxyl acids and cyclized to formβ-lactams or lactones.7

In addition, this reaction has been successfully used in the synthesis of the paralytic shellfish
poisons, saxitoxin, and gonyautoxin.2

F. RELATED REACTIONS

This reaction is related to the Reformatsky Reaction.

G. CITED EXPERIMENTAL EXAMPLES

R1 CO2R2

Br

R3

C R1
R3

CO2R2

NH2

R1
R3

CO2R2

O

+

N

Reference 2.

General Procedure for the Preparation of Enamino Esters

To a suspension of 327 mg activated zinc dust (5 eq.) in 3 mL refluxing anhydrous
THF under nitrogen were added 4 drops α-bromo ester. After the appearance of the green
color (this color is very evident with bromoacetates; when substituted bromo esters are
used, however, the color may not appear), 1 mmol nitrile was added in one portion, and then
4 mmol α-bromo ester was injected by syringe pump over 45 min. The mixture was refluxed
for an additional 10 min, diluted with 9 mL THF, and quenched with 1.3 mL 50% aqueous
K2CO3. Rapid stirring for 30 min gave two cleanly separated layers. The upper organic layer
was decanted, the residue was washed three times with THF, and the combined organic layers
were dried with MgSO4. Concentration and purification by PTLC (SiO2 developed with
1:l hexanes/Et2O, typically) gave the enamino ester product, contaminated with < 25% of
its β-keto ester. Hydrolysis during purification could be minimized by avoiding contact of
the enamino ester with dry silica gel. Column chromatography on solvent-wetted SiO2 was
an effective procedure for isolating pure enamino ester. Note that it was crucial to use the
prescribed volumes of THF and K2CO3 solution. Otherwise, emulsions would form, and the
clear, Zn2+-free THF layer would not separate, making the workup tedious and decreasing
the yield. For each mole of zinc salt produced, the cooled reaction mixture should be diluted
to a total volume of 3 mL, and then 0.33 mL 50% aqueous K2CO3 should be added with
vigorous stirring.

General Procedure for the Preparation of β-Keto Esters

The THF solution of crude enamino ester obtained as described earlier was subjected to
acid hydrolysis as follows. The THF solution was treated with 1 mL 10% aqueous HCl at
room temperature for 30 min, or a time sufficient for the UV-active enamino ester to be no
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longer detectable by TLC. The mixture was concentrated, diluted with CH2Cl2, washed with
saturated aqueous NaHCO3, dried over MgSO4, and purified by PTLC (SiO2 developed
with 1:l hexanes:Et2O, typically) to yield the pure β-keto ester.

CN BrZn CO2Me
CO2Me

NH2+
Zn, THF, refl.

45 min 62%

Reference 7b.

A suspension of 20.0 g activated zinc powder (0.3 mol) in 185 mL dry tetrahy-
drofuran was stirred at reflux while a few drops of methyl bromoacetate were added.
After stirring a few minutes, the suspension color turned to dark green. A total of
5 g 3,3-dimethylacrylonitrile (62 mmol) was added in one portion, followed by 23 mL methyl
bromoacetate (250 mmol), which was added over 1 h. After completion of the addition, the
red reaction mixture was cooled, diluted with 550 mL tetrahydrofuran and then with 110 mL
aqueous 50% potassium carbonate solution, and was vigorously stirred for 30 min. The mix-
ture was then filtered through a pad of celite, and the filtrate was concentred in vacuo. The
residue was taken up with 500 mL dichloromethane, washed with brine, dried over Na2SO4,
filtered, and concentrated in vacuo. The crude product was purified by chromatography
(50% ether/pentane, Rf = 0.7) to give 5.95 g (2Z)-3-amino-5-methyl-2,4-hexadienoic acid
methyl ester as a yellow oil, in a yield of 62%.

Other references related to the Blaise condensation are cited in the literature.8
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Blanc Chloromethylation

(Blanc Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Grassi-Cristaldi and Maselli in 18981 and subsequently
extended by Blanc in 1923.2 It is the reaction for introducing the chloromethyl group into
aromatic rings when aromatic compounds are treated with formaldehyde and hydrogen chlo-
ride in the presence of zinc chloride. Therefore, this reaction is generally known as the Blanc
chloromethylation.3 Although aliphatic ketones could be chloromethylated in a similar man-
ner, only those aromatic ketones carrying at least two alkyl groups could be chloromethylated
in this reaction.4 In fact, this reaction is a good indirect method for methylation of aromatic
compounds if combined with subsequent reduction.4,5 Chloromethylation of phenyl rings
is important for the functionalization of resins, which provides an alternative to polymers
employing functionalized monomer in the polymerization step.6 Although the uncatalyzed
chloromethylation of aromatic rings has been reported—such as chloromethylation using
formaldehyde and HCl in acetic acid at 85◦C7 and using chloromethyl methyl ether in
acetic acid at 100◦C8—these results could not be repeated and are strongly questioned.9

This reaction has been used to synthesize benzyl chloride, 6-chloromethyldehydroabietic
acid,10 hydrindene,11 methylcholanthrene,12 cyclophane,13 Bakelite,14 etc. This reaction
has been reviewed.15

B. GENERAL REACTION SCHEME

R CH2O
ZnCl2 Cl

R+ +   HCl
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C. PROPOSED MECHANISMS

It is believed that the formation of complex between formaldehyde and zinc chloride
polarizes formaldehyde so that the electrophilic aromatic substitution can occur, as displayed
here.

D. MODIFICATION

Although the original Blanc procedure using paraformaldehyde (sometimes called tri-
oxymethylene) and fused and pulverized zinc chloride is followed in many preparations,16

this reaction has been modified by using either 85% phosphoric acid as catalyst17 or ZnCl2
as catalyst but with AlCl12

3 or NiCl18
2 as cocatalyst. In addition, 40% formaldehyde has

been used for this reaction instead of paraformaldehyde.18 Bromomethylation of aromatic
compounds could be considered another modification.19

E. APPLICATIONS

This reaction is generally used to introduce the chloromethyl group into aromatic com-
pounds.

F. RELATED REACTIONS

This reaction is related to the Quelet Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O O

O

Br
+ + 92%

Br
HBr

Reference 19.
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To a solution of 95 mL 48% HBr (0.57 mol) in a 500-mL round-bottomed flask were
added 7.65 g paraformaldehyde (0.25 mol) and 15.20 mL p-xylene (0.12 mol). After
28 h of refluxing, the mixture separated into two liquid phases and a white precipitate,
which was filtered, yielding 34 g crude 1,4-dibromomethyl-p-xylene, in a yield of 97%.
Recrystallization from CCl4 gave 32 g of pure product as white needles, in a yield of 92%,
m.p. 126–127◦C.

COOH

O O

O
H3PO4

HOAc

COOH

Cl

++

Reference 17.

A solution of 25 g dehydroabietic acid, 3.3 g paraformaldehyde, and 5.2 mL 85% phos-
phoric acid in 50 mL glacial acetic acid was heated with vigorous stirring at 105–110◦C for
11 h while treated with a stream of gaseous hydrogen chloride. The reaction mixture, which
had separated into two layers, was diluted with water and extracted with ether. The ether
extract was washed with water and dried over Drierite. Upon evaporation of the solvent,
there was obtained a resinous, pale yellow residue, which was converted under reduced
pressure to a froth that could be powdered and dried. The crude material (27.2 g) did not
yield a crystalline product—that is, 6-chloromethyldehydroabietic acid.

Cl
CH2O

ZnCl2

NiCl2
+ +     HCl

Reference 18.

p-Cymene (50 g), 20 g anhydrous zinc chloride, 1 g nickel chloride, and 40 g 40%
formaldehyde were stirred together at 60◦C while hydrogen chloride was passed through.
After 8 h, the reaction mixture was steam distilled. It was found that it was better to use
the small quantities mentioned and to carry out many preparations rather than to use larger
quantities. Forty-seven grams of colorless liquid was obtained by distillation at 123–124◦C
(20 mmHg), in a yield of 69%.

Other references related to the Blanc chloromethylation are cited in the literature.20
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Blanc Rule

A. GENERAL DESCRIPTION OF THE REACTION

This rule was first generalized by Blanc in 1907,1 although it was originally investigated
by Lapworth in 18992 and subsequently by Perkin in 1904.3 In 1907, Blanc reported1 that
glutaric acid on treatment with acetic anhydride formed an intramolecular anhydride, and
when adipic and pimelic acids were subjected to the same treatment, cyclopentanone and
cyclohexanone were generated correspondingly. Therefore, he summarized that when a
dicarboxylic aliphatic acid was heated with acetic anhydride and distilled, the ketone of
one less carbon atom would form, unless it was possible for a five- or six-membered cyclic
anhydride to form. This generalization is called the Blanc rule.4 It should be pointed out
that the cyclizations can also be accomplished without the use of acetic anhydride by mere
application of heat in a high vacuum.5,6 This rule has been applied to a great number of
substituted products of aliphatic dicarboxylic acids, especially in the constitutional analysis
of the carbon skeleton of polycyclic systems, such as sterols and bile acids.5,7,8 However,
this rule has been found to be unsuccessful in a few cases,9 and an alternative method has
been developed to differentiate the cyclopentanones and cyclohexanones.10 In this rule, the
dicarboxylic aliphatic acids are normally heated >200◦C.7

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism is illustrated by showing the formation of succinic anhydride and
cyclopentanone.

D. MODIFICATION

It has been modified by heating the dicarboxylic acid in the absence of acetic anhydride6

and by using a mixture of acetic anhydride and potassium acetate.7

E. APPLICATIONS

This rule has been applied to characterize five-membered or six-membered ketone
rings in steroid skeletons. In addition, this rule can also be used to prepare a variety of
cycloketones.

F. RELATED REACTIONS

This rule is related to Bredt’s Rule.
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G. CITED EXPERIMENTAL EXAMPLES

N
H

COOH
COOH

∆ N

O

O

Ac2O/KAc

Reference 7.

A solution of 143 mg �-(4-carboxy-3-indole)-propionic acid (0.6 mmol) and 15 mg
potassium acetate (0.15 mmol) in 5 mL acetic anhydride was maintained at reflux temper-
ature for 16 h. The acetic anhydride was distilled under reduced pressure. The residue was
extracted with refluxing benzene. The solution was clarified by filtration and concentrated
under diminished pressure. The remainder (125 mg) was recrystallized from a mixture
of dichloromethane and ether to give 104 mg 1-acetyl-5-keto-1,3,4,5-tetrahydrobenz(ed)
indole, m.p. 120–140◦C. Further recrystallization from a mixture of dichloromethane and
ether gave 90 mg pure product, in a yield of 71%, m.p. 147–152◦C.

O

O

HOOC

HOOC

O

O

O

O

O∆

Reference 6

Dicarboxylic acid (2 g) was heated to 300◦C for 2 h under a stream of nitrogen and at
reduced pressure. Evolution of gas developed immediately. The residue was dissolved in
benzene and chromatographed over 60 g alumina. The following fractions were collected:
(a) benzene, 44 mg; (b) benzene-ether 3:1, 180 mg; (c) benzene-ether 1:1, 226 mg; (d) ether,
86 mg; and (e) chloroform, 340 mg. Fraction C crystallized, and further crystallizations from
ether gave pure product, m.p. 195–197◦C. No yield was given in original publication.

Other references related to the Blanc rule are cited in the literature.11

H. REFERENCES

1. (a) Blanc, H. G., Compt. Rend., 1907, 144, 1356. (b) Blanc, H. G., Bull. Soc. Chim., 1908, 3, 778.

2. (a) Lapworth, A. and Chapman, E. M., J. Chem. Soc., 1899, 1003. (b) Lapworth, A. and Chapman,
E. M., J. Chem. Soc., 1900, 464.

3. (a) Perkin, W. H. and Thorpe, J. F., J. Chem. Soc., 1904, 128. (b) Perkin, W. H., J. Chem. Soc.,
1904, 416. (c) Perkin, W. H., J. Chem. Soc., 1906, 1640.

4. (a) Davis, S. B.; Doering, W. E.; Levine, P. and Linstead, R. P., J. Chem. Soc., 1950, 1423.
(b) Linstead, R. P. and Walpole, A. L., J. Chem. Soc., 1939, 850.



436 BLANC RULE

5. Sobotka, H., Chem. Rev., 1934, 15, 311.

6. Lavie, D. and Willner, D., J. Am. Chem. Soc., 1960, 82, 1668.

7. Smith, G. G. and Fahey, D. M., J. Am. Chem. Soc., 1959, 81, 3391.

8. Uhle, F. C.; McEwen, C. M.; Schroter, H.; Yuan, C. and Baker, B. W., J. Am. Chem. Soc., 1960,
82, 1200.

9. (a) Fieser, L. F. and Fieser, M., Natural Pioducts Related to Phenanthrene, Reinhold Publishing,
New York, 1949, pp. 134, 140. (b) Linstead, R. P. and Doering, W. E., J. Am. Chem. Soc., 1942,
64, 1991.

10. Johnson, W. S. and Shelberg, W. E., J. Am. Chem. Soc., 1945, 67, 1745.

11. (a) Bradbury, R. B., Tetrahedron, 1958, 2, 363. (b) Gascoigne, R. M. and Simes, J. J. H.,
Quart. Rev., 1955, 9, 328. (c) Abu-Shady, H. A. and Soine, T. O., J. Am. Pharm. Assoc., 1954,
43, 365. (d) Djerassi, C.; Wilfred, E.; Visco, L. and Lemin, A. J., J. Org. Chem., 1953,18, 1449.
(e) Bachmann, W. E. and Deno, N. C., J. Am. Chem. Soc., 1949, 71, 3540. (f) Ruzicka, L.; Rey,
E. and Muhr, A. C., Helv. Chim. Acta, 1944, 27, 472. (g) Levitz, M.; Perlman, D. and Bogert, M.
T., J. Org. Chem., 1941, 6, 105. (h) Fieser, L. F. and Dunn, J. T., J. Am. Chem. Soc., 1937, 59,
1021. (i) Bardhan, J. C., J. Chem. Soc., 1936, 1848. (j) Stange, O., Z. Physiol. Chem., 1933, 218,
74. (k) Ruzicka, L.; Furter, M. and Thomann, G., Helv. Chim. Acta, 1933, 16, 327. (l) Wieland,
H. and Dake, E., Z. Physiol. Chem., 1932, 210, 268. (m) Windaus, A.; Westphal, K. and Stein,
G., Ber., 1928, 61, 1847. (n) Hückel, W. and Friederich, H., Ann., 1927, 451, 153. (o) Adickes,
F., Ber., 1925, 58, 211. (p) Hückel, W., Ann., 1925, 444, 14. (q) Windaus, A.; Hückel, W. and
Reverey, G., Ber., 1923, 56, 91.



94
Blomquist Cyclic Ketone

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Blomquist in 1947.1 It is the reaction to form inter-
mediate to macrocyclic ketones via the process of intramolecular condensation of aliphatic
diketenes at diluted concentration followed by hydrolysis and decarboxylation of cyclic
ketene derivatives.2 The intermolecular condensation of diketenes will form even larger
macrocyclic diketones,3 which can be converted into simple macrocyclic diketones.4 The
ketene can be easily obtained by the treatment of acyl chloride of dicarboxylic acid with
tertiary amines, of which triethylamine gives the best result.3 Although some polyketene
products also form in this process, they can be easily removed.3 Other methods for
preparing macrocyclic ketones include the Ziegler,5 Hunsdiecker,6 Ruzicka,7 and Gliński8

reactions.

B. GENERAL REACTION SCHEME

(CH2)n–4

H2C

H2C COOH

COOH

(CH2)n–4

H2C

H2C COCl

COCl

Et3N

(CH2)n–4

O

(CH2)n–4

H2C

H2C
C

C

(CH2)n–4

CH2

CH2

O

O

(CH2)n–4

HC

HC C

C

O

O

+
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C. PROPOSED MECHANISMS

The mechanism is proposed as shown below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of intermediate to macrocyclic
ketones, such as muscone and civetone.2

F. RELATED REACTIONS

This reaction is related to the Ruzicka Reaction.

G. CITED EXPERIMENTAL EXAMPLES

COOH

COOH SOCl2

COCl

COCl Et3N, ether

KOH, MeOH, H2O
C O

7

7

7

7

7

7

Reference 2.

A mixture of 1.8 g 9-octa-decene-1,18-dioic acid (5.8 mmol), 2 mL thionyl chloride
(3.3 g, 28 mmol), and 5 mL absolute ether was warmed gently. Sulfur dioxide and hydrogen
chloride distilled gradually. After 30 min, the temperature was raised to ∼70◦C, and the
reaction was kept at this temperature for 1 h. Removal of excess thionyl chloride in vacuo at
50–60◦C gave 2.03 g of the crude acid chloride, which still had an odor of thionyl chloride.
A solution of the crude acid chloride in 200 mL absolute ether (Grignard dried) was added
over a period of 15 h from a Hershberg dropping funnel down the condenser into a stirred,
refluxing mixture of 500 mL absolute ether (Grignard dried) and 10 mL triethylamine. At
the end of this time, the dropping funnel and condenser were rinsed with absolute ether, and
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500 mL ether was removed by distillation of the combined ethereal solution. The remaining
ethereal solution, triethylamine hydrochloride, and polymer were washed with 50-mL and
30-mL portions of 3 N HCl and finally with water until the washes were neutral to congo
red. The ethereal solution was dried over anhydrous MgSO4. The ether was distilled, and
the residue weighed 1.72 g. To hydrolyze the ketene dimer, this material was dissolved in a
solution of 2.0 g potassium hydroxide in 2.0 mL water and 30 mL methanol. The solution
was kept at room temperature for 40 h and then was refluxed 1.5 h. The saponification
mixture was cooled and diluted with water to ∼200 mL; the neutral organic material was
extracted repeatedly with ether. The combined ethereal solution was washed with water and
dried over anhydrous MgSO4. The ether was distilled, and 545 mg residue, crude civetone,
was obtained. The material remaining in the aqueous layer was investigated sufficiently to
ensure that no civetone was being lost as �-civetonecarboxylic acid.

The civetone was distilled at 0.2 mmHg pressure and a bath temperature of ∼160◦C. A
nearly colorless distillate (476 mg) was obtained, in a yield of 33%.

(CH2)5

H2C

H2C
C

C

(CH2)5

CH2

CH2

O

O

HSCH2CH2SH

ZnCl2
(CH2)5

H2C

H2C
C

C

(CH2)5

CH2

CH2

O

SS

H2 (CH2)

O
Raney Ni

13

Reference 4.

Conversion of 1,9-Cyclohexadecanedione to Its Ethylenedithioketal

After removing 50 mL benzene by distillation from a solution of 5.44 g 1,9-cyclo-
hexadecanedione (0.0216 mol) in 200 mL of reagent-grade benzene, 2.03 g ethanedithiol
(0.0216 mol), 20 g anhydrous Na2SO4, and 1.5 g freshly fused and powdered zinc chlo-
ride were added rapidly. The mixture, in a stoppered flask, was placed in the refrigerator
overnight and allowed to stand 5 days at room temperature. The insoluble material was sep-
arated and thoroughly washed with benzene. The combined benzene filtrate and washings
were evaporated to dryness and redissolved in hexane, leaving 1.0 g of insoluble material
having a melting point of 204–210◦C. This made up the crude bis-ethylenedithioketal. (An
additional 1.1 g of this material—with a melting point of 206–210◦C—was obtained by
extracting the benzene-insoluble substances with water and chloroform and subsequently
adding hexane to the chloroform extract.). Evaporation of the original hexane solution gave
4.66 g crude mono-ethylenedithioketal, which solidified in about 3 days. This crude pro-
duct, containing unreacted diketone, was used for subsequent transformations without
further purification.

Reductive Desulfurization of the 1,9-Cyclohexadecanedione Dithioketals

Crude 1,9-cyclohexadecandione dithioketal (4.66 g) was added to a suspension of 15 g
Raney nickel in 200 mL ethanol, which had been previously refluxed for 1 h with 5 mL
acetone. The mixture was refluxed for 3 h, cooled, and filtered. The filtered Raney nickel
was allowed to stand under methanol. To the ethanolic filtrate was added a solution of 5 g
semicarbazide hydrochloride and 10 g sodium acetate in 10 mL water. Although a white
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precipitate formed immediately, the mixture was allowed to stand 24 h before filtration. The
methanolic solution obtained after removal of the Raney nickel was treated similarly, and
the resulting solid semicarbazone combined with that obtained earlier. The total semicar-
bazone precipitates were digested with 300-mL and 250-mL portions of boiling methanol.
The insoluble material weighed 1.59 g and had a melting point of 221–227◦C, correspond-
ing to that of 1,9-cyclohexadecanedione disemicarbazone. An additional 0.29 g of impure
disemicarbazone, (m.p. 186–191◦C) separated when the methanolic filtrates stood at room
temperature for 1 day. Concentration of the methanol solution gave three crystalline frac-
tions of cyclohexadecanone semicarbazone: (a) 1.0 g with a melting point of 172–173◦C,
(b) 0.77 g with a melting point of 168–172◦C, and (c) 1.25 g with a melting point of 170–
175◦C. The 3.02 g cyclohexadecanone semicarbazone corresponds to a 47% conversion
from 1,9-cyclohexadecanedione. The yield, adjusted for recoverable diketone derivatives,
was 90%.

Other references related to the synthesis of cyclic ketones are cited in the literature.9
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Bobbitt Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bobbitt in 1965.1 It is the reaction to synthesize
1,2,3,4-tetrahydroisoquinoline by cyclo-condensation of substituted benzylaminoacetals in
the presence of hydrochloric acid, and is generally known as the Bobbitt reaction.2 This
reaction is not only good for the preparation of 1-substituted isoquinolines, but 4- and N-
substituted isoquinolines as well. Although the initial preparation of 1-alkylisoquinolines
has been developed by Quelet and Vinot,3 the involvement of boron trifluoride as a cyclizing
reagent has made it generally unsuitable for the synthesis of oxygenated isoquinolines. The
Bobbitt reaction has overcome the potential problems via the addition of aliphatic Grignard
reagents to the Schiff bases, followed by the cyclization4 and its modification.5 In addition,
the N-substituted 1,2,3,4-isoquinoline can be easily prepared via the reductive alkylation
of benzylamine and cyclization6 and other related methods;7 and the 4-substitued 1,2,3,4-
isoquinoline (4-OH-1,2,3,4-isoquinoline8) could be synthesized via the condensation of
1,2-dihydroisoquinolines with aldehyde.1b

B. GENERAL REACTION SCHEME

CHO
H2N CH(OEt)2 NH

CH(OEt)2
HCl

NH N

H2/Pt
+

H2/Pt

Dehydrogenation

441

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



442 BOBBITT REACTION

C. PROPOSED MECHANISMS

Displayed below is the illustration of reaction mechanism.

D. MODIFICATION

The 1-alkyl substituted isoquinolines have been modified via the reaction between imines
and ethyl chloroformate followed by trimethyl phosphite to form carbamate phosphonate
intermediates that cyclize into isoquinolines in the presence of Lewis acid.5

E. APPLICATIONS

This reaction has general application in synthesis of 1-, 4- and N-substituted 1,2,3,4-
tetrahydroisoquinolines and 1-, and 4-substituted isoquinolines. In addition, this reaction has
been applied to the synthesis of some alkaloids such as salsoline,6 salsolidine,6 carnegine,6

and lophocerine.9

F. RELATED REACTIONS

This reaction is related to the Pomeranz-Fritsch Isoquinoline Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

CHO

HO

MeO
H2N CH(OEt)2

N

Ph

HO

MeO

+

1) H2/Pt
2) HCl

3) PhCHO

Reference 1b.
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Vanillin (3.04 g, 0.02 mol), dissolved in a minimum amount of absolute ethanol, was
combined with 2.66 g of aminoacetaldehyde diethylacetal (0.02 mol), and the mixture was
diluted to 15 mL with absolute ethanol and hydrogenated at atmospheric pressure and room
temperature over 200 mg of previously reduced platinum oxide. Hydrogen consumption
stopped at about 90% completion after about 3 h. The catalyst was removed by filtration
and the solvent was evaporated under vacuum. The residual oil was dissolved in 50 mL
concentrated hydrochloric acid. The solution which had become hot was cooled and washed
with three 30-mL portions of 3 : 2 ether-benzene to remove starting aldehyde. A two-fold
excess of benzaldehyde (4.24 g, 0.04 mole) dissolved in 50 mL of ethanol was added to the
acidic solution which was subsequently boiled for 30 min. The cooled solution was diluted
with an equal volume of water and washed with three 50-mL portions of ether to remove
the excess benzaldehyde. The solution was made basic with ammonium hydroxide to pH 8.
The precipitate was removed by filtration and crystallized once from water-ethanol to give
3.33 g of 4-benzyl-6-hydroxy-7-methoxyisoquinoline, in a yield of 63%, m.p. 185–190◦C.
The analytical sample has m.p. at 192–193◦C.

Reference 7a.

The mixture of 2.48 g guaiacol (0.02 mol), 3.0 g 40% aqueous formaldehyde
(0.04 mol), and 3.6 g methylaminoacetaldehyde dimethyl acetal (0.03 mol) in 25 mL
ethanol was stirred at room temperature for 24 h. The solvent was removed on a rotary
evaporator and the resulting thick oil was dissolved in 50 mL cold 6 N HC1 and washed
with ether. The acidic solution was stirred at room temperature for 15 h. The last traces
of ether were removed on a rotary evaporator and the solution was hydrogenated over
4 g of 5% palladium on carbon at room temperature and atmospheric pressure until no
more hydrogen was absorbed (about 0.02 mol). The catalyst was removed by filtration
and the solution was concentrated on a rotary evaporator to a yellow syrup. The syrup
was treated with 50 mL of hot ethanol and cooled. Crystals formed and were collected
to yield 1.20 g of the crude hydrochloride of 2-methyl-6-hydroxyl-7-methoxy-1,2,3,4-
tetrahydroisoquinoline, in a yield of 26%, m.p. 281–284◦C. The mother liquor after the
removal of 2-methyl-6-hydroxyl-7-methoxy-1,2,3,4-tetrahydroisoquinoline hydrochloride
was concentrated and cooled to yield 3.12 g of crystalline crude hydrochloride of 2-methyl-
7-methoxy-8-hydroxyl-1,2,3,4-tetrahydroisoquinoline, in a yield of 68%, m.p. 208–212◦C.

Other references related to the Bobbitt reaction are cited in the literature.10,11
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Bodroux Amide Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bodroux in 1904.1 It is the preparation of substituted
amide from the reaction between a simple aliphatic or aromatic ester and an aminomag-
nesium halide (1:2 ratio) obtained by treatment of a primary or secondary amine with
a Grignard reagent at room temperature. However, the direct aminolysis of carboxylic
esters with primary amines requires high temperatures and the use of an autoclave.2

Besides the magnesium amides,1,3 other metal amides have also been developed, including
the alkali,4 aluminum,5 tin,6 and titanium amides.7 This reaction has been modified as the
reaction between esters and lithium aluminum amide prepared from the LiAlH4 and amine
(1:5 ratio of LiAlH4 to amine for the best result) at 25◦C in Et2O.2 The process for prepar-
ing lithium aluminum amide is indicated by the formation of a precipitate and usually
is completed within 15–30 min for unhindered amines; it takes much longer time for hin-
dered amine (e.g., overnight for t-BuNH2).2 More recent modifications for preparing amide
include the reaction between a carboxylate, amine, and Grignard reagent in a 1:1:1.5 molar
ratio.8

B. GENERAL REACTION SCHEME

R1 O
R2

O R3

N
R4

MgX
Et2O

R1 N
R4

O

R3

+ R1, R2, R3 = alkyl, aryl
R4 = H, alkyl, aryl
X = Cl, Br, I
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C. PROPOSED MECHANISMS

The mechanism is similar to the reaction between a Grignard reagent and ester, as
illustrated here.

D. MODIFICATION

The original reaction procedure has been modified by using carboxylate, amine, and a
Grignard reagent8 and by using ester and lithium aluminum amides.2

E. APPLICATIONS

This reaction is generally used to prepare substituted amides.

F. RELATED REACTIONS

This reaction is related to the Willgerodt-Kindler Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2.

A suspension of 1 g LiAlH4 (26 mmol) in 20 mL anhydrous Et2O or THF was refluxed
for 90 min. After the mixture was cooled to 25◦C, 130 mmol of isopropylamine was added
dropwise with stirring. After the addition was finished, stirring was maintained at 25◦C until
the precipitation was complete (15–30 min). After the addition of another 15 mL anhydrous
Et2O or THF, a ready-to-use-suspension was obtained. Then 26 mmol δ-valerolactone was
added dropwise to the Et2O suspension, and the new mixture was stirred at 25◦C overnight
(until the precipitate disappeared). The reaction was then carefully quenched by the succes-
sive addition of 1 mL H2O, 1 mL 10% NaOH, and 3 mL H2O. Stirring was maintained until
the new precipitate became white and powdered. After filtration, the precipitate was carefully
rinsed with CH2C12 (5 × 10 mL), and the combined organic phases were dried over MgSO4
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and concentrated in vacuo to give the crude N-(l-methylethyl)-5-hydroxypentanamide as a
pale yellow viscous liquid that could be purified via column chromatography, in a yield of
100%.

R1 OH

O
R2 MgX

R1 OMgX

O

R3NH2 R1 NHR3

O
THF

+

Reference 8.

The general procedure for the synthesis of the amides from carboxymagnesium halides
is as follows. To a solution of 2 mmol alkylmagnesium halide was added 10–15 mmol
of carboxylic acid at 0◦C under nitrogen. After the reaction mixture had been stirred at
70◦C for 15 min, 5 mmol amine was added at 0◦C. The reaction vessel was heated at 70◦C
for 30 min to 3 h. The mixture was quenched with 25 mL 10% hydrochloric acid at 0◦C
and extracted with dichloromethane (2 × 20 mL). The combined extracts were dried over
MgSO4, filtered, and concentrated. The residue was chromatographed on silica gel with
ethyl acetate–light petroleum as the eluent. The reported yields were up to 65% if carried
out in the noted conditions, and the tested amines include butylamine, diisopropylamine,
morpholine, aniline, 1-phenylethylamine, and 1,2,3,4-tetrahydroisoquinoline. The best sol-
vent for these conditions is THF, although Et2O gives comparable yields. The mixture of
THF and DMF (or THF/HMPA) does not afford any products. (Note: The procedure has
been modified from the reported one for the purpose of easy follow-up.)

Other references related to the Bodroux amide synthesis are cited in the literature.9
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Bodroux-Chichibabin

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction had been initially reported by Gattermann and Maffezzoli1 and
concurrently by Chichibabin (or Tschitschibabin)2 in 1903 and subsequently by Bodroux in
1904,3 it was named after Bodroux and Chichibabin, as the Bodroux-Chichibabin reaction.4

This reaction is the synthesis of aliphatic or aromatic aldehydes by treatment of ethyl
orthoformate with corresponding Grignard reagents. In this reaction, after addition of the
orthoformates to the ethereal solution of the Grignard reagent, and removal of solvent via
distillation, the acetal will form and can be converted into aldehydes on treatment with acidic
water. Other orthoformates can also be used for this reaction.5 When ethyl orthoformate is
applied in this reaction, the replacement of the first ethoxyl group is a slow reaction,6 but
the yields can be improved by refluxing the mixture of Grignard reagent and orthoformate.6

It was found that in the reaction between the orthoformate (if prepared from 1,3-diol and
alcohol) and the Grignard reagent, the acetals with axial 2-alkoxy groups react rapidly with
a variety of Grignard reagents with high retention of configuration to give (very unstable)
products with the axial 2-alkyl groups; in contrast, the diastereoisomers with equatorial
2-alkoxy groups appear to be unreactive and, under forcing conditions, give mixtures of
several products.7

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

A general mechanism is displayed below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been generally applied to the synthesis of aldehydes.

F. RELATED REACTIONS

This reaction is related to the Bouveault Reaction.

G. CITED EXPERIMENTAL EXAMPLES

R X
I2

Et2O
R MgX

CH(OEt)3
R CH(OEt)2

+  Mg H2SO4

∆
R CHO

NaHSO3 R CH(OSO2Na)2

Reference 4c.

To a three-necked flask equipped with a dropping-funnel, mechanical stirrer, and con-
denser with openings protected by calcium chloride tubes was added fresh magnesium
turnings. The flask was heated on a steam bath while a current of dry air was passed
through. After the flask had cooled, 10 mL ether and a crystal of iodine were introduced.
Then the alkyl halide (or aryl halide) in 10 mL ether was dropped onto the magnesium.
After the reaction started, enough ether was added to the solution to bring the total amount
of ether up to 4.5 moles per mole of alkyl halide. After the addition was complete, the
mixture was refluxed and stirred for 15 min longer. Then, with stirring, the orthoformic
ester, dissolved in an equal volume of ether, was added at the rate of about two drops per
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second. No apparent reaction occurred. After the addition of the reagent was complete, the
reaction mixture was refluxed and decomposed by the addition of ice and 5 N H2SO4 and
refluxed for a few minutes to decompose the acetal. If the ether had been distilled off, the
cooled mixture was extracted with ether three times (50 mL each time); otherwise, the ether
layer was merely separated. The combined ethereal solutions were shaken vigorously with
50 mL saturated sodium bisulfite solution, and the filtrate was shaken with fresh bisulfite
solution and again filtered. The combined solids were washed with 50 mL cold alcohol
and then with 50 mL ether and spread in the air to dry. (Note: Readers should consult the
original paper for details about this modified procedure.)

Br

EtBr, I2

Et2O

MgBr

CH(OEt)3

CH(OEt)2

+  Mg HCl

∆

CHO

NaHSO3

CH(OSO2Na)2

Reference 8.

The Grignard reagent was prepared by adding a solution of 20.8 g p-bromotoluene
(0.122 mol) in 100 mL ether dropwise (45 min) to the suspension of 3.3 g magnesium
powder (0.136 mol) in 20 mL ether under stirring. The reaction was started by the addition of
0.5 mL ethyl bromide and a crystal of iodine; after all the bromide was added, the solution
was refluxed for 2 h. Ethyl orthoformate (22 g, 0.142 mol) in 30 mL ether was then rapidly
added within 5 min and the reaction mixture was refluxed for 5 h. The ether was then distilled
off on the steam bath; when practically all of it was removed, there was a sudden vigorous
reaction. At this point, the flask was quickly immersed in an ice bath and allowed to remain
there until all evidence of a reaction had disappeared. After standing overnight, 50 g ice
and 125 mL cold 5 N HCl were added, the small residual amount of ether was evaporated,
and the reaction mixture was refluxed for 30 min on the steam bath under an atmosphere of
carbon dioxide. The aldehyde was then steam distilled in an atmosphere of carbon dioxide,
and the distillate was extracted three times with ether (60 mL each time). The combined
ether extracts were evaporated on the steam bath to remove solvent and propionic aldehyde
(b.p., 50◦C), and the residue of impure p-tolualdehyde was taken up in 20 mL ether. The
ethereal solution was then vigorously shaken with a freshly prepared, saturated aqueous
solution of sodium bisulfite, the solid was filtered off, and the filtrate was shaken again with
fresh bisulfite solution and filtered. The combined solids were washed with ether and dried,
and 20.3 g of solid was obtained, in a yield of 74.4%.

Other references related to the Bodroux-Chichibabin reaction are cited in the literature.9
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Böeseken Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Böeseken in 1929.1 It is the reaction for transforming
the α,β-unsaturated carbonyl compounds into enol esters2 or aromatic carbonyl molecules
(benzaldehys or phenyl ketones) into phenol esters3 via oxygen insertion from the alka-
line oxidation by peracids. The peracids used can be hydrogen peroxide,4 peroxybenzoic
acid,5 peroxyacetic acid,6 etc. This base-catalyzed oxidation of carbonyl compounds are
different both in mechanism and in direction of cleavage from the acid-catalyzed oxidation
(e.g., the Baeyer-Villiger Oxidation), indicating the migration of an alkyl or aryl group to an
electron-deficient oxygen atom. The ease of cleavage and migratory aptitude of groups from
ketone under alkaline peroxide oxidation is found in the order of primary alkyl > secondary
alkyl > methyl and phenyl.7 A faster and cleaner solid-state oxidation of hydroxylated ben-
zaldehydes using urea-hydrogen peroxide as the oxidation reagent can be considered as the
modification of this reaction.3

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism for the alkaline oxidation of α,β-unsaturated carbonyl compound by
peracids is proposed as shown below.

D. MODIFICATION

This reaction has been modified by using urea-hydrogen peroxide as an oxidizing
reagent.3

E. APPLICATIONS

This reaction can be used to prepare different phenols (e.g., via the oxidation of ben-
zaldehydes or phenyl ketones), enol esters (from α,β-unsaturated carbonyl compounds) and
aldehydes (from the further hydrolysis of corresponding enol esters).

F. RELATED REACTIONS

This reaction is related to the Baeyer-Villiger Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

CHO

OH

UHP
OH

OH85°C, 20 min

Reference 3.

Benzaldehyde (2 mmol) was added to 376 mg finely powdered urea–hydrogen peroxide
adduct (UHP, 4 mmol) in a glass test tube, and the reaction mixture was placed in an oil bath
at 85◦C for 20 min. After completion of the reaction (monitored by TLC, hexane/EtOAc =
8:2), the reaction mixture was extracted into ethyl acetate, and the combined extracts were
washed with water and dried over anhydrous Na2SO4. The solvent was removed under
reduced pressure to afford the crude product, which was purified by chromatography to
deliver pure product, in a yield of 85%.
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Ph

O

CH3CO2H

O

Ph

O

CH3CO3H/CH3CO2K

Reference 8.

To a solution of 14.05 g benzylidenecyclopentanone (0.082 mol) in 70 mL glacial
acetic acid saturated with potassium acetate was added 12 mL commercial peroxy-
acetic acid (containing 0.076 mol peracid) within 10 min under stirring. After 40 min,
93% of the peroxyacetic acid and 53% of the hydrogen peroxide content of the reagent
had been consumed; after 70 min 95% of peroxyacetic acid and 68% of the hydro-
gen peroxide content had been consumed. Ether and water (100 mL each) were added
to the reaction mixture. The aqueous layer was separated and extracted with ether
(2 × 50 mL). The ethereal solutions were combined, washed consecutively with water
(3 × 50 mL), sodium carbonate solution (2 × 25 mL), and again with water (2 × 50 mL).
After filtration through MgSO4 and concentration on the steam bath, a residue was obtained,
which solidified on cooling. Recrystallization from isopropyl ether yielded 8.4 g 6-phenyl-
5-hydroxyl-5-hexenoic acid δ-lactone (colorless flakes), m.p. 79–80◦C. Somewhat less pure
additional material (1.0 g) was isolated from the recrystallization mother liquors. The total
yield obtained was 67% on the basis of peroxyacetic acid and 82% on the basis of the ketone
used.

Other references related to the Böeseken oxidation are cited in the literature.9
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Bogert-Cook Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported almost coincidently by Cook1 in 1932 and Bogert2

in 1933. It is a two-step process for preparing octahydrophenanthrene derivatives from a
Grignard Reaction between β-phenylethylmagnesium bromide and cyclohexanones fol-
lowed by cyclodehydration of the tertiary alcohol with concentrated sulfuric acid,
accompanied by a small amount of spirane. In this reaction, when the intermediate carbinol
is treated with a milder dehydrating agent (e.g., iodine, potassium hydrogen sulfate, 50%
sulfuric acid), it is converted into the corresponding olefin,2 which can also cyclize to
octahydrophenanthrene derivatives.3 These experimental results led to the early idea that
the mechanism of this reaction involved the initial dehydration followed by the cyclization
of the olefin produced,4 which is now known to be erroneous.5 It is believed that three possi-
ble intermediates can be formed, depending on the acidity and temperature of the reaction.5b

On the other hand, when an alkyl or alkoxyl group is at the position meta to the side chain
in the phenyl ring, cyclization can proceed to yield the 5- or the 7-substituted phenanthrene
derivatives.6 The yields of spirane formed vary, depending on the reactivity of the aromatic
nucleus at the cyclization position.5b The particular stereoisomer formed by cyclization of
the carbinol intermediate with an unreactive aromatic nucleus (o-chlorophenyl) is different
from that obtained from the corresponding carbinol with a more reactive nucleus (phenyl).5b
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B. GENERAL REACTION SCHEME

MgBr

OR

OH

R
H2SO4

R
+

C. PROPOSED MECHANISMS

It is believed that three possible intermediates (I, II, and III) can be formed, depend-
ing on the acidity and temperature of the reaction.5b The bridged ion II is of appreciably
lower energy than the free carbonium ion.7 Under mild conditions, intermediate I predom-
inates in the reaction, but only aryl groups with extremely reactive nuclear positions can
cyclize; however, if the aromatic nucleus is moderately reactive, the cyclization occurs via
the bridged ion II. If the aryl nucleus is unreactive, the cyclization takes place only after the
higher energy carbonium ion (III) has formed to some extent. Nevertheless, an illustrative
mechanism is shown for this reaction.

D. MODIFICATION

The cyclization of olefin has been modified using mercuric acetate and perchloric acid8

or mercuric perchlorate in acetic acid.9
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E. APPLICATIONS

This reaction has a general application in the preparation of polynuclear hydrocarbons
containing a phenanthrene nucleus.

F. RELATED REACTIONS

This reaction is related to the Bardhan Sengupta Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

MgBr

O

OH

H2SO4+

Reference 4b.

The white needle-shaped 1-β-phenylethylcyclohexanol-1 was prepared from phenylethyl
bromide and cyclohexanone, which was crystallized by making a saturated solution in warm
petroleum ether and chilling it with an ice salt or solid carbon dioxide–alcohol mixture. The
yield was 54%, m.p. 57◦C, b.p. 145◦C at 2–3 mmHg.

It is advised that 90% sulfuric acid be used for the secondary alcohols and 85% for
the tertiary ones. The alcohol was added slowly with stirring to two volumes of the acid
cooled by an ice pack. When all the alcohol had been added, the stirring was continued for
15–20 min at room temperature, and the mixture was then extracted with petroleum ether.
The extract was agitated vigorously two or three times with cold 85% sulfuric acid, until
the ether layer was a pale lemon yellow, then it was washed with a 10% sodium carbonate
followed by a 10% sodium sulfate solution, dried over anhydrous potassium carbonate, and
fractioned under diminished pressure to give as-octahydrophenanthrene, in a yield of 90%,
b.p., 135–137◦C (10 mmHg).

CO2Et
MeO

OH
Br

MeO

H2SO4

CO2Et
MeO

Br

MeO

Reference 10.

The crude tertiary alcohol (5 g) was dissolved in 50 mL benzene and added to
107 g 90% sulfuric acid. The reaction mixture was stirred for 1 h at 0–2◦C and
then poured onto ice. After processing and evaporatively distilling at 150–155◦C
(0.15 mmHg), 1 g 2,5-dimethoxy-8-bromo-4a-methyl-10a-carbethoxy-1,2,3,4,4a,9,10,10a-
octahydrophenanthrene was obtained.

Other references related to the Bogert-Cook synthesis are cited in the literature.11
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Bohn-Schmidt Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bohn in 18891 and subsequently by Schmidt in 1891.2

It is the introduction of hydroxyl groups into anthraquinone molecules containing at least
one hydroxyl group by the oxidizing action of fuming sulfuric acid (i.e., oleum).3 Therefore,
it is generally known as the Bohn-Schmidt reaction.3,4 It is reported that if boric acid is
added to the reaction mixture, then ordinary concentrated sulfuric acid can be used instead
of the oleum, and boric acid can form esters with hydroxyanthraquinones to prevent the
further oxidation.5 In addition, selenium, selenium oxide, and mercury can be added as
catalytic agents.6

B. GENERAL REACTION SCHEME

O

O

OH

O

O

OH

OH

OH

OH

OH

H2SO4/H3BO3

C. PROPOSED MECHANISMS

Because no illustrative mechanism is available, a tentative mechanism is proposed here
for the reaction. It should be pointed out that oleum or even concentrated sulfuric acid has
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the oxidation power, and hydroquinone or semihydroquinone can be oxidized into quinone
by sulfuric acid.

D. MODIFICATION

This reaction has been modified to proceed in the presence of selenium or selenium oxide
as catalyst.6
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E. APPLICATIONS

This reaction has been applied to the technical preparation of important dyes such as
Alizarin Green S, Alizarin Bordeaux, Alizarin Cyanine R, and Alizarin Cyanin Black.3

F. RELATED REACTIONS

This reaction is related to the Boyland-Sims Oxidation and Elbs Persulfate Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

3-Methylalizarin (1 g) was treated with 6 mL 100% oleum at room temperature for
14–18 h. The reaction mixture was diluted with 50 mL concentrated H2SO4, and the resulting
solution was poured onto 250 g crushed ice. The sulfuric ester that separated was filtered,
and the wet cake was dissolved in 10% aqueous NaOH. The violet solution was acidified
carefully with concentrated H2SO4, avoiding an excess of the acid. On boiling for 15 min,
the precipitate was filtered and washed well. The dry precipitate (0.75 g) showed two spots
on the oxalated silica gel plates using benzene as solvent. One spot corresponded to the
starting material of 3-methylalizarin. The crude mixture was dissolved in DMF and then
absorbed on column-grade silica gel. A dark violet band was eluted from the column upon
elution with benzene. The eluate was concentrated to 1–2 mL, and to it was added 5 mL
methanol. The compound crystallized in bright red microplates (80 mg) and was identified
as 1,2,5-trihydroxy-3-methyl-anthraquinone, m.p. 220◦C.

Other references related to the Bohn-Schmidt reaction are cited in the literature.8

H. REFERENCES

1. (a) Bohn, R., German Pat., 1889, Feb. 26, 46654. (b) Bohn, R., German Pat., 1889, April 9,
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3. Phillips, M., Chem. Rev., 1929, 6, 157.

4. (a) Confalone, P. N. and Pizzolato, G., J. Am. Chem. Soc., 1981, 103, 4251.
(b) Winkler, J. and Jenny, W., Helv. Chim. Acta, 1965, 48, 190. (c) Winkler, J. and Jenny,
W., Helv. Chim. Acta, 1965, 48, 119. (d) Lecher, H. Z., J. Am. Chem. Soc., 1955, 77, 6089.
(e) Lubs, H. A., ed. The Chemistry of Synthetic Dyes and Pigments, American Chemical Soci-
ety Monograph Series, Reinhold Publishing, New York, 1955. (f) Fierz-David, H. E. and
Blangey, L., Fundamental Processes of Dye Chemistry, Interscience Publishers, New York,
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Monatsch. Chem., 1914, 34, 1957.
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6. (a) Milbauer, J., Chem. Obzor., 1941, 16, 97. (b) Milbauer, J., and Mikolasek, J., Chem. Obzor.,
1940, 15, 65. (c) Milbauer, J. and Mikolasek, J., Chem. Obzor., 1940, 15, 84. (d) Sreenivasan,
A. and Sadisivan, V., Ind. Eng. Chem., Anal. Ed., 1939, 11, 314. (e) Milbauer, J., Chem. Obzor.,
1939, 14, 233. (f) Milbauer, J., Chem. Obzor., 1936, 11, 1. (g) Milbauer, J., Chem. Obzor., 1936,
11, 65. (h) Milbauer, J., Chem. Obzor., 1936, 11, 132. (i) Milbauer, J., Chem. Obzor., 1936, 11,
183. (j) Milbauer, J., Chem. Obzor., 1936, 11, 208. (k) Milbauer, J., Chem. Obzor., 1936, 11, 233.

7. Dhruva, B. R.; Patil, V. B. and Rao, A. V. R., Indian J. Chem., Sect. B, 1976, 14B, 622.
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Pigments, Verlag Helvetica Chimica Acta AG, Zurich, and Wiley-VCH GmbH, Weinheim, 2003,
p. 273. (b) Morris, M. J. and Brown, J. R., Tetrahedron Lett., 1978, 2937.
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Boord Olefin Synthesis

(Boord Elimination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Boord in 1930.1 It is a general and flexible process for
synthesizing different types of olefins with regio-specificity starting with the condensation of
aldehydes with alcohol in the presence of hydrogen chloride gas, followed by the treatment
with bromine to form α-bromo ether, and then further treatment with Grignard reagent, and
zinc-induced reductive elimination of halogen and alkoxy groups. Therefore, this reaction
is generally known as the Boord elimination,2 or Boord olefin synthesis.3 Unfortunately,
the stereoselectivity of this reaction is poor, giving a mixture of Z- and E-olefins.4,5 In
zinc-induced reductive elimination, the larger the molecular weight of the alkoxy group,
the slower the reaction rate. For example, the reactivity is found in the order of methoxy >

ethoxy > butoxy > isobutoxy > 2-ethylhexoxy.5

B. GENERAL REACTION SCHEME

H

O

R
HCl

O

Cl

R

Br2
O

Br

Br

R R′MgBr

O

R′

Br

R Zn
R′R

+   EtOH
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C. PROPOSED MECHANISMS

Although the mechanism is almost clearly shown in the reaction scheme, a tentative
illustration is given here to show the reaction details.

D. MODIFICATION

When dibromides from alkyl vinyl ethers were condensed with Grignard reagents and
the resulting β-bromoethers were treated with zinc, 53–84% of olefins could be yielded,
which is 10–30% higher than the traditional procedure from aldehydes.5

E. APPLICATIONS

This reaction has general application in preparation of different types of olefins.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 5.
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Bromination of Alkyl Vinyl Ethers

In a three-necked flask, suitably equipped and surrounded by a dry ice–acetone bath
were placed 300–400 mL sodium-dried ethyl ether and 1 mol methyl vinyl ether. The
theoretical amount of bromine was added, with stirring, at a rate of about 1 drop per second.
The dibromides were not isolated from the ether solution, which were used as such in the
Grignard Reactions.

Preparation of β-Bromoethers

The Grignard reagents from isoamyl chlorides (redistilled) were prepared in the manner
described by Dreger.6 The condensation was carried out in a conventional way, using a 20%
excess of the Grignard reagent. After removal of the ethyl ether solvent by simple distilla-
tion, the β-bromoether was fractionated over solid sodium hydroxide at reduced pressure
(column rated at about 10 theoretical plates at atmospheric pressure). The condensation with
the dibromides was carried out in the customary way, the temperature of the reaction mix-
tures being maintained at 0–10◦C. After distillation, 69% of 1-bromo-2-methoxy-5-methyl
hexane was obtained, b.p. 98–99◦C at 23 mmHg.

The Dealkoxybromination

The dealkoxybromination reaction was carried out as previously described.1b The olefin
was purified only by washing with water and fractionation over metallic sodium at less than
five-plate efficiency; yet the quality was obviously good. Finally, 84% of 5-methyl-1-hexene
was obtained, b.p. 85.4–85.6◦C.

H

O
HCl

O

Cl

Br2
R

R

O

Br

Br

R R'MgBr

O

R'

Br

R Zn
R'

R

+ EtOH

Reference 1b.

Preparation of Alkyl-α-Chloroethyl Ether

The method1a has been generalized and extended to include the preparation of n-propyl-
and n-butyl-α-chloroethyl ethers. It was found advisable for the purpose of synthesis to
avoid distillation, the yield being diminished as much as 20–25% by a single fractionation.
The upper ethereal layer was removed and dried over calcium chloride. For the α-chloroethyl
ethers mentioned, the yield varies from 80 to 90% of crude or 60 to 69% of the distilled
product.
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Formation of Alkyl-α,β-Dibromoethyl Ethers (R-O-CHBr-CH2Br)

The alkyl-α-chloroethyl ethers were brominated. The crude reaction product may be
submitted directly to distillation under diminished pressure, but it was found advisable in this
case to avoid distillation. The hydrogen chloride was removed under diminished pressure or
by aspirating a slow current of air through the reaction mixture. The yields vary from 93 to
95% of crude or 88.5 to 91% of distilled product. For the case of n-butyl-α,β-dibromoethyl
ether, the yield was 95.2%, b.p. 115◦C at 36 mmHg.

Formation of Alkyl-β-Bromoethyl Ethers

A flask was surrounded by ice water, and the dibromoether—dissolved in an equal
volume of anhydrous ether—was added through the dropping funnel at such a rate that
the mixture remained cold. Mechanical stirring was used throughout the reaction which
finished 15 min after the addition was completed. The reaction mixture was decomposed by
pouring onto ice and acidifying with dilute hydrochloric acid. The ether layer was separated,
dried over calcium chloride, and the ether was removed by distillation. The product was
then transferred to a smaller flask, ∼5% of its weight of solid sodium hydroxide was added,
and it was then fractionated. α-Ethoxy-n-butyl bromide may be distilled at atmospheric
pressure, but the higher members are best distilled under diminished pressure.

Synthesis of Olefins

For conversion into the olefin, the β-bromoether was dissolved in approximately 25 times
its volume of 90% alcohol and placed in a three-necked flask under a spiral condenser. The
flask was provided with a mechanical stirrer with a mercury seal. Zinc dust (2–3 eq.)
was added, and the reaction mixture was digested at the boiling point for several hours.
The lower bromoethers decomposed more slowly than those of higher molecular weight.
β-ethoxy-n-amyl bromide yielded 60–65% of the crude pentene by treatment for 10 to 12 h,
while β-ethoxyisoheptyl bromide gave a yield of 85–90% isoheptene in 5 h. The zinc dust
tends to become coated with the basic salt produced. Mechanical stirring serves to obviate
this difficulty in part, and there is some advantage in adding the zinc portion-wise. The
separation of the olefin from the reaction mixture differed slightly, depending on its boiling
point. In the case of α-pentene, the water in the spiral condenser was kept at 40◦C so that
the olefin volatilized from the reaction mixture continuously.

Other references related to the Boord olefin synthesis are cited in the literature.7
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3293. (f) Soday, F. J. and Boord, C. E., J. Am. Chem. Soc., 1933, 55, 3293. (g) Schurman, I. and
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Borsche-Berkhout Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Borsche and Berkhout in 1904.1 It is the reaction
for preparing 1,3-benzodioxanes from phenols and aldehydes in the presence of acid,
such as HCl and H2SO4. The formed 1,3-benzodioxanes can be oxidized into lactones1,2

and converted into prodrugs of anti-inflammatory agents.3 It is found that an electron-
withdrawing group at position 8 will decrease the stability of such dioxane system toward
alkali solution—for example, 6,8-dinitro-1,3-benzodioxane was easily cleaved in 1% of
KOH solution to 2-hydroxy-3,5-dinitrobenzyl alcohol, whereas 6-nitro-1,3-benzodioxane
was stable to boiling in 25% aqueous alkali or alcholic potassium ethoxide.4

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Because no information about the reaction details is available, a tentative mechanism for
the reaction between phenol and formaldehyde is proposed here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be generally applied to the synthesis of 1,3-benzodioxanes.

F. RELATED REACTIONS

This reaction is related to Bakelite Process.

G. CITED EXPERIMENTAL EXAMPLES

OH

Cl

+    CH2O O

O
Cl

Cl

HCl + H2SO4

Reference 2b.

To a mixture of 500 mL concentrated hydrochloric acid and 15 mL concentrated sulfuric
acid warmed to 40◦C were added 20 g p-chlorophenol and 80 mL 40% formaldehyde.
Hydrogen chloride was bubbled rapidly through the stirred mixture and kept at 40◦C for
1.5 h, at which point the solution had clarified with the separation of some solid. Crude solid
(30 g) was crystallized three times from methanol to give 18.5 g 6-chloro-8-chloromethyl-
1,3-benzodioxane, m.p. 103◦C.
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CO2HHO

+    CH2O

O

O

O OHCl + H2SO4

Reference 5.

To 1 L 40% formaldehyde in a three-necked flask (equipped with a mercury-sealed stirrer,
a thermometer, and a glass tube with an opening of ∼1 mm in diameter leading to the bot-
tom of the flask for introducing dry hydrogen chloride) was added 50 g m-hydroxybenzoic
acid. In ∼5 min the acid had dissolved, and then 1 L concentrate hydrochloric acid and
50 mL concentrated sulfuric acid were added with stirring; hydrogen chloride was passed
rapidly through the entire solution heated to 60◦C. A white solid began to form after
∼1.5 h, but the reaction was continued for a total of 3 h, at which time considerable more
solid had separated. After cooling overnight in a refrigerator, the crystals were filtered off
and washed until free from formaldehyde. One crystallization from methanol gave 21.5 g
6-hydroxymethyl-1,3-benzodioxane-5-carboxylic acid lactone, m.p. 176◦C.

Other references related to the Borsche-Berkhout reaction are cited in the literature.6
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Borsche-Drechsel Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Drechsel1 in 1888 and then by Borsche2 in 1904.
It is the reaction involving the cyclization of arylhydrazones of cyclohexanone to tetrahy-
drocarbazoles and the subsequent oxidation of tetrahydrocarbazoles into carbazoles. In
this reaction, cyclohexanone phenylhydrazone is converted into tetrahydrocarbazole when
heated with dilute sulfuric acid,1,3 a process that is completely analogous to the Fischer
Indole Synthesis. However, Borsche was the first to realize the full scope of this reaction,
and had prepared many substituted tetrahydrocarbazoles.4 Other acids can also be used in
this reaction—for example, acetic acid has been found to give cleaner products.5 Different
oxidants have been applied for converting the tetrahydrocarbazoles into carbazoles, such as
lead oxide,4 mercury acetate,5,6 palladium chloride,7 and chloranil.8 However, only chlo-
ranil was found to be a good reagent in this reaction. In addition, a mixture of cinnamic
acid and palladium black is another excellent reagent for the preparation of carbazoles,9 in
which cinnamic acid was reduced to hydrocinnamic acid.

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism is similar to the Fischer Indole Synthesis as outlined below.

D. MODIFICATION

The conversion of tetrahydrocarbazoles into carbazoles has been modified by using a
mixture of cinnamic acid and palladium black.9

E. APPLICATIONS

This reaction has general application in the preparation of tetrahydrocarbazoles and
carbazoles.

F. RELATED REACTIONS

This reaction is related to the Bucherer Carbazole Synthesis, Fischer Indole Synthesis,
Graebe-Ullmann Synthesis and Piloty-Robinson Pyrrole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

NHNH2

O

HOAc

N
H

+

Reference 10.
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Phenylhydrazine (108 g, 1 mol) was added over 1 h to a stirred, refluxing solution
of 98 g cyclohexanone (1 mol) in 360 g glacial acetic acid. After undergoing refluxing
and stirring for an additional hour, the mixture was cooled to 5◦C and filtered. The crude
solid was washed with water, 75% methyl alcohol, and air dried to give 150 g 1,2,3,4-
tetrahydrocarbazole, in a yield of 88%. Crystallization from methyl alcohol gave a first
crop of 120 g and a second crop of 24 g. The reaction goes equally well if acetic acid is
replaced by formic or propionic acid.

Other references related to the Borsche-Drechsel reaction are cited in the literature.11
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8. Campbell, N. and Barclay, B. M., J. Chem. Soc., 1946, 530.
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Borsche-Koelsch Cinnoline

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Borsche1 in 1941 and Koelsch2 in 1943. It is
the reaction to form 4-hydroxycinnonlines3 or 4-hydroxy-3-alkylcinnolines4via the diazo-
tization of ortho-aminoarylketone followed by a slow step of cyclization.5 In general, the
aminoarylketone is diazotized in either aqueous solution or acetic acid solution, and the
solution of the diazonium salt is allowed to stand in the dark at room temperature until
it no longer gives a diazo coupling reaction with p-naphthol.4 The time required for the
completion of the cyclization under these conditions varies from a few days to 2–3 months.
The reaction time appears to be a function of the basicity of the original amine. The yield
of cinnoline obtained likewise depends on the character of the o-aminoarylketone used in
its preparation. In general, the less basic the aminoarylketone, the shorter the time required
for the cyclization and the greater the yield of corresponding cinnolines.4 The substituted
cinnolines are potential antimalarial drugs.4

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

After the diazotization of o-aminoarylketone, 3-amino-cinnolines can be prepared in the
presence of nitromethane;6 on the other hand, the 4-alkyl-cinnolines can be synthesized
similarly from o-amino-α-alkylstyrenes.7

E. APPLICATIONS

This reaction is generally used to prepare 4-hydroxycinnolines.

F. RELATED REACTIONS

This reaction is related to the Widman-Stoermer Synthesis and von Richter Cinnoline
Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

HN

O

O

n-C4H9ONO, HCl
N
H

O

N

CO2HDME/H2O

Reference 8.

To a suspension of 1 g of 4,5-dihydro-lH,3H-l-benzazocine-2,6-dione in 20 mL 1,2-
dimethoxyethane and 0.1 mL water was added 0.84 g freshly prepared n-butyl nitrite.
Hydrogen chloride gas was bubbled through the mixture at 25◦C for 5 min; the result-
ing solution was stirred overnight at room temperature, after which time the intermediate
diazonium chloride usually had separated. The solution or suspension was diluted with
10 mL water, the mixture was warmed for 5 min on a steam bath, and the resulting
suspension was filtered. The solid residue was crystallized from aqueous ethanol to give
4-oxo-1,4-dihydro-cinnolin-3-ylpropionic acid, in a yield of 61%, m.p. 226–228◦C.
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NH2

O

NaNO2, HCl

N

OH

N

Reference 4.

o-Aminoacetophenone (37.5 g, 0.278 mol) was dissolved in 120 mL water and 90 mL
concentrated hydrochloric acid and diazotized between 0◦ and 7◦C by the dropwise addition
of 59 mL 5 N sodium nitrite solution. The solution was then treated with charcoal and filtered.
A small amount of excess nitrous acid was removed from the filtrate by the addition of urea,
and the solution was stored in the dark at room temperature until a diazonium reaction was
no longer obtained with an alkaline solution of the anilide of 2-hydroxy-3-naphthoic acid
(44 days). The reaction mixture consisted of a dark red solution in which was suspended
some needle-like crystals and several globules of a red-brown oil. There was evidence of
the evolution of a considerable amount of nitrogen. The solid material was removed by
filtration. An additional crop of crystals was obtained by allowing the filtrate to stand for
several hours at room temperature. After recrystallization from ethanol 17.4 g of product
was obtained as slender white needles, in a yield of 42.9%, m.p. 236◦C.
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Cl N
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Cl N
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1) NaNO2, HCl

2) CH3NO2, KOH, NaOAc

Fe/AcOH

Reference 6a.

To a mixture of 7 g crude, moist 2-amino-4-chlorobenzaldehyde (∼0.04 mol), 2.9 g
sodium nitrite (0.042 mol) and 75 g crushed ice, made into a slurry in a Waring blender; a
mixture of 9 mL concentrated hydrochloric (0.11 mol) acid and 50 g crushed ice was added
in one portion. The mixture was blended for about 5 min until a clear solution was obtained.
Small amounts of crushed ice were added periodically during the blending to keep the
temperature low. The solution was filtered through a chilled funnel onto a small amount of
crushed ice. Meanwhile a solution of 4.3 mL nitromethane (0.08 mol) in 5 mL ethanol was
added slowly with stirring to a solution of 5.7 g potassium hydroxide (0.1 mol) in 3.5 L ice
water. After the nitromethane had dissolved, 3.3 g sodium acetate (0.04 mol) was added to
the solution. The diazonium solution was poured slowly into the solution of potassium aci-
nitromethane. A yellow precipitate formed immediately. The mixture was allowed to stand
for 20 min. The crude nitroformaldehyde 5-chloro-2-formylphenylhydrazone was collected
by filtration and transferred to the Waring blender without further purification. A solution
of 1.3 g potassium hydroxide in 50 mL water was added to the solid in the blender. A blood
red color developed immediately. The mixture was blended until the red color faded into a
chocolate brown (5–10 min). The mixture was poured into a beaker, allowed to stand for
2.5 h and filtered. The resultant brown solid was dried overnight in the vacuum desiccator.
The crude material, 1.51 g, was recrystallized from acetone or, preferably, ethyl acetate,
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giving 1.1 g (13%, based on 4-chloro-2-nitrobenzaldehyde) of 7-chloro-3-nitrocinnoline as
pale yellow needles, m.p. 165.5–166◦C

The reduction of 3.0 g 6-chloro-3-nitrocinnoline (0.014 mol) by iron in acetic acid gave
1.91 g of 3-amino-6-chlorocinnoline as bright yellow needles, in a yield of 74%, m.p. 215◦C
(dec.)

Other references related to the Borsche-Koelsch cinnoline synthesis are cited in the
literature.9
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Bougault Reaction
(Bougault Cyclization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bougault in 1915.1 It is the reaction for preparing
indene derivatives via the condensation of β-arylpropionic acid ester with diethyl oxalate
followed by the cyclization of the resulting glyoxylate ester with sulfuric acid. Thus this
reaction is known as the Bougault cyclization2 or Bougault reaction.3 In this reaction,
phosphoric acid may be the reagent of choice for cyclization, particularly when sulfuric
acid leads to hydrolytic cleavage, ester exchange, or extensive sulfonation.2 This reaction
has been extended to the synthesis of dihydronaphthalenes2 and phenanthrene.4

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general mechanism is displayed here.
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D. MODIFICATION

This reaction has been modified by the application of phosphoric acid as a cyclization
reagent.

E. APPLICATIONS

This reaction can be applied to the synthesis of indene, dihydronaphthalene, and naph-
thalene derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 2.
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A keto-ester (3.4 g, 0.01 mol) was added slowly to a mixture of 15 mL concentrated
sulfuric acid and 15 mL 85% phosphoric acid at 0–5◦C. After standing at room temperature
for 3 h, the mixture was poured onto chopped ice. The product separated slowly in crys-
talline form, which was removed, dried, and recrystallized from benzene-hexane to give 1.8
g diethyl 5,6-dimethoxyindene-2,3-dicarboxylate in a yield of 55%, m.p., 159–160◦C. This
was the only product obtained under varying cyclization conditions with sulfuric-phosphoric
acids.

Reference 4.

Potassium ethoxide was prepared from 1.95 g potassium and 9.2 mL absolute ethanol
in 150 mL anhydrous ether. To this mixture 14.6 g diethyl oxalate was added. After
15 min, a solution of 13.5 g ethyl (3′-methoxy-2-biphenylyl)-acetate in 50 mL dry ether
was added, and the mixture was refluxed for 51 h. The reaction mixture was cooled and
extracted with 5% sodium hydroxide solution. The aqueous layer was saturated with carbon
dioxide, and the precipitated oil was taken up in ether. Evaporation of the ether solution
afforded 10.6 g crude diethyl α-keto-α′-(3-methoxy-2-biphenylyl)-succinate, which was
used in subsequent experiments without purification. From the alkali-insoluble fraction,
4.2 g ethyl (3′-methoxy-2-biphenylyl)-acetate was recovered.

Cyclization of 5.9 g α-keto-α′-(3-methoxy-2-biphenylyl)-succinate was effected by stir-
ring it vigorously with 30 mL 80% sulfuric acid for 10 min on a steam bath. By dilution
of the reaction mixture with 300 mL water, 5.4 g dark yellow solid was obtained. This
solid dissolved in 400 mL benzene, leaving only a small quantity of a black residue. The
benzene solution contained two isomeric compounds. The lower-melting isomer, which
was more abundant, was slightly less soluble in benzene and crystallized in fairly pure
form from the dilute solution. When the lower-melting compound no longer crystallized
in pure form, the solvent was evaporated, and the residue was taken up in glacial acetic
acid. The higher-melting compound crystallized from acetic acid in a fairly pure con-
dition as a flocculent mass. When hard kernels of impure material began to form, the
acetic acid was replaced by benzene. The alternation between solvents was continued
unti1 there was no residue left on evaporation. After a total of 37 crystallizations, 2.36 g
3-methoxyphenanthrene-9,10-dicarboxylic acid anhydride was obtained as yellow needles,
m.p. 221.5–222◦C.

Other references related to the Bougault reaction are cited in the literature.5
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Boulton-Katritzky

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Boulton and Katritzky in 1962.1 It is a type
of monocyclic rearrangement of heterocycles2 in the presence of either an acid3 or a
base4 or under photoirradiation5 and has been widely used in heterocyclic chemistry.6

Therefore, this reaction is generally known as the Boulton-Katritzky rearrangement.7

Occasionally, it is also referred to as the Boulton-Katritzky reaction.8 This reaction has
been reported to occur via a unimolecular one-step mechanism7d and suggested to be a
[1,9]-sigmatropic rearrangement;7n,9 but a recent computational study suggests a pseudo-
pericyclic reaction.4,7a In addition, computational studies have shown that the pivotal
nitrogen atom is not a mandatory prerequisite for this rearrangement,4 although most of
the reported rearrangements do involve nitrogen atoms, a rearrangement involving sulfur
atoms is also known.10 For example, the balance between substituted nitrobenzofuroxans
depends on steric, electronic, conformational, and strain effects.7i,11 The Boulton-Katritzky
rearrangement has been extensively reviewed.5,10b,12

B. GENERAL REACTION SCHEME

This reaction is generally described as shown below.13
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C. PROPOSED MECHANISMS

This reaction has been suggested to be a [1,9]-sigmatropic rearrangement,7n,9 but has
been proved to be a pseudo-pericyclic reaction from computational studies,4,7a,7c,13 as
illustrated here.

D. MODIFICATION

Because this reaction is general in heterocyclic chemistry, many individual reactions
can be treated as modifications of the original reaction—for example, the substitution of
nitrogen by sulfur atom in the ring system.10

E. APPLICATIONS

This reaction has been widely used in heterocyclic chemistry for preparing certain types
of nitrogeneous heterocycles, such as nitrobenzofuroxans, which have been used for the
inhibition of nucleic acid and protein biosyntheses.7c Some interesting rearrangements are
listed in experimental examples.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 10a.

A mixture of 0.34 g methyl 3-aminocrotonate (3 mmol) and 0.63 g 4,5-dichloro-1,2,3-
dithiazolium chloride (3 mmol) in 25 mL dichloromethane was stirred at room temperature
for 1 h after which 0.49 mL pyridine (6 mmol) was added. The mixture was stirred for a
further 30 min. The product was separated by flash chromatography on silica gel, eluting with
dichloromethane/light petroleum (1:3) to give 0.43 g methyl 5-cyano-3-methylisothiazole-
4-carboxylate, in a yield of 78%. Colorless crystals can form from dichloromethane–light
petroleum, m.p. 55 – 56◦C.
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N

O
NH2N

Ph

ROH, R′NH2

HN

N
N

Ph

O

R′

hν/254 nm

R = Et, R′ = H
R = Me, R′ = Me

Reference 5.

To a solution of 0.5 g oxadiazole in 90 mL methanol was added 10 mL ethanolic methy-
lamine (in a large excess). The solution was apportioned into two quartz tubes and then
irradiated for 1.5 h. After removal of the solvent, the residue was chromatographed to
give 10% of starting material and 60% of 1-methyl-3-phenyl-1,2,4-triazolin-5-one, m.p.
218–219◦C. Similarly, irradiation of 0.5 g oxadizaole in the presence of 20 mL methanolic
ammonia for 1.5 h, followed by the workup of the residue with minimum of methanol and
filtration, afforded 0.25 g 3-phenyl-1,2,4-triazolin-5-one, m.p. 325–330◦C. Chromatog-
raphy of the mother liquor gave additional 0.05 g 3-phenyl-1,2,4-triazolin-5-one and
0.05 g starting material (10%); the total yield for this reaction was 60%.

Other references related to the Boulton-Katritzky rearrangement are collected in the
literature.14
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Bourgel Alkyne Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bourguel in 1925.1 It is the synthesis of alkynes by
the treatment of 2,3-dibromo-1-propene with a Grignard reagent to form a 3-substituted
2-bromo-1-propene, which further reacts with sodium amide. The yields are normally very
high.2 Another advantage of using sodium amide in the last step is that other internal alkynes
can isomerize to terminal alkynes.3

B. GENERAL REACTION SCHEME

Br

Br
R MgBr R

Br NaNH2 R+

C. PROPOSED MECHANISMS

A tentative mechanism for the generation of alkyne is illustrated below.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application for the preparation of alkynes.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
Br

NaNH2

Reference 4.

A mixture of 120 g sodium amide (3.1 mol) and 200 mL purified mineral oil was ground
together in a mortar until the amide was finely pulverized. This suspension was transferred
to a 2-L round-bottomed, three-necked flask fitted with a reflux condenser holding a cal-
cium chloride tube, a 500-mL separatory funnel, and an efficient mechanical stirrer through
a mercury seal. The mortar and pestle were rinsed with an additional 250 mL of the oil,
which was then added to the reaction flask. The mixture was heated in an oil bath maintained
at 160–165◦C, the stirrer was started, and 203 g cyclohexylbromopropene (1.0 mol) was
dropped over 1.5 h. Ammonia was evolved, and was allowed to pass through the condenser
and collected in water. After all the cyclohexylbromopropene had been run in, heating was
continued for ∼2 h; the mixture was cooled, and 500 mL ether was added. This mixture
was poured onto 1.5 kg cracked ice in a 5-L flask and then acidified with 280 mL concen-
trated HCl. The ether layer was separated, dried over calcium chloride, and transferred to a
1-L modified Claisen flask for distillation. The ether was distilled at ordinary pressure, and
then the cyclohexylpropyne was distilled under diminished pressure. The product, which
was boiled up to 115◦C (at 20 mmHg), was collected and fractionated. The cyclohexyl-
propyne boils at 58–63◦C (20 mmHg). The higher-boiling material was chiefly unchanged
cyclohexylbromopropene, which could be used again in a subsequent run. The amount of
cyclohexylpropyne was 80 g, in a theoretical yield of 66%. The pure compound boils at
61–63◦C at 24 mmHg.

Br

Br
MgBr

Br NaNH2
+

Reference 5.
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Formation of 4,4-Dimethyl-2-Bromo-1-Pentene

In a 3-L three-necked flask fitted with a mechanical stirrer, a reflux condenser, and a
dropping funnel were placed 200 g 2-bromo-allyl bromide (1.0 mol) and 200 mL anhydrous
ether. The flask was placed in an ice bath, and through the dropping funnel was added an
ether solution of 1.33 mol tert-butylmagnesium chloride, which had been prepared and
titrated previously. The Grignard reagent was added at such a rate that the ether boiled
gently. The addition required 30–45 min. After the addition was complete, the ice bath
was removed, and the mixture was gently refluxed on a water bath for ∼2 h to ensure
completion of the reaction. The mixture was then cooled and the excess Grignard reagent
was decomposed by slowly adding a solution of 35 mL concentrated HCl in 350 mL water
through the dropping funnel. The ether layer was separated, washed with a saturated sodium
bicarbonate, dried over calcium chloride, and distilled. After the ether was removed, the
4,4-dimethyl-2-bromo-1-pentene was collected at 135–138◦C. The yields varied from 80
to 110 g (45–62% of the theoretical amount).

Preparation of 4,4-Dimethyl1-Pentyne

Sodium amide (62 g) was ground in a mortar with 104 mL purified high-boiling
mineral oil until a fine suspension was obtained. This was transferred to a round-bottomed,
three-necked flask fitted with a reflux condenser protected with a calcium chloride tube,
a 500-mL dropping funnel, and an efficient mechanical stirrer. An additional 125 mL
mineral oil was used in transferring the suspension from the mortar to the reaction flask.
The mixture was heated in an oil bath at 160–165◦C, the stirrer was started, and 92 g
4,4-dimethyl-2-bromo-1-pentene was added through the dropping funnel. Heating and
stirring were continued for 2 h after the addition of the bromo compound was complete.
The mixture was then cooled, diluted with 250 mL xylene, and poured onto ∼700 g cracked
ice to which had been added 140 mL concentrated HCl. The oil layer was separated,
washed with a saturated sodium bicarbonate, dried over calcium chloride, and distilled in
a modified Claisen flask. In the first fractionation, the material boiling between 50◦ and
100◦C was saved. On redistillation, the product boiling at 73-75◦C at ordinary pressures
was collected. There was some loss in the preparation due to the heptyne passing off with
the ammonia. By using ice water in the condenser and washing the ammonia that escaped
with the xylene, the yield was increased to 45%.

Other references related to the Bourguel alkyne synthesis are cited in the literature.6

H. REFERENCES

1. Bourguel, M., Ann. Chim., 1925, 3, 231.

2. Johnson, J. R. and McEwen, W. L., J. Am. Chem. Soc., 1926, 48, 469.

3. Hill, A. J. and Tyson, F., J. Am. Chem. Soc., 1928, 50, 172.

4. Lespieau, R. and Bourguel, M., Org. Syn. Coll., 1941, 1 (2nd ed.) 191.

5. Ozanne, I. L. and Marvel, C. S., J. Am. Chem. Soc., 1930, 52, 5267.

6. (a) Campbell, K. N.; Fatora, F. C. and Campbell, B. K., J. Org. Chem., 1952, 17, 1141. (b) Anzilotti,
W. F. and Vogt, R. R., J. Am. Chem. Soc., 1939, 61, 572. (c) Ryden, L. L.; Glavis, F. J. and Marvel,
C. S., J. Am. Chem. Soc., 1937, 59, 1014. (d) Vaughen, T. H., J. Am. Chem. Soc., 1933, 55, 3453.
(e) Lespieau, R. and Bourguel, M., Org. Syn. Coll., 1932, 1, 180. (f) Lespieau, R. and Bourguel,
M., Org. Syn., 1926, 4, 20. (g) Lespieau, R. and Bourguel, M., Org. Synth., 1926, 4, 26.



108
Bouveault Aldehyde

Synthesis
(Bouveault Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bouveault in 1896.1 It is the reaction for synthesizing
aldehydes by the treatment ofN,N-disubstituted formamides with either Grignard reagent or
organic lithium reagent in an ether solvent. Thus this reaction is referred to as the Bouveault
aldehyde synthesis2 or Bouveault reaction.3 It should be pointed out that this reaction
works only in certain cases because the reaction is complicated and sometimes produces
tertiary amines as the chief products.4 For example, when N,N-disubstituted formamide is
treated with 3 eq. Grignard reagent, the tertiary amine is the major product; however, when
methylformamide or ethylformamide is treated with an equal amount of Grignard reagent,
the major product is an aldehyde. Especially when diphenylformamide is used, the only
product found is an aldehyde, whereas diethylformamide and piperidylformamide will give
more amine than aldehyde when treated with Grignard reagent.2 It is found that the greater
the R group in the Grignard reagent, the more aldehyde is yielded.2 It is suggested that the
workup is easier when a slight excess of Grignard reagent is used in this reaction.5 This
reaction has been improved by either running in a co-solvent of ether-HMPA6 or irradiating
with high-frequency ultrasound in THF or tetahydropyran.7
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A simple mechanism is displayed here.

D. MODIFICATION

This reaction has been modified by using co-solvent of ether-HMPA for a better
yield.6 In addition, when the reaction mixture is irradiated by a high-frequency ultrasound
(50 kHz), the yield is increased more than 20% within a shorter reaction time.7

E. APPLICATIONS

This reaction has general application in the preparation of aldehydes.

F. RELATED REACTIONS

This reaction is related to the Bodroux-Chichibabin Reaction.

G. CITED EXPERIMENTAL EXAMPLES

SMeO Li
N CHO

SMeO CHO
+

Reference 5.

A solution of methoxythienyllithium, prepared from 10 mL 2-methoxythiophene and
phenyllithium in 125 mL ether, was added in a slow stream to an ice cold solution of 8 mL
dimethylformamide (0.11 mol) in 75 mL ether with efficient stirring. The yellow suspension
was left at room temperature overnight, then poured onto ice. The ether layer was washed
with water, dried over Na2SO4, and evaporated. The residue was distilled to give 9.27 g
of 5-methoxy-2-thienaldehyde, in a yield of 67%, b.p. 79–81◦C at 0.9 mmHg. A colorless
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needle was obtained when the compound was crystallized from ether-hexane at –20◦C, m.p.
24–26◦C.

Br
EtMgBr

CHO

+  Mg  +  DMF

Reference 8.

To a stirred solution of 5 mmol ethylmagnesiumbromide in 100mL anhydrous THF con-
taining magnesium turnings was added 5-bromoindane dropwise. The exothermic reaction
initiated spontaneously and the remaining 5-bromoindane was added, taking care to keep
the reaction from boiling over. When the reaction had returned to room temperature, the
flask was cooled to 0◦C. A solution of DMF in 75mL anhydrous THF was added over
15 min, causing a mild temperature rise. The flask was removed from the ice bath and
allowed to stir for a further 2 h. The color changed from purple-brown to a light pea green
during this period. The reaction was then quenched by the addition of ∼80 mL 3 M HCl.
The biphasic mixture was added to 500 mL water, and the product was extracted with ether
(2 × 50 mL). The extracts were combined and washed with 100 mL water, 100 mL sodium
bicarbonate solution, and 50 mL brine. Removal of the solvent and distillation under vac-
uum gave 10.1 g 5-formyl indane as a clear, colorless oil, boiling at 132 – 137◦C, in a yield
of 69%.

Other references related to the Bouveault aldehyde synthesis are cited in the literature.9
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Bouveault-Blanc Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bouveault and Blanc in 1903.1 It is the reduction of
esters into alcohols with sodium in ethanol, in which sodium serves as a single electron-
reducing agent and ethanol is the proton donor. Therefore, this reaction is generally known
as the Bouveault-Blanc reduction.2 Occasionally, it is also referred to as the Bouveault-
Blanc reaction.3 Besides ethanol, other alcohols can be applied as proton donors. However,
in the absence of proton donor, the reduction of esters with sodium leads to the formation
of acyloins (i.e., Acyloin Condensation). It should be pointed out that the Bouveault-Blanc
reduction under appropriate conditions also effects the ring reduction of aromatic com-
pounds (e.g., Birch Reduction). Although this method was widely used in the reduction of
esters before lithium aluminum hydride appeared, it also sometimes failed.4 For example,
the reduction of methyl ester of isonoragathic acid gave alcohol in poor yield;5 the reduc-
tion of methyl linoleate by the alcoholic sodium afforded octadecadiene-9,10-ol-1 and
octadecadiene-10,12-ol-1.6 It was found that the reduction of α-benzylamino-β-methoxy
ester gave the unexpected de-methoxy amino alcohol.7 Nevertheless, the Bouveault-Blanc
reduction is an inexpensive substitute for lithium aluminum hydride reductions of esters in
industrial production and was the “only alternative prior to the development of the metal
hydride”8 as the reducing agent. It has been proved that this reduction occurs via a radical
mechanism, in which esters are first reduced to ketyl radicals and further to alcohols.9 As
a result, the ketyl radical can cyclize to form cyclic or spirocyclic molecules if a double
bond exists in the appropriate location of the ester.9 Recently, a reduction of organometallic
complex was found to resemble the reduction behavior of the Bouveault-Blanc reduction.10
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B. GENERAL REACTION SCHEME

R OR′

O Na

EtOH
R OH

C. PROPOSED MECHANISMS

A radical mechanism is proposed here.

EtOH

R OR′

O
Na

EtOH

R OR′

O

H

H –

R H

OH

OEt

R OR′

O Na+

Na

R H

O

EtOH

R H

OH

Na

EtOH

R OR′

OH

R H

O Na

Na

R OH

–R OR′

OH

R H

O– Na+

–

–

D. MODIFICATION

The conversion of organometallic complex (η2-formaldehyde complex: Cp′
2Nb(Cl)(η2-

CH2O)) to the diamagnetic hydride complex (Cp′
2Nb(H)(η2-CH2O)) is an organometallic

version of the Bouveault-Blanc reduction. This reaction provides access to reduction prod-
ucts that are not available with the use of hydridic reductants and requires the presence of
alcohol to facilitate the second reduction event.10

E. APPLICATIONS

This reaction can be generally used to reduce esters, aldehydes, and ketones to the
corresponding alcohols. In addition, if a double bond exists on the appropriate location of
the ester, a cyclic or spirocyclic alcohol will form.9

F. RELATED REACTIONS

This reaction is related to the Benkeser Reduction and Birch Reduction.

G. CITED EXPERIMENTAL EXAMPLES

O

O

HN Ph

O
OH

HN Ph
Na/n-BuOH

Reference 7.
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In a three-necked flask equipped with a mechanical stirrer and two reflux condensers
was placed a solution of 55 g ethyl α-benzylamino-β-methoxy-n-caproate (0.197 mol) in
500 mL anhydrous n-butanol. The flask was placed in an oil bath maintained at 140◦C. As
soon as the contents of the flask had begun to boil, the burner was removed from under
the bath and the temperature of the bath was permitted to fall to 115◦C. At this point, 55 g
sodium buck shot (2.4 mol) was added as rapidly as possible. The butanol was kept boiling
vigorously until all of the sodium had dissolved, additional n-butanol was added at intervals
to keep the sodium butoxide formed in solution. After all of the sodium metal had dissolved,
the flask was cooled to 25◦C, and 100 g ice was added. The solution was acidified with
6 N HCl. The solvents were then removed by distillation in vacuo. When an estimated 50 g
sodium chloride had crystallized, the evaporation was interrupted, the sodium chloride was
removed, and the distillation was continued until butanol no longer appeared in the distillate.
The residue solidified on cooling to 25◦C. The resultant paste was made strongly alkaline
with 6 NNaOH and extracted with three 100-mL portions of ether. The combined ethereal
extracts were washed with 25 mL water and dried over anhydrous magnesium sulfate. The
solvent was removed, and the residue was distilled to give 25 g of a pale yellow oil, b.p. 130-
133◦C (0.1 mmHg). The distillate was caused to crystallize, and after two recrystallizations
from acetone, the product was obtained as colorless needles, m.p. 46.5 – 47.5◦C.

OH
CO2Me

OH OH
Na/NH3

Reference 9.

To 150 mL liquid ammonia at –78◦C, were added 0.3 g sodium in small pieces
(12.0 mmol, 6.0 eq.). After 15 min, a solution of (±)-(1RS,2SR)-methyl 1-(but-3-enyl)-2-
hydroxycyclopentane-1-carboxylate (2.0 mmol, 1.0 eq.) in 5 mL THF was added dropwise.
The reaction mixture was warmed to -33◦C and stirred in refluxing ammonia for 10 min. The
excess of sodium was then destroyed by the addition of ammonium chloride, and the ammo-
nia was evaporated under a stream of nitrogen (fume hood). Et2O was added, and the reaction
mixture was neutralized by a solution of 10% HCl. The residue was extracted with Et2O.
The organic layers were dried over MgSO4 and filtered; the solvent was removed in vacuo.
The crude oil was purified by crystallization in pentane, and 95% (±)-(1SR,2RS,5SR,6RS)-
2-methyl-spiro[4.4]nonane-1,6-diol was obtained, m.p. 132 – 133◦C,Rf = 0.10 (petroleum
ether/EtOAc = 50:50).

Other references related to the Bouveault-Blanc reduction are cited in the literature.11
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Boyland-Sims Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Boyland and Sims in 1953.1 It is a two-step process
involving the oxidation of aromatic amines by alkaline persulfate to give predominantly the
o-amino aryl sulfates and subsequent conversion of o-amino aryl sulfates into o-hydroxy
aryl amines through acid promoted hydrolysis. Therefore, this reaction is generally known
as the Boyland-Sims oxidation.2 Occasionally, it is also referred to as the Boyland-Sims per-
oxydisulfate oxidation.3 In this reaction, primary, secondary, and tertiary aromatic amines
all can be converted to the o-sulfate esters under this condition.4 Even though the yields
are generally 10–40%, the starting material is generally recoverable, even in the presence
of an excess amount of persulfate.2e It is reported that a substantial amount of insoluble,
brown amorphous materials appears in some of the oxidations.1,4c,4d Except for the oxida-
tion of anthranilic acid,5 the formation of ortho sulfate esters is exclusive for other aromatic
amines;2a,4 when both ortho positions of aromatic amines are blocked, the para substitution
takes place.1,4b−d It is suggested that this reaction proceeds via a nucleophilic displacement
on peroxide oxygen,6 or an ipso attack followed by the rearrangement to ortho sulfate in
the case of tertiary amines.2d,7 The scope of this reaction has been extended to include
indoles and aminopyrimidines,8 and has been extensively reviewed.9
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B. GENERAL REACTION SCHEME

NR1R2 NR1R2

OSO3K H+

NR1R2

OHK2S2O8

KOH (aq.)
R1, R2 = H, alkyl

C. PROPOSED MECHANISMS

It is proposed that this reaction involves an ipso attack by peroxydisulfate followed by
the cleavage of the peroxide bond to form the ortho sulfate ester, as illustrated below.2d,7

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of o-amino phenols.

F. RELATED REACTIONS

This reaction is related to the Elbs Persulfate Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 8c.
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To a stirred ice cold 3 N NaOH solution (220 mL) containing 12.5 g 2-amino-4-hydroxy-
6-methylpyrimidine was added dropwise a solution of 34.2 g ammonium persulfate in 70 mL
water over 1 h. After being stirred overnight, the solution was acidified with concentrated
HCl, and 14.5 g 2-amino-4-hydroxy-6-methyl-5-pyrimidyl hydrogen sulfate was collected,
m.p. 297◦C (dec.). Recrystallization from water afforded the product as colorless prismatic
needles, m.p. 311◦C (dec.).

A solution of 76.0 g 2-amino-4-hydroxy-6-methyl-5-pyrimidyl hydrogen sulfate in
208 mL 5 N HCl was refluxed for 30 min, and then cooled. 2-Amino-4,5-dihydroxy-6-
methylpyrimidine hydrochloride was collected and made into a slurry with sodium hydrogen
carbonate solution and refiltered. The solid was purified by recrystallization from water to
afford 30 g 2-amino-4,5-dihydroxy-6-methyl-5-pyrimidine as colorless prismatic needles,
m.p. > 310◦C.

H2N K2S2O8

2 N KOH O
S

OK

O O

NH2

∆
NH2

OH

HCl/H2O

Reference 1.

To a mixture of 5 g aniline, 500 mL water and 50 mL 2 N KOH solution at room
temperature was added a saturated aqueous solution of 14.5 g potassium persulfate over 8 h
with continuous stirring. The mixture was kept overnight, and the precipitate was collected,
in an amount of 2.9 g. The filtrate was evaporated to 100 mL under reduced pressure, washed
with ether (3 × 100 mL), and made acid to Congo red with 2 N H2SO4. The filtered solution
was extracted with butanol (6 × 100 mL), and a slight excess of aqueous 2 N KOH was
added to the combined organic phase. The butanol extract was evaporated to dryness under
reduced pressure. The residue was extracted with hot 95% aqueous ethanol (4 × 100 mL),
and the combined extracts were evaporated to 25 mL and kept at 0◦C for some hours. O-
Aminophenyl potassium sulfate (1.9 g, 15.5%) was obtained, separating from 90% ethanol
containing a trace of aqueous KOH as a light brown plate.

A mixture of 500 mg o-aminophenyl potassium sulfate and 2 mL concentrated HCl was
heated at 100◦C for 30 min, and then partially neutralized with 2 N KOH to afford 245 mg
of o-aminophenol as needles, in a yield of 90%, m.p. 173–174◦C.

Other references related to the Boyland-Sims oxidation are cited in the literature.10
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Bradsher Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bradsher in 1939.1 It is a reaction for synthesizing
a variety of polycyclic aromatic compounds, especially the phenanthrene series, by acid
catalyzed cyclization. This reaction is sometimes called the Bradsher reaction,2 Bradsher
cyclization,3 Bradsher-type aromatic cyclodehydration,4 and Parham Cyclization.5 So far,
different types of functional groups linking to an aromatic ring have been found to be
applicable for the general purpose of acid-catalyzed cyclization, and these groups include
the carbonyl group in ketone6 or aldehyde,7 aldehyde derivative (e.g., acetal),8 nitrile,9

amino alcohol,10 carbinol,11 nitrile (converted to carbonyl by a Grignard reagent),12 halo-
ether,13 olefin,14 olefin oxide,15and glycols.16 On the other hand, this cyclization can also be
triggered via photoirradiation,17 or a strong base.18 In the cyclization involving a carbonyl
group, this reaction is thought to proceed through four steps: (a) protonation of the carbonyl
oxygen, (b) attacking of the positive carbon atom (of carbonyl) to the ortho position of the
aromatic ring, (c) elimination of a proton, and (d) transannular elimination of water.6e,19

However, no enol form of carbonyl group is found to be involved in this reaction.20 The
general mechanism should involve the arenium ion as an intermediate and final dehydration.
This reaction has shown to be of significant value with a wide range of applications.21 The
cyclization of ketones or aldehydes have been reviewed.22
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B. GENERAL REACTION SCHEME

O

R
H+

R

(R = H, alkyl, aryl)

O

H+

C. PROPOSED MECHANISMS

A general mechanism is displayed below.

O

R H+

OH

R
RHO
H

H
R

OH

H2O

R

+

+

D. MODIFICATION

The initial reaction system has been extensively modified and adapted to different func-
tional groups1,6−16 and methods.17

E. APPLICATIONS

This reaction has wide application in the preparation of a variety of polycyclic aromatic
compounds2a,20 and other molecules.15

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2a.

To a solution of 1.0 g 4,4′-di-t-butylphenylmethane (3.57 mmol) and 1.7 mL
dichloromethyl methyl ether (19.2 mmol) in 50 mL CH2Cl2 was added a solution of 1.45 mL
TiCl4 (13.2 mmol) in 5 mL CH2Cl2 at 0◦C. The reaction mixture was kept at room tem-
perature for 1 h before the addition of 20 mL cold water; it was extracted with CH2Cl2
(30 mL × 3). The extract was washed with water (30 mL × 2), dried over Na2SO4, and
concentrated. The residue was chromatographed over silica gel (Wako, C-300; 100 g) with
hexane/benzene (1:1) as the eluent. The first fraction afforded a pale yellow solid, which
was recrystallized from hexane to give 627 mg 2,7-di-tert-butyl-9-formylanthracene as pale
yellow prisms, in a yield of 55%, m.p. 107–110◦C. The second fraction afforded 285 mg
2,7-di-tert-butyl-10-formylanthracene as a pale yellow oil, in a yield of 25%.

Reference 18a.

To an ether solution of phenyllithium, a solution containing 5 g o-(4-methyl-
benzy1)benzoic acid in 150 mL dry ether was added gradually with stirring over a period
of 30 min. The dark reaction mixture was stirred for 15 h at room temperature, and then
∼ 200 mL ice water was added dropwise with cooling and stirring. The ether layer was
separated, washed with water until neutral, and finally dried over sodium sulfate. The ether
was removed on the steam bath, and the residue was dissolved in 50 mL dry benzene and
chromatographed by passing it through a 2.5 × 35 cm column carefully packed with 125 g
alumina (Merck and Co.). Benzene was used for the elution of the hydrocarbon fraction.
Because no crystalline product was obtained, the chromatographic process was repeated,
the benzene solution was concentrated, and the fluorescent residue was crystallized from
ethanol to give 2.48 g 2-methyl-9-phenyl-phenanthracene as granular light yellow crystals,
in a yield of 42%, m.p. 120◦C.
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Reference 3.

A mixture of 4.5 g 2-benzyl-phenyl 2-pyridyl ketone (0.017 mol), 25 mL 48% hydro-
bromic acid, and 50 mL glacial acetic acid was reflux for 52 h. The solution was neutralized
with dilute NaOH, and the resultant precipitate was collected, washed with water, and
dried; 3.9 g of 9-(2-pyridyl)anthracene was obtained, in a yield of 92%. The product was
recrystallized from a mixture of ethanol and methanol to afford light yellow-green crystals,
m.p. 163–165◦C.

Other references related to the Bradsher cyclization are cited in the literature.23

H. REFERENCES

1. Bradsher, C. K., J. Am. Chem. Soc., 1939, 61, 3131.

2. (a) Yamato, T.; Sakaue, N.; Shinoda, N. and Matsuo, K., J. Chem. Soc., Perkin Trans. I, 1997,
1193. (b) Lupes, M. E. and Lupes, S. A., Sci. Bull. Polytech. Inst. Bucharest, Chem. Mater. Sci.,
1990, 52, 53. (c) Saraf, S. D. and Vingiello, F. A., Synthesis, 1970, 655.

3. Bolitt, V.; Mioskowski, C.; Kollah, R. O.; Manna, S.; Rajapaksa, D. and Falck, J. R., J. Am. Chem.
Soc., 1991, 113, 6320.

4. (a) Vingiello, F. A. and Schlechter, D. A., J. Org. Chem., 1963, 28, 2448. (b) Vingiello, F. A.;
Borkovec, A., J. Am. Chem. Soc., 1955, 77, 4823. (c) Vingiello, F. A.; Borkovec, A. and Shulman,
J., J. Am. Chem. Soc., 1955, 77, 2320.

5. Collado, M. I.; Manteca, I.; Sotomayor, N.; Villa, M.-J. and Lete, E., J. Org. Chem., 1997, 62,
2080.

6. (a) Vingiello, F. A. and Greenwoods, E. J., J. Org. Chem., 1964, 29, 1220. (b) Vingiello, F. A.;
Spangler, M. O. L. and Bondurant, J. E., J. Org. Chem., 1960, 25, 2091. (c) Vingiello, F. A.;
Bořkovec, A. and Zajac, W., J. Am. Chem. Soc., 1958, 80, 1714. (d) Bradsher, C. K and Kittila,
R. S., J. Am. Chem. Soc., 1950, 72, 277. (e) Bradsher, C. K. and Vingiello, F. A., J. Am. Chem.
Soc., 1949, 71, 1434.

7. Bradsher, C. K., J. Am. Chem. Soc., 1942, 64, 1007.

8. Bradsher, C. K. and Wert, R. W., J. Am. Chem. Soc., 1940, 62, 2806.

9. (a) Bradsher, C. K.; Little, E. D. and Beavers, D. J., J. Am. Chem. Soc., 1956, 78, 2153.
(b) Bradsher, C. K. and Beavers, D. J., J. Org. Chem., 1956, 21, 1067. (c) Bradsher, C. K.;
Beavers, D. J. and Little, E. D., J. Am. Chem. Soc., 1954, 76, 948.

10. Orito, K.; Miyazawa, M.; Kanbayashi, R.; Tokuda, M. and Suginome, H., J. Org. Chem., 1999,
64, 6583.

11. (a) Bradsher, C. K. and Tess, R. W. H., J. Am. Chem. Soc., 1939, 61, 2184. (b) Bradsher, C. K.
and Rosher, R., J. Am. Chem. Soc., 1939, 61, 1524.

12. Bergmann, F. and Israflashwill, S., J. Am. Chem. Soc., 1946, 68, 1.

13. Bradsher, C. K. and Jackson, W. J., J. Am. Chem. Soc., 1954, 76, 4140.



REFERENCES 505

14. Yamato, T.; Sakaue, N.; Shinoda, N. and Matsuo, K., J. Chem. Soc., Perkin Trans. I, 1997, 1193.

15. Venkataramu, S. D.; MacDonell, G. D.; Purdum, W. R.; Dilbeck, G. A. and Berlin, K. D., J. Org.
Chem., 1977, 42, 2195.

16. (a) Shi, Z. J. and He, C., J. Am. Chem. Soc., 2004, 126, 5964. (b) Bradsher, C. K.; Rapoport, L.
and Anderson, P., J. Am. Chem. Soc., 1946, 68, 2152. (c) Bradsher, C. K., J. Am. Chem. Soc.,
1944, 66, 1280. (d) Bradsher, C. K., J. Am. Chem. Soc., 1943, 65, 2016. (e) Bradsher, C. K. and
Amore, S. T., J. Am. Chem. Soc., 1941, 63, 493.

17. Bradsher, C. K. and Wissow, L. J., J. Am. Chem. Soc., 1943, 65, 2304.

18. (a) Bradsher, C. K. and Webster, S. T., J. Org. Chem., 1958, 23, 482. (b) Bradsher, C. K. and
Webster, S. T., J. Am. Chem. Soc., 1957, 79, 393.

19. (a) Park, Y.-T.; Song, N. W.; Kim, Y.-H.; Hwang, C.-G.; Kim, S. K. and Kim, D., J. Am. Chem.
Soc., 1996, 118, 11399. (b) Dai-Ho, G. and Mariano, P. S., J. Org. Chem., 1988, 53, 5113.
(c) Kellogg, R. M.; Groen, M. B. and Wynberg, H., J. Org. Chem., 1967, 32, 3093.

20. (a) Vingiello, F. A.; van Oot, J. G. and Hannabass, H. H., J. Am. Chem. Soc., 1952, 74, 4546.
(b) Bradsher, C. K. and Wissow, L. J., J. Am. Chem. Soc., 1946, 68, 1094.

21. Bradsher, C. K. and Smith, E. S., J. Am. Chem. Soc., 1943, 65, 1643.

22. (a) Bradsher, C. K., Chem. Rev., 1987, 87, 1277. (b) Bradsher, C. K., Chem. Rev., 1946, 38, 447.

23. (a) Quallich, G. J.; Fox, D. E.; Friedmann, R. C. and Murtiashaw, C. W., J. Org. Chem., 1992, 57,
761. (b) Quillet, J. P. and Dreux, J., Bull. Soc. Chim. Fr., 1966, 645. (c) Vingielle, F. A.; Kramer,
E.; Quo, S.-G.; Sheridan, J., J. Org. Chem., 1961, 26, 2669. (d) Bradsher, C. K. and Jackson,
W. J., J. Am. Chem. Soc., 1954, 76, 734. (e) Bradsher, C. K. and Jackson, W. J., J. Am. Chem.
Soc., 1952, 74, 4890. (f) Bradsher, C. K. and Jackson, W. J., J. Am. Chem. Soc., 1951, 73, 3235.
(g) Vingiello, F. A. and van Oot, J. G., J. Am. Chem. Soc., 1951, 73, 5070. (h) Berliner, E., J. Am.
Chem. Soc., 1944, 66, 533. (i) Bradsher, C. K. and Smith, E. S., J. Am. Chem. Soc., 1943, 66, 451.
(j) Bradsher, C. K. and Smith, E. S., J. Am. Chem. Soc., 1943, 65, 854. (k) Berliner, E., J. Am.
Chem. Soc., 1942, 64, 2894.



112
Bradsher Cycloaddition

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bradsher in 19581and was extensively explored by
Bradsher and co-workers in the following two decades. It is the [4 + 2] cycloaddition of a
common dienophile with cationic aromatic azadienes, such as acridizinium and isoquinolin-
ium, to form a tricyclic system containing as many as four chiral centers and an iminium ion.2

Therefore, this reaction is generally known as the Bradsher cycloaddition.3 Furthermore,
this reaction in some cases is referred to as the cationic polar cycloaddition4 to distinguish
cycloadditions employing cationic or anionic components from those employing dipolar
or uncharged components.5 Moreover, for compounds carrying a positive charge, such as
acridizinium and isoquinolinium, the electron requirement of the diene-like part is different
from that of traditional Diels-Alder Cycloaddition; therefore, the Bradsher cycloaddtion is
also known as the inverse-electron-demand Diels-Alder Reaction,2a,6 or simply the ionic
Diels-Alder Cycloaddition.7 This reaction has been proved to be exclusively regiospecific
and often highly stereospecific.8 The high stereospecificity and exclusive regiospecificity
(exo addition) originate from the electrostatic interactions rather than from the secondary
orbital interactions or steric effects.8d,9 On the basis of a relatively large Hammett ρ-value
(1.7) in the reaction between substituted acridizinium and styrene,10 this reaction was ini-
tially proposed to occur via a two-step mechanism.10,11 Lately it is thought to be via a
weak charge-transfer complex existing along the reaction pathway,8c,12 in a concerted but
nonsynchronous manner,8b although the charge-transfer complex does not always play the
role.12b It is reported that the substituent at position 9 of the acridizinium ring affects the
reaction rate and that electron-withdrawing groups on acridizinium and electron-donating
groups on styrene will accelerate the reaction.13 Likewise, a nitro group at position 5 of the
isoquinolinium salt will greatly enhance the reaction rate.14 The dienophiles participating
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APPLICATIONS 507

in this cycloaddition include alkenes, dienes, styrenes, benzynes, vinyl ethers, vinyl silyl
ethers, enamines, ketene acetals, and ketene aminals.6 This reaction has been modified for
using 3-unsubstituted isoquinolines and has been used to synthesize 1-naphthaldehydes and
1-naphthylamines.8a

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that this reaction proceeds via a concerted but nonsynchronous cycload-
dition with a weak charge-transfer complex along the reaction pathway.12 Therefore, a
tentative mechanism is outlined here.

N

OR

N

OR

N

RO

+

δ+

++
X –

X – X –δ+

D. MODIFICATION

This reaction has been modified to react with 3-unsubstituted isoquinolinium to form
1-naphthaldehydes and 1-naphthylamines.8a

E. APPLICATIONS

This reaction is generally used for the preparation of tricyclic systems containing an
iminium ion. In addition, this reaction has been used to synthesize the single diastereoisomer
of cis-1,2-dideoxy-C-glucosides.15 Other synthetic applications of this reaction, such as the
preparation of angucycline antibiotics, have been published.16
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 8a.

Cycloaddition and conversion to naphthaldehyde are best performed without
purification of intermediates. To a stirred suspension of 0.503 g 2-(2,4-dinitrophenyl)-6,7-
(methylenedioxy)isoquinolinium bromide (1.2 mmol) and 0.675 g powdered CaCO3 in
4.0 mL MeOH was added 0.864 g ethyl vinyl ether (12 mmol). After 12 h, another portion
of vinyl ether (12 mmol) was added, and stirring was continued for an additional 12 h [TLC
(SiO2): 15% MeOH/CH2C12, Rf ∼ 0.78]. The suspension was filtered over Celite, the
filter cake was washed with CH2C12, and the combined filtrate was evaporated. The crude
adduct was stirred at 37◦C with 300 mg Amberlyst-15 resin in 30 mL THF and 3 mL H2O
for 18 h. After filtration and evaporation, the residue was dissolved immediately in 5 mL
THF and transferred to a solution of 0.4 g NaOH in 4 mL H2O and 10 mL MeOH; it was
then heated at reflux for 5 min. The resultant dark red solution was concentrated under
reduced pressure, diluted with H2O, extracted with EtOAc, and chromatographed (SiO2,
1:l ether/hexanes) to give 230 mg 6,7-(methylenedioxy)naphthaldehyde, in a yield of 96%,
m.p. 121◦C after recrystallization from ether/hexane, Rf ∼ 0.50 (SiO2, ether/hexane =
2:1).

Reference 16.

A mixture of acridizinium tetrafluoroborate and a twofold excess of freshly distilled
indene was refluxed for 6 h in acetonitrile with a small quantity of hydroquinone. The
adduct was isolated by evaporation of the solvent under reduced pressure and tritura-
tion of the residue with ethyl acetate or anhydrous ethyl ether to remove any polymer
that might have been formed. After the trituration, a 96% yield of adduct was obtained,
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m.p., 172–178◦C. Fractional crystallizations from ethanol afforded two compounds with
melting points at 142–148◦C and 194–195◦C, respectively.

Other references related to the Bradsher cycloaddition are cited in the literature.18
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Bradsher Pyridinium

Salt Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bradsher in 1955.1 It is a reaction for syn-
thesizing pyridinium ring-containing heterocycles, such as oxazole[3,2-a] pyridinium,2

thiooxazole[3,2-a]pyridinium,3 and acridizinium salt.1 The resulting quaternary ammo-
nium salts are important versatile intermediates for complex heterocyclic skeletons used
in pharmaceutical and materials chemistry. For example, the acridizinium salts are widely
used for the Bradsher Cycloaddition4 and the oxazole[3,2-a] pyridinium can undergo ring
opening from either the 5-membered ring when reacting with alkali, hydrosulfide, ammo-
nia and primary amines, CH-acids, etc. or the 6-membered ring in reaction with secondary
amines.4 The formation of quinolizinium ion has been reviewed.5

B. GENERAL REACTION SCHEME
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512 BRADSHER PYRIDINIUM SALT SYNTHESIS

C. PROPOSED MECHANISMS

The mechanism for forming acridizinium salt is similar to the Bradsher Cyclization
when a carbonyl group exists in the reaction system. However, the mechanism for forming
oxazole[3,2-a] pyridinium is different from what is proposed here.

D. MODIFICATION

The preparation of quinolizinium salt from ketone has been extended to oxime,6 nitrile,7

and trimethylsilyl groups;8 in addition, the quinolizinium salt has also been prepared directly
from the reaction between pyridine and aryl halide under heating9 or photoirradiation.8,10

The preparation of thiooxazole[3,2-a]pyridinium has also been modified.11

E. APPLICATIONS

The prepared quinolizinium salt or pyridinium salt can be generally used for Bradsher
Cycloaddition. The formed oxazole[3,2-a]pyridinium or thio-analogues can be cleaved to
afford different molecules from either 5-membered or 6-membered rings.12

F. RELATED REACTIONS

This reaction is related to the Bradsher Cyclization.

G. CITED EXPERIMENTAL EXAMPLES

Reference 10a.

A solution containing 53 mg aryl chloride (0.2 mmol) in 1 L acetonitrile in a Pyrex
reaction vessel was irradiated through an aqueous nickel sulfate filter with a 300-W high-
pressure mercury lamp. The reaction mixture was magnetically stirred at room temperature,
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and the progress of the photocyclization was monitored by UV spectroscopy. After the peak
at 405 nm reached a maximum, the solvent was evaporated. The residue was dissolved in
water and insoluble solids were filtered off. Saturated aqueous lithium perchlorate was added
to the filtrate, and the resulting yellow solid was filtered off, washed with cold water, and
recrystallized from ethanol to give 27 mg dibenzo[cf]quinolizinium perchlorate as yellow
crystals, in a yield of 41%, m.p. 255–257◦C.

Reference 10b.

A mixture of 7.9 g 2-bromopyridine (0.05 mol) and 8.3 g α-bromotoluene (0.05 mol)
in 10 mL sulfolane were kept at 45◦C for 4 days. The white solid that precipitated during
this period was suspended in ether and collected. It was recrystallized from ethanol–ethyl
acetate to afford 12.4 g N-benzyl-2-bromopyridinium bromide as colorless needles, m.p.
158–160◦C. Then 2.0 g N-benzyl-2-bromopyridinium bromide in 430 mL water was irra-
diated with a water-cooled 450-W Hanovia UV source equipped with a Pyrex filter. The
ultraviolet spectrum of the samples taken during the irradiation showed a shift from the
absorption maximum of 278 nm for the starting material to two absorption maxima at 256
and 313 nm. The change was complete after 5 h. The dark green solution was then evaporated
to small volume and treated with 0.5 g decolorizing charcoal. After filtering, the solution
was evaporated to dryness; the residue was dissolved in a minimum quantity of ethanol
and precipitated by careful addition of ethyl acetate to afford 0.8 g benz[a]indolizinium
bromide as the hemihydrate, in a yield of 50%. The product had m.p. 207.5–209.5◦C after
one recrystalization from absolute ethanol. When 10% hydrobromic acid was used as the
solvent in the irradiation, the use of decolorizing charcoal was unnecessary and 1.18 g
product was isolated after an irradiation period of 8 h, in a yield of 75%.

Reference 11a.

N-Phenacyl-5-nitro-2-pyridone (10 mmol) was dissolved in 10 mL concentrated sulfuric
acid, and the resulting solution was kept for 20–25 h. Then 2.5 mL 71% perchloric acid
(25 mmol) was carefully added to the mixture; after being stirred for 10–15 min the solution
was poured into 500 mL vigorously stirred diethyl ether. After being decanted the oily
residue was mixed again with 500 mL fresh ether; this procedure was repeated until a pure
white powder formed. The precipitate was filtered, washed with ether, and dried in vacuum
over P2O5. The yield of 2-tolyl-6-nitrooxazo[3,2-a]pyridinium perchlorate was between
95% and 98%.

Other references related to the Bradsher pyridinium salt synthesis are cited in the
literature.13
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Brandi-Guarna Reaction

(Brandi Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Brandi et al., probably as early as in 1986.1 It
is a group of reactions for forming tetrahydropyridone derivatives. It involves the initial
1,3-Dipolar Cycloaddition of nitrones and alkylidenecyclopropanes to yield the mixtures
of isoxazolidine regioisomers with spiro-fused cyclopropane rings located on the C-4 and
C-5, respectively, and the thermolysis of the 1,3-dipolar cycloadducts via a unique homolytic
cleavage of the weak nitrogen-oxygen bond accompanying by the subsequent opening of
the adjacent cyclopropane ring and closure of the diradical to afford tetrahydropyridones;
N-bridgehead bicyclic ketones are ultimately formed from the cyclic nitrones. Therefore,
this reaction is generally known as the Brandi-Guarna reaction2 or simply the Brandi
reaction.3 In addition, the analogous reactions involving the 1,3-Dipolar Cycloaddition
of alkylidenecyclopropanes and nitrile oxides followed by similar ring enlargement to form
aza-heterocycles are also referred to as the Brandi reaction.4

It should be pointed out that the alkylidenecyclopropanes are not stable due to the
exo double bond and strained cyclopropane ring. The 1,3-Dipolar Cycloaddition of
alkylidenecyclopropanes with nitrones was reported by Akmanova in 1982 (i.e., the reac-
tion between N-(phenylaminooxoethylidene) aniline N-oxide and 2,2-dimethylmethylene-
cyclopropane),5 although the 1,3-Dipolar Cycloaddition has been known since the 1960s.

For the 1,3-Dipolar Cycloaddition of nitrones with methylenecyclopropane, generally
a mixture of 5-spirocyclopropane isoxazolidines, and 4-spirocyclopropane isoxazolidines
forms;6 however, due to the steric effect, the 5-regioisomer is usually favored, with the
ratio of 5-regioisomer to 4-regioisomer ranging from 2:1 to greater than 20:1.4 In addi-
tion, the 1,3-Dipolar Cycloaddition often proceeds via an anti-anti transition state, with
each regioisomer arising from an anti-anti exo or anti-anti endo approach;4,7 under these
circumstances, there is generally no control over exo-endo selectivity.7 It is possible that the
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4-spirocyclopropane isoxazolidine regioisomers are formed from cycloreversion of primary
cycloadducts and subsequent cycloaddition.8

Most of known isoxazolidines are quite stable at temperatures below 100◦C and
can be purified before thermolysis,4 except for N-aryl-3-phenyl-4-(ethoxycarbonyl)-5-
spirocyclopropane isoxazolidines, which quickly decompose at room temperature to give
tetrahydropyridones.9 In theory, flash vacuum thermolysis (FVT) is best for the Brandi
reaction, due to the reduced possibility for intermolecular hydrogen exchange; in com-
parison, the thermal rearrangement in solution often leads to the formation of isomeric
enaminones and lower selectivity between epimeric ketones.7 For example, FVT on aryl-
substituted dispiro-[2.0.3.3]oxazadecanes at 600◦C exclusively gives azepan-4-ones.10

However, the best practical conditions for the Brandi reaction is to reflux the cycloadducts
in toluene.7 In addition, it was found that the Brandi reaction may take alternative reaction
routes in different solvents—for example, 1,2-tetrahydroisoquinoline fused 4-chloro-4-
methoxycarbonyl-5-spirocyclopropane isoxazolidine thermolyzes in xylene at 150◦C to
afford 56% of α-ketolactam, whereas only 8% of α-ketolactam is obtained in DMSO at
same temperature, along with 15% of benzoquinolizinone.11 In addition, the effect of polar
solvent has been observed in the formation of cyclobutane-annelated isoxazolidine when
spirocyclopropane isoxazolidine is treated with the mild Lewis acid Al2O3 in CH2Cl2.4

On the other hand, in those spirocyclopropane isoxazolines with more than one cyclo-
propane ring, after the opening of the spirocyclopropane ring vicinal to the oxygen atom,
the rest of the spirocyclopropane ring might also undergo ring enlargement,12 although this
type of reaction has not been extensively exploited yet.4

It should be pointed out that nitrile oxides are generally more reactive than correspond-
ing nitrones, which are often prepared in situ due to the aptitude of self-dimerization for
furoxans.13 In addition, the cycloaddition of nitrile oxides with alkylidenecyclopropanes
of either the electron-donating or the electron-withdrawing group shows a slightly lower
regioselectivity than the corresponding nitrones but holds higher regioselectivity with small
methylidenecyclopropane than the nitrones.4

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The reaction combines a 1,3-Dipolar Cycloaddition and the thermolysis of cycloadducts,
and the rearrangement of isoxazolidine intermediate proceeds via the initial cleavage of the
weak nitrogen-oxygen bond, followed by the ring opening of the spirocyclopropane ring
adjacent to oxygen atom and the final closure of the C,N-diradical.14 Shown below are
two simple mechanisms for the reaction with nitrone (Scheme 1) and with nitrile oxide
(Scheme 2).

SCHEME 1. Brandi-Guarna reaction from nitrones.

SCHEME 2. Brandi-Guarna reaction from nitrile oxides.

D. MODIFICATION

The 1,3-Dipolar Cycloaddition of nitrones has been extended to bicyclopropylidene,
which could be combined with the subsequent thermolysis in a one-pot manner to afford
spirocyclopropane-tetrahydropyridones efficiently due to the absence of the regioiso-
meric problem and higher boiling point (100◦C) of bicyclopropylidene.15 In addition, two
intramolecular versions of the Brandi reaction have been developed, with the chain connect-
ing either to nitrone functionality or to the cyclopropane ring.4 Moreover, the thermolysis
has been extended to proceed in the presence of a protic acid, resulting in a ring contraction
along with the extrusion of ethylene to give β-lactams from isoxazolidines.16
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E. APPLICATIONS

This reaction has broad application in the preparation of heterocycles.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 16a.

To a solution of 850 mg 3-(acetyloxy)-5-cyclopropylidenepentanal (4.7 mmol) in 235 mL
Et2O, were added 468 mg N-methylhydroxylamine hydrochloride (5.6 mmol) and 453 µL
pyridine (5.6 mmol) at room temperature. The resulting solution was stirred at room
temperature overnight, and the salt was filtered through a short pad of Celite. Upon
removal of the solvent, the residue was purified by silica gel column chromatography
using pentane/Et2O (1:3) as the eluent to afford 379 mg (3aR,5R,6aS)-1,3a,4,5,6,6a-
hexahydro-1-methylspiro[3H-cyclopent[c]isoxazole-3,1-cyclopropan]-5-yl acetate (32%,
Rf = 0.25) and 379 mg (3aR,5S,6aS)-1,3a,4,5,6,6a-hexahydro-1-methylspiro[3H-
cyclopent[c]isoxazole-3,1-cyclopropan]-5-yl acetate (32%, Rf = 0.14).

A solution of 51 mg (3aR,5R,6aS)-1,3a,4,5,6,6a-hexahydro-1-methylspiro[3H-
cyclopent[c]isoxazole-3,1-cyclopropan]-5-yl acetate (0.24 mmol) in 30 mL xylenes was
refluxed for 6 h. After being cooled at room temperature, the solution was passed through
a short pad of silica gel, eluting first with petroleum ether to remove the high-boiling sol-
vent and then with MeOH to recover the product. After removal of MeOH, the residue
was purified by silica gel chromatography using MeOH/Et2O (1:9) as the eluent to afford
27 mg (4aR,6R,7aS)-6-(acetyloxy)-octahydro-1-methyl-4H-cyclopenta[b]pyridin-4-ones
as a colorless oil (53%) and 5 mg (4aR,6S,7aS)-6-(acetyloxy)-octahydro-1-methyl-4H-
cyclopenta[b]pyridin-4-ones as a colorless oil (10%).
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Reference 15.

To a refluxing solution of 240 mg bicyclopropylidene (3.0 mmol) in 3 mL THF containing
277 mg NaHCO3 (3.3 mmol) was added a solution of 513 mg benzohydroximoyl chloride
(3.3 mmol) in 10 mL of THF dropwise over a period of 6 h, and the solution was stirred
for an additional hour. After being cooled to room temperature, the salts were filtered off
over Celite. Removal of the solvent in vacuo gave a crude mixture, which was purified
by silica gel flash chromatography using petroleum ether/Et2O (4:1) to afford 240 mg
9-phenyl-7-oxa-8-azadispiro[2.0.2.3]non-8-ene as a white solid, in a yield of 40%, m.p.
87–89◦C (hexane), Rf = 0.34. In addition, 44 mg spiro[cyclopropane-1,8′-3,8a-diphenyl-
7-oxo-5,6,8,8a-tetrahydro-7H-1,2,4-oxadiazolo[4,5-a]pyridine was also obtained as a pale
yellow solid, in a yield of 5%, m.p. 84–86◦C, Rf = 0.39.

A solution of 19.9 mg 9-phenyl-7-oxa-8-azadispiro[2.0.2.3]non-8-ene (0.1 mmol) in
1 mL o-dichlorobenzene in a sealed tube was heated at 170◦C for 5 days. After being cooled
to room temperature, the mixture was loaded to a short pad of silica gel and initially washed
with petroleum ether to remove the o-dichlorobenzene followed by petroleum ether/Et2O
(3:8) to afford 8.7 mg 4-phenyl-2,3-dihydrofuro[3,2-c]pyridine as an oil, in a yield of 44%,
Rf = 0.33.

Other references related to the Brandi-Guarna reaction are cited in the literature.18
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Breckpot β-Lactam

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Breckpot in 1923.1 It is the synthesis of β-lactam
via the cyclization of esters of β-amino acids with Grignard reagent and is known as the
Breckpot β-lactam synthesis.2 This reaction has been modified to form β-lactam by the
treatment of β-amino acid with Mukaiyama’s reagent,3 or the β-amino ester with N-methyl
pyridinium salt.4

B. GENERAL REACTION SCHEME

N
H

EtO
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R1 R2
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C. PROPOSED MECHANISMS

A simple mechanism is displayed here.
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D. MODIFICATION

This reaction has been modified by using Mukaiyama’s reagent3 or N-methyl pyridinium
salt4 to convert the β-amino acids into β-lactams.

E. APPLICATIONS

This reaction has been used to synthesize β-lactams5 such as azetidinone.

F. RELATED REACTIONS

Although there is no reaction directly related to the Breckpot β-actam synthesis, other
methods of preparing β-lactams include the cycloaddition of imino compound with ketene,6

the reaction between diazomethane and isocyanate,7 and the use of bromomalonic ester and
primary amine.8

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

Preparation of N-Methyl-2-Chloropyridinium Triflate

In a resealable tube was added 2.4 g 2-chloropyridine (2.0 mL, 21.1 mmol) and 3.5 mL
CH2Cl2. The solution was degassed by three freeze–thaw cycles, and the tube was then
purged with argon. The colorless solution was cooled to −78◦C; and, with stirring, 3.48 g
methyl trifluoromethanesulfonate (2.4 mL, 21.2 mmol) was added over 45 s, as a white pre-
cipitate began to form. The cooling bath was removed, the tube was closed under argon, and
the cloudy mixture was stirred for 16 h. Then 20 mL toluene was added to the white mixture,
and after stirring for additional 30 minutes, the precipitate slowly settled to the bottom of the
tube, leaving a clear supernatant, which was removed via syringe. An additional 20 mL dry
toluene was added to wash the precipitate, and the toluene was removed via syringe, with
all operations being done under a stream of argon. The washed precipitate was dried under
high vacuum for 48 h at room temperature to afford 5.5 g N-methyl-2-chloropyridinium
triflate, in a yield of 94%, m.p. 162–164◦C.
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The Preparation of β-Lactam

To a solution of 1.08 g 2-chloro-1-methylpyridinium triflate (3.90 mmol) in 230 mL dry
CH3CN was added 1.48 g N,N-diisopropylethylamine (2.0 mL, 11.5 mmol). The colorless
solution was heated at 65–70◦C while a solution of 0.50 g amino acid (1.2 mmol) in
230 mL dry CH3CN was slowly added via syringe pump over 4 h. After the addition was
complete, the slightly yellow solution was heated at 65–70◦C for 15 min more and then
was stirred at room temperature for 12 h. The solution was diluted with 150 mL CH2Cl2
and concentrated to 5% of its original volume. An additional 200 mL CH2Cl2 was added,
and the solution was concentrated to 10 mL and partitioned between 500 mL CH2Cl2 and
400 mL H2O. The cloudy aqueous phase was extracted with CH2Cl2 (4 × 120 mL). The
combined organic layer was washed with 100 mL brine, dried, and evaporated to a dark red
oil, which was chromatographed on a 7 cm × 15 cm plug of SiO2 using EtOAc/hexanes
(1:3) as an eluent to give 433 mg (2R,3R,6R)-8-oxo-3-tert-butyldimethylsilyloxy-2-tert-
butyldimethylsilyloxy-methyl-1-azabicyclo-[4.2.0]octane, in a yield of 90%, m.p. 58–59◦C.

HO O

O NH2 O CH3CN NH
O

O

O

N
H

S

Ph3P, (Py-S)2 +   Ph3PO   +

Reference 3.

At room temperature, to a 0.05 M acetonitrile solution of (S)-3-amino-4-(methoxy-
carbony1)butyric acid was added 1.2 eq. triphenylphosphine and 2-pyridine disulfide,
respectively. Then the reaction mixture was heated to 55–60◦C for 12 h with stirring,
the homogeneity and a yellow color were seen at the end of the reaction. After removal of
the solvent in vacuo, the product was separated from the triphenylphosphine oxide and thione
by chromatography on silica gel using 1:l ethermethylene chloride for elution, and the frac-
tions containing the desiredβ-lactam compound (TLC,Rf = 0.20, CH2Cl2-Et2O, 1:1) were
further purified by chromatography on silica gel, affording 84% (S)-4-[(methoxycarbony1)-
methyl]-2-azetidinone, m.p. 67.5–68◦C.

Other references related to the Breckpot β-lactam synthesis are cited in the literature. 9
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Bredt’s Rule

A. GENERAL DESCRIPTION OF THE REACTION

This phenomenon was first reported by Bredt in 19021 and was summarized as Bredt’s
rule in 1924.2 Bredt’s rule3 is an empirical formulation4 that may be stated in qualitative
terms: a double bond cannot be placed with one terminus at the bridgehead of a bridged
ring system,5 such as in [x.y.z] bicyclic system (x ≥ y ≥ z, z /= 0), unless the rings are
large enough to accommodate the double bond without excessive strain (e.g., S = x + y +
z ≥ 9; for a tricyclic system, S ≥ 11).6 When the ring is big enough, the so called anti-
Bredt’ rule7 molecules can be synthesized and isolated where the double bonds exist at
the bridgehead carbon.8 Bredt’s rule is useful mainly as an exclusion criterion during the
assignment of structures and the interpretation of reactions of bridged ring compounds.5

Due to the nature of Bredt’s rule, many organic reactions readily operating under regular
conditions do not occur easily,5 such as the dehydrohalogenation of halides, dehydration of
alcohols, decarboxylation of β-keto acid (with a bridgehead carboxyl group), enolization
of ketones, formation of anhydride, enol lactonization of γ- and δ-keto acids, and formation
and reaction of lactams. In a bicyclic system that holds CH bonds perpendicular to the
π orbitals, Bredt’s rule provides powerful kinetic stabilization.9

B. GENERAL REACTION SCHEME

OK, not bridged Bad Okay Bad Okay
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BrX

Cl

X No reaction
– HCl

C. PROPOSED MECHANISMS

The excessive strain arising from the torsional forces on the double bond of the bicyclic
system will twist the p orbital of doubly bonded carbon atoms away from the maximal
overlap,4 thus destabilizing the molecule, as illustrated below.

Cl

H

H

X
–HCl

H

D. MODIFICATION

N/A

E. APPLICATIONS

Bredt’s rule is used in the assignment of structures and interpretation of reactivity for
bicyclic systems.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 8a.

Sodium hydride (1.05 g, 43.6 mmol), washed oil free with dry pentane, and 5.25 g (+)-
3-(3-oxocyclohexyl)propyl-triphenylphosphonium bromide (10.9 mmol), were suspended
in 40 mL dry tetraglyme containing 0.96 g 2-methyl-2-butanol under nitrogen. After the
mixture was heated to 70◦C for 30 min, the temperature was raised gradually to 120◦C
over 4 h, and the mixture was kept at this temperature for 20 min. Distillation in vacuo
(120◦C, 10 mmHg) removed low-boiling fractions, and the residue was vacuum distilled
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(oil bath temperature 120–125◦C, 5 mmHg) into a cold trap. The distillate was diluted with
dry pentane, dried over anhydrous Na2SO4, and chromatographed on Florisil. Elution with
dry pentane yielded 360 mg (-)-(S)-bicyclo[3.3.1]-1(2)-nonene as a colorless oil, in a yield
of 27%.

+

Reference 10.

A solution of 122 mg bicyclo[3.3.1] non-1-ene (1.0 mmol) in 8 mL pentane was combined
with a solution of 0.78 g 1,3-cyclohexadiene (9.72 mmol) at room temperature. After 48 h,
analysis by TLC indicated 2% of the adduct had formed. The solution was sealed in a Carius
tube and heated to 110◦C for 42 h. After removal of the solvent, 150 mg of adduct was
isolated by preparative TLC, in a yield of 74%.

Other references related to Bredt’s rule are cited in the literature.11
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Brook Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Brook in 1958.1 It is a base-catalyzed intramolecular
migration of a silyl group from a carbon atom to an oxygen anion via a mechanism involv-
ing a hypervalent pentacoordinate silicon species2 with retention of the configuration at the
silicon atom and inversion of the configuration at the carbon atom.3 Therefore, this trans-
formation is generally known as the Brook rearrangement.4 However, it falls into two types:
the normal Brook rearrangement and the radical Brook rearrangement.5 When a hydroxyl
group presents in silanes, the driving forces for such rearrangement during the treatment
with base is the stronger Si O bond over C Si bond. Although the most common rear-
rangement is the [1,2] rearrangement (in α-silyl alcohols), the migration of the silyl group
to a longer distance has also been reported, such as the [1,3] (in β-silyl alcohols),6 [1,4]
(in γ-silyl alcohols),7 and [1,5] Brook rearrangement.4b In addition, protiodesilylation of
a β-hydroxyalkylsilane under basic conditions in the presence of a proton source is known
as a homo-Brook rearrangement.4h,4r,8 The substituents on carbon that can delocalize a
negative charge, such as the vinyl and aryl groups, can accelerate the rearrangement.2 On
the other hand, this rearrangement is reversible in some cases and requires an excess amount
of base. The reverse rearrangement is called the anti-Brook rearrangement,3,9 reverse
Brook rearrangement,3,4p,9,10 Wright-West rearrangement,11 Wittig rearrangement,2 or
retro-Brook rearrangement.7b,7c,12,13 The driving force for the reverse Brook rearrange-
ment presumably is the stronger stability of alkoxide over carbanion.3 It is found that the
Brook rearrangement can even be initiated using a neutral base such as carbene14 or by the
addition of anion to the carbonyl group in ketones or lactones.15 In addition, the silyl group
can migrate not only to the oxygen atom but also to the nitrogen atom; the migration in
latter case is called the aza-Brook rearrangement.16 A similar migration tendency is also
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found in tin compounds, and the migration of stannyl group analogues to Brook rearrange-
ment is called stannyl-Brook rearrangement,12a,17 or the stanna-Brook rearrangement.15a,18

Likewise, the similar rearrangement on sulfur-containing compounds is referred to as
thia-Brook rearrangement.19 This rearrangement has been applied to the preparation of
a variety of building blocks20 and complex natural products,21 and has been extensively
reviewed.22

B. GENERAL REACTION SCHEME

R3Si OH H OSiR3

n

Base
n

n = 1, 2, 3
base = NaH, NaOH, primary

and secondary amines, etc.

C. PROPOSED MECHANISMS

The mechanism is illustrated by a simple [1,2]-Brook rearrangement.

D. MODIFICATION

The aza-Brook,16 stanna-Brook,12a,15a,17,18 and thia-Brook19 rearrangements should be
considered as modifications of the regular Brook rearrangement.

E. APPLICATIONS

This reaction has been used to synthesize different building blocks20 and even complex
natural products.21

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 15a.

General Procedure for the Preparation of N-Boc-Oxazolidines

A mixture of N-Boc-protected amino acid (5 mmol), 195 mg paraformaldehyde
(6.5 mmol), and 43 mg p-toluensulfonic acid (0.25 mmol) in 50 mL benzene was refluxed
with the aid of a Dean-Stark trap, and heating was continued until no starting material was
detected by TLC (1–3 h). The reaction mixture was cooled to room temperature, washed with
5% KHCO3 (2 × 30 mL) and brine (30 mL), dried, and concentrated. The crude product was
purified by column chromatography or by crystallization from suitable solvents. For (4S)-
N-tert-butyloxycarbonyl-4-methyl-1,3-oxazolidin-5-one from N-Boc-analine, 825 mg was
obtained by crystallization from CH2Cl2-hexane as white needles, in a yield of 82%, m.p.
66–67◦C.

General Procedure for the Preparation of α-Amino Acids-Derived Dimers

Method A A 0◦C solution of 220 µL diisopropylamine (1.6 mmol) in 5 mL THF was
treated with 1.53 mmol n-BuLi and stirred for 15 min. Then 360 µL tributyltin hydride
(1.35 mmol) was added and stirred for an additional 15 min. The solution of Bu3SnLi thus
prepared was cooled to −78◦C and treated with 5 mL THF solution with oxazolidinone
(0.9 mmol). The reaction mixture was stirred at −78◦C for 3 h, quenched by addition of 2 mL
phosphate buffer (pH = 7.0); and then partitioned between the phosphate buffer and EtOAc.
The aqueous layer was extracted with 10 mL EtOAc, and the combined organic phase was
washed with 15 mL brine, dried, filtered, and concentrated under reduced pressure to give
a residue that was purified by column chromatography (SiO2, EtOAc/Hexane = 1 : 3).

Method B A 0◦C solution of 300 µL bis(tributyltin) (0.6 mmol) in 2 mL THF was
treated with 0.6 mmol n-BuLi and stirred for 15 min. It was then cooled to −78◦C, and
treated via cannula with a solution of 0.4 mmol oxazolidinone in 4 mL THF. The result-
ing solution was stirred for 3.5 h. The rest of the procedure was similar to Method A.
Using Method A, 115 mg di-tert-butyl (4S,4′S,5S,5′S) 5,5′-dihydroxy-4,4′-dimethyl-5,5′-
bi-1,3-oxazolidine-3,3′-dicarboxylate was obtained from column chromatography (EtOAc/
hexane = 1 : 8) as a white foam, in a yield of 63%.

To a stirred solution of 20.3 mg silyl amine (0.0446 mmol) in 1.7 mL THF was
added 0.06 mL BuLi solution in hexane (1.59 M, 0.0954 mmol) at −78◦C, and the
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Reference 16d.

solution was stirred at the same temperature for 30 min. To this solution was added
0.2 mL HMPA and 0.008 mL methyl iodide (0.129 mmol) at −78◦C, and the solution
was stirred at the same temperature for 30 min. The solution was warmed to 0◦C, and
saturated NH4Cl solution was added. The aqueous layer was extracted with ether. The
organic layer was washed with brine, dried over Na2SO4, and concentrated. The residue
was chromatographed (hexane/EtOAc = 30:1) to afford 20.9 mg N-t-butyldiphenylsilyl-
N-((Z)-3-methyl-2-propyl-2-hexenyl)aniline as a colorless oil, in a yield of 100%.

F

F

F OH

+ Et3SiCl
LDA

THF
F

SiEt3

F

Reference 23.

To a 500-mL three-necked, round-bottom flask with a septum cap (flame dried) under
an inert atmosphere was added 50 mL THF, 5.0 g trifluoroethanol (50 mmol), 50 mmol
triethylsilyl chloride, and 5.0 mL HMPA in a dry ice bath. To this mixture was added
175 mmol LDA in 100 mL THF (3.5 eq.), and the solution was stirred at 0◦C for 3 h or
at −20◦C for overnight. Then the solution was injected into 500 mL H2O in a 1000-mL
flask at room temperature via syringe with slow stirring. After being stirred for 10 min,
100 mL 5 M HF solution was added, and the solution was vigorously stirred for 30 min at
room temperature to allow the conversion of the silanol to the corresponding fluorosilane,
then 50 mL pentane was added, and the organic phase was separated, washed with aqueous
NaHCO3, and dried over anhydrous MgSO4. After removal of the drying agent, the solvent
was evaporated under gentle vacuum. The residue was subjected to distillation, and 60% of
difluoroacetyltriethylsilane was obtained.

Other references related to the Brook rearrangement are cited in the literature.24
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Brown Hydroboration

A. GENERAL DESCRIPTION OF THE REACTION

This reaction can be traced back to the doctoral dissertation of Brown at Chicago
in 1939, when he first carried out a reaction of diborane with alkenes.1 However, the
real origin and extensive studies of hydroboration started in 1956 when Brown moved
to Purdue.2 It is the addition of boron hydrides to the less-substituted carbon atom of
alkenes (anti-Markownikoff addition),3 allenes, dienes, and alkynes to form organoboranes
from the less hindered side in a cis fashion. The formed organoboranes can then be con-
verted to a variety of compounds,4 including acetylenes, acids,5 alcohols,6 aldehydes,5

alkanes,7 alkenes,8 amines,5 esters,5 ketones5 and nitriles. Therefore, this reaction is
generally known as the Brown hydroboration.9 When one or two hydrogen atoms in
hydroborane are substituted by bulk groups, more valuable organoboranes are formed,
which show dramatically improved regioselectivity and diastereoselectivity in hydrobo-
ration. These organoboranes are the volatile dimmer (B2H6), borabicyclo[3.3.1]nonane
(9-BBN),8,10 thexylborane (ThxBH2),11 thexyldialkylborane, thexylalkylchloroborane
(ThBHCl),12 disiamylborane (Sia2BH), diisobutylene-2-borane (DibBH2),13 catecholbo-
rane (CBH),14 pinacolborane (PBH),15 trans-2,5-dimethylborolane,16 dilongifolyborane
(Lgf2BH), LimBH,17 diisopinocampheyl-borane (Ipc2BH),18 isopinocampheylboranes,19

etc. As for the electron deficiency on the boron atom, boron hydride can form
complex with Lewis bases (the borane carriers20) as well. The early studied boron
hydride complexes are BH3·THF and BH3·Me2S, which can be added to alkenes
rapidly and quantitatively to yield a wide variety of fully or partially substituted
organoboranes.21 The boron hydride complexes with Lewis bases fall into three cat-
egories: ether complex, thioether complex, and amine complex. The most common
etheral hydroborate is BH3·THF;21 the thioether hydroborates20,22 include dimethyl
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sulfide, 1,4-oxathiane, tert-butyl methyl sulfide, isoamyl methyl sulfide, ethyl isoamyl
sulfide, tert-butyl isoamyl sulfide, diisoamyl sulfide, tetrahydrothiophene, tetrahydro-
thiopyran, thioanisole, 3-ethylthiotetrahydrofuran, bis(3-tetrahydrofuryl) sulfide, and
bis(2-methoxyethyl) sulfide.20 The amine hydroborates23 include ethylenediamines24 and
tertiary amines,25 (such as N,N-dialkyl-tert-alkylamines,26 tert-butyldialkylamine,27 N,N-
dialkylanilines,28 N-ethyl-N-isopropylaniline,29 N,N-diisopropyl-N-isobutylamine,30 and
pyridine31). Different organoboranes might show different chemoselectivities. For example,
the hydroborations of fluorinated terminal alkenes give 1- or 2-alcohol by using pina-
colborane or catecholborane, respectively.14 The new improvement in hydroboration is
transition-metal promoted hydroboration,32 which can alter the chemoselectivity and even
the reaction mechanism. For instance, when the carbonyl group and alkene coexist in a
molecule, catecholborane will add to the carbonyl group first, whereas in the presence of
less than 1% of Rh(PPh3)3Cl, the hydroboration of alkene takes place preferentially.33 As for
the versatile applications of the Brown hydroboration, more than 500 research papers have
been published in this area, and hydroboration itself has been extensively reviewed in the
literature.4,32,34

B. GENERAL REACTION SCHEME

R
R

BR′2

H H2O2

NaOH R
OH+ R′2BH

C. PROPOSED MECHANISMS

An exemplary mechanism of the regular hydroboration of alkenes is illustrated in
Scheme 1. The mechanism for the transition-metal promoted hydroboration is shown in
Scheme 2.35

SCHEME 1. General mechanism of the hydroboration of olefin.
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SCHEME 2. Mechanism of transition-metal promoted Brown hydroboration.

D. MODIFICATION

The original hydroborane (B2H6) has been modified to different organoboranes for the
enantioselective hydroboration, as shown in Figure 1.

FIGURE 1. Sterically hindered hydroboranes for enantioselective hydroboration.

E. APPLICATIONS

The Brown hydroboration has wide applications in functional group transformations, as
outlined in Figure 2.36 The enantiopure boranes from α-pinene and their applications are
given in Figure 3.19
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FIGURE 2. Conversion of alkylborane into different functional groups.

FIGURE 3. Hydroboranes prepared from ˛-pinene.
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F. RELATED REACTIONS

This reaction is similar to the Suzuki Coupling.

G. CITED EXPERIMENTAL EXAMPLES

Reference 35.

Hydroboration of Representative Olefins using Dioxane-BH2Cl

Hydroboration of representative olefins—such as 1-octene, 1-decene, styrene, α-methyl-
styrene, 2-methyl-1-pentene, cis-4-methyl-2-pentene, 2-methyl-2-butene, α-pinene, cyclo-
hexene, 3-carene, 1-phenyl-2-methyl-1-propene, 2,3-dimethyl-2-butene and 1,2-
dimethylcyclopentene—with dioxane-BH2Cl was carried out in dioxane and
dichloromethane solvents. The procedure followed for all the olefins in both the solvents
are same. The procedure followed for 1-decene in dichloromethane is representative.

An oven-dried 50-mL round-bottomed flask provided with a septum inlet and stirring
bar was cooled to 0◦C under nitrogen. The flask was charged with 5 mmol dioxane-BH2Cl
in 8.7 mL dichloromethane. To this was added 1.4 g 1-decene (10 mmol). The final solution
is 0.5 M for BH2Cl and 1.0 M for 1-decene. The contents were further stirred at room
temperature. The course of reaction was followed by 11B NMR and hydride analysis of
residual active hydride. Both these studies showed the completion of the reaction after
15 min. The reaction mixture was treated with the slow addition of water followed by the
addition of 7.0 mL 3.0 M sodium hydroxide (21 mmol), then 3.0 mL methanol was added
followed by the slow addition of 6 mmol hydrogen peroxide. The contents were further
stirred at room temperature for 3 h and at 40◦C for 1 h to ensure complete oxidation. The
organic compound was extracted into diethyl ether. Drying and evaporation of the solvent
provided essentially pure 1-decanol in 98% by GC, and 1.48 g 1-decanol was obtained, in
a yield of 95%.

Reference 6a
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A solution of IpcBH2 (20 mmol) in 28.5 mL Et2O was cooled to −10◦C, and HCl in Et2O
(20 mmol) was added to it dropwise with stirring. After the addition was complete, the 11B
NMR spectrum indicated the formation of a major amount of IpcBHCl·Et2O. In another
flask, 2.68 g 1-allyl-1-cyclohexene (22 mmol) was dissolved in 10 mL Et2O and cooled to
0◦C. To it, preformed IpcBHCl·Et2O solution was added dropwise, and the mixture was
allowed to stir at 0◦C for 1 h. When the 11B NMR spectrum indicated major formation of
R2-BCl (δ 74), the reaction mixture was cooled to −20◦C (ice water bath), and 5.0 mL 1.0 M
LAH (5 mmol) in Et2O was added dropwise with stirring. The stirred mixture was allowed
to warm to 24◦C (12 h). The 11B NMR indicated the formation of clean trialkylborane
(δ 81). The mixture was cooled to 0◦C; and 2.5 mL acetaldehyde was added and stirred
for 1 h, when the 11B NMR spectrum indicated the formation of borinate ester (δ 52). The
volatiles were removed by applying reduced pressure (10 mmHg, 30 min), the borinate
ester was dissolved in 20 mL Et2O, and the solution was cooled to 0◦C. To it 2.7 mL
α,α-dichloromethyl methyl ether (30 mmol) was added, followed by the dropwise addition
of lithium tert-butoxide in n-hexanes (40 mmol, generated from tert-butyl alcohol and n-
butyllithium) with stirring. The mixture was stirred at 0◦C for 1 h and then at 24◦C for 4 h.
Water (10 mL) was added, and then the mixture was washed with water to pH = 7. Solvent
was removed and 20 mL THF was added followed by the addition of 8.0 mL 3.0 M NaOAc
and 8.0 mL 30% H2O2; the mixture was stirred at 24◦C for 1 h and then at 40–50◦C for 1 h.
The mixture was diluted with 40 mL Et2O and then washed with water (4 × 10 mL), 10 mL
brine, and dried over MgSO4. The solvent was removed, and the residue was distilled at
64–66◦C (0.5 mmHg) to afford 2.42 g the desired ketone in a yield of 76%, m.p., 38◦C.

Other references related to the Brown hydroboration are cited in the literature.37 Note
that more than 500 references to this procedure can be found.
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Bruckner Isoquinoline

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction may be traced back to 1935 when Bruckner reported the structure of
1,3-dimethyl-6,7-methylenedioxyisoquinoline.1 The reaction is a unique method for syn-
thesizing isoquinolines from allyl phenyl ether via the process of a Claisen Rearrangement,
double-bond migration, amination, and cyclization.2

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed below is the reaction mechanism proposed by Govindachari and Pai.2

D. MODIFICATION

This reaction has been modified by using either phenyl oxazoline3 or substituted
benzaldehyde and nitroethane4 as the starting materials for preparing isoquinoline.

E. APPLICATIONS

This reaction can be used to synthesize the substituted isoquinolines.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2.

Preparation of 2,5-Dimethoxypropenylbenzene

2,5-Dimethoxyallylbenzene was treated with a solution of potassium hydroxide in
ethylene glycol at 170–175◦C for 3 h to give 85% 2,5-dimethoxypropenylbenzene, b.p.
126◦C (13 mmHg).

Preparation of 2,5-Dimethoxypropenylbenzene Pseudonitrosite

A solution of 1 g freshly distilled 2,5-dimethoxypropenylbenzene in 10 mL ether was
treated with a solution of 21 g sodium nitrite in 8 mL water. Then 10 mL 4 N H2SO4 was
added dropwise over 20 min. The solution turned green and then yellow, and a white crys-
talline solid appeared. It was left in an ice chest overnight, and the precipitate was filtered,
washed with ether, then water, and dried in air. A total of 20 such experiments run simulta-
neously yielded 18 g 2,5-dimethoxypropenylbezneen pseudonitrosite, m.p. 130◦C (dec.).

Formation of α-(2,5-Dirnethoxyphenyl)-β-Nitropropanol Acetate

A suspension of 7 g finely powdered pseudonitrosite in 20 mL acetic anhydride was
cooled in ice and treated gradually, with good stirring, with 2 mL acetic anhydride con-
taining a drop of concentrated sulfuric acid. The pseudonitrosite dissolved with evolution
of nitrous fumes. After 2 h, the solution was poured onto ice water, the acetic anhydride
was decomposed, and the emulsion was extracted with ether. The ether extract was dried
and the ether extract was removed, yielding 7 g of a colorless syrupy oil, which could not
be induced to crystallize. Attempts at purification by distillation in vacuo led to extensive
decomposition.

Preparation of α-(2,5-Dimethoxyphenyl)-β-Acetylaminopropanol

A solution of 7 g nitropropanol acetate in 100 mL alcohol, 50 mL glacial acetic acid, and
3 mL concentrated hydrochloric acid was reduced at a mercury cathode with the temperature
kept below 60◦C. At the end of the reduction, the solution was made neutral to Congo Red
by the addition of sufficient sodium acetate and evaporated to dryness in vacuo at 50◦C.
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The residue was dissolved in 50 mL water and saturated with sodium bicarbonate. On
standing in the ice chest overnight, the acetylamino compound separated. It was filtered,
washed with a little water, and dried. Recrystallization from alcohol yielded 3.1 g α-(2,5-
dimethoxyphenyl)-β-acetylaminopropanol, m.p. 156◦C.

Acetylation of α-(2,5-dimethoxyphenyl)-β-acetylaminopropanol with acetic anhy-
dride in pyridine at room temperature yielded α-(2,5-dimethoxyphenyl)-α-acetoxy-β-
acetylaminopropane, melting at 98–100◦C after recrystallization from benzene.

Formation of 1,3-Dimethyl-6,8-Dimethoxyisoquinoline

A solution of 1 g acetylamino compound in 10 mL dry toluene was treated with 3 mL
phosphorus oxychloride and refluxed for 75 min, with exclusion of moisture. The solution
was then poured into ice water, and the excess phosphorus oxychloride was decomposed by
gentle warming on a water bath. A fluorescent orange-yellow solution was obtained, which
was cooled strongly in ice and basified with sodium hydroxide solution. The isoquinoline
was extracted with ether, and the ether extract was dried over potassium carbonate. Removal
of the ether yielded 0.75 g of a thick oil, which was dissolved in dry benzene and passed
through a column of 30 g alumina. On washing the column with benzene, a yellow zone
moved rapidly into the filtrate. This fraction of the eluate on removal of benzene yielded
0.65 g of a pale yellow oil, which solidified on rubbing. Recrystallization from petroleum
ether yielded pale yellow silky needles, melting at 70◦C.

Reference 3.

n-BuLi (74.5 mmol) was added dropwise over 20 min to a -78◦C solution of 75 mmol
methyl isocyanidee in 200 mL anhydrous THF. After 40 min, 73.5 mmol veratraldehyde in
120 mL THF was slowly added to the yellow suspension of α-lithiomethyl isocyanide at such
a rate that the temperature did not exceed −60◦C. Stirring was continued for 30 min, then
2 mL MeOH was added, and the whole mixture was allowed to warm to room temperature.
Extraction and crystallization in Et2O yielded 13.0 g 5-(3,4-dimethoxyphenyl)-2-oxazoline
in a yield of 85%, m.p. 49–50◦C.

3,4-Dimethoxyphenyl acetyl chloride (414 mg, 1.93 mmol) in 18 mL dry CH2Cl2 was
added dropwise to a solution of 400 mg 5-(3,4-dimethoxyphenyl)-2-oxazoline (1.93 mmol)
in 20 mL dry CH2Cl2. After 30 min, 35 mg water (1 eq.) and 195 mg triethylamine (1 eq.) in
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1.5 mL dry THF were added slowly. The hydrolysis products were extracted after 30 min,
washed with brine, and evaporated. NMR analysis showed a 2.2:1 mixture of alcohol and
ester that could be isolated via column chromatography. The ester melted at 166–167◦C, and
the alcohol melted at 126◦C. The formate was hydrolyzed with NaHCO3 in aqueous THF
for 3 h.

POCl3 (580 mg) was added dropwise to a refluxing solution of the above crude product
of formate and alcohol in CH3CN. After 1 h, the mixture was cooled, poured into ice water,
washed with Et2O, basified with 2 N NH4OH, and extracted with EtOAc. Chromatography
gave 371 mg papaverine, in a yield of 57% from oxazoline.

Other references related to the Bruckner isoquinoline synthesis are cited in the literature.5
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G.; Kiss, J. and Kovács, J., J. Chem. Soc., 1948, 885. (d) Govindachari, T. R.; Pai, B. R. and Rao,
U. R., Proc. Indian Acad. Sci., Sect. A, 1958, 48A, 111. (e) Bruckner, V. and Fodor, G., Ber., 1943,
76, 466. (f) Bruckner, V. and Fodor, G., Ber., 1938, 71, 541. (g) Bruckner, V. and Fodor, G., Ber.,
1938, 71, 547. (h) Bruckner, V. and Krámli, A., J. Prakt. Chem., 1936, 145, 291.



120
Bucherer Carbazole

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bucherer in 1906.1 It is the synthesis of carbazoles
from aryl hydrazines, sodium bisulfite, and 1- or 2-naphthols (or 1- or 2-naphthylamines)2

and is generally known as the Bucherer carbazole synthesis3 or Bucherer reaction.4 In addi-
tion, the reaction between 2-aminonaphthalene-1-sulfonic acid and phenylhydrazine also
gives carbazole,5 indicating that sulfonation of naphthylamine might be the early step in the
reaction pathway. This reaction has been most commonly used hitherto for the preparation
of dibenzocarboles.6

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A tentative mechanism is proposed for this reaction.
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D. MODIFICATION

This reaction has been modified by using aryl hydrazine and tetralone in the presence of
HCl to form carbazole.6

E. APPLICATIONS

This reaction is useful for the preparation of fused carbazole derivatives.

F. RELATED REACTIONS

This reaction is related to the Borsche-Drechsel Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

2-Naphthol (14.4 g, 0.10 mol) and 10.8 g phenylhydrazine (0.10 mol) were refluxed
in 250 mL 36% sodium sulfite solution for 17 h. The reaction mixture was then treated
with 200 mL concentrated hydrochloric acid under reflux for 2.5 h. The oily layer that
separated was isolated by decanting the upper aqueous layer and was triturated with ether
to give a red-brown solid. The solid was extracted with sodium hydroxide solution and
filtered. The remaining yellow solid was dried and sublimed (100◦C), and the sublimate
was recrystallized from aqueous methanol to give 2.5 g 3,4-benzocarbazole as white needles
(11.5 mmol), in a yield of 11.5%, m.p. 136–137◦C.

Reference 6.

A mixture of 2.6 g α-tetralone, 4.0 g α-naphthylhydrazine hydrochloride, and 3.0 g
sodium acetate was refluxed with 50 mL ethanol for 2 h. After cooling, an excess of
water was added; the precipitate of the crude naphthylhydrazone was collected by suc-
tion, washed with water, and dissolved in 20 mL of the cyclization reagent (acetic acid and
hydrogen chloride). After 5 min of heating on a water bath, the mixture was poured into
water and the precipitate was washed thoroughly with water, dried, and crystallized from
the mixture of benzene and ligroin to afford 2.5 g 3,4-dihydro-1,2,7,8-dibenzocarbazole,
m.p., 178◦C.

A mixture of 1.2 g 3,4-dihydro-1,2,7,8-dibenzocarbazole, 1.7 g chloranil, and 30 mL
dry xylene was refluxed for 2 h. After cooling, the tetrachlorohydroquinone was filtered
off by suction and washed with some xylene; the filtrate was shaken with a 10% aqueous
solution of sodium hydroxide and then with water, and dried over calcium chloride. After
the evaporation of xylene in a vacuum, the residue obtained was recrystallized twice from
benzene, giving 1.0 g 1,2,7,8-dibenzocarbazole as pale yellowish needles, m.p. 212◦C.

Other references related to the Bucherer carbazole synthesis are cited in the literature.8
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1. (a) Bucherer, H. T. and Grollé, A., Ber., 1906, 39, 986. (b) Bucherer, H. T. and Seyde, F., J. Prakt.
Chem., 1908, 77, 403.

2. Robinson, B., Chem. Rev., 1968, 68, 227.

3. Monatsber, H. S., Monat. Deut. Akad. Wiss. Berlin, 1961, 3, 48.

4. (a) Seeboth, H., Angew. Chem. Int. Ed. Engl., 1967, 6, 307. (b) Seeboth, H.; Baerwolff, D. and
Becker, B., Ann., 1965, 683, 85. (c) Seeboth, H., Monat. Deut. Akad. Wiss. Berlin, 1964, 6, 268.
(d) Rieche, A. and Seeboth, H., Ann., 1960, 638, 81. (e) Fuchs, W. and Niszel, F., Ber., 1927,
60B, 209.

5. Buu-Hoı̈, N. P.; Hoán, N. and Khoı̈, N. H., J. Org. Chem., 1950, 15, 131.

6. Buu-Hoı̈, N. P.; Hoán, N. and Khoı̈, N. H., J. Org. Chem., 1950, 15, 492.

7. Roberts, D. R. and White, E. H., J. Am. Chem. Soc., 1970, 92, 4861.

8. (a) Allen, G. R.; Pidacks, C. and Weiss, M. J., J. Am. Chem. Soc., 1966, 88, 2536. (b) Seeboth, H.
and Rieche, A., Ann., 1964, 671, 77. (c) Holt, P. F. and McNae, C. J., J. Chem. Soc., 1964, 1759.
(d) Rieche, A. and Seeboth, H., Ann., 1960, 638, 43. (e) Drake, N. L., Org. React., 1942, 1, 114.
(f) Fuchs, W. and Niszel, F., Ber., 1927, 60B, 213. (g) Bucherer, H. T. and Sonnenburg, E. F., J.
Prakt. Chem., 1910, 81, 29. (h) Bucherer, H. T. and Sonnenburg, E. F., J. Prakt. Chem., 1910,
81, 6.



121
Bucherer Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bucherer in 1904.1 It is a reaction for synthesiz-
ing β-naphthylamine from β-naphthol and aqueous ammonium sulfite or bisulfite via the
formation of tetralone-sulfonic and tetralone-iminosulfonic acids and is generally known
as the Bucherer reaction.2 Although α-naphthylamine can also be prepared in a similar
fashion, the corresponding reaction is much more difficult because of the steric interac-
tion with peri-position.3 It is know that the key step of this reaction is the ketonization of
naphthol.4 When 1,7-dihydroxynaphthalene is treated with a large excess of ammonia at
250◦C, both aminonaphthol and diaminonaphthalene will form, but the major product is
still the aminonaphthol;5 however, the addition of sodium hydroxide into the solution will
decrease the amount of diaminonaphthalene.3 Only one hydroxyl group of binaphthol will
be converted into an amino group to form NOBIN.6 When primary or secondary amine is
used in this reaction, N-substituted β-naphthylamine will form,3,7 and α-amino acid can
be readily linked to a naphthalene ring by the Bucherer reaction as well.8 In contrast to this
reaction, naphthol can also be converted into naphthylamine in a reaction with a complex
of ammonia and Lewis acid, such as CaCl 9

2 or ZnCl2.10

B. GENERAL REACTION SCHEME

The general reaction is illustrated, including the reaction with ammonia and primary and
secondary amines.
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C. PROPOSED MECHANISMS

Amination of β-naphthol with ammonia in the presence of sodium sulfite is shown below.

D. MODIFICATION

The amination of naphthalene using primary or secondary amines is one type of modi-
fication,3,7 and the treatment of naphthol with a complex of Lewis acid and ammonia is
another modification.10 The latter was reported before the Bucherer reaction was published.

E. APPLICATIONS

This reaction is generally used to convert naphthols into naphthylamines.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 8.

A mixture of 10 g l-leucine (76 mmol), 11 g β-naphthol (76 mmol), and 9.6 g anhydrous
Na2SO3 (76 mmol) was placed in a pressure vessel equipped with a magnetic stirring bar.
Saturated NaHSO3 solution (60 mL) was added; the bottle was sealed and heated slowly
to 115◦C while being stirred. After 1 day, two homogeneous layers formed. Heating and
stirring were continued for 3 additional days. After being cooled, the bottle was emptied
into a 1000-mL beaker and rinsed alternately with 5% NaHCO3 and acetone. The combined
washes and reaction mixture were diluted to 500 mL with water, the pH was adjusted to
8.5–9.0 with saturated Na2CO3 solution, and the mixture was washed twice with 60-mL
portions of dichloromethane. The organic phase was back washed with two 60-mL portions
of 5% NaHCO3 solution, which were combined with the original aqueous phase. The 2-
naphthol-containing organic phase may then be discarded or the unreacted 2-naphthol may
be recovered. The aqueous phase was adjusted to pH 3 with 6 N hydrochloric acid (SO2
and CO2 were evolved). The resultant white precipitate was collected and washed with
50 mL ethyl acetate. The aqueous phase was extracted with two 50-mL portions of ethyl
acetate and was then either discarded or evaporated to recover unreacted amino acid. The
combined ethyl acetate extracts were dried over anhydrous MgSO4, filtered, and evaporated
to dryness. The remaining solids were recrystallized from 95% ethanol to afford 4.8 g of
(S)-(-)-α-N-(2-naphthyl)leucine as white crystals in a yield of 25%, m.p. 173◦C.

OH

OH

NH2

OHNH3 · H2O, 200°C
91%

(NH4)2SO3 · H2O

Reference 6.

To a 125-mL Teflon-lined autoclave was added 5.0 g 1,1′-bi-2-naphthol (17.5 mmol),
23.5 g (NH4)2SO3·H2O (175 mmol), and 65 mL of concentrated aqueous ammonia. The
mixture was stirred at 200◦C in an oil bath for 5 days. It was then cooled down to ambient
temperature and filtered. The resulting solid was washed with water followed by recrystal-
lization from benzene to afford 4.5 g pure 2-amino-2′-hydroxy-1,1′-binaphthyl, in a yield
of 91%.

Other references related to the Bucherer reaction are cited in the literature.11
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Bucherer-Bergs Hydantoin

Synthesis
(Bucherer-Bergs Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first observed by Ciamician and Silber in 1905 who obtained 5,5-
dimethylhydantoin from a mixture of acetone and hydrocyanic acid that had been exposed
to sunlight for a period of 5–7 months.1 Subsequently, Bergs reported the preparation
of 5-substituted hydantoins from the corresponding aldehydes or ketones by treatment
with potassium cyanide, ammonium carbonate, and carbon dioxide under several atmo-
spheres of pressure at a temperature of 80◦C for 4–6 h.2 However, it was Bucherer who
modified Bergs’s procedure for synthesizing hydantoin from cyanohydrin and ammonium
carbonate in an aqueous solution or benzene at temperatures below 60–70◦C,3 and stud-
ied the mechanism.4 Therefore, this reaction is generally known as the Bucherer-Bergs
reaction.5 Occasionally, it is also referred to as the Bucherer-Bergs condition,6 Bucherer-
Bergs procedure,7 Bucherer-Bergs method,8 and Bucherer-Bergs hydantoin synthesis.9 This
reaction has been further modified by Henze.10 So the Bucherer-Bergs hydantoin synthesis
is the preparation of hydantoin from carbonyl compounds by treatment with 2 eq. potas-
sium cyanide and 4 eq. ammonium carbonate11 or from the corresponding cyanohydrin
and ammonium carbonate. This reaction is one example of the multicomponent reactions
(MCRs);12 however, the carbonyl compounds—including formaldehyde, certain unsatu-
rated aldehydes, certain hydroxy and nitroaryl aldehydes, bisdimethylaminoacetone, and
pyruvic acid—are not suitable for this reaction.11 The hydantoin itself not only demonstrates
many biological activities, such as anticonvulsants,13 antiarrhythmics,14 antidiabetics,15

serotonin, and fibrinogen receptor antagonists,16 but is the starting material for preparing a
variety of α-amino acids via hydrolysis.14a,17
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Details of the reaction mechanism are tentatively shown below.

D. MODIFICATION

This reaction has been modified from acid-catalyzed cyclization of uredo acids;18 from
palladium catalyzed MCR among aldehydes, carbon monoxide, and ureas;19 and from
Ugi five-component condensation.20 Alternatively, hydantoins can also be synthesized via
other methods, such as the 1,3-Dipolar Cycloaddition of 1-oxa-4-azabutadiene and aryl
isocyanates21 and the decomposition of barbituric acids in alcohol.8

E. APPLICATIONS

This reaction is generally used for the synthesis of substituted hydantoins, which are
further used to prepare different α-amino acids.

F. RELATED REACTIONS

This reaction is related to the Read Synthesis of Hydantoin from amino acids and cyanate
salts.22
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G. CITED EXPERIMENTAL EXAMPLES

C7H15

O
TMSCN

ZnI2
C7H15

TMSO CN

C7H15

HO CN
(NH4)2CO3

C7H15

HN
NH

O

O

15% HCl

50% EtOH

Reference 23.

A mixture of 1.5 g octanophenone (7.5 mmol), 0.70 g cyanotrimethylsilane (TMSCN)
(7.5 mmol), and 5–10 mg ZnI2 was stirred at room temperature under a nitrogen atmosphere.
After 2 h, the TMS ether was hydrolyzed to the cyanohydrin by adding 10 mL ether and
10 mL 15% HCl; the resulting mixture was stirred vigorously for 1 h. The acidic layer was
washed with ether (3 × 20 mL). The extracts were combined and evaporated to give 1.8 g
cyanohydrin in a yield of 100%. This 1.8 g cyanohydrin (9.0 mmol) and 3.6 g (NH4)2CO3
(3.6 mmol) were dissolved in 30 mL 50% ethanol while stirring under a nitrogen atmosphere.
The mixture was heated slowly between 40◦ and 60◦C for 12 h. The basic mixture was
evaporated to half volume and cooled to room temperature. The precipitate was filtered and
recrystallized from hot ethanol to give 0.5 g 5-heptyl-5-phenylhydantoin, in a yield of 21%,
m.p. 124–126◦C.

Reference 8.

To a solution of 0.18 g sodium (8 mmol) in 27 mL anhydrous ethanol was added 2 mmol
5-benzylamino-1,5-diphenylbarbituric acid. The mixture was refluxed for 3 h under an argon
atmosphere. The solution was evaporated to dryness. The residue was taken up with a small
amount of water, and insoluble material was removed by filtration. The filtrate was acidified
with cold 1 N HCl. The precipitate was filtered off and dried under reduced pressure. If no
crystallization was observed, the solution was extracted with ethyl acetate (4 × 5 mL), and
the combined organic layers were dried over Na2SO4 and evaporated to dryness. The crude
oil was dissolved in mixture of ethanol–diethyl ether and cyclohexane. After the solution
was cooled for at least 5 days, pure crystals were separated by suction filtration and dried
to give 85% 1-benzyl-5-phenyl-5-phenylcarbamoylhydantoin, m.p. 185–195◦C.

Other references related to the Bucherer-Bergs hydantoin synthesis are cited in the
literature.24
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123
Büchner Ring Expansion

(Büchner Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Büchner et al. in 1885.1 It is the synthesis of cyclo-
heptatriene and phenylacetic acid derivatives through the rearrangement of norcaradiene
carboxylates (i.e., the intermediate) generated from the reaction between aromatic com-
pounds and carbene species, and this reaction is thus known as the Büchner reaction2 or the
Büchner ring expansion.3 In this reaction, the carbene species can be generated from thermal
or photolytical decomposition of diazoacetic acid esters. It is believed that an equilibrium
exists between norcaradiene and cycloheptatriene derivatives in which the latter predomi-
nates in the equilibrium4 according to the following experimental facts: (a) cycloheptatriene
on hydrogenation gives cycloheptane,5 whereas the addition of dienophiles usually gives
products derived from norcaradiene6 and (b) both the reaction of tropylium ion and cyanide
ion followed by hydrolysis and the reaction of benzene and methyl diazoacetate followed
by treatment with ammonia lead to the same substance.4c However, with two electron-
withdrawing groups (e.g., CN) on the cyclopropyl ring, the 7,7-dicyano-norcaradiene is
stable and can be isolated and subjected to other reactions.7 Because the carbenes arising
from the decomposition of diazo compounds are active, the normal Büchner ring expan-
sion between these carbenes and aromatic compounds always afford a mixture of isomers.8

However, when an rhodium complex [Rh2(OCOCF3)4] is used, one major product will form
with improved yield.9 Other organometallic rhodium complexes might also be applicable
for the Büchner ring expansion, such as the dirhodium tetraprolinate [Rh2(S-DOSP)4],
which prefers the C-H insertion product,10 and rhodium porphyrin complex, which shows
competition between the addition and the C-H insertion.11 Other organometallic complexes
used in this reaction include copper complexes, such as TpBr3Cu(MeCN) and TpMsCu; the
former gives predominately the addition products with monosubstituted benzenes, and the
latter forms the α-C-H insertion product as the major product.12
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B. GENERAL REACTION SCHEME

N2CHCO2Et CO2Et
∆

CO2Et
CO2Et

+
∆ or hν

+

C. PROPOSED MECHANISMS

A tentative mechanism is illustrated below.

D. MODIFICATION

This reaction has been modified for using organometallic carbene complexes to form
either the addition or the C-H insertion products, depending on the catalyst used.9−12

E. APPLICATIONS

Besides the general application in synthesis of cycloheptatrienes, different bicyclic
products—for example, β-tetralones and azulenones—can be prepared via the intramole-
cular Büchner ring expansion.12

F. RELATED REACTIONS

This reaction is similar to the Pfau-Plattner Azulene Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

Me

MeO

O

N2 H
MeMeO

O

H
MeMeO

O

O

MeO

Me O

MeO

Me

or
Rh2(OAc)4

CH2Cl2 (0.5 h)

Reference 13.

3-(4′-Methoxyphenyl)propanoyl chloride (0.44 g, 2.22 mmol)—prepared from 0.46 g 3-
(4′-methoxyphenyl)propanoic acid (0.46 g, 2.55 mmol) and 15 mL freshly distilled thionyl
chloride and purified by bulb-to-bulb distillation at 110◦C (0.3 mmHg)—in 10 mL ether
was added dropwise over 20 min to an ethereal diazoethane solution—prepared from 7.15 g
N-ethyl-N-nitrosourea (61.1 mmol) at −20◦C while stirring under nitrogen. The solution
was allowed to slowly return to room temperature while being stirred for 3 h. The ether and
residual diazoethane were evaporated under reduced pressure at room temperature, using a
rotary evaporator fitted with an acetic acid trap. Purification by chromatography, using ethyl
acetate/hexane (5:95) as the eluant, gave 0.42 g 2-diazo-5-(4′-methoxyphenyl)pentan-3-one
as a yellow oil, in a yield of 75%.

2-Diazo-5-(4′-methoxyphenyl)pentan-3-one (100 mg, 0.459 mmol) in 100 mL CH2Cl2
was added dropwise over 1 h to a refluxing solution of 0.5 mg rhodium(II) acetate in 100 mL
CH2Cl2. The reaction was monitored by TLC and was complete once the diazoketone
had been added. Evaporation of the solvent at reduced pressure gave the crude product
as a yellow oil. A 1H NMR spectrum was recorded to determine the efficiency of the
cyclization (88%) (percent of azulenone compared to aromatic by-products). Purification
by flash chromatography, with gradient ethyl acetate–hexane as the eluant, gave 70 mg
3,8a-dihydro-6-methoxy-8a-methylazulen-1(2H)-one as a colorless oil, in a yield of 80%.
No resolution of signals for enantiomers was seen in a 1H NMR chiral shift study using
(+)-Eu(hfc)3. It was difficult to obtain this azulenone completely free of aromatic impurities.

N2CHCO2R

CO2R
H

H

CO2R

Rh2(OCOCF3)4
+ +

Conjugated isomers

Reference 9.

A diazo ester (5 mmol) was added with an automatic syringe (Sage Model 352) to the
aromatic substrate (0.1 mol) containing the catalyst (0.02 mmol) within ∼ 2 h while the mix-
ture was stirred magnetically at room temperature. After the decomposition of diazo ester,
the reaction mixture was analyzed by VPC using an internal standerd (dimethyl fumarate
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or diethyl phthalate). In preparative experiments, the mixture was distilled under vacuum
(10−2– 10−3 mmHg) to give alkyl cyclohepta-2,4,6-triene-1-carboxylate at a relatively low
temperature so as to minimize the isomerization. For the reaction with benzene, the total
yield of cycloheptatriene derivatives was 100%.

Other references related to the Büchner ring expansion are cited in the literature.14
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513. (u) Johns, R. B.; Johnson, A. W.; Langemann, A. and Murray, J., J. Chem. Soc., 1955, 309.
(v) Johnson, A. W.; Langemann, A. and Murray, J., J. Chem. Soc., 1953, 2136. (w) Grundmann,
C. and Ottmann, G., Ann., 1953, 582, 163. (x) Büchner, E. and Schottenhammer, K., Ber., 1920,
53, 865. (y) Büchner, E. and Hediger, S., Ber., 1903, 36, 3502. (z) Büchner, E., Ber., 1898, 31,
2241. (aa) Büchner, E., Ber., 1897, 30, 632. (bb) Büchner, E., Ber., 1896, 29, 106.
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Büchner-Curtius-

Schlotterbeck Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Büchner and Curtius in 18851 and subsequently by
Schlotterbeck in 1907.2 It is the reaction for forming ketones from aldehydes and aliphatic
diazo compounds and is thus known as the Büchner-Curtius-Schlotterbeck reaction.3 This
reaction has been extended to synthesize β-keto esters from the condensation between
diazo esters and aldehydes.4 It should be pointed out that epoxides and aldehydes are also
produced in this reaction, and the preparation of keto esters can also be performed in the
presence of Lewis acids5 or via a two-step process involving an Aldol Reaction of diazo
ester and aldehyde followed by the oxidative elimination of nitrogen.6

B. GENERAL REACTION SCHEME

R

O

H
R′ N

N R
R′

O
+

+

C. PROPOSED MECHANISMS

A tentative mechanism is displayed here.
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D. MODIFICATION

This reaction has been modified to undergo in the presence of Lewis acids.5

E. APPLICATIONS

This reaction has general application in the preparation of ketones and β-keto esters.7

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

CHO

O
O

N2
OEt

O

O
O

OEt

O O

+
Montmorillonite K-10

Pentane

Reference 7.
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A mixture of 5 mmol aldehyde, 7.5 mmol ethyl diazoacetate, and 100 mg montmorillonite
K-10 in 10 mL pentane was stirred at room temperature for 6 h. After completion of the
reaction (TLC), the catalyst was removed by filtration and washed with pentane (3 × 5 mL).
The solvent was removed under reduced pressure to obtain the crude product, which was
further purified by column chromatography on silica gel (ethyl acetate/light petroleum =
1:9) to give 69% β-keto ester, m.p. 41◦C.

Other references related to the Büchner-Curtius-Schlotterbeck reaction are cited in the
literature.8
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Buchwald Indoline Synthesis

(Buchwald Indole-Indoline
Ring Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Buchwald in 1991.1 It is a regiospecific synthe-
sis of 3,4-disubstituted indoline and indole derivatives that involves the generation of
a zirconocene-stabilized benzyne complex from N-allyl o-haloaniline, which undergoes
intramolecular olefin insertion to a tricyclic indoline zirconacycle and then reacts with
electrophiles or oxidating agents to give indoline derivatives.1 Refluxing with ammonium
formate in MeOH in the presence of Pd/C, the 3,4-disubstituted indoline derivatives are con-
verted into indole derivatives, respectively;2 alternatively, the intermediate exo-methylene
indoline derivative can be transformed into indole via ene reaction.1 This reaction is there-
fore referred to as the Buchwald indoline synthesis,3 or the Buchwald indole-indoline ring
synthesis.3

It should be pointed out that the 4-position of the indole ring systems is so electron
deficient that the substituents are difficult to introduce at the 4-position by normal elec-
trophilic substitution.4 To circumvent this problem, two approaches have been developed:
formation of the pyrrole ring using an annelation method onto an appropriately substi-
tuted aromatic precursor and direct introduction of the substituent into the 4-position of the
existing indole framework.4 Some known indole synthesis methods, including the Batcho-
Leimgruber Indole Synthesis, Bartoli Indole Synthesis, Fischer Indole Synthesis, Larock
Indole Synthesis, Madelung Indole Synthesis, and Reissert Indole Synthesis, belong to the
annelation approaches, whereas only a few 4-substituted indole preparations are accom-
plished by the second approach, such as the application of chromium tricarbonyl complexs
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PROPOSED MECHANISMS 571

of indoles,5 thallation/palladation,6 and lithiation.7 However, the first approach requires
properly substituted starting materials, which can be expensive or not readily available, and
the second approach uses toxic chromium complex.4 In comparison, the Buchwald indo-
line synthesis requires only a catalytic amount of zirconocene and has been successfully
applied to the synthesis of a variety of molecules containing indole or indoline scaffolds,
such as tryptamine,2,8 serotonin,4 tryptophan4 analogs, and some natural products (includ-
ing makaluvamine C,2 damirones A and B,2 dehydrobufotenine,2 clavicipitic acid,9 and
pharmacophore of CC-10654,9).

On the other hand, the Buchwald indoline synthesis also holds some weakness, such as
employing the air and moisture-sensitive zirconocene (Cp2Zr(Me)Cl), the availability of
N-allyl-o-bromoaniline, and the limited scope for indoles with substituents at both the 3-
and 4-positions.9 By applying the later-developed Buchwald-Hartwig Amination, Buchwald
himself extended the indoline synthesis to other kinds of indoline and indole derivatives from
an aryl Grignard reagent, an olefin, a primary amine, and the air-stable titanocene Cp2TiCl2.9

In this modification, the aryl Grignard reagent is converted into a titanocene-stabilized
benzyne complex, which intermolecularly inserts with olefin and then couples with amine to
give indoline derivatives. In addition, 2-(o-halo-phenyl)ethylamine can be directly converted
into indoline via the Buchwald-Hartwig Coupling;2 likewise, o-bromobenzylic bromide
can react with benzylamine to afford indoline by the Buchwald-Hartwig Coupling.9 Even
secondary amides and carbamates can be intramolecularly mounted onto aromatic nucleus,
giving a variety of benzo-heterocycles.10

B. GENERAL REACTION SCHEME

N

R

Zr

N

X

R
N
R

Cp2Zr

RN

IAB

RN

I

A
HB

N
R

E E
Cp2ZrMeCl

2 t-BuLi, THF
–78°C to r.t.

X = Br, I

R = Bn

E+ = electrophile

A=B: any multiple bond

that undergoes ene reaction

E+

or I2

C. PROPOSED MECHANISMS

As described in the definition of Buchwald indoline synthesis, this reaction involves
the formation of a zirconocene-stabilized benzyne complex that intramolecularly inserts
to an N-allyl group to give a tricyclic indoline zirconacycle. In the presence of oxidating
reagent or electrophiles, the indoline zirconacycle decomposes into indoline derivatives.1
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Upon dehydrogenation, corresponding indole derivatives can be prepared. Displayed here
is an illustration for the formation of N-benzyl-3-methylene-4-iodo-indoline.

D. MODIFICATION

The Buchwald indoline synthesis has been extended for preparing other kinds of indoline
and indole derivatives not just 3,4-disubstituted indolines and indoles, starting from a readily
available aromatic Grignard reagent, an olefin, a primary amine, and air-stable titanocene
Cp2TiCl2.9 In addition, the Buchwald-Hartwig Coupling has been used for the preparation
of indoline and indole derivatives from readily available 2-(o-halo-phenyl)ethylamine2 and
2-(o-halo-phenyl)ethylbromide and benzylamine.9 Moreover, the Buchwald-Hartwig Cou-
pling has also been used to modify the Fischer Indole Synthesis by coupling with aryl halide
and hydrazone in the presence of methanesulfonic acid as the catalyst.11

E. APPLICATIONS

This reaction in combination with its modifications has broad application in the synthesis
of polysubstituted indoline and indole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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Me

N

(CH2)3CH2OTIPS

Bn Me

N
H

(CH2)3CH2OTIPS

Pd/C, HCO2NH4

MeOH, ∆

45% overall yield

Reference 9.

To a solution of 0.08 M Cp2TiCl2 in toluene (2–4 mmol, 1.0 eq.) in a resealable Schlenk
flask at room temperature was added 1.1 eq. of a THF solution of o-methylphenyl magne-
sium bromide under argon. After 1 h, 2.0 eq. of triisopropylsilyl hex-5-en-1-ol ether and a
1.0 eq. MeMgBr in Et2O were added, then the flask was sealed and heated to 50◦C for 4 h.
After being cooled to room temperature, the solvent was removed in vacuo, and CH2Cl2
(12 mL/mmol Cp2TiCl2) was added. Then the solution was cooled to −78◦C. A solution of
2.05 eq. Br2 in CH2Cl2 at an appropriate concentration (6 mL/mmol Cp2TiCl2) at −78◦C
was added dropwise. The solution was warmed slowly to room temperature, then the solvent
was removed in vacuo. Caution: Care should be used to ensure that the excess bromine has
been destroyed. Hexane (30 mL/mmol Cp2TiCl2) was added; then the mixture was filtered
through a pad of Celite, and the solvent was evaporated. The dibromide product was par-
tially purified by flash chromatography, and a portion of the material (typically 25–50%)
was used directly in the next step.

The appropriate amount of the above dibromide (1.0 eq.) was mixed with 4 mol %
Pd2(dba)3, 16 mol % P(o-tolyl)3, 4.0 eq. NaO-t-Bu, and 2.0 eq. benzylamine in toluene.
The flask was sealed, then heated to 80◦C for 16 h. Upon cooling to room temperature, the
mixture was poured into a separatory funnel containing Et2O and H2O. The organic layer
was washed with brine, dried over MgSO4, and filtered and the solvent was evaporated.
The indoline product was partially purified by flash chromatography, and a portion of the
material (typically ∼50%) was used directly in the next step.

The indoline derivative (1.0 eq.) was treated with 10 mol % (by weight) Pd/C and
10.0 eq. ammonium formate in MeOH. The solution was refluxed for 1.5 h, then allowed
to cool to room temperature and filtered through a short pad of Celite. The solvent was
evaporated, and the residue was dissolved in CH2Cl2. The organic layer was washed with
H2O, brine, dried over Na2SO4, and filtered, and the solvent was evaporated. The residue
was purified by flash chromatography using hexane/CH2Cl2 (4:1 then 2:1) to afford 80 mg
3-[4-(triisopropylsilyl)oxy]butyl-7-methylindole as a colorless oil, in an overall yield of
45% from Cp2TiCl2.

OBn

N

Br

SO2Ph

OBn

N SO2Ph

I

I

1. t-BuLi, Cp2Zr(Me)Cl

THF, –78°C

2. I2/CH2Cl2

45%

Reference 12.
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To a flame-dried Schlenk flask with a stir bar was charged 50 mL THF,
2.39 g zirconocene(methyl)chloride (8.8 mmol), 4.04 g N-allyl-N-(benzenesulfonyl)-5-
(benzyloxy)-2-bromophenylamine (8.8 mmol), and 17.6 mmol tert-butyllithium in hexane
at −78◦C. After stirring at this temperature for 15 min, the solution was allowed to warm
to 23◦C and stirred for an additional 2 h. The THF was then removed in vacuo, and the
residue was dissolved in 50 mL CH2Cl2. To this solution was added a suspension of 5.20 g
iodine (20.5 mmol) in 50 mL CH2Cl2 at 0◦C, and the mixture was stirred at 0◦C for
4 h. After removal of CH2Cl2 in vacuo, the residue was dissolved in 100 mL Et2O and
washed with saturated aqueous Na2SO3 (3 × 100 mL) and water (3 × 100 mL), dried over
MgSO4 and concentrated in vacuo. The residue was purified by flash chromatography using
EtOAc/petroleum ether (1:10) as the eluent to afford 2.3 g (3RS)-1-(benzenesulfonyl)-6-
(benzyloxy)-4-iodo-3-(iodomethyl)-2,3-dihydro-1H-indole as a yellow solid, in a yield of
45%, m.p. 49◦C (Et2O).

Other references related to the Buchwald indoline synthesis are cited in the literature.13
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Buchwald-Hartwig

Amination
(Buchwald-Hartwig Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction can be traced back to the original work of Migita in 1983,1 and had been
established gradually and concurrently from Buchwald2 and Hartwig3 since 1994. It is the
transition metal (palladium) catalyzed cross-coupling between aryl halides or pseudohalides
(triflates) and primary or secondary amines to form aromatic amines. Therefore, this reaction
is generally known as the Buchwald-Hartwig amination.4 In addition, this reaction has also
been referred to as the Buchwald-Hartwig amidation,5 Buchwald-Hartwig arylamination,6

Buchwald-Hartwig C-N coupling,7 Buchwald-Hartwig coupling,8 Buchwald-Hartwig C-N
cross coupling,9 Buchwald-Hartwig reaction,10 and in very rare cases as the Buchwald-
Hartwig-Migita type coupling.11 In this coupling reaction, the source of palladium is usually
Pd(OAc)2 or Pd2dba3 (tri(dibenzylideneacetone)dipalladium). While numerous ligands
have been used to create the catalysts, it is found that when the strongly hindered phosphine
ligands except for PPh 12

3 or very potent N-heterocyclic carbenes are applied as ligands,
the coupling products are normally produced in high yields;13 and among these ligands,
the most common ones are DPPF(1,1′-bis-(diphenylphosphanyl)-ferrocene) and BINAP
(2,2′-bis(diphenylphosphino)-1,1′-binaphthyl).4u,4v,14 In this coupling, once the chelated
palladium catalyst forms, the oxidative addition of the aryl halide occurs; then the amine
joins the complex, and the halide anion is removed from the complex by base, and finally the
catalytic species is generated again via the reductive elimination of the product. It is found
that Pd(PPh3)4 can be applied to the intramolecular version of such coupling (cyclization),
and aryl iodides in this case are superior to corresponding bromides.12a In contrast, when
aryl iodide are used in the intermolecular coupling, high yields can be achieved for those
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reactions between secondary amines in dioxane, whereas when primary amines are used,
acceptable yields can be obtained for aryl iodides with an ortho-substituent.15 However,
when BINAP is used as ligand, it is not necessary to have an ortho-substituent adjacent
to halide, and the loading amount of catalyst can be reduced.14b For comparison, DPPF
is a good ligand for the coupling of electron-deficient aryl halide so that it is not neces-
sary to use sterically encumbered phosphine as ligand. Under this condition, the reductive
elimination over β-hydrogen is presumably due to the chelation and large bit angle of pal-
ladium, but not from steric effects.16 On the other hand, it has been found that if Pd(OAc)2
is used as a source of palladium, it must be premixed with BINAP before the addition
of base, otherwise small number of catalyst can form, leading to a slow reaction in poor
yield.17 This reaction can be extended to synthesize aryl ethers by replacing primary or sec-
ondary amines with alcohols or phenols,18 where palladium can be replaced by copper.19

This reaction has found wide applications in the preparation of arylamines,4r nucleotide
derivatives,10h,20 tetracyclic systems,10e etc. Due to the versatility of this coupling, this
relatively new reaction has already been reviewed many times.4u,10e,11,12,14a,21,22

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The reaction mechanism is illustrated using DPPF as ligand as displayed below.22,23

D. MODIFICATION

This reaction has been modified to form aryl ethers from alcohols or phenols,18 and to
synthesize aryl amines using copper reagents.19
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E. APPLICATIONS

This reaction has wide applications for the synthesis of aniline derivatives, indole alka-
loids, pharmaceuticals, ligands, organic components and so on.12a,14a,24

F. RELATED REACTIONS

This reaction is related to many type of coupling reaction catalyzed by palladium com-
plex, including the Hiyama Coupling, Negishi Cross-Coupling, Sonogashira Coupling, Stille
Coupling and Suzuki Coupling.

G. CITED EXPERIMENTAL EXAMPLES

Reference 10h.

An oven-dried reaction vial was charged with 0.100 g of nucleoside (0.171 mmol), 0.078 g
of cesium carbonate (0.24 mmol, 1.4 equiv), 0.004 g of palladium acetate (0.017 mmol,
0.1 equiv), 0.016 g of BINAP (0.025 mmol, 0.15 equiv), 0.22 mmol of aryl bromide
(1.3 equiv), and 1 mL of toluene. The vial was flushed with argon prior to sealing. The reac-
tion mixture was stirred for 30 min at room temperature, heated at 80◦C for 16 h, and then
diluted with ethyl acetate. Centrifugation and concentration in a vacuum of the supernant
liquid afforded a residue, which was purified by flash chromatography (silica gel, 10-30%
ethyl acetate in hexane) to afford 0.116 g of N2-(2-nitrophenyl)-O6-benzyl-3′,5′-bis-O-
(tert-butyldimethylsilyl)-2′-deoxyguanosine as a yellow amorphous solid, in yield of 96%.

NH

Ph

Br

NH

Ph

N

Ph Ph

1.3 eq. Ph2C=NH

1.3 eq. NaOBut

2% Pd2dba3, 4% BINAP

Toluene, 110 °C, 2.5 hrs.

MeOH, NaOAc
NH2OH · HCl
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NH

Ph

NH2
CH(OMe)3, TsOH

N

Ph

N

Reference 4r.

An oven-dried pressure tube equipped with magnetic stir bar and rubber septum was
cooled under argon. The pressure tube was charged with 70.9 mg Pd2dba3 (0.0774 mmol,
2.0 mol %), 96.4 mg rac-BINAP (0.155 mmol, 4.0 mol %), and 15.0 mL toluene. The
rubber septum was replaced with a Teflon screw cap, and the mixture was heated at 110◦C
in an oil bath for 30 min. The solution was then allowed to cool to room temperature, and
844 µL benzophenone imine (5.03 mmol, 1.30 equiv), 1.07 g bromoaniline (3.87 mmol,
1.00 equiv), and 483.4 mg sodium tert-butoxide (5.03 mmol, 1.30 equiv) were added.
The pressure tube was sealed and heated in an oil bath at 110◦C with stirring for 2.5 h.
The solution was then allowed to cool to room temperature, diluted with diethyl ether,
filtered through a pad of Celite, and concentrated via rotatory evaporator to give a crude
dark brown-black oil which was purified by flash chromatography (gradient elution with
10% CH2Cl2/hexane to 50% CH2Cl2/hexane) to provide 1.44 g N-[(S)-1-phenylethyl]-N ′-
(diphenylmethylene)-1,2-benzenediamine as a yellow oil, in a yield of 99%. Rf = 0.14
(50% CH2Cl2/hexane).

To a 50 mL round-bottomed flask equipped with a magnetic stir bar were added 504.0 mg
of above benzenediamine (1.34 mmol, 1.0 equiv), 30 mL methanol, 263.3 mg sodium
acetate (3.21 mmol, 2.4 equiv), and 167.5 mg hydroxylamine hydrochloride (2.41 mmol,
1.8 equiv). The resulting solution was then stirred at room temperature for 1 hour. The solu-
tion was partitioned between 0.1 M NaOH and CH2Cl2, and the organic layer was dried over
Na2SO4, filtered, and concentrated via rotatory evaporator. The resulting oil was purified
by flash chromatography (elution with 6:1 hexane/EtOAc, then 4:1 hexane/EtOAc) to yield
268.8 mg N-[(S)-1-phenylethyl]-1,2-benzenediamine as a colorless oil that turned light red
upon standing in solution or neat, in a yield of 95%, Rf = 0.21 (30% hexane/ethyl acetate).

To a 15 mL round-bottom flask equipped with magnetic stir bar was added 194.8 mg
N-[(S)-1-phenylethyl]-1,2-benzenediamine (0.92 mmol, 1.0 equiv), 10.0 mL triethylortho-
formate, and 17.5 mg p-toluenesulfonic acid monohydrate (0.092 mmol, 0.10 equiv), and
the resulting solution was stirred for 8 h. The solution was then diluted with ethyl acetate
and washed with NaHCO3. The aqueous layer was back-extracted with ethyl acetate, and
the combined organic layers were dried over Na2SO4, filtered, and concentrated via rota-
tory evaporator to give a brown oil. Purification by flash chromatography (elution with
1% MeOH/CH2Cl2) provided 185 mg 1-[(S)-1-phenylethyl]-1H-benzimidazole as a white
solid, in a yield of 91%, m.p. 151–152◦C, Rf = 0.26 (5% methanol/CH2Cl2).

Other references related to the Buchwald-Hartwig amination are collected in the
literature.25
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Burton Trifluoromethylation

A. GENERAL DESCRIPTION OF THE REACTION

Although many methods have been available for the introduction of trifluoromethyl
group into aromatic compounds, the Burton trifluoromethylation, first reported in 1985,1

is probably one of the most feasible methods for incorporating the CF3 group directly into
the molecules via in situ generation and coupling of CF3Cu with aryl halide. All other
earlier methods2 had some drawbacks, including the application of expensive reagents
(e.g., CF3I, (CF3)2Hg) or requiring high temperatures or reducing aryl halides.3 In contrast,
trifluoromethyl copper is generated in the Burton trifluoromethylation via in situ metathesis
of (trifluoromethyl)cadmium [CF3CdX + (CF3)2Cd] or (trifluoromethyl)zinc [CF3ZnX +
(CF3)2Zn]; in addition, trifluoromethyl copper can also be generated in situ from cheap
difluorodihalomethanes (Freon) precursors with soluble copper (I) salts, such as CuCl,
CuBr, CuI, and CuCN. The metathesis reaction of copper (I) salts with [CF3CdX] occurs
rapidly even at –30◦C, although the exchange between [CF3ZnX] and CuBr is slow. One
recent development of trifluoromethylation starts from CF3SiMe3.4 It has been found that
CF3Cu is a versatile CF2 transfer reagent, involving a selective C-F bond scission to form
a difluorocarbene copper complex, and insertion of the CF2 unit to the C-F bond of CF3Cu
provides a method for longer chain CF3(CF2)nCF2-Cu (n = 0–14) compounds.5

B. GENERAL REACTION SCHEME

ArX ArCF3[ CF3Cu ]M   +   CF2X2
DMF, r.t.

[ CF3MX  +  (CF3)2M ]
CuY, –80°C to r.t.

M = Cd, Zn
X = Br, Cl Y = I, Br, Cl, CN

80–95% 90–100%
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C. PROPOSED MECHANISMS

The mechanism shown here is according to Burton.1

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be used to incorporate the trifluoromethyl group into aromatic com-
pounds.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

F3C I

OH

F3C CF31) CF2Br2, Cd, DMF

2) CuBr, HMPA

Reference 6.
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A mixture of 21.0 g Cd powder (187 mmol) in 83 mL DMF was treated at 0◦C with
11.5 mL CF2Br2 (125 mmol) at a rate that maintained the temperature below 40◦C. The
mixture was stirred at room temperature for an additional 30 min and was then diluted
with 83 mL HMPA. The reaction mixture was cooled to 0◦C, and to it was added 8.96 g
CuBr (62.5 mmol), causing an exotherm to ∼ 18◦C. The mixture was then warmed to room
temperature and stirred for 10 min. The resultant mixture of [CF3Cu] was treated with 6.0 g
2-iodo-6-(trifluoromethyl)phenol (20.8 mmol) and then heated at 60◦C for 90 min. The
reaction mixture was cooled to room temperature and poured into a mixture of 3 N HCl and
ether (200 mL each), and then the solids were removed from the mixture by filtration. The
aqueous phase was extracted with ether, and the combined extract was washed with saturated
NaCl and then dried over MgSO4. The volatile was distilled from the crude product, which
was then isolated by distillation to furnish 2.37g 2,6-bis(trifluoromethyl)phenol, in a yield
of 47%, b.p. 70◦C (30 mmHg).

Other references related to the Burton trifluoromethylation are cited in the literature.7
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Cadogan-Sundberg Indole

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction can be traced back to the initial work of Cadogan for the preparation of car-
bazole by the reductive cyclization of aromatic nitro compounds with triethyl phosphite.1

This reaction was then extended by Sundberg to the formation of indoles by the treat-
ment of o-nitrostyrene with triethyl phosphite2 or the formation of indolines from the
o-alkyl nitrobenzenes.3 Thus the formation of indole from the reduction of o-nitrostyrenes
is referred to as the Cadogan-Sundberg indole synthesis.4

B. GENERAL REACTION SCHEME

NO2
N
H

(EtO)3P

C. PROPOSED MECHANISMS

The Cadogan-Sundberg indole synthesis involves the insertion of phosphorus atom to
the N=O double bond of the nitro group followed by the cleavage of triethyl phosphate
to give N-hydroxyl indole. Subsequently, the N-hydroxyl indole was reduced by a second
triethyl phosphite to afford indole as shown here.
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D. MODIFICATION

The reductive cyclization of o-nitrostryene (i.e., the Cadogan-Sundberg indole synthe-
sis) has been improved by the transition metal catalyzation,5 selenium-based reductive
cyclization,6 or hydrogen/Raney nickel reduced cyclization.7

E. APPLICATIONS

This reaction is useful for the preparation of indole derivatives.

F. RELATED REACTIONS

This reaction is related to the Bartoli Indole Synthesis from aromatic nitro compounds.

G. CITED EXPERIMENTAL EXAMPLES

MeO N

N

N

NO2

Ms

N
H

N

MeO

N NMs
P(OEt)3, ∆

62%

Reference 8.
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A solution 1.5 g trans-3-{2-[5-(4-methanesulfonylpiperazine-1-ylmethyl)-2-nitro-
phenyl]vinyl}-2-methoxyquinoline (3.10 mmol) in 15.5 mL P(OEt)3 was heated to 155◦C
for 2 h and the solvent was removed under reduced pressure. The residue was purified
by flash silica gel chromatography to give 908 mg 2-methoxy-3-[5-[[4-(methysulfonyl)-
1-piperazinyl]methyl]-1H-indol-2-yl]quinoline as a light yellow solid, in a yield of 62%,
m.p. 197–198◦C.

NO2 N
H

Pd(OAc)2/PPh3

CH3CN/CO, ∆
87%

Reference 5e.

To an oven-dried, threaded ACE glass pressure tube was added 298 mg 2-nitrostyrene
(2.00 mmol), 26 mg palladium diacetate (0.12 mmol), 124 mg triphenylphosphine
(0.48 mmol), and 4 mL CH3CN. The tube was fitted with a pressure head, the solution
was saturated with CO (4 cycles to 4 atm of CO), and the reaction mixture was heated
to 70◦C (oil bath temperature) under 4 atm of CO atmosphere until all starting material
was consumed as judged by TLC (∼ 15 h). The reaction mixture was diluted with 10 mL
10% aqueous HCl and extracted with Et2O (3 × 10 mL). The combined organic phases
were washed with 10 mL 10% HCl and dried over MgSO4. Upon removal of the solvent,
the residue was purified by chromatography using hexanes/EtOAc (9:1) to afford 203 mg
indole as white crystals, in a yield of 87%.

Other references related to the Cadogan-Sundberg indole synthesis are cited in the
literature.9
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Caglioti Reaction

(Caglioti Reduction, Caglioti
Alkene Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Caglioti in 1962.1 It is a conversion of a carbonyl
group in either ketones or aldehydes into a methylene group or an olefinic moiety with
vicinal carbon by treatment of the corresponding p-tosylhydroazones of the ketones or
aldehydes with a hydride base, such as diborane (B2H6), lithium hydride (LiH), sodium
borohydride (NaBH4), lithium aluminum hydride (LiAlH4), sodium cyanoborohydride
(NaBH3CN), and catecholborane. This reaction is thus generally known as the Caglioti
reaction.2 Occasionally, it is also referred to as the Caglioti reduction3 and Caglioti alkene
synthesis.4

In terms of conversion of carbonyls into methylene groups, the Caglioti reaction is
an alternative to the normal Wolff-Kishner Reduction, Huang-Minlon Modification, and
Clemmensen Reduction, but it is more closely related to Bamford-Stevens Reaction. When
diborane is applied as a hydride source, the Caglioti reaction is often carried out for the
reduction of α,β-unsaturated ketones in the presence of acetic anhydride.2d However, such
conditions have been used only a few times due to the formation of diverse product, such
as dienes and vicinal diacetates. It was found that when diborane is generated in situ from
NaBH4 and BF3·Et2O in diglyme while moisture and air are rigorously expelled from the
reaction system, high yields of alkenes can be achieved from α,β-unsaturated ketones.2d

The higher reactivity of diborane in diglyme rather than in THF is probably due to the
formation of a stable complex between diborane and THF.2d When LiAlH4 is applied as
the hydride source,2b,2e,5 mixture of hydrocarbons are obtained for the reduction of tosyl-
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hydrazones of α,β-unsaturated ketones.5a Although LiAlH4 is a strong hydride donor, it
still fails to reduce the tosylhydrazone of 2,2-dimethyl-3,4-dien-hexaldehyde that has been
successfully reduced by Wolff-Kishner Reduction in DMSO at 100◦C by using KOBut

as the base.5c It is interesting that LiAlH4 can simultaneously remove the α-nitro group
and reduce the carbonyl group so that the p-tosylhydrazones of α-nitroketones in THF
can be directly converted into saturated hydrocarbons.2b When NaBH4 is applied for the
reduction of p-tosylhydrazones of ketones, the reactions are often refluxed in methanol
or dioxane.6 However, the reaction often suffers from the relatively low selectivity at the
reaction temperature.6b,6c As examples, the reaction might be accompanied by the con-
comitant reduction of the acetoxy group,7 ester group,8 and aromatic nitro group.9 Even
though lithium hydride (LiH) has been used in a few cases,10 the low solubility of LiH
may result in a sluggish reaction mixture.10b It was found that such difficulty can be over-
come by the addition of a small amount of diglyme.10b Compared with the above hydride
bases, sodium cyanoborohydride (NaBH3CN) is a mild and highly selective reagent for
reducing the tosylhydrazones of aliphatic ketones and aldehydes.5a The reduction can be
carried out under acidic condition, such as in a 1:1 mixture of DMF and sulfolane contain-
ing p-toluenesulfonic acid at 100–105◦C.6c Similar to the failure of LiAlH4 in reduction
of 2,2-dimethyl-3,4-dien-hexaldehyde with a carbonyl group adjacent to a tertiary carbon,
NaBH3CN also fails to convert a β-tetralone with spiro-piperidine at the α-position; how-
ever, such type of carbonyl group can be converted by the Huang-Minlon Modification.11

When catecholborane is used as the hydride source,2b,12 the reduction occurs in mild con-
ditions, such as at neutral pH, room temperature, and in an aprotic solvent; in addition,
the reduction of the tosylhydrazones of ketones and aldehydes is also tolerated for most of
functional groups and gives only a single hydrocarbon product.12a

It should be pointed out that from the known results, regardless of which hydride source
(e.g., diborane,2d NaBH3CN,5a and catecholborane12b) is applied for the reduction of α,β-
unsaturated carbonyl molecules, the new formed carbon-carbon double bond will migrate
to the original carbonyl location.

B. GENERAL REACTION SCHEME

R1
R2

O
R1

R2
R1

R2

R1 R2

O

R1 R2

1. TsNHNH2

2. Hydride
or

R1 = alkyl, aryl
R2 = H, alkyl, aryl
Ts = p-CH3C6H4SO2
Hydride = LiH, LiAlH4, NaBH4, NaBH3CN, B2H6, catecholborane, etc.

1. TsNHNH2

2. Hydride

C. PROPOSED MECHANISMS

It has been proposed that this reaction involves the initial reduction of tosylhydrazone to
tosylhydrazine, followed by the elimination of p-toluenesulfinic acid and the decomposition
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of the diimide intermediate to hydrocarbon.6a,6c However, because the sulfonamide proton is
slightly acidic (pKa = 8.5),5b the initial reaction should remove such hydrogen atom. Upon
the subsequent deprotonation of the α-proton and elimination of the p-toluenesulfinate,
unsaturated diazo anion is formed, which decomposes to give an alkenyl anion. The abstrac-
tion of proton from solvent or any hydrogen source will give a neutral alkene. Furthermore,
in the presence of an excess amount of hydride source, the addition of hydride to the olefinic
double bond will afford a carbanion that can be simply quenched by solvent or a proton
source. Provided here is an illustration of the reaction details.

D. MODIFICATION

The initial reaction condition has been extended to use catecholborane as the hydride
source.2b,12 In addition, optimal conditions when diborane is used as the hydride source
have been developed using in situ generated diborane from NaBH4 and BF3·Et2O in
diglyme while rigorously removing moisture and air.2d Moreover, cyclic 1,3-diketones can
be converted into cyclic 2-enones using a relatively weak base.5b

E. APPLICATIONS

Similar to the Wolff-Kishner Reduction and Clemmensen Reduction, this reaction is also
useful for the conversion of carbonyl compounds into hydrocarbons and olefins.

F. RELATED REACTIONS

This reaction is closely related to the Bamford-Stevens Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 10a.

A mixture of 2.0 g (R)-3-ethyl-1-[2-(1H-indol-3-yl)ethyl]-2,4-dioxo-3-piperidinepro-
panoic acid methyl ester (5.4 mmol) and 2.0 g (p-toluenesulfonyl)hydrazine (10.8 mmol)
in 10 mL MeOH was refluxed for 2 days; then an additional 1.0 g (p-
toluenesulfonyl)hydrazine (5.4 mmol) in 2.0 mL MeOH was added. The operation
was repeated every 48 h over 10 days. The mixture was then concentrated under
reduced pressure, and the residue was chromatographed on silica gel using hexane/
EtOAc (1:1) to give 2.30 g pure (R)-3-ethyl-1-[2-(1H-indol-3-yl)ethyl]-2-oxo-4-[[(4-
methylphenyl)sulfonyl]hydrazono]-3-piperidinepropanoic acid methyl ester as a yellow
amorphous solid, in a yield of 80%.

To a suspension of 70 mg LiH (8.80 mmol) in 5 mL toluene was added 1.0 g above
hydrazone (1.86 mmol). The mixture was refluxed for 48 h. After being cooled to 20◦C, the
above mixture was poured into crushed ice and extracted with CH2Cl2. The collected organic
phases were washed with brine, dried, and concentrated in vacuo. Chromatography on silica
gel using hexane/EtOAc (1:1) gave 362 mg (R)-3-ethyl-1-[2-(1H-indol-3-yl)ethyl]-2-oxo-
1,2,3,6-tetrahydro-3-pyridinepropanoic acid methyl ester as a pale yellow oil, in a yield
of 55%.

O

NO2
1. TsNHNH2/MeOH, 10 h, 90%

2. LiAlH4, THF, ∆, 10 h, 70%

Reference 2b.

To a solution of 1.77 g 2-nitro-5-phenyl-3-pentanone (8.53 mmol) in 5 mL MeOH was
added 10 mL MeOH solution of 1.65 g (p-tolylsulfony1)hydrazine (8.9 mmol); the mixture
was stirred for 10 h, then water was added to precipitate 2-nitro-5-phenyl-3-pentanone
(p-tolylsulfonyl)hydrazone, which was purified by recrystallization from MeOH/water, in
a yield of 90%, m.p. 104–105◦C.

To a solution of 0.3 g LiAlH4 (7.92 mmol) in 30 mL dry THF at 0◦C was added 0.99 g
purified hydrazone (2.64 mmol) in 20 mL dry THF under a nitrogen atmosphere dropwise.
The resulting mixture was stirred at 60◦C for 10 h and cooled to room temperature. The
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reaction mixture was treated with 20 mL cold water, acidified with 2 N HCl, and extracted
with n-pentane (3 × 30 mL). The combined organic layers were dried over Na2SO4, filtered,
and concentrated by distillation; the residue was purified by short silica gel chromatography
using n-pentane as the eluent to give 70% of pentylbenzene, b.p. 115◦C at 60 mmHg.

Other references related to the Caglioti reaction are cited in the literature.13
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Cahours-Hofmann Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Cahours and Hofmann in 1857.1 It is the degradation
or decomposition of quaternary phosphonium hydroxides into hydrocarbons and trialkyl
(or triaryl) phosphine oxides in the presence of bases such as NaOH. The trialkyl phos-
phine can be simply prepared by the interaction of phosphorus trichloride and zinc alkyls,2

whereas the quaternary phosphonium hydroxides can be formed by the reaction between
base and quaternary phosphonium halides, the latter come from the trialkyl (or triaryl)
phosphine and alkyl halides. It is believed that this reaction involves the attack of hydroxide
ion on a transient pentacovalent adduct arising from a phosphonium cation and a second
hydroxide.3 The decomposition or degradation of quaternary phosphonium hydroxide is
in the following order, according to the alkyl or aryl groups attaching to the phosphorus
atom: CH2=CH-CH2, C6H5CH2 > C6H5 > CH3 > C6H5CH2CH2 > C2H5 > C3H7.
Similarly, tetrahydroxylmethyl phosphonium chloride decomposes in aqueous base to give
trihydroxylmethyl phosphine oxide, hydrogen gas and formaldehyde.4 In contrast to the
formation of trialkyl phosphine oxide from this reaction, trialkyl phosphine sulfide can
form directly from the reaction between trialkyl phosphine and sulfur.5

B. GENERAL REACTION SCHEME

R
+P

R

R
R OH– NaOH

P

O

R
R

R
+    RH
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C. PROPOSED MECHANISMS

It is believed that this reaction involves a transient pentacovalent phosphorus intermedi-
ate, as shown below.

D. MODIFICATION

The trialkyl phosphine oxide can be made from the oxidation of trialkyl phosphine by
nitric acid.4

E. APPLICATIONS

This reaction can be used to synthesize different trialkyl- or triarylphosphine oxides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

Preparation of Tri-(Chloromethyl)phosphine

Tetra-(chloromethy1)-phosphonium chloride (5 g) in 20 mL water was treated with 8 g
sodium bicarbonate. The solution became milky and gave a strong formaldehyde reaction
with fusion reagent. The phosphine was shaken out with carbon bisulfide, dried over sodium
sulfate, and distilled under diminished pressure; b.p. 100◦C (7 mmHg). While heated at
atmospheric pressure, tri-(chloromethyl)phosphine decomposes. It is a colorless, mobile
liquid with a powerful, benumbing odor and with slight solubility in water.
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Preparation of Tri-(Chloromethyl)phosphine Oxide

Tri-(chloromethyl)phosphine (0.75 g) was boiled for 1 h with 4 mL nitric acid. After
evaporating on the water bath until the odor of nitric acid had disappeared, a syrup remained
that crystallized on cooling to afford pure tri-(chloromethyl)phosphine oxide, m.p. 88–89◦C,
which is easily soluble in water and alcohol.

Reference 6.

Sodium hydroxide (1.6 g, 0.040 mol) in 25 mL water was added rapidly to 7.6 g tetra-
(hydroxymethyl) phosphonium chloride (0.040 mol) in 50 mL water under nitrogen at room
temperature in a closed system connected to a gas buret. No gas evolution was observed
after stirring 20 h. The solvent was stripped at 50–60◦C with water-pump vacuum, and
50 mL ethanol was added and the sodium chloride was filtered under nitrogen. Removal of
ethanol in vacuum (45◦C) gave 4.8 g tri-(hydroxymethyl) phosphine as clear viscous liquid,
in a yield of 97%.

Other references related to the Cahours-Hofmann reaction are cited in the literature.7
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Camps Reaction

(Camps Quinoline Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially discovered by Guareschi in 1894 for the preparation of
2-hydroxy-3-cyano-4-methylquinoline by the condensation of o-aminoacetophenone with
ethyl cyanoacetate,1 which was subsequently extended by Camps.2 It is a formation of
hydroxyquinolines by means of the treatment of N-acyl o-acylanilines with a base in
alcohol solution and is generally known as the Camps reaction.3 Occasionally, it is also
referred to as the Camps quinoline synthesis.4 In this reaction, a variety of substituents can
be introduced into position 3 and 4;5 and o-amino derivatives of acetophenone, benzophe-
none, benzoylacetic ester, benzoylcarbinol, propiophenone,6 etc. all undergo this reaction.
When o-amino acetophenone reacts with esters of aliphatic acids, two isomers form simulta-
neously due to the subtle acidity difference between the methyl group (on acetyl group) and
the methylene group (from acyl group on nitrogen). However, when an electron-withdrawing
group, such as CN, COCH3, COC6H5, CO2Et, or C6H5, exists on the methylene group,
only one product forms.5

B. GENERAL REACTION SCHEME

N
H

O
COCH3

R

N

OH

R
N

R

OH

and/orBase
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C. PROPOSED MECHANISMS

Displayed below is the formation of quinoline isomers arising from the deprotonation
occurring at different positions (Schemes 1 and 2).

SCHEME 1. Formation of 2-alkyl-4-hydroxyl quinoline.

SCHEME 2. Formation of 3,4-dialkyl-2-hydroxyl-quinoline.

D. MODIFICATION

o-Amino phenylpropynic acid when treated with base also gives the corresponding sub-
stituted quinolines.7 In addition, the Camps quinoline synthesis has been successfully
adapted to fused indole systems. For example, 2,3-cyclopentenoindole, after converting
to l-aza-7,8-benzo-cyclooctane-2,6-dione via catalytic oxidation or autoxidation, gives
6-o-aminobenzoylbutyric acid when treated with base (or acid). The homologous lactam
with base yields 2,3-cyclopenteno-4-quinolone, whereas the homologous 10-membered
lactam undergoes an intramolecularly angular condensation to tetrahydrophenanthridone,
as illustrated here.3b
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E. APPLICATIONS

This reaction is generally used to synthesize 3- and 4-substituted quinolines.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

HN

O

O

–OH

N
H

O

Reference 3b.

When 50 mg 1-aza-8,9-benzcyclononene-2,7-dione was dissolved in cold 2 N sodium
hydroxide, a yellow solution was obtained that, after a few seconds, warmed up slightly
and became colorless. On neutralization, 2,3-cyclopenteno-4-quinolone was obtained as a
colorless crystalline, which melted at 298◦C under decomposition and progressive charring.
On recrystallization from a mixture of benzene and ethanol, the crystals decomposed at
325–327◦C. This compound in alcoholic solution gave a red-brown ferric chloride test.
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Reference 7.

In a 1-L three-necked flask equipped with a stirrer, a condenser, and a dropping funnel
was placed a solution of 4.0 g ethyl o-formamidophenylpropiolate (0.018 mol) in 71 mL
absolute ethanol. The stirred, light green solution was warmed in an oil bath at 70◦C, and
494 mL water was added dropwise over a 30-min period. During the addition, the temper-
ature of the heating bath was raised gradually so that as the last the water was being added
the solution was refluxing. Sodium hydroxide (8.24 g, 0.21 mol) in 82 mL water was added
to the stirred, boiling solution, which thereupon displayed a strong, greenish blue fluores-
cence. After being heated under reflux for 2 h, the solution, which had turned light green,
was cooled in an ice bath and freed of a small amount of flocculent material by filtration.
The filtrate was made acidic to Congo Red with 20% hydrochloric acid. After refrigeration
of this mixture, the product was collected by filtration, washed with a small volume of cold
water, and dried at 100◦C for 1 h. The cream-colored material weighed 2.2 g and yielded
1.1 g 4-hydroxy-3-quinolinecarboxylic acid as white needles after recrystallization from
500 mL absolute ethanol, in a yield of 32%, m.p. 263.0–263.5◦C (dec.). The ethanolic
mother liquor was saved.

Other references related to the Camps reaction are cited in the literature.8
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Cannizzaro Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Cannizzaro in 1853.1 It is the disproportionation of an
aldehyde to an equimolar mixture of primary alcohol and carboxylic salt (i.e., with optimal
yield of 50%) when treated with concentrated NaOH or other strong bases that is restricted
to aldehydes without α-hydrogens to undergo Aldol Condensation. Therefore, it is gener-
ally known as the Cannizzaro reaction.2 The reaction is found to be first order in base and
second order in aldehyde; whereas at higher base concentrations, it is second order in both
base and aldehyde.3 In addition, the hydride transfer involved in this reaction takes place
directly between aldehydes without intervention of reaction medium. For example, when the
reaction is run in D2O, the recovered alcohol contained no α-deuterium, indicating that the
hydrogen comes from another mole of aldehyde and not from the medium.4 It is interesting
that benzyl benzoate can be prepared from the Cannizzaro reaction of benzladehyde.5 The
reaction in which the oxidant aldehyde differs from the reductant aldehyde is referred to as
the cross (or crossed) Cannizzaro reaction.6 The crossed Cannizzaro reaction is quite useful
for synthesizing a high yield of alcohol. For example, in reactions of formaldehyde with any
other aldehydes, formaldehyde is oxidized to formic acid,7 especially when the reaction is
catalyzed with Ba(OH)2·8H2O at 100–110◦C in an oil bath or under microwave irradiation;
under these conditions, more than 80–90% of the alcohol can form without any solvent.8 For
the crossed Cannizzaro reaction, an aldehyde bearing an electron-withdrawing substituent
undergoes the reaction at a much faster rate than an aldehyde with an electron-donating
group appended. When different aromatic aldehydes (rather than formaldehyde) are used,
the aldehyde with an electron-donating group will be reduced, and the aldehyde with the
electron-withdrawing group will be oxidized. For example, the following studied aldehy-
des are arranged in order of diminishing susceptibility to oxidation: m-nitrobenzaldehyde,
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furfural, p-bromobenzaldehyde, benzaldehyde, and p-anisaldehyde.9 This order correlates
with the combined resonance and inductive influences of the substituent groups on the
formyl group, contributing to the ease of (a) hydroxide ion attack and (b) hydride transfer.
The reaction also takes place at high temperature and high pressure (HTHP, e.g., 250◦C and
4 MPa) without any catalyst (base) to give more than 50% of methanol when formaldehyde
is used.10 In addition, the reaction also occurs on a solid surface (e.g., MgO11 and TiO2

12)
and in gas phase.13

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Because organic aldehyde and aqueous base are not miscible, this reaction is actually a
heterogenous reaction.14 An illustrative mechanism is outlined here.

D. MODIFICATION

This reaction has been modified to occur at HTHP10 and in solvent-free conditions using
Ba(OH)2·8H2O under microwave irradiation.8

E. APPLICATIONS

This reaction has general application in the preparation of alcohols from aldehydes
without α-hydrogens.
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F. RELATED REACTIONS

This reaction is related to the Tishchenko Reaction, Meerwein-Ponndorf-Verlay Reduc-
tion, and Oppenauer Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

N

CHO

KOH

N

COOH

N

CH2OH

+

Reference 15.

A mixture of 0.01 mol cinchoninaldehyde and 0.01 mol potassium hydroxide was heated
for 1–3 h on a steam bath; then the mixture was cooled and filtered to remove the insoluble
by-product (which was purified by crystallization from aqueous pyridine and was proved
to be hydrobenzoin from aldehyde). The aqueous alkaline filtrate was thoroughly extracted
with ether to remove all the quinolyl-4-methanol formed. Finally, the aqueous solution left
from the ether extraction was made neutral to Congo Red paper with hydrochloric acid and
was chilled to precipitate, affording cinchoninic acid, which was crystallized from benzene
as white crystals, m.p. 99–100◦C.

Reference 14.

To a 50-mL flask was added 1.32 g anhydrous potassium phenolate (0.01 mol) and
50 g benzaldehyde (0.47 mol). The flask was sealed off and was then heated at 100◦C for
18 h. The reaction mixture was filtered, and the filtrate was distilled in a Hickman still to
remove residual salts. The distillate was redistilled through a Vigreaux distilling column at
10 mmHg to yield 15 g benzyl benzoate.

Other references related to the Cannizzaro reaction are collected in the literature.16
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Carboni-Lindsey Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Carboni and Lindsey in 1959.1 So far, more than
800 articles have been published on this topic,2 including several reviews.3 It is the reaction
between tetrazines and a variety of unsaturated compounds, including dienes, acetylenes,
and aliphatic and aromatic olefins, to yield 3,6-disubstituted pyridazines with the evolution
of 1 equivalent of nitrogen,1 and is generally known as the Carboni-Lindsey reaction.2,4

This reaction apparently proceeds by the 1,4-addition of the -C N-N C- diene system of
the tetrazine to an appropriate olefinic or acetylenic dienophile, followed by a rapid retro-
Diels-Alder Reaction, leading to the final product accompanyed by the loss of nitrogen.5

The Carboni-Lindsey reaction can be moderated by lowering the reaction temperature or by
employing diluents such as ether or benzene.1 Completion of the reaction is signaled by the
disappearance of the characteristic red or violet-red tetrazine color and by the cessation of
nitrogen evolution.1 Because this reaction is dominated by a HOMO (dienophile)-LUMO
(diene) interaction,5a the Carboni-Lindsey reaction takes place with a complementarily
inverse electron demand of diene/dienophile substituent effects,6 by which dienophiles
containing electron-releasing substituents usually facilitate the reaction, and those with
electron-attracting groups exhibit a retarding effect.1
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Essentially, this reaction involves a Diels-Alder Reaction between tetrazine and a
dienophile to form a bicyclic intermediate, which subsequently undergoes a retro-Diels-
Alder Reaction accompanyed by the evolution of nitrogen to release the ring strain, as
displayed below.7

D. MODIFICATION

The original reaction has been modified extensively using a variety of diene analogues
to react with unsaturated compounds followed by the evolution of a volatile molecule, as
reviewed in Ref. 3c.

E. APPLICATIONS

This reaction has very broad application in the preparation of a variety of heterocycles.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

N

N N

N

N

N

DMSO
N

N

N
N

N+

Reference 8.

To a solution of 1.68 g diphenyltetrazine (7.18 mmol) in 15 mL dimethyl sulfoxide was
added 0.219 g DBU (1.44 mmol). This mixture was then heated at reflux under nitrogen
for 2 h. The solution was cooled to room temperature, and 20 mL dichloromethane was
added followed by 15 mL H2O. The aqueous layer was removed, and the organic layer was
washed twice with H2O. The white precipitate, if any, was filtered and washed with several
small amounts of dichloromethane. The concentrated organic layer was submitted to flash
chromatography on silica gel with EtOAc followed by EtOAc:MeOH (9:1) to afford 0.295 g
2,8,11-triphenyl-3H ,4H ,5H ,6H ,7H -imidazo[4,5,1-ef][1,3]-diazaperhydroino[1,2-f ]
pyridazino[4,5-d]azepine as a yellow solid, m.p., 245–248◦C (dec.).

Reference 9.
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Preparation of Triazine

Ethyl oxalamidrazonate (7.5 mmol) was suspended in 50 mL anhydrous ethanol under
argon with gentle heating. This suspension was then added dropwise with stirring to a
solution of the dione (1 eq. unless otherwise noted) in 50 mL anhydrous ethanol also under
argon at room temperature. After completion of the addition, stirring was continued at room
temperature for 16 h, and the mixture was subsequently refluxed for 1 h. The solvent was
removed in vacuo, and the crude product was purified by flash chromatography on silica
gel to give corresponding triazine.

General Procedure for the Reaction of Indole with 1,2,4-Triazines and
1,2-Diazines

Indole (50 mg, 0.43 mmol), triazine or diazine, and the anhydrous solvent in appro-
priate amounts were placed in a reaction vessel consisting of a Pyrex glass tube (5 mm
i.d. × 150 mm) sealed at one end. The vessel was capped with a septum and purged with
argon. A balloon filled with argon on a syringe needle was inserted through the septum
to maintain an argon atmosphere without allowing pressure build up during the reaction.
The vessel was then placed in a sand bath pre-equilibrated to the desired temperature. For
a representative reaction of indole (1.2 eq.) and 3-carbethoxy-5,6-dicarbomethoxy-1,2,4-
triazine at 80◦C for 48 h under argon, the following products were obtained after flash
chromatography on silica gel and final centrifugal TLC purification, which are listed in
the order of elution. (a) 1-Carbethoxy-3,4-dicarbomethoxy-γ-carboline (CH2Cl2/EtOAc =
9:1, 33% yield), yellow solid, m.p., 144–145◦C; (b) l-carbethoxy-3,4-di-carbomethoxy-
1-(3-indolyl)-2H-γ-carboline, mixture of tautomers eluted with CH2Cl2/EtOAc (9:l),
in a yield of 21%; (c) 3-carbethoxy-5,6-dicarbomethoxy-2,5-dihydro-l,2,4-triazine was
eluted and purified with CH2Cl2/EtOAc (4:l) as colorless oil, in a yield of 19%; (d) 3-
carbethoxy-5,6-dicarbomet hoxy-3-(3-indolyl)-2,3,4,5-tetrahydro-l,2,4-triazine was eluted
and purified with CH2C12/EtOAc (4:1) as a white solid, in a yield of 6%, m.p. 217–218◦C;
(e) dimethyl 5-oxobenzo[f][1,7]naphthyridine-2,3-dicarboxylate was eluted and purified
with CH2Cl2/MeOH (19:l) as a white solid, in a yield of 20%, m.p. 234–235◦C.

Other references related to the Carboni-Lindsey reaction are cited in the literature.10
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Carroll Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Carroll in 1940.1 It is a well-established thermal rear-
rangement for preparing γ, δ-unsaturated ketones from allyl acetoacetates or base-catalyzed
reactions between allyl alcohols and β-ketoesters. Therefore, it is generally known as the
Carroll rearrangement.2 This rearrangement in principle is a complement to the Claisen
Rearrangement3 and has not found widespread application in organic synthesis due to the
harsh conditions3,4 (temperatures of 130–220◦C after in situ preparation of the β-ketoester)
and lack of an efficient method for β-ketoesters.3 However, when the formed β-ketoesters
are treated with 2 eq. of base (e.g., LDA), the enolate form of the β-ketoesters can rear-
range in much milder conditions.3,5 It was found that the β-ketoesters from secondary or
tertiary alcohols rearrange faster than those from primary alcohols.4 On the other hand,
the adsorption of the tertiary allylic acetoacetate on neutral alumina will also facilitate the
Carroll rearrangement.6 Recently, it was found that this rearrangement can be catalyzed by
a ruthenium complex with high regioselectivity, but a lower regiospecificity comparied to
the uncatalyzed Carroll rearrangement.7
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B. GENERAL REACTION SCHEME

R1 R2
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R3 O

R4

O O
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O O
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C. PROPOSED MECHANISMS

The reaction mechanism is given here by showing the reaction between an allylic alcohol
and a β-ketoester in the presence of a general base.

D. MODIFICATION

The rearrangement of allyl β-ketoesters absorbed on an alumina surface at 60◦C is
one of the modifications,5 other modifications include a ruthenium complex catalyzed
rearrangement.6

E. APPLICATIONS

This reaction has general application in the preparation of γ ,δ-unsaturated ketones.

F. RELATED REACTIONS

This reaction is related to the Claisen Rearrangement, Ficini-Claisen Rearrangement,
and Overman Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

O

OO O

1. LDA, THF, –78°C to reflux
2. Tol, 80°C

Reference 8.

At 0◦C, 21.14 mL n-BuLi (0.053 mol) was added to 53.0 mL THF containing 7.85 mL
(i-Pr)2NH (0.056 mol). The resulting solution was stirred for 30 min and then cooled
to −78◦C. Then 4.44 g 2-methyl-3-methylene-8-penten-4-yl acetoacetate (0.018 mol) in
20 mL THF was added dropwise to the LDA solution at −78◦C. The reaction mixture was
warmed to room temperature and stirred for 4 h followed by 1 h of refluxing, which was then
cooled to room temperature, concentrated without heating, and taken up in water. The water
layer was then washed with Et2O. The Et2O layer was further washed with 0.01 M NaOH.
The combined aqueous layers were diluted with CH2Cl2. Then, 1 M HCl was added slowly
to this H2O/CH2Cl2 mixture with rapid stirring. Upon complete acidification, the two layers
separated. The CH2Cl2 layer was separated, and the water layer was further extracted with
CH2Cl2. The combined CH2Cl2 layers were washed with brine, dried over Na2SO4, and
concentrated without heating. The residue was dissolved in 20 mL toluene and heated at
80◦C for 1 h. The solution was concentrated and purified by flash chromatography on silica
gel (80:1 hexanes/EtOAc) to give 2.25 g 5-(1-methylethyl)-5E,10-undecadien-2-one with
a yield greater than 75%.

Reference 6.

To a solution of 552 mg (1R,2R,3R)-8-benzyloxy-2-methoxymethoxy-1,3-dimethyl-
1-((Z)-prop-1-enyl)oct-4-ynyl 2-oxobutanoate in 30 mL CH2Cl2 was added 17 g neutral
alumina. The solvent was evaporated under reduced pressure, and the resulting dry
powder was stirred at 60◦C. After 12 h, the solid reaction mixture was suspended
in EtOAc, filtered through Celite, and thoroughly washed with EtOAc. The filtrate
was evaporated under reduced pressure, and analysis of the GC-MS and 1H NMR
spectra of the crude material indicated the formation of compounds (6R,7R,9Z)-1-
benzyloxy-7-methoxymethoxy-6-methyl-8-methyleneundec-9-en-4-yne (1), (4R,5E,7R,
8R)-13-benzyloxy-7-methoxymethoxy-4,6,8-trimethyltridec-5-en-9yn-2-one (2), and
(4S,5Z,7R,8R)-13-benzyloxy-7-methoxymethoxy-4,6,8-trimethyltridec-5-en-9-yn-2-one
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(3) in a 4:92:4 ratio. The crude material was purified by flash chromatography (petro-
leum ether/EtOAc gradient, 90:10 to 80:20) to afford 37 mg (9%) of 1, Rf = 0.76
(petroleum ether/EtOAc, 70:30); 305 mg (61%) of 2 as colorless oils, Rf = 0.56
(petroleum ether/EtOAc, 70:30); and 17 mg (3%) of 3, Rf = 0.50 (petroleum ether/EtOAc,
70:30).

O

Ph

O O

Ph

O

2.5 mol % [Cp*RuCl]4
10 mol % bipy, CH2Cl2

Reference 7b.

In a Schlenk tube under argon, [Cp∗RuCl]4 (2.5 mol %) and bipyridine (10 mol %) were
dissolved in 2 mL methylene chloride. The resulting deep purple solution was allowed to
stir briefly before the addition of 1 mmol of allyl-β-ketoester in 3 mL methylene chloride via
cannula. The reaction was allowed to stir under argon until the resulting dark burnt orange
solution returned to purple (∼1.5 h). Following solvent evaporation, the crude product was
purified via flash chromatography (SiO2, 15% Et2O/hexane), providing the products in a
94% yield as a pale yellow oil with >95% purity.

Other references related to Carroll Rearrangement are cited in the literature.9
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Castro Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Castro in 1966.1 It is the synthesis of indoles by cuprous
halide catalyzed intramolecular cyclization of o-ethynylanilines or the coupling between
o-haloaniline and cuprous mono-substituted acetylide and is generally known as the Castro
indole synthesis.2 In this reaction, the o-ethynylanilines are readily available by either
Castro-Stephens Coupling or Sonogashira Coupling from o-haloanilines and acetylene or
mono-substituted acetylenes. This reaction is especially suitable for the preparation of 2-
substituted indoles and can be applied as an alternative for Fischer Indole Synthesis.1 During
the coupling, the reactivity of o-haloanilines are found to be on the order of I > Br > Cl >>

fluorine, while the catalytic efficiency of cuprous salts varies along with the counteranions
and decreases in the sequence of Cl > Br > I > CN > SPh > SCN.1 In addition, this
reaction is distinctly affected by the solvent effect. For example, (o-amino)phenylacetylide,
slightly soluble in DMF at room temperature, cyclizes intramolecularly in DMF to give
indole exclusively; however, the same starting material, soluble in warm pyridine, affords
only either uncyclized acetylene or tolane (i.e., diphenylacetylene) in pyridine.1 In addition,
o-aminotolane will not cyclize in the presence of CuI or cuprous phenylacetylide in pyridine,
but undergoes the cyclization smoothly when treated with CuI in DMF.1 Therefore, indoles
can be synthesized in two steps: Castro-Stephens Coupling in pyridine and Castro indole
synthesis in DMF.1
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B. GENERAL REACTION SCHEME

NH

R1

R2

CuX

DMF N

R1

R2
R1 = alkyl, benzyl, aryl
R2 = alkyl, aryl
X = I, Br, Cl, CN, SPh, SCN, etc.

C. PROPOSED MECHANISMS

Because no mechanism about Castro indole synthesis is available, a tentative illustration
about the reaction mechanism is provided below.

D. MODIFICATION

This reaction has been modified by the treatment of N-benzyl (2-trimethyl-
silylethynyl)aniline in DMF with CuI and CaCO3 to give N-benzylindole with concurrent
elimination of the trimethylsilyl group.2c

E. APPLICATIONS

This reaction has general applications in the preparation of indoles, especially the
2-substituted indoles.

F. RELATED REACTIONS

This reaction is related to the Castro-Stephens Coupling.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 1.

To a 200-mL, three-necked flask equipped with a nitrogen inlet, a reflux condenser
connected to a mercury trap, and a magnetic stirring bar was added 1.86 g cuprous
phenylacetylide (0.011 mol) and 80 mL dimethylformamide (DMF). The flask and con-
tents were thoroughly flushed with nitrogen with stirring. Under nitrogen 2.56 g 2-iodo-
4-methylaniline (0.011 mol) in 20 mL DMF was added. The resulting mixture was stirred
at 120◦C for 22 h. The dark reaction mixture was filtered, and the filtrate was concen-
trated to dryness in vacuo in a rotary evaporator. The resulting residue was taken up
in chloroform, filtered, added to petroleum ether (b.p. 60–70◦C), and concentrated. The
residue was purified by recrystallization from chloroform-petroleum ether to yield 2.04 g
5-methyl-2-phenylindole, in a yield of 90%, m.p. 214–214.5◦C.

OBnO

BnO

OBn
OAc

H
N

S
O O

CuI

O
BnO

BnO

OBn
OAc

N
S

O O

DMF/Et3N, ∆

88%

Reference 2a.

To a solution of 3.71 g 1-(6-O-acetyl-2,3,4-tri-O-benzyl-α-d-mannopyranosyl)-
2-o-(p-toluenesulfoamidyl)phenylethyne (4.99 mmol) in 60 mL Et3N and 30 mL DMF
was added 187 mg CuI (0.98 mmol). After stirring at 80◦C for 30 min, water was added.
The mixture was extracted three times with EtOAc. The combined organic layer was sub-
sequently washed with aqueous NH4Cl solution, water, and brine each for two times. Upon
removal of the solvent, the residue was purified by silica gel column chromatography using
ether/hexanes (1:2) to give 3.28 g 2-(6-O-acetyl-2,3,4-tri-O-benzyl-α-d-mannopyranosyl)-
1-(p-toluenesulfonyl) indole, in a yield of 88%.

Other references related to the Castro indole synthesis are cited in the literature.3
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Castro-Stephens Coupling

(Stephens-Castro
Coupling, Castro Coupling)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Castro and Stephens in 1963.1 It is the preparation of
arylacetylenes by the coupling of cuprous acetylides with aryl halides in boiling pyridines.2

Therefore, this reaction is generally known as the Castro-Stephens coupling,3 Stephens-
Castro coupling,4 or simply as the Castro coupling.5 Currently, this coupling is one of the
most commonly used methods for the synthesis of aryl acetylenes.6 Moreover, under the
Castro-Stephens coupling condition, acetylenes also couple with vinyl halides7 or even
allyl halides8 and amines,1 by which indoles are formed in the coupling with amines.1,9 It
is reported that the reactivity of vinyl halide in this coupling is in the order of I > Br >

Cl,10 and the reactivity order of aryl halides decreases in the sequence of I > Br > Cl >> F,
while the efficacy of the cuprous species varied with the nature of the ligand in the sequence
Cl> Br > I > CN > SPh > SCN. However, this coupling has also shown some limitations,
including the poor coupling of terminal acetylenes with an electron-withdrawing group11

and the coupling of acetylenes with an epoxide or quinone group.12

B. GENERAL REACTION SCHEME

RCuArX RAr+
Pd/pyridine

(X = I, Br, Cl)
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C. PROPOSED MECHANISMS

A mechanism similar to other alkynylative couplings is illustrated here.3

D. MODIFICATION

This coupling has been modified to undergo in the presence of cuprous iodide and
triethylamine;13 in the presence of bis(triphenylphosphine) palladium(II) chloride, cuprous
iodide, and triethylamine;14 or under the conditions of catalytic CuI, Ph3P, K2CO3, and
DMF at 120◦C.15

E. APPLICATIONS

This reaction has been widely used for the preparation of aryl acetylenes and vinyl
acetylenes.

F. RELATED REACTIONS

This reaction is closely related to the Sonogashira Coupling, which uses a catalytic
amount of palladium and copper, whereas the Castro-Stephens coupling uses a stoichio-
metric amount of copper.16

G. CITED EXPERIMENTAL EXAMPLES

Reference 17.
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A mixture of 54 mg (1E,3Z)-(1S,2S)-2-(2-iodovinyl)-6-methoxybenzoic acid 1-
(2,2-bis-ethylsulfanylethyl)-2-methoxymethoxyhex-3-en-5-ynyl ester (91 µmol), 2 mg
copper(I)-iodide (11 µmol), 6 mg triphenylphosphine (23 µmol), and 22 mg K2CO3
(159 µmol) in 20 mL dry DMF was heated at 110˚C for 26 h. Extractive
workup with ether and column chromatography (EtOAc/hexanes = 1:9) furnished
13 mg (1Z,9Z)-(7S,8S)-7-(2,2-bis-ethylsulfanylethyl)-4-methoxy-8-methoxymethoxy-
8,9-dihydro-6-oxabenzocyclododeca-1,9-dien-11-ynone as a colorless oil, in a yield of 31%.

S

N

OTBS

Br
OTBS

O
OTBS

MeO2C

S

N

OTBS
OTBS

O
OTBS

MeO2C

CuI, Et3N, Et2O-DMF
60%

+

Reference 18.

To a stirred solution of acetylene (70.0 mg, 0.135 mmol) in 1.0 mL Et2O and 0.4 mL DMF
at room temperature were added 18.8 �L Et3N (0.135 mmol) and 25.7 mg CuI (0.135 mmol).
After the mixture became clear (∼5 min), a solution of allyl bromide (29.1 mg, 0.068 mmol)
in 1.0 mL Et2O was added. The solution was stirred for 18 h, quenched with 5 mL saturated
aqueous Na2S2O3, and extracted with Et2O (3 × 2 mL). The combined extracts were dried
over MgSO4 and concentrated in vacuo; the residue was purified by chromatography on
silica gel, eluting with 50–60% CH2Cl2/hexane to give 35.6 mg of coupling compound as
a colorless oil, in a yield of 60%.

Reference 19.
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A degassed solution of 449 mg Cu(OAc)2 (2.47 mmol) in 450 mL pyridine was treated
at 50◦C under nitrogen with a solution of 112 mg 3,3′-[(2,2′-bipyridine-6,6′-diyl)diethyne-
2,1-diyl]-bis-[2,6-anhydro-4,5-di-O-benzyl-3-deoxy-d-glycero-d-gulo-oct-7-ynitol]
(0.12 mmol) in 1 mL pyridine within 10 h, stirred for 20 h, and evaporated. The residue was
dissolved in 20 mL CH2Cl2 and 7 mL saturated aqueous KCN solution and stirred for ∼12 h.
Extraction with CH2Cl2 and following double flash chromatography (CH2Cl2/MeOH,
49:1; and CHCl3/AcOEt, 4:1) gave 66 mg 2,6:11,15-dianhydro-4,5,12,13-tetra-O-benzyl-
3,14-C-[(2,2′-bipyridine-6,6′-diyl)diethyne-2,1-diyl]-3,7,8,9,10,14-hexadeoxy-d-erythro-
l-ido-l-gulo-hexadeca-7,9-diynitol as a white solid, in a yield of 59%, Rf = 0.26 (EtOAc),
m.p. 189–191◦C (dec.).

Other references related to the Castro-Stephens coupling are cited in the literature.20
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Chan Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Chan in 1984.1 It is a base-induced rearrange-
ment of α-acyloxy-acetates to α-hydroxy-β-keto-esters2 and is thus known as the Chan
rearrangement.2,3 It should be pointed out that under similar conditions amino ketone can
also be prepared.4 The intermediate enediolate formed in the presence of an excess amount of
base (usually LDA) can react with Me3SiCl or Ac2O to afford corresponding trimethylsilyl
or acetyl derivatives.1,2 This reaction is a convenient means for assembling an array of
three contiguous oxygenated carbons2 and has successfully been applied to the syntheses
of some natural products, including the indole-bisoxazole fragment of diazonamide A,4

(+)-aplasmomycin,5 boromycin,6 taxol,7 and polyoxazole.4

B. GENERAL REACTION SCHEME

R O
O

O

O

R′ R O

O

OH

O

R′
Base

C. PROPOSED MECHANISMS

This reaction involves the deprotonation of α-(acyloxy) acetate, and the resulting car-
banion adds to the carbonyl moiety of the α-acyloxy group to form an epoxide, which
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subsequently undergoes fragmentation to give the α-hydroxy-β-keto ester,1,2 as dis-
played here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has a general application in the synthesis of compounds containing three
contiguous oxygenated carbons2 and has been successfully applied to the preparation of
diazonamide A,4 aplasmomycin,5 boromycin,6 taxol,7 etc.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

O
N

O
But

Ph
HN

O

Ph

N

O
N

O
But

Ph
NHBoc

O

Ph1. Boc2O, DMAP, 92%

2. LDA, THF, 86%

Reference 4.

A solution of 32 mg N-(5′-tert-butyl-5-phenyl-[2,4′]bioxazolyl-2′-ylmethyl)-benzamide
(0.080 mmol) in 1 mL THF was treated with 10 mg DMAP (0.089 mmol) and 35 mg Boc2O
(0.16 mmol). The reaction mixture was stirred for 19 h, diluted with EtOAc, washed with
10% HCl, saturated NaHCO3, and dried over MgSO4. Upon filtration and concentration,
the residue was purified by column chromatography on SiO2 (EtOAc/hexanes, 1:19–1:9)
to give 37 mg of the oily imide, in a yield of 92%. Rf = 0.64 (EtOAc/hexanes, 1:1).

A solution of 0.050 mL i-Pr2NH (0.36 mmol) in 1 mL THF was treated with 0.2 mL
1.6 M BuLi in hexane (0.32 mmol) and cooled to –78◦C. A solution of 35 mg above imide
(0.070 mmol) in 1 mL THF was added, and the reaction mixture was stirred for above 30 min,
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diluted with EtOAc, washed with 10% HCl, saturated NaHCO3, and dried over Na2SO4.
After filtration and evaporation, the residue was purified by column chromatography on
SiO2 (EtOAc/hexanes, 1:9–3:7) to give 30 mg of oily [1-(5′-tert-butyl-5-phenyl-[2,4′]
bioxazolyl-2′-yl)-2-oxo-2-phenylethyl]-carbamic acid tert-butyl ester, in a yield of 86%.
Rf = 0.64 (EtOAc/hexanes, 1:1).

Reference 2.

To a solution of LDA, prepared by the addition of 43 µL 1.6 M n-BuLi in hexane
(0.072 mmol) to a solution of 9.4 µL diisopropylamine (0.072 mmol) in 0.2 mL THF at
0◦C over 15 min was added a solution of 8 mg ester (0.014 mmol) in 0.15 mL THF. The
mixture was stirred for 1 h and then cooled to –78◦C; 13.5 µL TMSCl (0.11 mmol) was
then added. After being stirred for 10 min, the solution was allowed to warm to 0◦C and
was stirred for an additional 15 min. The mixture was poured into hexane, and the resulting
solution was washed with pH 7 phosphate buffer (3 × 5 mL). The extracts were combined,
washed with brine, and dried over Na2SO4. Concentration gave 13 mg of crude product as
a clear oil.

Other references related to the Chan rearrangement are cited in the literature.8
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Chapman Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mumm and co-workers in 19151 and was extensively
investigated by Chapman in 1920s and 1930s.2 It is the thermal rearrangement of aryl
imidates to N, N-diaryl amides, and is generally known as the Chapman rearrangement.3

Occasionally, this reaction is also referred to as the Beckmann-Chapman rearrangement.4

It was found that this rearrangement follows approximately a first-order kinetics5 and pro-
ceeds readily with high yields in either polar or nonpolar solvents,2e but it is accelerated by
polar solvents. In addition, this reaction can even take place in a solid state at one-fifteenth
to one-fifth the rate of that estimated in solution.4c In fact, it is an intramolecular nucle-
ophilic aromatic substitution that proceeds stereospecifically with migration of that aryl
ring attached to oxygen, and the ortho substituents on the aryl ring connecting to oxygen
atom have been shown to enhance the migration rate. This effect is known as steric accel-
eration due to the hindered rotation (SAHR) effect,3l,3m as the free rotation will restrict the
formation of a four-membered ring in the transition state.3l Moreover, it is also found that
a para electron-donating group also increases the migration rate, whereas a para electron-
withdrawing group (Cl, NO2, etc.) decreases the reaction rate.4c This rearrangement has
been used for the preparation of substituted N-phenylanthranilic acids.3r It should be pointed
out that if the migrating aryl moiety has an α-acidic hydrogen at the ortho position, then an
“abnormal” Chapman Rearrangement also occurs.3q
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628 CHAPMAN REARRANGEMENT

B. GENERAL REACTION SCHEME

Ar

NO
Ar′

∆

Ar

NO
Ar′

C. PROPOSED MECHANISMS

The Chapman rearrangement involves the ipso attack of a nitrogen atom and the subse-
quent cleavage of the C O bond, as displayed here.

Ar

NO
Ar′

Ar

NO
Ar′

Ar

NO
Ar′

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of N-acyl anilines.

F. RELATED REACTIONS

This reaction is related to the Newman-Kwart Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Reference 3m.
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The Preparation of 2,6-di-t-Butylphenyl N-Phenylbenzimidate

Exactly 10.0 g 2,6-di-t-butylphenol (0.0486 mol) and 0.1 g triphenylmethane were dis-
solved in 150 mL tetrahydrofuran. While the solution was stirred under nitrogen, ∼31 mL
1.6 M butyllithium in hexane was added, whereupon the red color of the triphenylmethyl car-
banion just appeared. Then 10.47 g N-phenylbenzimidoyl chloride (0.0486 mol) in 75 mL
tetrahydrofuran was added, and the system was stirred overnight at room temperature under
nitrogen. After the reaction mixture was combined with 400 mL ethyl ether, it was extracted
with water, dried with anhydrous magnesium sulfate, and freed of solvent on a rotary evapo-
rator to give 19.35 g of a viscous red oil. Chromatography on 400 g alumina, using hexane as
the elution solvent, afforded some 2,6-di-t-butylphenol and impure 2,6-disubstituted phenyl
N-phenylbenzimidates. Two recrystallizations from methanol afforded 4.28 g imidate as
colorless plates, in a yield of 23%, m.p. 127.5–128.5◦C.

The Chapman Rearrangement

A 1.0 g 2,6-disubstituted phenyl N-phenylbenzimidate was sealed in a glass tube in
air and heated at 305◦C for 6 h. The resulting cooled mass was chromatographed to give
N-(2,6-di-t-butylphenyl)benzanilide with a broad melting point of 129–133.5◦C.

Reference 3r.

To a solution of NaOEt prepared from 0.11 g sodium (4.7 mmol) and 10 mL absolute
ethanol, cooled in an ice bath, was added in rapid succession 0.88 g methyl 2-chloro-
6-hydroxybenzoate (4.7 mmol) and a solution of 1.14 g N-4-methoxyphenylbenzimidyl
chloride (4.7 mmol) in 30 mL dry ether. The reaction mixture was shaken vigorously,
whereupon a precipitate of sodium chloride began to form. The mixture was allowed to
stand at room temperature for 48 h, the solvent was evaporated, and the residue was diluted
with water. The resulting oily solid was removed by extraction with ether, the ethereal
solution was dried, and the ether was distilled. The crude imido ester was heated in a
nitrogen atmosphere at 210–215◦C for 70 min, then dissolved in 10.8 mL ethanol; the
alcoholic solution was diluted with 5.4 mL water and 5.4 mL of a 1 M ethanolic sodium
ethoxide. The solution was refluxed for 1.5 h, the alcohol was evaporated on a steam
bath, and the aqueous solution was acidified with dilute HCl. The dark oil that formed
was separated by decantation, and the crude benzoate of the substituted anthranilic acid was
dissolved in 22 mL ethanol. A solution of 7.2 g sodium hydroxide in 7.2 mL water was
added, and the mixture was refluxed for 1 h. The alcohol was evaporated, and the solution
was then acidified. The brown solid was extracted exhaustively with boiling water to remove
the benzoic acid, and the remaining brown solid was recrystallized from aqueous ethanol.
The yellow needle-like crystals of N-(4′-methoxyphenyl)-6-chloroanthranilic acid, in a total
amount of 0.36 g, was obtained, in a yield of 27.7%, m.p., 139.5–140.5◦C (dec).

Other references related to the Chapman rearrangement are cited in the literature.6
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Chichibabin Amination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Chichibabin in 1914.1 It is the preparation of
2-aminopyridine from pyridine and sodium amide in boiling inert solvent (such as
xylene, toluene, and benzene),2 and is generally known as the Chichibabin amination3 or
Chichibabin reaction.4 This reaction is a simple method of synthesizing 2-aminopyridine for
which the traditional procedure for aromatic amines via nitration and subsequent reduction
works poorly for pyridines. Strangely enough, it is found that the yield of 2-aminopyridine
depends to a large extent on the condition of the sodium amide used in the synthesis.5 For
example, the purest sodium amide fails to react appreciably with pyridine, whereas less pure
sodium amide (commercial product or standing in laboratory for some time) gives good
yields. It is possible that the impurities in sodium amide may have the catalytic effect. In
this reaction, if the amount of sodium amide is increased, then a second amino group might
be introduced to the aromatic ring.6 However, when both position 2 and 6 are blocked by
substituents, the amino group will be introduced into position 4, though with a low yield.
The source of amine in this reaction can be sodium amide (NaNH2), potassium amide
(KNH2),7 or even organic amide (KNHR).8 In addition, if organic amine is connected to a
pyridine ring, then cyclic amine will form under these conditions. Moreover, this reaction
works not only for the pyridine series but also for other nitrogen-containing heterocycles,
including purines,7b pyrazines,9 naphthyridines,10 triazine,7 and pyrimidines.7b It is pro-
posed that this reaction if carried out in liquid ammonia takes place at least partially via the
SN(ANRORC) mechanism.7
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B. GENERAL REACTION SCHEME

N
∆

N NH2

+   NaNH2
Xylene

C. PROPOSED MECHANISMS

The reaction may involve the addition of an amide anion to the pyridine ring, followed by
elimination of hydrogen and the formation of 2-aminopyridine upon hydrolysis (Scheme 1).
More plausibly, the reaction may proceed via the addition of an amide anion to the pyridine
ring, followed by the elimination of hydride, which then deprotonates at the amino group,
as shown in Scheme 2.

Scheme 1.

Scheme 2.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has a general application in the preparation of nitrogen-containing aromatic
amines, for which the traditional procedure via nitration followed by reduction works poorly
or is not applicable.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

N

N

N

N NH21) KNH2, NH3

2) KMnO4

Reference 3j.

To 15 mL liquid ammonia containing potassium amide, obtained by a reaction with
0.15 g potassium was added 0.20 g 1,5-naphthyridine. After the mixture was stirred for
10 min and 0.80 g KMnO4 was added in small portions, the mixture was stirred for another
10 min. The potassium amide was then decomposed with (NH4)2SO4. After evaporation of
the ammonia, a concentrated aqueous solution of ammonia was added, and the mixture was
continuously extracted with chloroform over 48 h. The residue obtained on evaporation of
the chloroform was taken up in a minimum amount of methanol and developed by use of an
Autoliner Desaga (model 121000) on a plate (20 × 40 cm) covered by a 2-mm layer of silica
gel DFW and eluted with chloroform/ethanol (10:1) to give one band, which was extracted
with methanol. Evaporation of methanol afforded 80 mg 2-amino-1,5-naphthyridine, in a
yield of 36%, m.p., 203.5–205◦C.

N

NH2

H2N ∆ N
H2N

N
H

NaNH2, toluene

Reference 8.

To a solution of 233 g 3,3′-pyridine-2,5-diyldipropan-1-amine (1.21 mol) in 4 L toluene
was added 255 g NaNH2 (90 wt %, 5.88 mol); the mixture was heated to 90◦C for 7 h.
The reaction was monitored by HPLC and was considered complete when less than 1% of
starting material was left. The mixture was cooled to 5◦C, and 1 L 4.4 M NaCl was added
at such a rate as to maintain the temperature at 10◦C. When the addition was complete, the
mixture was allowed to warm to 18–22◦C and was stirred for 18 h. The layers were separated,
and the aqueous phase was extracted with toluene. Water was added to the aqueous phase,
and it was further extracted with toluene. The toluene extracts were combined to give 6.1 kg
of solution. Evaporation of solvent afforded 207 g 3-(5,6,7,8-tetrahydro-1,8-naphthyridin-
2-yl)propan-1-amine, in a yield of 90%.

Other references related to the Chichibabin amination are cited in the literature.11
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Chichibabin Pyridine

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Chichibabin in 1906.1 It is the preparation of sub-
stituted pyridines by thermal cyclo-condensation of aldehydes and ammonia by passing
aldehydes and ammonia over a contact catalyst such as alumina.2 Therefore, this reaction
is generally known as the Chichibabin pyridine synthesis3 or Chichibabin synthesis.4 In
addition, this reaction is also referred to as the Chichibabin-Bayer reaction5 or Chichibabin
cyclotrimerization.6 Besides aldehydes, ammonia gas also reacts with acetylene or acetoni-
trile over a heated contact catalyst to give pyridine derivatives;3 in addition, the Chichibabin
pyridine synthesis also takes place with aliphatic and aromatic ketones, α,β-unsaturated
aldehyde, and keto acids. It is reported that when higher aliphatic aldehyde reacts with
ammonia at high temperature, besides the expected pyridine product, the abnormal pyridine
derivatives also form in which the higher aliphatic aldehyde breaks down in part to formalde-
hyde that cyclo-condenses with two molecules of the higher aldehyde and ammonia.2e

Moreover, the yield of 3,5-diphenylpyridine from phenylacetaldehyde can be increased by
a factor of about three by the addition of an equivalent amount of isobutyraldehyde, basic
iron acetate, or methanolic formaldehyde.7 It is proposed that this reaction proceeds through
a series of Aldol Condensations, followed by a cyclization and dehydrogenation.8 Currently,
this reaction has been applied to the syntheses of pyridine and collidine derivatives.9
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636 CHICHIBABIN PYRIDINE SYNTHESIS

B. GENERAL REACTION SCHEME

O

R

N

RR

R

N

RR

RAl2O3
+    NH3

(R = alkyl, aryl)

+

C. PROPOSED MECHANISMS

The reaction mechanism is illustrated by the reaction between acetaldehyde and
ammonia.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used for the syntheses of pyridine and collidine derivatives.

F. RELATED REACTIONS

N/A



CITED EXPERIMENTAL EXAMPLES 637

G. CITED EXPERIMENTAL EXAMPLES

Reference 10.

Phenylacetaldehyde (120 g, 1 mol) and 0.5 mol of another aldehyde component were
dissolved in 350 mL saturated solution of ammonia in absolute ethanol. The solution was
sealed in a 1-L stainless-steel bomb and heated at 225–230◦C for 6 h with constant rocking.
The pressure was ∼1000 psi. The bomb was then cooled and opened; the contents was
transferred to a distilling flask. As much ethanol as possible was distilled on the steam
bath at atmospheric pressure. The residue was subjected to a preliminary distillation in
which everything boiling up to ∼280◦C (1 mmHg) was collected; except in the case of
the acetaldehyde condensation, in which a preliminary distillation with superheated steam
at 200◦C was resorted to (omission of this preliminary treatment led to difficulties in the
subsequent extraction step). The distillate was taken up in ether and extracted 15 times
with 2 N HCl. The residual ether layer was discarded, and the aqueous layer plus a third
layer—which invariably formed—were made basic with an excess of concentrated ammo-
nium hydroxide. The bases liberated were extracted with ether and dried over potassium
carbonate; the solution was then concentrated.

For the case of the condensation among phenylacetaldehyde, acetaldehyde, and ammo-
nia, 60.5 g of crude basic reaction product on standing overnight deposited 15.0 g
3,5-di-phenylpyridine, which was collected after diluting the mixture with 50 mL ligroin
(b.p. 60–71◦C). The material melted at 136–138◦C. The remaining material was distilled
to give three arbitrary fractions. The first fraction (b.p. up to 174◦C, at 13 mmHg), weighed
3.9 g and was proved to be 2-methyl-5-phenylpyridine. The second fraction (b.p. 174–
230◦C, 13 mmHg), weighed 27.65 g and was proved to be 2-methyl-3,5-diphenylpyridine,
with an actual of boiling point 226–228◦C at 13 mmHg. The third fraction (b.p. 230–250◦C,
13 mmHg), weighed 4.33 g and was proved to be 2-methyl-3,5-diphenylpyridine.

CHO
MeO

MeO

NH3

N

OMe

OMe

MeO

MeO+

Reference 7.

A solution of 45.5 g homoveratric aldehyde in 250 mL freshly prepared absolute alco-
hol was boiled under reflux for 1 h while a current of dry ammonia gas was bubbled
through it. The solvent and excess ammonia were then distilled at reduced pressure, and
the spongy, apparently amorphous residue was heated with 100 mL 1 N HCl in anhy-
drous ethanol (or methanol). The excess ethanol and hydrogen chloride were then distilled
(at atmospheric pressure or in vacuo) and the residue was slurried with acetone. Most
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of the tarry material dissolved and light-colored crystals of the hydrochloride of 3,5-
diveratrylpyridine remained. They were collected, washed with acetone until nearly
colorless, and dissolved in 350 mL boiling 95% ethanol. The addition of 100 mL con-
centrated aqueous ammonia and 100 mL water to this solution led to the precipitation
of 3,5-diveratrylpyridine in the form of shiny leaflets. The suspension was chilled, and
5.66 g of the crystals was collected. Recrystallization gave 4.44 g 3,5-diveratrylpyridine,
m.p. 170–173◦C.

Other references related to the Chichibabin pyridine synthesis are cited in the literature.11
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Chretien-Longi Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Chretien and Longi in 1944.1 It is a general preparation
of nitrite ester by means of the treatment of alcohols with nitrous acid in aqueous acidic
solution.2 In the original protocol, alcohol was mixed with sodium nitrite followed by the
addition of aluminum sulfate, which hydrolyzes to lower the pH.1 This reaction has been
modified to occur in acetic acid.2

B. GENERAL REACTION SCHEME

R OH
H2O

R ONO
NaNO2/Al2(SO4)3

C. PROPOSED MECHANISMS

A tentative mechanism is proposed here.
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640 CHRETIEN-LONGI REACTION

D. MODIFICATION

The original procedure has been modified to take place in aqueous acetic acid solution.

E. APPLICATIONS

This reaction is used for the preparation of nitrite esters.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

H2O

ONONaNO2/Al2(SO4)3

Reference 3.

In a three-necked flask fitted with a stirrer and a dropping funnel were placed 43.2 g
2-methyl-2-octanol (0.3 mol) and 41.4 g sodium nitrite (0.6 mol) dissolved in a minimum
amount of water. The mixture was cooled to 0◦C and then, with continuous stirring, 71 g
Al2(SO4)3·18H2O (0.12 mol) dissolved in sufficient water to give a 40% solution was added
over a period of 1 h. After the addition was complete, the reaction mixture was stirred at
ice temperatures for 2 h more and poured into a separatory funnel; the aqueous layer was
removed, and the yellow organic layer was washed three times with water and dried over
anhydrous sodium sulfate. Rectification gave 37.8 g 2-methyl-2-octyl nitrite, in a yield of
72%, b.p., 56◦C (3 mmHg).

OH

O

ONO

O

NaNO2/HAc/H2O

Reference 2.

6β-Hydroxy-3α,5α-cycloandrostan-l7-one (804 mg) was dissolved in 53 mL glacial
acetic acid. A freshly prepared solution of 2.8 g sodium nitrite in 17.6 mL water was
added, and the resulting solution was allowed to stand at room temperature for 15 min.
The solution was then shaken with 200 mL ether and 500 mL water. The aqueous solution
was separated and extracted with 200 mL ether. The ether solutions were combined and
washed in series with three 100-mL portions of water, two 150-mL portions of 5% sodium
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bicarbonate solution, and three 100-mL portions of water. The ether solutions were dried
over anhydrous magnesium sulfate. The ether was evaporated, leaving 858 mg clear, orange
viscous oil. This material was placed on a column of 80 g neutral activity III alumina in
10 mL ether solution. Elution with 1:23 ether/pentane solution yielded 503 mg of the nitrite
ester of 6β-hydroxy-3α,5α-cycloandrostan-17-one as a pale green oil.

Other references related to the Chretien-Longi reaction are cited in the literature.4
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Chugaev Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Chugaev (Tschugaeff) in 1899.1 It is the conversion of
alcohols into olefins by the pyrolysis of the corresponding xanthate esters and is generally
known as the Chugaev reaction;2 in addition, this reaction is occasionally referred to as the
Chugaev elimination,3 Chugaev xanthate reaction4 and Chugaev xanthic reaction.5 This
pyrolysis proceeds via an intramolecular cis-elimination without the rearrangement of the
carbon skeleton, a phenomenon generally referred to as the Chugaev reaction rule.6 This
reaction is particularly useful for the conversion of secondary and tertiary alcohols into
olefins7 because the xanthate esters of primary alcohols have higher thermal stability and
thus are relatively difficult to decompose during heating and can even be distilled in vacuo.7

On the other hand, this reaction is reported to be first order in kinetics8 via a concerted cyclic
mechanism,9 by which the eliminated groups are all in cis-configuration8a,10 with only a
few exceptions2d,6,11 and the preference for hydrogen removal follows the order of 3◦ > 2◦
> 1◦.12 The unusual feature of this reaction is that no carbon skeleton rearrangements occur
during pyrolysis, which are often encountered in the dehydration of certain alcohols by other
methods.10 However, the original procedure—in which the xanthate ester is prepared by
reacting sodium or potassium (preferably the latter) with alcohol in an inert solvent (e.g.,
xylene) followed by the addition of carbon disulfide and then refluxing with methyl iodide
or methyl sulfate (methyl ester affording the best yield)—is generally avoided because
it is dangerous and inconvenient.7 Therefore, it is modified to react alcohol with 1 eq.
NaOH or KOH and CS2 in a neutral solvent (e.g., Et2O, CCl4) to form xanthate in one
step, followed by the reaction with methyl iodide. This modification is less hazardous
and more practicable.7 This reaction has been used for the preparation of a variety of
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olefins, including benzylidene cyclohexane,13 bornylene,14 chlolesterylene,14 guajene,15

limonene,14 menthene,1 tetraphenylethylene,13and thujene.14

B. GENERAL REACTION SCHEME

R1
R3

OH

R2

NaOH, CS2

MeI R1
R3

R2

O

S

S
Me

∆
R1

R3

R2

C. PROPOSED MECHANISMS

It is believed that this reaction takes place via an intramolecular cyclic concerted process,
as outlined here.8a,10–12

D. MODIFICATION

This reaction has been modified to generate xanthates in one step via the reaction of
alcohols with CS2 and NaOH (or KOH).7

E. APPLICATIONS

This reaction has wide application in the synthesis of olefins.

F. RELATED REACTIONS

This reaction is related to the Cope Elimination and Hofmann Elimination.

G. CITED EXPERIMENTAL EXAMPLES

OH
O

S

S
∆

1) NaOH/CS2

2) MeI

Reference 7.
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In a 2-L flask were placed 40.5 g finely pulverized sodium hydroxide, 89 g isoamyl
alcohol, 600 mL diethyl ether, and 50 mL carbon tetrachloride. The flask was attached to
a trident fitted with a mechanical stirrer, a Pyrex reflux condenser, and a dropping funnel.
The mixture was stirred for 0.5 h to dissolve part of the base and form a finely divided
suspension of the remainder. Then 76 g carbon disulfide was added over 1 h, with the
temperature below 30◦C. After 3 h of stirring, 149 g methyl iodide was added dropwise,
and the mixture was stirred and refluxed for 6 h. After filtering off the potassium iodide,
the lower-boiling constituents were removed by distillation, and the residual xanthate was
distilled at 10 mmHg through a 68 × 1.1-cm, indented, total-condensation column. The
yellow distillate (b.p. l00–105◦C) was further purified by one more distillation. Then the
collected xanthate ester was heated in a 1-L flask under a partial reflux column for 7.5 h by
a free flame, the distillate being condensed by a copper coil packed in an ice–salt mixture.
The distillate was purified by three extractions with 40% potassium hydroxide solution and
one treatment with 20 mL saturated mercuric chloride solution to remove the mercaptan;
then it was dried over anhydrous sodium sulfate and distilled through the 68 × 1.1-cm
column. The isopropylethylene collected boiled at 19–20◦C (740 mmHg).

Reference 10.

To a 50-mL round-bottomed flask equipped with a Friedrich condenser was placed 5.0 g
methyl cis-2-phenylcyclohexylxanthate. A gas bubbler was attached to the condenser so that
the course of the decomposition could be followed. The flask was immersed in a Wood’s
metal bath, and the temperature was gradually increased. A slight decomposition began
when the bath temperature reached 165◦C. It was then raised to 210–215◦C, maintained
at that level for 40 min, and then it was increased to 235–240◦C for 5 min. After cooling,
the material in the flask was transferred to a 10-mL modified Claisen flask and distilled.
3-Phenyl-cyclohexene in two fractions, with a combined weight of 2.1 g (71%), came over
at 70–71◦C (2 mmHg).

Other references related to the Chugaev reaction are cited in the literature.16
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Ciamician-Dennstedt

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Ciamician and Dennstedt in 1881.1 It is a transfor-
mation of pyrrole into 3-halopyridine by heating the mixture of pyrrole and haloform or
methylene halides in alkaline solution. Therefore, this reaction is known as the Ciamician-
Dennstedt reaction.2 It is known that haloform, when treated with a base,3 such as NaOH,
KOH, will afford dihalocarbene; in addition, methylene halides when treated with a strong
base,4 such as NaOEt and NaOMe, will also form dihalocarbene. The generated dihalocar-
bene then electrophilically adds to pyrrole to form an unstable dihalocyclopropane, which
then rearranges to a 3-halopyridine.5 In most cases, haloform is used rather than methylene
halides, and the Reimer-Tiemann Reaction always competes with this reaction when the
dihalocarbene inserts into aromatic ring and forms aldehyde via hydrolysis.6 Therefore, the
yield of the Ciamician-Dennstedt reaction is always low, in the reported range of 1–30%.4a,6

Similar to pyrrole, indene will be transformed to naphthalene,7 and indole will be converted
to quinoline.8 It is reported that a chloro, bromo, carbethoxy, or phenyl group on indene
will inhibit the addition of dichlorocarbene to the indene ring, while the electron-donating
groups (e.g., methyl, isopropyl, and ethoxy) have no effect on the yield compared with
indene itself.9 It is interesting that more than 30% of pyridine can be obtained via vapor
phase reaction between pyrrole and haloform, without the added base.8

B. GENERAL REACTION SCHEME

N
H

CHX3
KOH

N

X
+ X = Cl, Br, I
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C. PROPOSED MECHANISMS

The reaction involves the generation of dihalocarbene from haloform and a base, e.g.,
KOH, which then inserts into the pyrrole ring. The subsequent ring enlargement affords the
pyridine derivative, as illustrated by the reaction of chloroform and pyrrole.

D. MODIFICATION

The Ciamician-Dennstedt reaction has been modified to take place in a vapor phase via
passing the mixture of pyrrole and chloroform (1:5 ratio) into a glass tube at 550◦C to give
33% of pyridine derivative.

E. APPLICATIONS

This reaction can be used for the preparation of 3-halo pyridines, naphthalenes, and
quinolines.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N
H

CH2Cl2+
CH3Li

Et2O N

Reference 5.

A solution of methyllithium (0.4 mol) in 235 mL diethyl ether was added with vigorous
stirring to a solution of 7.0 g pyrrole (0.104 mol) in methylene chloride. The addition was
carried out under a protective atmosphere of nitrogen, and the temperature was maintained
at 25◦C. After the addition was complete (2 h), the reaction mixture was hydrolyzed with
ice water, and the polymeric material was removed by filtration over cellulose powder. The
solution was acidified and nonbasic material was extracted with ether. The aqueous layer
was then made basic, saturated with potassium carbonate, and exhaustively extracted with
ether. The combined ether extracts were dried with potassium carbonate and the solvent
was distilled off over a Vigreux column. The residue was distilled over a micro Vigreux
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column. Pyridine (2.60 g, 0.033 mol) was collected between 114◦ and 114.5◦C, in a yield
of 32%.

Reference 9.

A solution of 15.6 g 2-methylindene (0.12 mol) in 15 mL dry thiophene-free benzene was
added to dry pulverized potassium t-butoxide (maintained under dry oxygen-free nitrogen)
prepared from 2.0 g potassium (0.051 mol) and t-butyl alcohol. The orange slurry was stirred
vigorously, and cooled in an ice bath, while 4.8 g freshly distilled chloroform (0.040 mol)
was added over a period of ∼15 min. A static nitrogen atmosphere was maintained during
the addition, and the mixture was then allowed to stand at room temperature overnight.
The entire mixture was steam distilled from water containing 0.08 mol sodium carbon-
ate. An undetermined amount of nonvolatile red tar remained in the flask. The distillate
was extracted with petroleum ether (b.p. 60–68◦C), and the condenser was washed with
the same solvent. The organic washes and extracts were dried, filtered, and the solvent
was removed by distillation. Fractional distillation of the residue afforded 9.6 g unreacted
2-methylindene (0.0727 mol). The light green residue, m.p. 113–120◦C, was recrystallized
once from ethanol, and 2.61 g 2-methyl-3-chloro-naphthalene was obtained as refractive
pale green platelets, in a yield of 37%, m.p. 122.5–123◦C.

Other references related to the Ciamician-Dennstedt reaction are cited in the literature.10
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Claisen Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Ludwig Claisen in 1912.1 It is initially defined as the
thermal isomerization of an allyl vinyl ether or of its nitrogen- or sulfur-containing analogous
derivatives to afford a bifunctionalized molecule in a [π2a + σ2s + π2s] process. In fact, the
Claisen rearrangement2 is a highly stereoselective [3,3]-sigmatropic rearrangement of allyl
vinyl or allyl aryl ethers to yield γ ,δ-unsaturated carbonyl compounds or o-allyl substituted
phenols, respectively. This reaction can be chemoselective, regioselective, diastereoselec-
tive, and entantioselective and afford a variety of multifunctionalized molecules.3 When
allyl aryl ethers undergo this rearrangement, the resulting γ ,δ-unsaturated carbonyl com-
pound will transform into o-allyl phenols via re-aromatization; however, if the ortho position
is blocked by other substituents rather than hydrogen, then the Cope Rearrangement occurs
and the allyl group will migrate to the para position of the aromatic ring followed by eno-
lization ( para Claisen rearrangement).3,4 In most cases, the reaction proceeds preferably
via a chair-like transition state,5 and chiral, enantiomerically enriched starting materials
give products of highly optical purity. Occasionally, this reaction also takes a boat-like tran-
sition state.6 So far, all the Claisen rearrangements, if not catalyzed, occur at a relatively
high temperature, e.g., >100◦C.3,7 In addition, this rearrangement runs faster in a polar
solvent,8 and it is observed that the relative rate of the rearrangement for allyl vinyl ether
decreases in the order of water > trifluoroacetic acid > methanol > ethanol > 2-propanol
> acetonitrile > acetone ≈ benzene > cyclohexane.9 Moreover, the microwave irradia-
tion can also accelerate the reaction rate.10 It is quite interesting that substituents on allyl
vinyl ether play important roles on the reactivity of corresponding allyl vinyl ethers, and
those substituent effects are summarized in Table 1.3 It is clear that the introduction of those
rate-enhancing groups will accelerate the respective rearrangement accordingly. As a result,
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the same reaction can take place at low temperature, and these modifications lead to more
than 20 variations of the traditional Claisen rearrangement.11 These modified Claisen rear-
rangements include the Abnormal Claisen Rearrangement,12 acyl-Claisen rearrangement,13

allene Claisen rearrangement,14 allenoate-Claisen rearrangement,11 aromatic amino-
Claisen rearrangement,15 Aza-Claisen Rearrangement,16 Carroll Rearrangement,17

chelate Claisen rearrangement,18 C-O coupling-Claisen rearrangement,19 1,3-diaza-
Claisen rearrangement,20 diosphenol-Claisen rearrangement,21 enzymatic Claisen
rearrangement,22 Eschenmoser-Claisen rearrangement,23 Ficini-Claisen rearrangement,24

Ireland-Claisen rearrangement,25 Johnson-Claisen rearrangement26 (also called Johnson
ortho ester Claisen rearrangement27), Metalla-Claisen rearrangement,28 photo-Claisen
rearrangement,29 propargyl Claisen rearrangement,30 reductive Claisen rearrangement,31

Reformatsky-Claisen rearrangement,32 retro-Claisen rearrangement (or process),33 ring-
expansion Claisen rearrangement,34 and thio-Claisen rearrangement.6b,34 It should be noted
here that Aza-Claisen Rearrangement, Carroll Rearrangement, Eschenmoser-Claisen rear-
rangement, Ireland-Claisen rearrangement and Johnson-Claisen rearrangement have gained
much more attention than the others, though the other variations are gradually showing
importance and versatility. The Ireland-Claisen rearrangement can set up two stereogenic
centers with high levels of predictability through the judicious choice of solvent.36 Among
these variations, the Abnormal Claisen Rearrangement, Aza-Claisen Rearrangement, and
Carroll Rearrangement have been described separately. Because of its versatility and
importance, the Claisen rearrangement has been extensively reviewed.3,37

B. GENERAL REACTION SCHEME

O

∆

OH
O

∆
O

1
2

3

4

5
6

TABLE 1. The Position and Substituent Effect on Rearrangement Rate

Accelerating Groups Decelerating Groups

Electron-Donating Electron-Withdrawing Electron-Donating Electron-Withdrawing
Position 1,2,4,6 Position 2,4,5 Position 5 Position 1,6

C. PROPOSED MECHANISMS

Most rearrangements take place via a chair-like concerted mechanism as outlined here.
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D. MODIFICATION

The most important modifications of the Claisen rearrangement are summarized here.

Acyl-Claisen rearrangement.

Allene Claisen rearrangement.

Allenoate-Claisen rearrangement.

Chelate Claisen rearrangement.

1,3-Diaza-Claisen rearrangement.

Diosphenol-Claisen rearrangement.

Eschenmoser-Claisen rearrangement.
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Ficini-Claisen rearrangement.

Ireland-Claisen rearrangement.

Johnson-Claisen rearrangement.

Metalla-Claisen rearrangement.

Propargyl Claisen rearrangement.

Reductive Claisen rearrangement.

Reformatsky-Claisen rearrangement.
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Ring-expansion Claisen rearrangement.

Thio-Claisen rearrangement.

E. APPLICATIONS

This reaction, along with its various modifications have wide applications in organic
synthesis, even in the formation of polymer.38

F. RELATED REACTIONS

This reaction is related to the Cope Rearrangement and Overman Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

N Bn
Bn N C N Ts

N

N

Bn

NTs

Bn
H

H

+
EDCI, CHCl3, r.t

Reference 20b.

2-Benzyl-2-aza-bicyclo[2.2.1]hept-5-ene (0.100 g, 0.538 mmol) and 0.094 mL DIEA
(0.538 mmol) were added to a solution of 0.103 g EDCI (0.538 mmol) and 0.172 g N-tosyl-
N ′-benzyl thiourea (0.538 mmol) in 5 mL CHCl3 at room temperature. The resulting solution
was maintained at room temperature overnight. The reaction mixture was then poured into
a mixture of 65 mL EtOAc and 65 mL 0.25M aqueous citric acid. The organic layer was
washed with 65 mL 0.25M aqueous citric acid and 65 mL water (twice), dried over Na2SO4,
and concentrated. Purification of the residue on silica gel, eluting with hexanes/EtOAc (2:3)
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gave 0.170 g N-(1,3-dibenzyl-1,3,4,4a,5,7a-hexahydro-cyclopentapyrimidin-2-ylidene)-
4-methylbenzene sulfonamide as a colorless oil, in a yield of 67%.

Reference 19.

Conventional Heating

A test tube was charged with 160 mg E-1-dec-1-enyl-E-undec-2-ene (519 µmol) and
500 µL DMF, evacuated, and backfilled with argon (flushing for 10 min). This was then
sealed and heated at 120◦C for 24 h. After cooling to room temperature, 20 mL Et2O was
added, and the solution was extracted with water (3 × 25 mL). The combined organic
layers were dried over MgSO4 and concentrated under reduced pressure. The product
was obtained as a yellow oil without further purification (144 mg, 90% yield), dr = 94:6
(1H NMR).

Microwave Heating

A microwave vial was charged with 76 mg E-1-dec-1-enyl-E−undec-2-ene (247 µmol)
and 1 mL DMF. This was then sealed and heated at 250◦C for 5 min in a microwave syn-
thesizer. Et2O was added (20 mL) and extracted with water (3 × 25 mL). The combined
organic layers were dried over MgSO4 and concentrated under reduced pressure. The prod-
uct was obtained as a yellow oil without further purification (61 mg, 80% yield), dr = 91 : 9
(1H NMR).

Other references related to the Claisen rearrangement are cited in the literature.39
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Claisen-Schmidt

Condensation
(Claisen-Schmidt Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Claisen1 and Schmidt2 concurrently in 1881. It is
the condensation of an aromatic aldehyde with an aliphatic aldehyde or ketone in the
presence of a base or an acid to form an α,β-unsaturated aldehyde or ketone3 with high
chemoselectivity.4 Therefore, this reaction is generally known as the Claisen-Schmidt
condensation5 and is occasionally referred to as the Claisen-Schmidt reaction.6 In this
reaction, the asymmetric ketones react with the aromatic aldehyde through the less sub-
stituted position (a methyl group) under basic conditions or through the more substituted
position under acidic catalysis.3 However, this reaction is often contaminated with some
minor side reactions, including bis-condensation, aliphatic aldehyde dimerization,7 and
Cannizzaro Reaction or Tischenko Reaction of aromatic aldehydes.8 It was reported
that the reaction between arylaldehydes and cycloalkanones afford predominantly α,α′-
diarylidenecycloalkanones instead of α-arylidenecycloalkanones.8 The orientation of the
generated exocyclic bonds is exclusively trans with respect to the aryl ring and the carbonyl
group of the cycloalkanone.9 So far, the Claisen-Schmidt condensation has been applied to
the preparation of chalcone,10 flavanone,10c 1,3-diarylpropane derivatives, and a new fam-
ily of macrocycles in a single step.8,11 This condensation can be accelerated by microwave
activation either in a polar solvent (e.g., H2O) or without solvent, starting from aldehydes
or by means of acetals.3 The benefits of using microwave irradiation in this reaction include
the concomitant enhancement of reaction yield and the reduction in reaction time.12 On the
other hand, magnesium oxide crystal has been applied as catalyst for this condensation, in
which the catalyst can be reused for five times without loss of activity and selectivity; in
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addition, it is observed that any of the reactants (benzaldehydes and acetopheones) with
substituent groups in either of the two aromatic rings undergo the Claisen-Schmidt conden-
sation at a slower rate than the unsubstituted reactants.13 Recently, this condensation has
been used to build a 644-member library of chalcones by parallel synthesis from substituted
acetophenones and benzaldehydes.10a

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Essentially, the Claisen-Schmidt condensation involves an Aldol Condensation,3,10a as
illustrated by the reaction under basic condition.

D. MODIFICATION

Microwave irradiation has been introduced to accelerate the Claisen-Schmidt conden-
sation;3,12 in addition, magnesium oxide crystal has been applied as catalyst for this
condensation.13

E. APPLICATIONS

This reaction has general application in the preparation of chalcones, flavanones, 1,3-
diarypropanes, etc.
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F. RELATED REACTIONS

This reaction is related to the Aldol Condensation.

G. CITED EXPERIMENTAL EXAMPLES

H

O

CH3

O
MgO

O

+
Toluene

Reference 13.

A mixture of 0.35 mL acetophenone (3 mmol), 0.254 mL benzaldehyde (2.5 mmol),
and 0.175 g magnesium oxide crystal was introduced into a 50-mL round-bottomed flask
containing 10 mL dry toluene, which was stirred under reflux for 12 h under nitrogen
atmosphere (to avoid the oxidation of benzaldehyde to benzoic acid). After completion of
the reaction (as monitored by TLC), the reaction mixture was centrifuged to separate the
catalyst and washed several times with ether. The combined organic layers were dried over
MgSO4 and the solvent was removed under reduced pressure. After purification by flash
chromatography on silica gel using 5% ethyl acetate in petroleum ether, the chalcone was
obtained in 98% yield.

Reference 8.

To an 1.83 L 95% ethanolic solution containing 10.1 g 1,2-bis(2-formylphenoxy)ethane
(37.4 mmol) and 5.53 g cyclohexanone (56.3 mmol) was added aqueous NaOH solution
(22.5 g/45 mL, 563 mmol) in one portion. After being stirred at room temperature for
6 days, a bright yellow precipitate was filtered from the reaction. The precipitate was
washed thoroughly with 1.0 M HCl and water and dried in an oven (90◦C) to constant
weight (10.3 g). A portion of the precipitate (920 mg) was washed with hot chloroform
to afford 380 mg 9,10:18,19:24,25-tetrabenzo-5,8,20,23-tetraoxa-tricyclo[25.3.1.112,16]-
dotriaconta-1,3,9,11,16,18,24,26 -octaene-31,32-dione as a bright yellow powder, in a yield
of 34%, m.p.: solid turns brown at 292–293◦C and melts sharply at 297–298◦C.

Other references related to the Claisen-Schmidt condensation are cited in the literature.14
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A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Clauson-Kaas and Tyle in 1952.1 It is a synthesis of
pyrrole derivative from the condensation between a primary aliphatic or aromatic amine
and 2,5-dimethoxy-tetrahydrofuran in the presence of an acid catalyst. Therefore, this reac-
tion is generally known as the Clauson-Kaas reaction2 or occasionally referred to as the
Clauson-Kaas procedure.3 The acid catalysts used in this reaction include acetic acid,2d,3b,4

phosphorus pentoxide,5 and 4-chloropyridinium hydrochloride.6 This reaction opens a door
to convert the primary amino group into a pyrrole group,7 which has been used to prepare
a variety of pyrrole derivatives containing different substituents,8 especially for polycyclic
structures containing pyrrole.7 However, this reaction is not a good method for synthe-
sizing pyrrole if the desired compound contains an acidic labile group—for example, in
the presence of a imidazole group, this reaction either does not work9 or give only poor
yield.2d Alternatively, the pyrrole can be prepared from a primary amine and 1,4-dichloro-
1,4-dimethoxybutane in the presence of an acid catalyst (e.g., Amberlyst A-21).10

B. GENERAL REACTION SCHEME

R NH2
O OMeMeO

H+

∆
R N+

C. PROPOSED MECHANISMS

A simple illustration of the reaction mechanism is provided here.
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D. MODIFICATION

This reaction has been modified to start from 1,4-dichloro-1,4-dimethoxybutane and
primary amine in the presence of an acid catalyst.10

E. APPLICATIONS

This reaction has general application in the synthesis of pyrrole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 2c.
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A mixture of 1.5 g crude 1-benzenesulfonyl-1H-pyrrol-3-yl-4-aminophenyl-methanone,
0.97 g 4-chloropyridine hydrochloride (6.47 mmol), and 0.88 g 2,5-dimethoxy-
tetrahydrofuran (5.8 mmol) in 30 mL dioxane was refluxed for 3 h under a nitrogen atmo-
sphere. The resulting solution was evaporated under reduced pressure, and the residue was
dissolved in Et2O, dried over Na2SO4, and evaporated under reduced pressure. The residue
was dissolved in 50 mL dioxane; to this solution, 50 mL 5 N NaOH solution was added. The
reaction mixture was vigorously stirred at room temperature for 24 h. The organic layer was
collected, and the aqueous solution was thoroughly extracted with EtOAc (2 × 50 mL). The
combined organic layer and extracts were washed with saturated NaCl solution, dried over
Na2SO4, and evaporated under reduced pressure. The residue was flash chromatographed
with EtOAc/petroleum ether (3:1) followed by recrystallization from toluene/petroleum
ether to provide 0.26 g 1H-pyrrol-3-yl-4-pyrrol-1-ylphenyl-methanone, in a yield of 24%,
m.p. 172–173◦C.

Reference 11.

A solution of 1.0 g [4-(4-aminophenyl)-1H-pyrrol-3-yl]-(2,4-dichlorophenyl)
methanone (3.0 mmol) and 410 mg 2,5-dimethoxytetrahydrofuran (3.1 mmol) in 20 mL
acetic acid was refluxed for 30 min. After the mixture was cooled, the solvent was
removed and the residue was chromatographed on aluminum oxide (EtOAc as the eluent)
to give 810 mg pure (2,4-dichlorophenyl)-[4-[4-(1H-pyrrol-1-yl)phenyl]-1Hpyrrol-3-
yl]methanone, in a yield of 70%.

Other experimental details for the Clauson-Kaas reaction are available,7,8,12 and addi-
tional references related to the Clauson-Kaas reaction are cited in the literature.13
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Clay-Kinnear-Perren

Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Clay in 19511 and was subsequently extended by
Kinnear and Perren in 1952.2 It is the synthesis of alkylphosphonic dichlorides from
alkyl chlorides, phosphorous trichloride and aluminum chloride and is known as the
Clay-Kinnear-Perren condensation,3 Kinnear-Perren-Clay reaction,4 or simply the Kinnear-
Perren reaction.5 The resulting alkylphosphonic dichlorides can be further hydrolyzed to
alkylphosphonic acids or subjected to the conditions to make other phosphorus-containing
derivatives. As pointed out by Clay, the order of mixing reagents, control of reaction tem-
perature, anhydrous conditions of the reagents and apparatus, and the final molar ratio
of water to ionic complex in hydrolysis all have important effects on this reaction.1 For
example, no reaction takes place if AlCl3 was dissolved in alkyl chloride before the addi-
tion of PCl3 and the molar ratio of H2O to complex being hydrolyzed must be within the
limits of 7:1 to 11:1. It was also found that complex formed from alkyl chloride, PCl3
and AlCl3 has high thermal stability with a melting point ∼370◦C; the solution of such
a complex in nitromethane conducts an electric current, indicating an ionic nature of the
structure [RPCl3]+[AlCl4]−.1 In addition, Kinnear and Perren reported2,6 that when propyl
or higher primary or secondary alkyl chlorides are used, only rearranged products are
formed (similar to the Friedel-Crafts Alkylation5g); in a special case, the elimination of
the methyl group from tert-amyl chloride also occurs.2 The tendency of such rearrange-
ment limits the utility of this reaction.7 Similarly, the molar ratio is also important in the
alcoholysis of such complexes.8 However, no rearrangement was found for the complex
from chloromethyltrimethylsilane,9 even though chloromethyltrimethylsilane undergoes a
Wagner-Meerwein Rearrangement to chlorodimethylethylsilane when treated with AlCl3;10

this reaction does not apply to chlorosilane either.9
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A simple mechanism is displayed here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction provides a convenient method for preparing alkyl phosphonic chloride,
which is an important intermediate for alkyl phosphonic acid and corresponding esters.

F. RELATED REACTIONS

This reaction is related to the Clayton-Jensen Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 9.
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A mixture of 133.4 g anhydrous aluminum chloride (1.0 mol) and 137.4 g phospho-
rus trichloride (1.0 mol) in 300 mL methylene chloride was prepared under dry nitrogen.
Chloromethyltrimethylsilane (122.7 g, 1.0 mol) was added dropwise with stirring over a 1-h
period while the reaction temperature was maintained at 25–28◦C by external cooling. The
mixture was stirred for an additional hour at 25◦C to give a clear solution of the complex
salt. An equal volume of methylene chloride was added, and the solution was cooled to −30
in dry ice–acetone. Then 162 mL water was added dropwise with rapid stirring over a 1-h
period. The temperature was kept below −20◦C during hydrolysis of the complex to mini-
mize the hydrolysis of the phosphonyl dichloride. Precipitated aluminum salt was removed
on a filter and washed with methylene chloride. The filtrate was dried over calcium chloride
at 0◦C. After removal of the solvent, the crude product was distilled through an efficient
column to give 64 g trimethylsilylmethylphosphonyl dichloride, b.p. 64◦C (1.4 mmHg).
Treatment of the distillation residue with boiling water gave 20 g of the corresponding
phosphonic acid, m.p. 121◦C from water.

Et ClPCl3 AlCl3
H2O

O

P ClEt Cl

+ + [EtPCl3]+[AlCl4] –

Reference 1.

To a mixture of 13.3 g anhydrous AlCl3 and 13.7 g PCl3 was added 19.3 g ethyl chloride;
the bottle was closed and placed in a shaking machine. (All reagents and the reaction bottle
were cooled in a refrigerator at ∼ 4◦C just before weighing and mixing). Up to the moment
of closing the bottle, the temperature of the mixture had risen to 9◦C. After 15 min of
shaking, the temperature of the mixture had risen to 23◦C. At this temperature, the solid
AlCl3 dissolved, accompanied by a sudden rise in temperature, which reached ∼35◦C. The
solution became pale yellow in color. After ∼12 min, the temperature dropped to 25◦C,
accompanied by the deposit of a white crystalline precipitate. The shaking of the mixture
was continued for 1 h. The reaction bottle was then placed in a refrigerator at ∼4◦C. After
24 h, the supernatant liquid was poured off, leaving 18 g dry crystalline material, m.p.
370◦C (approximately). A solution of the complex in nitromethane was found to exhibit an
electrical conductivity equivalent to that of a univalent salt in water.

This crystalline complex was dissolved in 200 mL methylene chloride, transferred to
a three-necked 500-mL flask, cooled to 0◦C, and hydrolyzed by adding dropwise (at the
rate of 10 drops/min) 25.3 mL cold concentrated hydrochloric acid (4◦C). The mixture was
stirred for 2 h, beginning with the addition of the first drop of hydrochloric acid. The reaction
flask was immersed in an ice water mixture which kept the temperature between 0◦ and 7◦C
throughout the hydrolysis. The cold mixture was filtered, and the filtrate was distilled to
remove excess solvent, followed by vacuum distillation of the residue at 28 mmHg. The vac-
uum distillate yielded 7.6 g ethyl phosphonyl dichloride as a colorless liquid, b.p. 174.5◦C.

Other references related to the Clay-Kinnear-Perren condensation are cited in the
literature.11
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Clayton-Jensen

Chlorophosphonation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially studied almost coincidently by three groups: Clayton and
Jensen;1 Soborovsky, Zinovyev, and Englin in the pre-Soviet Union;2 and Graf in Germany.3

However, Clayton and Jensen first reported this reaction in 1948,1 although Graf might study
this reaction first whereas had published his result last.4 It is the direct chlorophosphonation
of aliphatic hydrocarbons by treatment of the hydrocarbons with oxygen and phosphorus
trichloride (benzene does not react1). Because this reaction is always contaminated by the
oxidation of phosphorus trichloride to phosphorus oxychloride,4 the yield of phosphonyl
chloride is generally ∼25% based on PCl3 used.1 Even though more than 16 catalysts have
been tested for this reaction, no apparent catalytic effect of these substances has been clearly
found;5 in contrast, sulfuric acid,1 iodine,1 iron powder,5 and boron trifluoride5 actually
inhibit this reaction. In addition, there is no appreciable influence of light on the yield.1

In this reaction, the steric effect is obvious, for example, a 13% yield was obtained for
the reaction of toluene, whereas a 2.3% yield was obtained from diphenylmethane, and no
product at all was yielded from triphenylmethane.6 In addition, this reaction works only for
phosphorus trichloride, not for other phosphorus halides (PBr3, PI3, etc.).1 It is interesting
that, to an extent, a higher yield is obtained when more hydrocarbon is used—for example,
the yield increases from 20.0% to 29.2% when the molar ratio of cyclohexane to PCl3
increases from 0.5 to 2.0; however, a further increase in yield is not detectable when more
cyclohexane is used.5 It is reported that this reaction is not spontaneous when sufficient
pure reagents are used; The apparently spontaneous nature of the reaction arises from the
presence of trace amounts of an initiator in the hydrocarbon.7 Accordingly, no effective
change in yield was found when the reaction was carried out in a temperature range of
−40◦ to 70◦C.5
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Although extensively studies have been carried out by Flurry7 and Mayo,4 a new mech-
anism is proposed here to satisfy most of the experimental results.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of alkyl phosphonyl chlorides,
which are the intermediates for alkyl phosphonic acid and corresponding esters.

F. RELATED REACTIONS

This reaction is related to the Clay-Kinnear-Perren reaction.

G. CITED EXPERIMENTAL EXAMPLES

PCl3 O2
P

O

Cl

Cl
+ +

Reference 4.
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To a flask equipped with an inlet tube, a thermometer and a cold finger condenser contain-
ing powdered dry ice was added 1 eq. cyclohexane and more than 4 eq. PCl3. The flask was
cooled by ice water bath; when the liquid temperature approached that of the bath (1–2◦C),
introduction of oxygen or air was begun. Reaction set in at once, as indicated by rapid rise in
temperature. The rate was limited (in the absence of diluents and inhibitors) by the oxygen
supply, usually so that the reaction temperature did not exceed 15◦C. When the phospho-
rus trichloride was exhausted, or nearly so,the temperature of the reaction mixture quickly
returned to 1–2◦C. Stirring under oxygen was continued for 10–60 min more. The reaction
mixture was then weighed and transferred to a Claisen distilling flask with a side arm like
a Vigreux column and with thermometers to measure both liquid and vapor temperatures.
The bulk of the cyclohexane and phosphorus oxychloride was distilled at atmospheric
pressure up to a residue temperature of ∼160◦C. The residue was then transferred to a
smaller flask, and removal of cyclohexane and phosphorus trichloride was continued up to
a vapor temperature of 50◦C at 20 mmHg pressure. Cyclohexylphosphonyl chloride, easily
separated from other materials, was collected up to 135◦C at 20 mmHg, or near 85◦C at
0.3 mmHg. It was usually colorless, with a melting point in the range of 35–39◦C (m.p. after
recrystallization from petroleum ether, 39.5–40.5◦C). The yield of cyclohexylphosphonyl
chloride (C6H11POCl2) and diphosphonyl chloride [C6H10(POCl2)2] was in the range of
70–90%.

Reference 1.

A total of 41 g 99% pure n-heptane (0.41 mol) was mixed with 224 g PCl3 (1.64 mol) and
bubbled, by means of a sintered glass plate, with oxygen at a slow rate for 5 h. The maximum
temperature was kept below 60◦C by means of a water bath. The light yellow liquid was
distilled at 10 mmHg, phosphorus oxychloride boiling below 90◦C was discarded, and the
fraction boiling between 106◦ and 108◦C was collected in a total amount of 28.1 g; in
addition, ∼16 g of residue was obtained. The narrow boiling fraction, which could not be
made to crystallize, was analyzed for phosphorus and chlorine.

Other references related to the Clayton-Jensen chlorophosphonation are cited in the
literature.8
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Clemmensen Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Clemmensen of Park Davis Co in 1913.1 It is the
reduction of carbonyl groups (in aldehydes and ketones) to methylene groups with zinc
amalgam and hydrochloric acid, and is generally known as the Clemmensen reduction.2 In
some cases, mercury salt (e.g., HgCl2) is not necessary; and the reaction is carried out in
acetic acid with zinc and HCl.3 This reduction is a complementary method for the Wolff-
Kishner Reduction and Minlong Huang Reduction of carbonyl groups with some obvious
advantages, such as the adaptability to base labile and acid stable compounds without the
rearrangement that the Wolff-Kishner Reduction often bears.4 Although the Clemmensen
reduction generally converts carbonyl group into methylene group, it is important to be
aware of a few circumstances in which abnormal reactions occur: (a) the hydroxyl aromat-
ics (isomer of cyclic vinyl ketone) are not reduced; (b) the α-keto acids or α-keto esters
are partially reduced to only α-hydroxyl acids or esters, respectively;5 (c) the reduction
of 1,3-diketones always involves the rearrangement via pinacol-type intermediate;6 (d) the
reduction of 2,2-diphenyl-l,3-indandione gives 2,2-diphenylindan and 1,2-diphenylindene
(the latter is the major product) and the rearrangement of the phenyl group occurs when
the 2 position of indanone is disubstituted;7 (e) the reduction of β-keto esters affords
pure hydrocarbon, which apparently involves both alcoholysis and decarboxylation8 (it
is reported that such event does not occur in absolute alcohol with HCl present9); (f) the
reduction of butyroin gives only 4-octanone, which strangely reduces the hydroxyl group
and leaves the carbonyl group untouched;10 (g) the reduction of benzophenone is not suc-
cessful, giving a resinous product;11 (h) the reduction of acetophenone in dilute hydrochloric
acid gives styrene instead of ethylbenzene;1 (i) the reduction of 2-unsubstituted isoflavone
gives mixtures of isoflavenes;12 (j) the reduction of atom-bridged bicyclic α-aminoketones
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involves two competing reactions—the cleavage of the Cα-N bond and the conversion
of CO to CH2

13—affording rearranged (ring-contraction) or ring-opening products;14 (k)
the reduction of cyclic thioketone affords ring-contraction product;15 and (l) the reduc-
tion of ω-dimethylaminoacetophenone yields the cleavage product ethylbenzene.16 It has
been reported that alcohol is not the intermediate of the Clemmensen reduction, because
under this condition, alcohol will not give hydrocarbon, except for allyl and benzyl alcohol,
which change into chloride.17 In contrast, it is believed that carbonium is involved in this
reduction3c,18 and reaction occurs at the zinc surface. For molecules that are not so soluble
in these reaction conditions, such as keto acids, the addition of alcohol will improve the
yield; however, the resulting acid might also be converted into ester. Under these conditions,
the addition of toluene to the reaction solution will optimize the yield.19

B. GENERAL REACTION SCHEME

R R′

O

HCl R R′
Zn (Hg) R = alkyl, aryl

R' = H, alkyl, aryl

C. PROPOSED MECHANISMS

It is believed that the alcohol is not the intermediate in this reduction; therefore, the
mechanism outlined here is similar to that described by di Vona and Rosnati,17 although
another mechanistic illustration was given by Nakabayashi.18 In this reduction, radical
HgCl· will react similarly, so its reaction path is not given. The new radical ·OHgCl can
be reduced to mercury by zinc, and mercury will again participate in the reaction cycle, as
shown below.

D. MODIFICATION

The addition of water-miscible solvent, such as alcohol, acetic acid, or dioxane, will
facilitate the reduction of keto acids. In addition, transformation of the acid into low melting
point ester and the addition of a certain amount of toluene to retain the ester in a clear surface
layer can simplify the reduction and optimize the yield.19
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E. APPLICATIONS

This reaction has been widely used to convert a carbonyl group into a methylene group,
with important applications in the preparation of polycyclic aromatics20 and aromatics
containing unbranched side hydrocarbon chains,21 the latter is not attainable from the
Friedel-Crafts Alkylation.

F. RELATED REACTIONS

This reaction is a complementary reduction for the Wolff-Kishner Reduction and Minlong
Huang Reduction.

G. CITED EXPERIMENTAL EXAMPLES

O

O
HCl

OZn (Hg)

Reference 22.

To a mixture of 2.0 g zinc powder and 0.10 g HgCl2 was added 20 mL water; the resulting
slurry was shaken thoroughly for 5 min. To it was added 10 mL 18% HCl (1:1 mixture of
H2O and conc. HCl), and the mixture was again shaken vigorously when zinc amalgam was
obtained. To this zinc amalgam was added 2.2 mmol γ-naphthopyrone and 25 mL HCl (4:1
mixture of conc. HCl and H2O), and the contents were refluxed for 3 h. After completion
of the reaction (monitored by TLC), the contents were extracted with diethyl ether. Workup
of the organic layer provided a product that, on purification using column chromatography,
yielded 80% of oily 3,4-dihydro-2,2-dimethylnaphthopyran.

Reference 3b.
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To a solution of 8.0 g 19-formylandrost-4-ene-3,17-dione (26.5 mmol) in 160 mL 50%
acetic acid was added 40.0 g zinc powder. The mixture was stirred for 1.5 h and was
diluted with 500 mL CH2Cl2 and filtered. The filtrate was washed with water and aque-
ous NaHCO3, dried, concentrated (∼ 15 mL) and diluted with Et2O to give 5.0 g (19R)-
19-hydroxy-5β,19-cycloandrostane-3,17-dione (1), in a yield of 62.5%, m.p. 160–167◦C,
which on recrystallization from CH2Cl2–Et2O gave an analytically pure sample, m.p. 169–
179◦C (dec.). A portion of the mother liquor (1 g) on flash column chromatography eluted
with 80% Et2O-LP gave 240 mg estra-5(10)-ene-3,17-dione (4) in a yield of 3.3%, m.p.
144–148◦C, and 130 mg (19R)-19-hydroxy-5β,19-cycloandrostane-3,17-dione (1), m.p.
160–167◦C, and 45 mg of a mixture of (19S)-19-hydroxy-5β,19-cycloandrostane-3,17-
dione (2) and (19S)-3-hydroxy-3β,19-oxido-5β,19-cycloandrostan-17-one (3), in a yield of
0.56%, m.p. 160–165◦C. The wide melting point range observed results from the thermal
instability of the cyclopropanols.

Other references related to the Clemmensen reduction are cited in the literature.23
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150
Cohen Reductive Lithiation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was originally reported coincidently by Cohen1 and Screttas2 in 1978
but was extensively investigated by Cohen.3 It is the formation of organic lithium
compound by reductive lithiation of phenyl thioethers with aromatic radical anions,
and the formed organic lithium compound can react with electrophiles to produce
a variety of molecules. Currently, the aromatic radical anions used include lithium
naphthalenide (LN),4 lithium 1-(dimethylamino)-naphthalenide (LDMAN),3s lithium p,p′-
di-tert-butylbiphenylide (LDBB)3mand lithium 2,6-di-tert-butylnaphthalenide (LDBN).3b

Besides the phenyl-thioethers, the following molecules can also be reduced by the above
aromatic radical anions: acetals,5 allylic and benzylic ethers,3m,6 amines,7 carboxylic acids
and esters,8 epoxides,3p,9 ketones,10 nitriles,11 organic halides,12 selenides,13 sulfates,14

sulfides,7 sulfones,15 and tetrahydrofurans.3m,16 In addition, the versatility of this method
is also shown in the preparation of allylsilane,17 1,3-diol,18 highly crowd amines (from
α-amino nitriles),19 butenyl alcohol (via sigmatropic [2,3] rearrangement),4 and especially
the five-membered carbocycles via the anionic cyclization with good stereoselectivity.3a,4

Unfortunately, the aromatic radical anions involved in this reaction must be generated in
tetrahydrofuran (THF), and no other solvent has been successful for the generation of
such anions with lithium counterions, except for dimethyl ether (DME), which works for
LDMAN.3b It was found that the reductive lithiuation of epoxides and oxetanes involves
the transfer of an electron to an antibonding orbital (LUMO) of the corresponding hetero-
cycle followed by a ring opening to an intermediate containing an oxyanion and a carbon
radical. Two methodologies have been developed to stabilize both the LUMO and the
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684 COHEN REDUCTIVE LITHIATION

formed intermediates, the application of a Lewis acid (e.g., BF3·Et2O) and the introduc-
tion of a vinyl group to the α-position of THF.3m It was reported that during the reductive
lithiation of tetrahydrofurans and tetrahydropyrans, both the axial and the equatorial epimers
predominantly give the axial lithio derivative.3s

B. GENERAL REACTION SCHEME

Other aromatic radical anions are also given here.

Lithium 1-(dimethylamino)- Lithium p,p′-di-tert- Lithium 2,6-di-tert-
naphthalenide (LDMAN). butylbiphenylide (LDBB). butylnaphthalenide (LDBN).

C. PROPOSED MECHANISMS

This reaction involves single electron transfer process as displayed below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has wide application in organic synthesis.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 17.

To a two-necked, round-bottom flask equipped with an argon inlet were added 1.4 mL
THF and 18 mg DBB (0.07 mmol, 0.1 eq.). Small lithium pieces (233 mg, 33.5 mmol,
50 eq.) were prepared and quickly added to the solution of DBB while the flask was rapidly
purged with argon. The mixture was sonicated for 5 min, then cooled to −78◦C. A solution
of 200 mg allylthioether 1 (0.67 mmol, 1 eq.) in 1 mL THF was added to the preformed
solution of LiDBB under argon, and the mixture was stirred until the original dark green color
reappeared; then 146 mg TMSCl (1.34 mmol, 2 eq.) was added. The reaction was maintained
at −78◦C for an additional 5 min, and the resulting solution was filtered to remove the
excess of lithium. The mixture was extracted three times with Et2O. The combined organic
layers were washed with water and brine, dried over MgSO4, and concentrated to dryness.
Purification of the resulting yellow oily residue by chromatography (hexane) yielded 135 mg
of a mixture of structures 2 and 3 in a 8:92 ratio as a colorless oil, in a total yield of 76%,
Rf = 0.78 (hexane).

Reference 20.

A 0.2 M solution of LiDBB in dry THF was prepared according to the reported
procedure.3k The phenylthioacetal (200 mg, 0.468 mmol) was dissolved in 4 mL dry THF,
and to it was added a crystal of 1,10-phenanthroline. The solution was cooled under argon to
−78◦C, and then n-BuLi (2.0 M solution in hexanes) was added dropwise until a permanent
red coloration just appeared (typically 50–100 mL was enough to quench any moisture in
the reaction). The LiDBB solution (4.0 eq.) was added dropwise to the reaction mixture.
Initially, an orange-red color appeared, and addition was continued until a permanent dark
green color persisted. After 5 min, the green reaction mixture was treated with 492 mg
Me2SO4 (370 mL, 3.90 mmol, 6.0 eq.), and then was stirred at −78◦C for 1 h. The reaction
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mixture was quenched with 10% NH4OH/saturated NH4Cl (1:1). The reaction mixture was
extracted with CH2Cl2 (three times), and the combined organic layers were washed with
brine, dried over anhydrous Na2SO4, and evaporated under reduced pressure. The crude
product was purified by chromatography (SiO2). Initially, 20% CH2Cl2/hexanes was used
as the eluent to remove thiophenol and di-tert-butylbiphenyl, followed by 3% tert-butyl-
methyl ether/hexanes to afford 106 mg (2R,4S,5R,6S)-2,4,5-trimethyl-6-hexyl-1,3-dioxane
(0.494 mmol) as a pale yellow oil, in a yield of 76.5%.

Other references related to the Cohen reductive lithiation are cited in the literature.20
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Combes Quinoline Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Combes in 1888.1 It is the synthesis of quinolines
by the condensation of primary aromatic amines with acetoacetone or other β-diketones
followed by cyclization in the presence of sulfuric acid. This method provides a rapid
access to the 2,4-substituted quinoline skeleton;2 but, it suffers from low regioselectivity,3

such as in the case of meta-substituted anilines with two different ortho positions for ring
closure. It was found that polyphosphoric acid is a better catalyst than sulfuric acid for the
cyclization,4 and the factors that affect this reaction have been reviewed by Roberts and
Turner.5

B. GENERAL REACTION SCHEME

NH2

R′ R′′

O O H2SO4

N R′

R′′

+

C. PROPOSED MECHANISMS

This reaction involves a condensation between aniline and β-diketone followed by an
acid-catalyzed cyclization, as displayed here.
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D. MODIFICATION

This reaction has been modified to use polyphosphoric acid as the acidic catalyst to
improve the overall yield.4 In addition, Vilsmeier reagent can be applied to the cyclization
step.6

E. APPLICATIONS

This reaction has a general application in the preparation of quinoline derivatives, espe-
cially for those quinolines with substituents at position 2 and/or 5.

F. RELATED REACTIONS

This reaction is related to the Camps Reaction, Conrad-Limpach Quinoline Synthesis,
Doebner-Miller Reaction, Gould-Jacobs Quinoline Synthesis, Niementowski Reaction, and
Skraup Reaction.

G. CITED EXPERIMENTAL EXAMPLES

MeO NH2 SMe

O

Ph

MeS
n-BuLi

MeO N
H

SMe

O

Ph

MeO N SMe

O

Ph

POCl3/DMF

+ +

Reference 6.
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To a stirred solution of 10 mmol m-methoxyaniline in 50 mL dry THF was added
5.2 mL n-BuLi (12 mmol) under nitrogen atmosphere over a period of 10 min at −78◦C.
The reaction mixture was brought to room temperature and was further stirred for 45 min.
A solution of 10 mmol α-oxoketene-S,S-acetal in 25 mL dry THF was added at 0◦C, and
the reaction mixture was further stirred at room temperature for 2 h. It was refluxed for
18–20 h to complete the reaction, then cooled, poured into 100 mL of saturated NH4Cl
solution, and extracted with CHCl3 (2 × 50 mL). The combined extracts were washed
with water (2 × 50 mL) and brine (50 mL), dried over Na2SO4, and evaporated to give
crude 3-(3-methoxyanilino)-3-methylthio-1-phenylprop-2-en-1-one, which was purified by
column chromatography over silica gel using hexanes/EtOAc as the eluent. A total of
2.45 g of product was obtained, in a yield of 82%. This compound can be further purified
by recrystallization from CHCl3/hexane to afford light yellow crystals, m.p. 75–76◦C,
Rf = 0.59 (9:1 hexanes/EtOAc).

A solution of 5 mmol α-oxoketene-N,S-acetal in 5 mL DMF (or DMA, Cl2CHCHCl2)
was added dropwise at 0◦C to a solution of Vilsmeier reagent prepared from 0.7 mL POCl3
(7.5 mmol) and 7.5 mmol DMF or DMA at 0–5◦C under nitrogen atmosphere. After fur-
ther stirring for 5–6 h at room temperature, the reaction mixture was heated to 80–90◦C
for 3–4 h (monitored by TLC). It was then cooled, poured into 100 mL ice cold saturated
NaHCO3 solution, and extracted with chloroform (4 × 50 mL). The combined organic
extracts were washed with water (3 × 50 mL) and 25 mL brine and dried over Na2SO4;
the solvent was evaporated under reduced pressure to afford crude 3-benzoyl-7-methoxy-2-
methylthioquinoline, which was purified by column chromatography over silica gel using
hexanes/EtOAc as the eluent; 1.25 g quinoline was obtained, in a yield of 81%. This quino-
line can be further purified by recrystallization from CHCl3/hexane to afford a light yellow
solid, m.p. 105–106◦C, Rf = 0.60 (9:1 hexanes/EtOAc).

NH2

O O H
N Me

Me

O

PPA
N Me

Me

Reference 4.

3-Aminoacenaphthene (8.68 g, 51.3 mmol) and 13 mL 2,4-pentanedione (127 mmol)
were mixed and heated for 16 h at 100◦C. The mixture was cooled, and the
product was recrystallized from benzene-hexanes to give 10.0 g 3-[(l-methyl-3-oxobut-
l-enyl)amino]acenaphthene as light brown crystals (39.8 mmol), in a yield of 78%, m.p.
150–152◦C.

The enamine (0.45 g, 1.79 mmol) was mixed in a Pyrex tube with 10 g polyphosphoric
acid. The mixture was heated gradually to 160–170◦C with stirring. After all of the solid
had dissolved (∼ 2 h), the tube was cooled, water was added, and the reaction mixture was
quenched with excess aqueous NaOH. The resulting mixture was extracted with 200 mL
ether, and the extract was washed with water and dried over Na2SO4. Evaporation of the
solvent gave 0.42 g pure yellow-orange 7,9-dimethyl-l0-azaaceanthrene, in a yield of 100%,
m.p. 164–166◦C.

Other references related to the Combes quinoline synthesis are cited in the literature.7
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Conrad-Limpach Quinoline

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Conrad and Limpach in 1887.1 It is the syn-
thesis of 4-quinolones, which often isomerize (or aromatize) to 4-hydroxyquinolines
through the thermal condensation of primary aromatic amines with the carbonyl group
of β-ketoesters followed by the cyclization of Schiff base intermediates (alkyl β-
arylaminocrotonates). Therefore, it is known as the Conrad-Limpach quinoline synthesis2

or Conrad-Limpach synthesis.3 However, during the condensation of primary aromatic
amines with β-ketoesters, the amino group might also react at the ester group of β-
ketoesters to form β-ketoacetamide intermediates (isomerize to ketoacetanilides), which
cyclize to 2-hydroxyquinolines; this type of conversion was initially discovered on Knorr
in 1886.4 Therefore, the Conrad-Limpach quinoline synthesis sometimes is also referred
to as Conrad-Limpach-Knorr quinolone synthesis,5 Conrad-Limpach-Knorr reaction,6 and
Knorr-Conrad-Limpach method.7 Nevertheless, there are still some distinctive differences
between these two reactions. For example, β-ketoesters are used in Conrad-Limpach quino-
line synthesis, whereas ethyl acetoacetate is mostly used in the Knorr Quinoline Synthesis,
in addition, higher temperature of condensation results in the Knorr product, whereas
moderate or lower temperatures lead to the Conrad-Limpach product.6 Furthermore, the
presence of iodine or an acidic catalyst is often necessary for the Conrad-Limpach quino-
line synthesis.6 In this reaction, the condensed intermediates have seldom been isolated and
characterized because, in most cases, these intermediates are viscous oils that are directly
subjected to thermal cyclization.8 During the cyclization, the protonated carbonyl group
will function as an electrophile, whereas the aromatic ring acts as a nucleophile;9 if an
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electron-withdrawing group exists on the aromatic ring, such as a nitro group, then the
cyclization is difficult.6,7,10 Similarly, as a poor nucleophile, 3-aminopyridine is difficult
to react with β-ketoesters to form naphthyridine;9 it is surprising, however, that 2,6-
diaminopyridine reacts conveniently to afford naphthyridine even at room temperature,11

this is likely attributed to the distribution of an electron cloud to the pyridyl ring from the
two strong electron-donating amino groups.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is a general illustration of the reaction.

D. MODIFICATION

This reaction has been modified for the use of acetoacetonitriles12 and Meldrum’s acid13

instead of β-ketoesters to afford 4-hydroxyquinolines.

E. APPLICATIONS

This reaction is generally good for the synthesis of 4-hydroxyquinolines and 4-
quinolones.
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F. RELATED REACTIONS

This reaction is related to the Camps Reaction, Combes Quinoline Synthesis, Doebner-
Miller Reaction, Gould-Jacobs Quinoline Synthesis, Niementowski Reaction and Skraup
Reaction.

G. CITED EXPERIMENTAL EXAMPLES

NH2MeO

OBn

TBSO
NHCBZ

N
H

MeO

OBn

TBSO
NHCBZ

O

O
O

O

∆

Ph2O

N
H

MeO

OBn

TBSO

NHCBZ

O

O O

O O

HC(OMe)3+ +

∆

Reference 13.

Meldrum’s acid (0.413 g, 2.87 mmol) was refluxed under nitrogen in 35 mL trimethyl
orthoformate for 2 h. O-Benzyl N-2-(5-amino-4-benzyloxy-3-methoxyphenyl)-2-(tert-
butyldimethylsilyloxy)ethyl carbamate (1.14 g, 2.39 mmol) dissolved in 15 mL trimethyl
orthoformate, was added to the solution of Meldrum’s acid, and the mixture was refluxed
for 4 h. The solvent was removed in vacuo and the residue was subjected to flash
chromatography (2:1 hexane/EtOAc) to give 1.00 g 5-[5-[2-(benzyloxycarbonylamino)-
1-(tert-butyldimethylsilyloxy)ethyl]-2-benzyloxy-3-methoxyphenylaminomethylene]-2,2-
dimethyl-1,3-dioxane-4,6-dione as a white solid, in a yield of 87%, m.p. 110–111◦C after
recrystallization from EtOAc/hexanes.

To a solution of 100 mL diphenyl ether was added 1.09 g 1,3-dioxane-4,6-dione
(1.57 mmol). A stream of nitrogen was passed through the solution for 20 min and the
flask was then lowered into a large silicone oil bath preheated to 240◦C. The temper-
ature of the bath dropped to 225◦C and rose again to 240◦C in 5–7 min. The solution
was stirred in the bath for a total of 18 min, then removed and allowed to cool. The
solvent was removed under vacuum (0.1 mmHg, 110◦C). Flash chromatography (1:2
to 6:1 hexanes/EtOAc) gave 0.326 g O-benzyl N-2-(tert-butyldimethylsilyloxy)-2-[8-
benzyloxy-7-methoxy-4(1H)-quinolinon-5-yl]ethyl carbamate as a tan solid, in a yield of
35%. An analytical sample, m.p. 63–65◦C, was obtained by recrystallization from EtOAc/
hexanes.
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Reference 5.

An equal molar amount (0.02 mol) of o-nitroaniline and dimethyl acetylenedicarboxylate
was mixed in 100 mL anhydrous methanol and refluxed for 24–48 h. The reaction mixture
was cooled in ice, and the precipitated product was removed by filtration. Successive crystal
crops were obtained by concentration in vacuo of the mother liquors to give 95% of a Michael
Addition product, m.p. 130–131◦C.

A paste, formed from intimately mixing 2–4 g Michael adduct with 20–30 g polyphos-
phoric acid, was heated with stirring at 140–180◦C for 30 min. Considerable foaming
resulted, and the mixture turned progressively darker. After cooling to 100◦C, the viscous
solution was poured into a mixture of chopped ice and water and scratched with a glass rod
to induce crystallization. If allowed to stand at ice bath temperatures for 5–10 h before filtra-
tion, the filterability of the product was improved. The solid, removed by vacuum filtration,
was air dried and recrystallized from methanol. The sample was purified by sublimation at
0.5 mmHg at 20◦C under its melting point, the yield was 47%, m.p. 195◦C.

Other references related to the Conrad-Limpach quinoline synthesis are cited in the
literature.14
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Cope Elimination

(Cope Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Wolffenstein in 1898.1 It is the synthesis of olefins
from thermal decomposition (i.e., pyrolysis) of N-oxides of tertiary amines. However, this
reaction did not drawn much attention until 1949, when Cope extensively explored its scope
and mechanism.2 Therefore, this reaction is referred to as the Cope-Mamlock-Wolffenstein
hydroxylamine elimination,3 but is more generally known as the Cope elimination4 or Cope
reaction.3,5 On the other hand, the reversal process of this reaction (e.g., the addition of
hydroxylamine to double bond) is generally referred to as the reverse Cope elimination6 or
retro-Cope elimination.7 This reaction is cleanly first order in substrate,4o and undergoes an
intramolecular five-membered cyclic synchronous transition state,4g in which hydrogen and
nitrogen are coplanar.4p An isotopic labeling study indicates that both the C-H and the C-N
bond cleavage may be well advanced at the transition state, with considerable development
of double-bond character.4m The pyrolysis of tertiary amine oxides occurs in the temperature
range of 120–150◦C without any solvent present;4o however, this pyrolysis can occur under
extremely mild conditions and even at room temperature when dimethyl sulfoxide is used
as a solvent.4o The order of the eliminating alkyl group after correction for the number of
available β-hydrogen atoms is p-phenylethyl >> t-butyl > isobutyl ∼ isopropyl ∼ n-decyl
> n-butyl > isoamyl > ethyl > n-propyl.2g Of particular preparative importance is that
this reaction is free from side reactions compared to other eliminations,4p and it produces
medium-size trans olefins during the elimination2i,2j (with same exceptions4m), especially
for the highly strained bridge double bond.4l However, the pyrolysis of allyldialkylamine
oxides and benzyldimethylamine oxide at temperatures of 80–165◦C, result in the migra-
tion of the allyl and benzyl groups from the nitrogen to the oxygen atom, instead of an
elimination.9 This reaction has also been studied theoretically.4g,10
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B. GENERAL REACTION SCHEME

N RR

O

∆

R

N

R

OH+ R = Me, Et, Pr

C. PROPOSED MECHANISMS

This reaction involves an intramolecular five-membered cyclic synchronous transition
state, as displayed below.

D. MODIFICATION

This reaction has been modified to occur at extremely mild conditions in a solvent of
DMSO.4o In addition, the sila-Cope elimination has recently been developed.11

E. APPLICATIONS

This reaction has general application in the preparation of olefins.

F. RELATED REACTIONS

This reaction is related to the Bamford-Stevens Reaction, Chugaev Reaction, Hofmann
Elimination and Ramberg-Bäcklund Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2k.

N,N-Dimethyl-(α-phenylethy1)-amine (11.0 g) was stirred with 18.3 g 35% aqueous
hydrogen peroxide (150% excess) for 11 h at room temperature. The excess hydrogen
peroxide was decomposed by stirring the mixture with 8 cm2 of clean platinum foil until
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the evolution of oxygen ceased. Most of the water was removed by distillation at 35 mmHg
pressure and a bath temperature of 45–55◦C; the distillate and material that condensed
in a trap cooled with a mixture of dry ice and trichloroethylene in the vacuum line were
saved. The residual syrup was diluted with 25 mL absolute ethanol and concentrated again
under reduced pressure while nitrogen was admitted through a capillary ebulliator inlet.
The process was repeated twice to remove as much water as possible. The amine oxide
remained as a viscous syrup, which from its odor contained a small amount of styrene.

A 100-mL round-bottomed flask fitted with a capillary nitrogen inlet and containing the
tertiary amine oxide was connected by a large-diameter tube to a condenser set for distil-
lation, which led to two receivers in series cooled in a mixture of dry ice and trichloroethy-
lene. The system was evacuated to 5 mmHg, and the flask was immersed in an oil bath at
85◦C. The bath temperature was slowly raised to 115◦C over 35 min, at which time almost
all of the material had distilled. The bath temperature was raised to 150◦C to complete the
distillation; 0.35 g of a tarry residue remained. The distillate was combined with the distillate
obtained in concentration of the amine oxide solution, pentane was added as a solvent, and
the mixture was washed with dilute hydrochloric acid. The acid solution was extracted with
pentane, and the pentane solutions were washed with water until neutral. The combined
aqueous layers containing hydrochloric acid were concentrated under reduced pressure to
a crystalline residue, which was dried by adding absolute alcohol, reconcentrating under
reduced pressure, and placing in a vacuum desiccator over phosphorus pentoxide. The yield
of N,N-dimethylhydroxylamine hydrochloride was 6.73 g (94%), m.p. 101–104◦C (sealed
capillary).

The pentane solution containing the neutral product was dried over magnesium sulfate
and concentrated at atmospheric pressure, after the addition of a crystal of picric acid as a
polymerization inhibitor. Distillation of the residue afforded 5.34 g styrene, in a yield of
70%, b.p. 82–83◦C at 102 mmHg.

N
H2O2 N

O

∆

Reference 2d.

N,N-Dimethyl-D-neomenthylamine was oxidized, and the resulting amine oxide
(5.85 g) was pyrolyzed in a round-bottomed flask equipped with a capillary nitrogen inlet
and connected through a Vigreux column to two traps in series and cooled in a dry ice acetone
mixture. The flask was heated to 90–130◦C (7 mmHg) for 30 min and raised to 160◦C. The
contents of the traps were allowed to melt and then were combined and diluted with 40 mL
pentane. The pentane solution was extracted with hydrochloric acid, which when treated
with excess sodium hydroxide solution, gave 0.54 g N,N-dimethyl-D-neomenthylamine
(9% recovered), b.p., 87–92◦C (10 mmHg). After being washed and then evaporated, the
pentane solution yielded 3.38 g menthene in a yield of 77%, b.p., 97–98◦C (80 mmHg).
(Note: The procedure was completely reorganized according to the described experiment.)

Other references related to the Cope elimination are cited in the literature.12
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Cope Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Cope and Hardy in 1940.1 It is the thermal isomer-
ization of a 1,5-diene through the highly stereoselective [3,3] sigmatropic rearrangement
leading to a more stable 1,5-diene and is generally known as the Cope rearrangement.2

From 1940, the Cope rearrangement and its variants have been extensively explored, and
the comparable variants include the amino-Cope rearrangement,3 aza-Cope rearrangement4

(or aza-Cope reaction5), diaza-Cope rearrangement,6 oxaza-Cope rearrangement,7

oxonia-Cope rearrangement,8 oxy-Cope rearrangement9 (or oxa-Cope rearrangement10),
sila-Cope rearrangement11 (or silyoxy12 or silylox-Cope rearrangement13), and thio-Cope
rearrangement.14 On the one hand, the Cope rearrangement can be either thermally15

or photochemically16 activated; on the other hand, it also can be catalyzed by acid,8e,17

antibody,18 and enzyme19 or mediated via an indium atom.9o For this popular rearrange-
ment, a few mechanisms have been proposed; a stepwise mechanism20 (or two-step
mechanism20b,21), a mechanism with a diradical character22 (via dissociation into a
pair of resonance stabilized allyl radicals followed by ring closure21), and a concerted
mechanism.8e,23 Much experimental evidence favors the concerted mechanism, and it has
been reported that the stepwise mechanism occurs only in cases with strong radical stabiliz-
ing substituents at C2 and C5, such as the reaction of 2,5-diphenyl-1,5-hexadiene;21 and the
mechanism with the diradical character is even less popular.21 In the Cope rearrangement
via the concerted mechanism, the chair-like transition state is favored,24 and the transition
state is not polarized; as a result, no apparent solvent effect has been observed when decane
and anisole are used as solvents.23b It should be pointed out that besides the reaction in the
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solution phase, the Cope rearrangement can also occur in a vapor phase.16 Although most
of the rearrangements involve the double allylic alternation, single Allylic Rearrangement
has also been observed,25 for which the term oxy-Cope rearrangement9 has been proposed.
Besides extensive experimental studies, comparable theoretical studies have been carried
out.21,22,26 It is important to note that when a hydroxyl group appears at position 3 of the
1,5-diene, the rearrangement rate is extremely accelerated, especially when such a molecule
is treated with a strong base, such as potassium hydride (KH), the reaction rate can be 1010–
1017 faster than the normal Cope rearrangement.27 This fast Cope rearrangement is known
simply as the oxy-Cope rearrangement.9,15,25 When two hydroxyl groups occur at positions
3 and 4, the rearrangement occurs at a temperature as low as –78◦C.28 The driving force
for the neutral or anionic oxy-Cope rearrangement is to form an enol or enolate, which can
irreversibly tautomerize to the corresponding carbonyl compound. It has been reported that
the fast rate for the oxy-Cope rearrangement is due to the bond-weakening effect of the
anionic alkoxy group on the adjacent C3-C4 bond;29 as a result, the reaction runs faster
when the alkoxy anion is more naked (modulated by the application of a larger counterion
and crown ether).30 In addition, when the unsaturation of 1,5-diene is extended (i.e., more
double-bond conjugated to the 1,5-diene), the rearrangement is even faster.9n This reaction
has been extensively reviewed.31

B. GENERAL REACTION SCHEME

R R

∆

Cope rearrangement. Diaza-Cope rearrangement.

HO O

∆

Thia-Cope rearrangement. Oxy-Cope rearrangement.

Oxonia-Cope rearrangement.

C. PROPOSED MECHANISMS

In most cases, this reaction involves a concert mechanism, as simply displayed here.

R R

∆
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D. MODIFICATION

This reaction is very popular and has been extensively studied and modified. The mod-
ifications include the different variants of the Cope rearrangements outlined earlier. In
addition, this reaction has been modified to proceed by means of indium metal,9o acid,8e,17

antibody,18 and enzymes.19

E. APPLICATIONS

This reaction has very broad applications in modern organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Claisen Rearrangement and its variants.

G. CITED EXPERIMENTAL EXAMPLES

Reference 32.

A solution of 74 mg (R, 2E)-methyl 4-((S)-1,4-dihydro-1-methylnaphthalen-1-yl)hex-
2-enoate (98.4% e.e.) in 5 mL toluene was refluxed for 6 h. Toluene was evaporated, and the
residue was purified by flash chromatography on silica gel (20:1 pentane/ether eluent) to
provide 68 mg (S, 3E)-methyl 2-((R)-1,2-dihydro-4-methylnaphthalen-2-yl)hex-3-enoate
as a colorless oil (98.0% e.e.), in a yield of 92%, Rf = 0.38 (10:1 pentane/ether).

O
OH

H

O

O

2.1:1 cis/trans

Reference 9p.

To a solution of 80.0 mg 18-crown-6 in 5 mL THF was added 50 mg alcohol (0.277 mmol)
by syringe. After being cooled to -40oC, 0.60 mL KHMDS solution in toluene (0.5 M,
0.30 mmol) was added dropwise, and the solution was stirred for 1 h. While still cold,
the reaction mixture was poured into 30 mL 1 N HCl solution and extracted with EtOAc
(2 × 30 mL). The combined organic extracts were dried over MgSO4 and concentrated in
vacuo. The remaining residue was purified by chromatography (4:1 hexanes/ether) to give
27.0 mg cis-cyclic ketone (0.150 mmol, 54% yield) as the less polar product and 13.0 mg
trans-cyclic ketone (0.072 mmol, 26% yield) as the more polar product.
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Other references related to the Cope rearrangement and oxy-Cope rearrangement are
cited in the literature.33
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Corey-Bakshi-Shibata

Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Core, and co-workers in 1987.1 It is a reduction
of ketone by borane in the presence of a chiral oxazaborolidine catalyst, with excellent
enantioselectivity, high chemical yield,2 high turnover of the catalyst, and exceptional
rate enhancement.3 Therefore, this reaction is often known as the Corey-Bakshi-Shibata
reduction,4 or simply the CBS reduction.5 Occasionally, this reaction is also referred to
as the Corey-Bakshi-Shibata asymmetric reduction.6 Likewise, the chiral oxazaborolidine,
known as the Corey-Bakshi-Shibata catalyst7 or the CBS catalyst,2,7 is a small molecule
with multifunctionality.3 The endocyclic boron-methylated catalyst shows a superior air
and moisture stability5c,5d that can be weighed in the open air.3 It was proposed that this
reduction undergoes a catalytic cycle in four principal steps: the coordination of the nitrogen
atom of the Lewis base to borane, complexation of the ketone to the endocyclic boron (func-
tioning as Lewis acid) via the Lewis acid–base interaction, hydride transfer from borane to
the carbonyl carbon, and dissociation of the alkoxyborane moiety and regeneration of the
catalyst.5c It is reported that up to two of the three hydrides of borane can be transferred
for reduction.8 On the one hand, this reaction has been extensively modified experimen-
tally, including variations of the catalyst,9 borane reagent,10 order and rate of addition,8c

solvent,8c and temperature.8b This reaction has also been investigated theoretically,5c,11

especially from the work of Nevalainen.12 This reaction has been reviewed several
times.13
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The reaction involves the coordination of a nitrogen atom to borane, the carbonyl group
to the endocyclic boron atom and subsequent hydride transfer and decomposition of the
alkoxyborane intermediate to the chiral alcohol.

D. MODIFICATION

This reaction has been modified to have a methyl group attach to the endocyclic boron
atom of the CBS catalyst.3,5c,5d

E. APPLICATIONS

This reaction has a general application in the stereospecific transformation of prochiral
ketones into secondary alcohols.

F. RELATED REACTIONS

This reaction is related to the Brown Hydroboration.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 4e.

In a 100-mL dry Schlenk flask were added 2.0 mmol amino alcohol, 2.1 mmol phenyl-
boronic acid, and 40 mL dry toluene. The suspension mixture was heated to reflux in an
atmosphere of argon for 24 h with azeotropic removal of water, which was trapped by
10 g 4-Å molecular sieves placed in a pressure-equalizing dropping funnel between the
flask and the condenser. The toluene was then removed in vacuo,and the residue was
purified by Kugelrohr distillation (215–220◦C, 0.5 mbar) to give 93% pure (S)-1,3,3-
triphenylperhydropyrrolo[1,2-c][1,2,3]oxazaborole.

Reference 2.

To 20 mL of a 0.074 M solution of catalyst in THF at 0◦C was added 1.77 mL
1 M BH3·THF. This was followed quickly by the addition of 0.35 g acetophenone
(2.94 mmol) in 0.5 mL THF. The solution was stirred for 30 min at room temperature,
treated with 5 mL 0.5 M HCl, and stirred for an additional 10 min. The solution was
extracted twice with Et2O. The extracts were washed with brine, dried over Na2SO4, and
concentrated. A GC analysis indicated a yield of 100% with 85.5% e.e.

Other references related to the Corey-Bakshi-Shibata reduction are cited in the
literature.14
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Corey-Chaykovsky

Epoxidation
(Corey-Chaykovsky Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was first reported by Johnson in 1958,1 it was Corey and
Chaykovsky who extensively explored its scope in the 1960s.2 It is the preparation of
monosubstituted or geminally disubstituted epoxides from aldehydes or ketones with
either methylsulfonium or methyloxosulfonium ylides. Therefore, it is often known
as the Corey-Chaykovsky reaction;3 and occasionally, it is also referred to as Corey-
Chaykovsky epoxide synthesis,4 Corey-Chaykovsky epoxidation,5 or Corey-Chaykovsky
oxiranylation.6 Likewise, methylsulfonium or methyloxosulfonium ylide is known as the
Corey-Chaykovsky reagent.7 Traditionally, trimethylsulfoxonium ylide (Me2S=CH2) is
prepared from trimethyl sulfoxonium iodide with NaH in DMSO that is stable at 0◦C
in an inert atmosphere and condenses with carbonyl compounds at 0–25◦C.4 Trimethy-
loxosulfonium ylide (Me2S(O)=CH2) reacts at temperature of 50◦C.4 In this reaction, the
ylide behaves as a nucleophile at the initial stage, and epoxide is formed from a backside
attack of an oxido anion on the β-carbon.3d It has been reported that pentacoordinate 1,2λ4-
oxathietanes are intermediates in the addition step of this reaction.3d A few mechanisms
have been proposed for this epoxidation, including the concerted mechanism, anti-addition,
and torsional rotation pathways;3b however, it has been reported that the concerted mech-
anism is not favorable, and the trans epoxides are formed via the anti-addition pathway.3b

This reaction has been modified to start from a dry mixture of trimethylsulfonium salt with
potassium tert-butoxide and NaH, which remain stable, and the ylide is generated upon
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the addition of DMSO or a DMSO/THF solution of carbonyl compounds.4 Similar to the
Wittig Reaction, the Corey-Chaykovsky ylide leads to the formation of olefin,8 as shown
by the reaction with benzophenone at 75–100◦C.9 Furthermore, the ylide can add to alkene
to form cyclopropane,3c imines to give aziridines,10 etc. This reaction has been made cat-
alytically in two phases.11 It has been reported that if chiral sulfur ylides are used, optical
active epoxides can be obtained from the achiral aldehydes and ketones.12 So far, different
chiral sulfur ylides have been designed as shown in reaction scheme.

B. GENERAL REACTION SCHEME

SR

OR′

SMe OMe

S
CH3

Et
BF4

O S

–

+

Trost12a Furukawa12b Solladié-Cavallo12e−12j

SBnOCH2 CH2OBn
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SBnOCH2 CH2OBn

CH2Ph

BnO OBn

ClO4
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CH2Ph

TBDMSO OTBDMS

ClO4

+ + +

– – –

Durst12c−12d

OMe
SCH2Ph

OMe
SCH3

SMe Me SR

Dai12k Metzner12l−12n Aggarwal12o

C. PROPOSED MECHANISMS

The mechanism is demonstrated by the reaction between trimethylsulfoxonium ylide
and a general ketone, as shown here.
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D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 3c.

To a solution of 0.10 g five-membered oxosulfonium salt (0.31 mmol) in 2 mL dry
THF was added dropwise a solution of 0.32 mL 1 M lithium bis(trimethylsilyl)amide
(0.32 mmol), and the mixture was stirred at room temperature for 10 min. A solution
of 0.03 g 4-hexen-3-one (0.31 mmol) in 2 mL dry THF was then added dropwise to the
mixture, and the resulting solution was stirred for 14 h. The mixture was quenched with
water and extracted with CH2Cl2. The combined organic layers were washed with brine,
dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel using EtOAc/CHCl3 (1:1) as an eluent to give 98%
of product as a colorless liquid.

Me
S

Me

O

Me

Cl– NaH/THF

PhCHO

O

+

Reference 2a.

The ylide was prepared by refluxing a mixture of 0.04 mol sodium hydride, 5.12 g
(0.04 mol) trimethyloxosulfonium chloride, and 30 mL dry tetrahydrofuran under nitrogen
until the evolution of hydrogen ceased (∼2 h). With the reaction mixture held at 55◦C, a
solution of 3.18 g (0.03 mol) benzaldehyde in 30 mL dry tetrahydrofuran was slowly added
dropwise with stirring over a period of 1.5 h and the reaction mixture was then stirred at 55◦C
for an additional hour. The mixture was concentrated under reduced pressure (generated
by a water aspirator) to a volume of ∼10 mL, then 50 mL water was added. The mixture
was extracted with pentane (some resinous material remained in the aqueous phase). The
combined pentane extracts were dried over anhydrous sodium sulfate and evaporated; the
pale yellow residue was evaporatively distilled at 80◦C (5.0 mmHg) to yield 2.0 g of colorless
styrene oxide, in a yield of 55.6%.

Other references related to the Corey-Chaykovsky epoxidation are cited in the
literature.13
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Corey-Fuchs Reaction

(Corey-Fuchs Dibromoolefination,
Corey-Fuchs Homologation,

Corey-Fuchs Olefination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Corey and Fuchs in 1972.1 It is a two-step process
to prepare a terminal alkyne with one-carbon homologation of an aldehyde or to prepare
an alkyne derivative by the treatment of the alkynide intermediate with an electrophile
before an aqueous workup. Therefore, it is generally known as the Corey-Fuchs reaction.2

Occasionally, it is also referred to as the Corey-Fuchs dibromoolefination3 and Corey-
Fuchs homologation.4 In this reaction, the first step is the reaction of an aldehyde with
PPh3 and carbon tetrahalide1,5 or haloform6 to form dihaloalkene, and the second step
involves the treatment of dihaloalkene with a base (e.g., BuLi,7 LDA,5 or KOtBu6) to
generate a haloalkyne that undergoes metal-halogen exchange to give lithium alkynide.
Aqueous workup of such lithium alkynide affords the corresponding terminal alkyne,
whereas the treatment of this intermediate with an electrophile before workup generates
alkyne derivatives.8 Therefore, this reaction is also known as the Corey-Fuchs ethynylation.9

In addition, because dihaloalkene is formed as a reaction intermediate that can be obtained
before the treatment with a strong base, this reaction is also referred to as the Corey-Fuchs
olefination.10
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Provided below is a simple illustration of the reaction mechanism.

D. MODIFICATION

Haloform has been applied to this reaction.6 In addition, zinc dust has been added to the
procedure to prepare dibromoalkene with an improved yield.11

E. APPLICATIONS

This reaction has general application in the preparation of alkyne derivatives, especially
for the terminal alkynes.

F. RELATED REACTIONS

This reaction is related to the Wittig Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

CHO

OTBS

1) PPh3, Zn, CBr4

OTBS

2) BuLi/THF

Reference 11.

To a mixture of 1.45 g PPh3 (5.51 mmol) and 0.36 g zinc dust (5.51 mmol) in 20 mL
CH2Cl2 was added 1.83 g CBr4 (5.51 mmol) at 0◦C. The resultant yellow slurry was stirred
at 0◦C for 15 min and 23◦C for 15 min. The solution of 1.14 g (2E,4R,5R,6E,8S)-2,4,6,8-
tetramethyl-5-(t-butyldimethylsilyloxy)-10-phenyl-2,6-decadien-1-al (2.755 mmol) in
8 mL CH2Cl2 was then added via cannula. The resulting reaction mixture was stirred
at 23◦C for 6 h. Pentane (100 mL) was added, and the precipitates formed were filtered
off through Celite. The solid residue was dissolved in 10 mL CH2Cl2, reprecipitated with
30 mL pentane, and filtered again. This process was repeated for a total of three times.
The combined pentane filtrates were concentrated, and the resulting liquid was purified
on silica gel (1% EtOAc/hexanes) to give 1.54 g (3E,5R,6R,7E,9S)-1,1-dibromo-3,5,7,9-
tetramethyl-6-(t-butyldimethylsilyloxy)-11-phenyl-1,3,7-undecatriene as a colorless oil, in
a yield of 98%.

To a stirring solution of 1.52 g (3E,5R,6R,7E,9S)-1,1-dibromo-3,5,7,9-tetramethyl-6-
(t-butyldimethylsilyloxy)-11-phenyl-1,3,7-undecatriene (2.66 mmol) in 14 mL THF cooled
to –78◦C was added 2.23 mL 2.5 M n-BuLi in hexanes (5.59 mmol). The resulting yel-
low solution was stirred at −78◦C for 15 min then warmed to 0◦C and stirred at 0◦C
for 30 min. Saturated NH4Cl solution was added. The mixture was diluted with ether
and washed with brine until pH = 7. The combined organic layers were dried over
MgSO4 and concentrated. Flash chromatography (silica gel, 1% EtOAc/hexanes) gave
1.01 g (3E,5R,6R,7E,9S)-3,5,7,9-tetramethyl-6-(t-butyldimethylsilyloxy)-11-phenyl-3,7-
undecadien-1-yne as a colorless oil, in a yield of 92%.

N H

O

Boc

 PPh3, CBr4, Et3N
N

Boc

Br Br

I2 N

Boc

IBuLi/THF

Reference 10d.

To a cold (−40◦C) solution of 8.87 g PPh3 (33.82 mmol, 6.4 eq.) in 140 mL dry CH2Cl2
was slowly added 5.61 g CBr4 (16.91 mmol, 3.2 eq.) in 20 mL CH2Cl2 under nitrogen.
After 15 min of stirring, 15.5 mL NEt3 (0.111 mol, 12.51 eq.) was added, and the flask
was cooled to −78◦C. Then, 1.2 g 2-(2-oxoethyl)-1-piperidinecarboxylic acid tert-butyl
ester (5.28 mmol, 1 eq.) in 20 mL CH2Cl2 was added. The temperature reached 0◦C over
2 h and the reaction mixture was quenched with water followed by the addition of 10 mL
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30% H2O2. After being stirred for 15 min at room temperature, the product was extracted
with CH2Cl2. The combined organic layers were dried over MgSO4 and concentrated. The
residue was purified by flash chromatography on silica gel (petroleum ether/EtOAc, 19:1)
to furnish 1.77 g 2-(3,3-dibromo-2-propenyl)-1-piperidinecarboxylic acid tert-butyl ester
as a white solide, in a yield of 87%, m.p. 135◦C.

n-BuLi (5.55 mL, 12.49 mmol, 2 eq.) was added dropwise under nitrogen to 30 mL
THF solution containing 2.39 g dibromide (6.25 mmol, 1 eq.) at −78◦C. After being stirred
for 1 h, the solution was warmed to 0◦C, and 2.38 g iodine (9.37 mmol, 1.5 eq.) in 20 mL
THF was added. After being stirred overnight at room temperature, the reaction mixture was
quenched with a saturated Na2S2O3 solution. The aqueous layer was extracted with CH2Cl2.
The combined organic layers were dried over MgSO4 and concentrated to give 2.16 g 2-(3-
iodo-2-propynyl)-1-piperidinecarboxylic acid tert-butyl ester as a slightly yellow solid, in
a yield of 99%, m.p.139◦C.

Other references related to the Corey-Fuchs reaction are cited in the literature. 12
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Corey-Gilman-Ganem

Oxidation
(Corey-Ganem Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Corey and co-workers in 1968.1 It is an efficient
synthesis of α,β-unsaturated esters by treatment of α,β-unsaturated aldehydes (or allyl
alcohols) with manganese dioxide and potassium cyanide in a proper alcohol. This reaction is
thus known as the Corey-Gilman-Ganem oxidation2 in general or simply the Corey-Ganem
oxidatin.3

It should be pointed out that manganese dioxide is a mild oxidant that usually converts
primary allylic alcohols into conjugated aldehydes without significant further oxidation to
carboxylic acids.4,5 However, in the presence of HCN and cyanide, the α,β-unsaturated
aldehydes could be converted into cyanohydrins, which are susceptible to the oxidation
of MnO2 to acyl cyanides. In the presence of an alcohol, the α,β-unsaturated esters are
obtained.1 It should be emphasized that this reaction works only for α,β-unsaturated alde-
hydes and will not cause any cis-trans isomerization for the α,β-unsaturated double bond.1

For example, benzaldehyde (> 95%), cinnamaldehyde (> 95%), furfural (> 95%), geranial
(85–95%), and farnesal (> 95%) have all been transformed into the corresponding methyl
esters.1

For comparison, silver oxide (Ag2O) is usually applied to convert a saturated aldehyde
into a carboxylic acid; when it is used for α,β-unsaturated aldehydes, it usually causes an
undesired cis-trans isomerization for the α,β-unsaturated bond as well as other base-induced
side reactions.1 However, in the presence of potassium cyanide, the more powerful oxidant of
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argentic oxide (AgO) oxidizes the α,β-unsaturated aldehydes only into the corresponding
carboxylic acids. Therefore, either methyl ester (with active MnO2) or carboxylic acid
(with AgO) could be obtained as expected.1 Unfortunately, this reaction fails to oxidize
piperonal2 and allyl alcohols with extended conjugation;6 in addition, this reaction may
have the potential problem of the conjugate addition from cyanide ion.

B. GENERAL REACTION SCHEME

H

O

MeOH
OMe

O

MnO2/KCN

C. PROPOSED MECHANISMS

It is believed that this reaction involves the formation of cyanohydrins, which are then
converted into the corresponding acyl cyanides; the acyl cyanides are subsequently trans-
formed to either acids or esters in the presence of appropriate solvents, such as acetic acid
or methanol.1,6,7 A tentative illustration of the mechanism for the Corey-Gilman-Ganem
oxidation is thus given here.

D. MODIFICATION

This reaction has been improved by the treatment of aldehydes with trimethylsilyl cyanide
to give trimethylsilyl cyanohydrins, which are subsequently hydrolyzed to cyanohydrins
under weakly acidic conditions and oxidized by MnO2 to acyl cyanides. Such improvement
works under the condition that the original reaction protocol fails.6 In addition, MnO2
has been implemented to a tandem oxidation process (TOP) recently because of its mild
oxidation ability.5a

E. APPLICATIONS

This reaction has certain application in the preparation of α,β-unsaturated esters.
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F. RELATED REACTIONS

This reaction is related to the Ball-Goodwin-Morton Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

O CO2Me
TMSCN/ZnI2

CH3CN
95%

HO CO2Me

CN

MnO23 N HCl

TMSO CO2Me

CN

O CO2Me

CN
50–60°C

93%
THF

32.9%

Reference 6.

To a solution of 5.3 g methyl 7-formyl-3,7-dimethyl-2,4,6-octatrienoate (27.0 mmol) in
50 mL dry CH3CN containing a few milligrams of ZnI2 was added 3.65 mL trimethylsilyl
cyanide (27.0 mmol), and the resulting solution was stirred under an atmosphere of nitrogen
at room temperature for 2.5 h. The reaction mixture was then treated with charcoal, filtered
through Celite, and concentrated to a syrup that was dried in vacuo to afford 7.6 g methyl 8-
cyano-8-(trimethylsilyloxy)-3,7-dimethyl-2,4,6-octatrienoate, in a yield of 95%. After that,
6.0 g of this intermediate (20.4 mmol) was suspended in 80 mL 3 N HCl, and the mixture
was stirred under a nitrogen atmosphere for 2 h at 50–60◦C. After cooling, a pale yellow
solid was collected by filtration, washed with water, and dried in vacuo to yield 4.2 g methyl
8-cyano-8-hydroxy-3,7-dimethyl-2,4,6-octatrienoate, in a yield of 93%.

To a solution of 2.3 g cyanohydrin (10.4 mmol) in 100 mL THF was added 7.5 g activated
MnO2; the mixture was stirred under a nitrogen atmosphere for 2.5 h at room temperature.
The MnO2 was then removed by filtration and washed with THF. The filtrate, including
washings, was concentrated under reduced pressure to a syrup that crystallized to 2.2 g of a
solid, which was taken up in CH2Cl2 and further purified by flash chromatography to give
750 mg methyl 7-(cyanocarbonyl)-3,7-dimethyl-2,4,6-octatrienoate, in a yield of 32.9%
(isolated and pure), m.p. 91–92◦C.

N
H

NH

O

MeOH
N
H

NMeO

O

MnO2/NaCN

15%

Reference 8.

A mixture of 40 mg 9-formylellipticine (0.144 mmol), 200 mg MnO2 and 200 mg
NaCN in 50 mL MeOH was stirred under refluxing for 96 h. The TLC on silica gel
(CHCl3/MeOH/NH4OH, 90:9:1) showed the disappearance of the starting material at Rf =
0.77 and the formation of a major spot at Rf = 0.81. The reaction mixture was cooled to



REFERENCES 725

room temperature and filtered through Celite, and the remaining on Celite was washed with
20 mL MeOH. The combined filtrates were evaporated under reduced pressure to dryness,
and the residue was stirred in 12 mL water, of which the pH was adjusted to 8 with the
dropwise addition of acetic acid. This suspension was stored at 5◦C for 18 h and filtered.
The residue was washed well with water, air-dried, and flash chromatographed on silica
gel using a gradient of 2–8% MeOH in CHCl3. Appropriate fractions were pooled and
evaporated to afford a residue that was dissolved in glacial acetic acid and filtered. This
solution was evaporated to dryness under reduced pressure, and the residue was dissolved
in hot EtOAc and left at 0◦C for 72 h. The deposited solid was filtered and dried to afford
6 mg ellipticine-9-carboxylic acid methyl ester as a yellow solid, in a yield of 15%, m.p.
272–274◦C (dec.), Rf = 0.24 (benzene/EtOH = 9:1). (Note: Be aware that the yield might
vary owing to the loss of any small amount of material in such a small reaction scale.)

Other references related to the Corey-Gilman-Ganem oxidation are cited in the
literature.9
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Corey-Kim Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Corey and Kim in 1972.1 It is the preparation of
aldehydes and ketones from the oxidation of primary and secondary alcohols via their
dimethylalkoxysulfonium salts. Therefore, this reaction is generally known as the Corey-
Kim oxidation2 or simply the Corey-Kim reaction.3 This reaction is operationally simple,
highly selective, and efficient.1 On large reaction scale, the dimethylalkoxysulfonium
salt of alcohols are formed with dimethylsulfide and chlorine;1 whereas on a labora-
tory scale, the dimethylchlorosulfonium salt can be generated more conveniently from
N-succinimide chloride (or N-chlorosuccinimide, NCS) and dimethylsulfide, by which the
formation of hydrogen chloride is avoided.1 The combination ofN-succinimide chloride and
dimethylsulfide is therefore called the Corey-Kim reagent4 which offers a milder oxidation
condition and cleaner products.1 Upon treatment with the base, the dimethylchlorosul-
fonium salt cleaves intramolecularly to give aldehydes and ketones. The application
of 6-morpholinohexan-1-thiol ether2b or dodecyl methyl sulfide2d as the substitute for
dimethylsulfide results in an odorless oxidation condition. In addition, the Corey-Kim
reagent provides a new methylation of an unsaturated bond from the nucleophilic addition
of carbanion followed by the treatment with Raney nickle.4a
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is a simple illustration of the reaction mechanism.

D. MODIFICATION

The nonvolatile thioethers have been substituted for the dimethyl sulfide to provide an
odorless oxidation condition.2b−2d

E. APPLICATIONS

This reaction has general applications in the conversion of primary and secondary alco-
hols into aldehydes and ketones, respectively.

F. RELATED REACTIONS

This reaction is related to the Dess-Martin Oxidation, Swern Oxidation, and Pfitzner-
Moffatt Oxidation.
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G. CITED EXPERIMENTAL EXAMPLES

Ph Ph

O OH
Ph Ph

O O

SMe2

Ph Ph

O O

1) NCS, Me2S

2) Et3N

Zn/AcOH

Reference 4b.

To a stirred suspension of 20 mmol NCS in 60 mL anhydrous CH2Cl2 was added dropwise
40 mmol dimethyl sulfide at –70◦C under argon, and stirring was continued for 1 h. Then
a solution of 4.0 mmol 4-hydroxy-1,5-diphenyl-pentan-2-one in 6 mL CH2Cl2 was added;
at the same temperature, the solution was stirred for 1 h. Triethylamine (60 mmol) was
then added, and after 1 h the reaction mixture was treated with 20 mL saturated brine.
This mixture was extracted with ether, and the organic layer was washed with saturated
brine and evaporated. The residue was purified by column chromatography using 95:5
chloroform/acetone as an eluent to give 80% dimethylsulfonium 1-(phenylacetyl)-2-oxo-
3-phenylpropylide as a pale yellow viscous oil.

To a stirred suspension of 1.5 mmol of the ylide and 30 mmol zinc powder in 25 mL
CH2Cl2 was added 30 mmol acetic acid at 0◦C, and stirring was continued at room tem-
perature overnight. The mixture was filtered through Celite, and the filtrate was washed
with saturated NaHCO3 and water, eluted with CH2Cl2 through a short column of Florisil
(100–200 mesh), and evaporated. The crude product was crystallized from methanol to give
88% 1,5-diphenyl-2,4-pentanedione, m.p. 64–65◦C.

N
H

HN

CO2Me

N
H

N

CO2Me

SMe

N

N

CO2Me

1) NCS/Me2S

2) i-Pr2NEt H2, Raney Ni (W2)
HCHOaq, EtOH,

Reference 4a.

To a solution of N-chlorosuccinimide (133 mg, 1.0 mmol) in CH2Cl2 was added
75 mg dimethyl sulfide (1.2 mmol) at –78◦C, and the mixture was stirred for 1 h. To this
reaction mixture, was added a solution of 109 mg indole derivative (0.5 mmol) in CH2Cl2
and 155 mg diisipropylethylamine (1.2 mmol); the whole mixture was stirred for 2 h at
–78◦C. The mixture was treated with cooled brine and extracted with CH2Cl2. The com-
bined organic layers were washed and dried over MgSO4. After evaporation of the solvent,
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a residue was purified by column chromatography on silica gel (EtOAc/n-hexane 1:5 to1:2)
and afforded 139 mg 3a-methylthiomethyl-1-methoxycarbonyl-8-methyl-1,2,3,3a,8,8a-
hexahydropyrrolo[2,3-b]indole in a yield of 92%, m.p. 86.5–87.5◦C (white powder was
recrystallized from Et2O). (Note: The procedure for the second step is not provided in the
original literature.)

Other references related to the Corey-Kim oxidation are cited in the literature. 5
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Corey-Kwiatkowski Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Corey and Kwiatkowski in 1966.1 It is the pre-
paration of olefins from the reaction between aldehydes or ketones and lithium alkylphos-
phonamides followed by the decomposition of β-hydroxyphosphonamide intermediates
in refluxing benzene or toluene.1 Therefore, it is known as the Corey-Kwiatkowski
reaction.2 The direct addition product (i.e., the lithio derivative) is quite stable even
at 0◦C in THF under nitrogen.1 The hydroxyphosphonamides from ketones generally
decompose faster than those from aldehydes, and the ones with α-substituent(s) decom-
pose even faster.3 This method is good for a wide variety of olefins, including the
mono-, di-, tri- and tetra-substituted olefins.1,3 Compared to the Wittig Reaction, this
method of olefination has following obvious advantages:1 (a) the absence of triph-
enylphosphine oxide, which can complicate the isolation of olefin; (b) the possibility
of purification at the stage of β-hydroxyphosphonamide; (c) relatively easy control
of stereochemistry of the olefins (to form either cis- or trans-olefin); and (d) avail-
ability and potential low cost of the phosphonamides, which can be prepared from
phosphonyl dichlorides and dimethylamine3 or cyclic diamines4 (phosphonyl dichlo-
ride can be synthesized by alkylation of phosphorus trichloride with alkyl chloride and
AlCl3).3 In addition, the alkyl phosphonamides can be replaced by alkyl phosophonoth-
iate where the formed β-hydroxyphosphonothiate can decompose at low temperature
(e.g., room temperature), and silver salt can be applied as catalyst.5 The lithio deriva-
tives of both phosphonamides and phosphonothiates can be derivatized via alkylation
with alkyl halides.1,3,5 The reaction between lithium phosphonamide or phosphonate and
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ester to give β-keto phosphonamide or phosphonate is called the Corey-Kwiatkowski
condensation.6

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is a simple illustration of the reaction mechanism.

D. MODIFICATION

This reaction has been modified to start with cyclic phosphonamides via the reaction
between phosphonyl dichloride with diamines.4

E. APPLICATIONS

This reaction has general application in the synthesis of multisubstituted olefins.

F. RELATED REACTIONS

This reaction is related to the Wittig Reaction and Emmons-Horner Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

O

N
P

N O n-BuLi
N

P
N O

O

H

+

Reference 4a.

To a solution of 1 mmol allyl phosphonamide in 10 mL THF was added 1.2 mmol of
n-BuLi (1.6 or 2.5 M solution in hexane) at −78◦C under argon. A solution of 1.2 mmol α,β-
unsaturated-cyclopentanone in 5 mL THF at −78◦C was added immediately via cannula.
The reaction mixture was stirred at −78◦C for 30 min, slowly quenched with saturated
aqueous NH4Cl (or with MeI (10 eq.), with BnBr (5 eq.), and with allyl bromide (5 eq.)) to
form further alkylated products and allowed to warm to ambient temperature. The mixture
was diluted with 50 mL EtOAc and washed with 20 mL brine and 20 mL water. The
organic layer was separated, dried over MgSO4, and concentrated in vacuo. The resulting
crude product was purified by column chromatography (EtOAc/MeOH) to give 88% of
1,4-addition product, with R:S ratio of 93:7.

N
P

NO
O

N
P

NOOH

∆

1) BuLi

2)

3) H2O

Reference 4c.

To a stirred solution of 0.628 g cyclic allyl phosphonamide (3.61 mmol) in 10 mL
tetrahydrofuran was added 2.4 mL 1.6 M n-butyllithium (3.84 mmol) at –78◦C under argon.
After 0.5 h, 0.285 g methyl ethyl ketone (4.18 mmol) was added. Water (0.2 mL) was added
after an additional 10 min, and the solution was allowed to warm to room temperature,
whereupon the reaction mixture was diluted with 100 mL methylene chloride and filtered
through a glass wool plug. The solution was dried over sodium sulfate and filtered, and
the solvent was evaporated under vacuum at room temperature to yield 0.816 g of a sticky
yellow syrup containing some residual methylene chloride.

A suspension of 0.389 g of the sticky syrup (1.58 mmol, containing some methylene
chloride) in 0.5 mL Nujol along with 0.4 g anhydrous calcium carbonate was degassed and
then heated to 133◦C for 2 h under vacuum, the volatile products were collected in a trap
and held at –196◦C. The trapped material was distilled into a tared flask to yield 0.175 g
cis- and trans-mixture of 4-methyl 1,3-hexadienes, in a yield of 90% after correction of
CH2Cl2.

Other references related to the Corey-Kwiatkowski olefination are cited in the literature.7
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Corey-Link Reaction
(Corey-Link Amino Acid

Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Corey and Link in 1992.1 It is an enantioselective
synthesis of α-amino acids by means of the asymmetric reduction of trichloromethyl ketones
from catecholborane in the presence of either (R)- or (S)-oxazaborolidine, followed by
the treatment of the resulting alcohols with base and sodium azide and subsequently the
reductive conversion of the azido group into an amino group. Therefore, this reaction is
generally known as the Corey-Link reaction.2 Occasionally, it is also referred to as the
Corey-Link amino acid synthesis,2e,3 Corey-Link procedure,2e etc.

In this reaction, the trichloromethyl ketones can be prepared either from the nucleophilic
addition of trichloromethide to aldehydes followed by oxidation or from acylation of car-
bon nucleophile by trichloroacetyl chloride.1 It has been found that in the presence of
catalytic amount of either (R)- or (S)-oxazaborolidine, the reduction of the corresponding
trichloromethyl ketones by catecholborane usually gives high selectivity, e.g., with greater
than 97:3 of enantioselectivity.1 Upon treatment of 2 eq. sodium azide and 4 eq. NaOH
in aqueous dimethyl glycol, the trichloromethyl carbinol is smoothly converted into α-
azido acid with inversion of the configuration.1 Then the α-azido acids can be reduced by
palladium-catalyzed hydrogenation,1 zinc in acetic acid,4 or possibly by the Staudinger
Reaction to give α-amino acids. Due to the nature of this reaction, the Corey-Link reaction
is useful for the preparation of α-azido esters, α-azido acids, and α-amino acids with desired
stereochemistry by the correctly chosen chiral catalyst.1
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The high enantioselectivity for the reduction of trichloromethyl ketones by catecholbo-
rane is due to the directive effect of (R)- or (S)-oxazaborolidine.5 After deprotonation by
base, the trichloromethyl carbinol forms alkoxide and attacks the adjacent trichloromethyl
group intramolecularly to form gem-dichlorooxirane or gem-dichloroepoxide, which is
highly reactive toward nucleophilic attack by azide anion and proceeds a SN2 substitu-
tion with exclusive inversion of the configuration accompanied by concerted ring opening
to give α-azido acid.1 Finally, the resulting α-azido acid can be simply converted into
α-amino acid. The detail of this reaction is displayed below.
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D. MODIFICATION

This reaction has been modified by treatment of gem-trichloromethyl-substituted tertiary
alcohols (generated from the nucleophilic addition of trichloromethide), e.g., CHCl3 +
LHMDS) by sodium azide and an organic base (e.g., DBU) in alcohol to form α-azido ester
in a one-pot manner.2,6 The resulting α-azido ester can then be selectively converted into
α-azido alcohol with cold NaBH4.7

E. APPLICATIONS

This reaction has general applications in the preparation of α-amino acids of determined
stereochemistry.

F. RELATED REACTIONS

This reaction is related to the Corey-Bakshi-Shibata Reduction and Strecker Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

O
TBDPSO

O

O
O

O
TBDPSO

HO
O

O

CCl3

O
TBDPSO

O
O

N3

O

MeO

CHCl3/LHMDS

THF
54%

NaN3/18-c-6/DBU

MeOH
68%

Reference 2e.

To a solution of 15 mL anhydrous pyridine (187 mmol) in 150 mL anhydrous CH2Cl2
was added 9.4 g CrO3 (94 mmol), and the mixture was stirred for 15 min. After the mixture
was cooled to 0◦C, a solution of 10.0 g 5-O-tert-butyldiphenylsilyl-1,2-O-isopropylidene-
β-d-arabinofuranose (23.0 mmol) in 70 mL CH2Cl2 was added dropwise. Acetic anhydride
(9.0 mL, 94 mmol) was added, and the mixture was stirred for 30 min. The whole mass was
poured into a 500-mL 1:4 mixture of toluene and EtOAc. After being stirred for 20 min,
the mixture was filtered through a layer of silica, and the silica gel was rinsed three times
with EtOAc. The combined filtrate was evaporated under reduced pressure to give 8.70 g
5-O-tert-butyldiphenylsilyl-1,2-O-isopropylidene-β-d-arabinofuran-3-ulose as an oil, in a
yield of 90%.

To a solution of 2.6 mL CHCl3 (32 mmol) in 25 mL anhydrous THF was added 2.5 g 5-O-
tert-butyldiphenylsilyl-1,2-O-isopropylidene-β-d-arabinofuran-3-ulose (5.9 mmol). After
the solution was cooled to –78◦C, 21.3 mL 1.0 M LiHMDS solution in THF (21.3 mmol)



REFERENCES 737

was added slowly. The solution was stirred at –78◦C for 3 h, and the reaction mixture was
then poured into an ice cold saturated aqueous NaHCO3 solution. The mixture was extracted
with CH2Cl2, and the combined organic phases were dried over Na2SO4 and evaporated
to dryness under reduced pressure. The residue was purified by silica gel chromatography
using hexanes/EtOAc (9:1) as the eluent to afford 1.72 g 5-O-tert-butyldiphenylsilyl-3-C-
trichloromethyl-1,2-O-isopropylidene-β-d-lyxofuranose as an oil, in a yield of 54%.

To 25 mL anhydrous MeOH was added 2.9 g tertiary alcohol (5.3 mmol), then 1.04 g
NaN3 (16.0 mmol) and 15.0 mg 18-crown-6 (0.057 mmol) were added. Then 4.0 mL DBU
(26.7 mmo) was added dropwise, the resulting mixture was stirred at 50◦C for 1 h and poured
into 50 mL saturated aqueous NH4Cl solution. The mixture was extracted with ether, the
combined organic extracts were dried over Na2SO4 and evaporated to dryness under reduced
pressure. The residue was purified by silica gel chromatography using hexanes/EtOAc (9:1)
as the eluent to afford 1.83 g 3-C-azido-5-O-tert-butyldiphenylsilyl-1,2-O-isopropylidene-
3-C-methoxycarbonyl-β-d-arabinofuranose as an oil, in a yield of 68%.

Other references related to the Corey-Link reaction are cited in the literature.8
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Corey-Schmidt Oxidation

(PDC Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Corey and Schmidt in 1979.1 It is the oxidation of an
organic compound using pyridinium dichromate (PDC) and is simply known as the PDC
oxidation.2 PDC is a stable, bright orange solid prepared by dissolving CrO3 in a minimal
volume of water followed by precipitation after the addition of pyridine. PDC is less acidic
than PCC but more acidic than the Collins reagent. In this reaction, primary alcohols can be
oxidized to either aldehydes3 or carboxylic acids4 or even esters,5 depending on the substrate
and solvent. Normally, the suspension of PDC in dichloromethane oxidizes primary alcohols
to the corresponding aldehydes,3 whereas PDC in DMF oxidizes primary alcohols into either
carboxylic acids4 or methyl esters (in the presence of methanol for latter case5). Similarly,
PDC can also oxidize the aldehyde group into a carboxylic group in a solvent of DMF.6 The
oxidation of alcohols to other esters are not successful. On the other hand, secondary alcohols
can be oxidized to ketones too.7 In addition, pyridinium dichromate can also oxidize the
active methylene group (either allylic or benzylic) into a carbonyl group in the presence of
t-butyl hydroperoxide,8 whereas PDC alone will not affect the benzyl ethers of alcohols.9

This oxidation has shown some advantages over other chromium-based oxidations (e.g.,
Jones, Fieser, CrO3/AcOH, and pyridinium chlorochromate) in the oxidation of diols into
diketones, and the rest of the chromium-based oxidations are reported to give lower yields
accompanyed by other oxidized products when compared to the Corey-Schmidt oxidation.7

It has been reported that when a methylamino group is present in the substrate alcohol, the
oxidation using PDC does not succeed.10 This oxidation has been reviewed.11
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

PDC was originally prepared by Corey and co-workers by adding 1 eq. pyridine to a
solution of chromium (VI) trioxide and concentrated hydrochloric acid, which precipitated
as pyridinium dichromate salt. In the PDC oxidation, the six-valent chromium atom is
reduced to only four valents, as displayed here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has wide application for the oxidation of alcohols.

F. RELATED REACTIONS

This reaction is related to the Corey-Suggs Oxidation.
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G. CITED EXPERIMENTAL EXAMPLES

OCH3

D
BnO OH

D
O

D
OBn

D PDC OCH3

D
BnO O

D
O

D
OBn

D

Reference 12.

Pyridinium dichromate (15.64 g, 41.6 mmol) was suspended in a mixture of 320 mL dry
CH2Cl2 and 11.8 mL acetic anhydride (124.8 mmol). A solution of 11.11 g 1-O-methyl-
3,5-di-O-benzyl-α,β-d-ribofuranose-3,4,5,5′-2H4 (32.0 mmol) in dry CH2Cl2 was added
to the suspension, and the reaction mixture was refluxed at ∼80◦C for 3 h. After the dilution
with EtOAc, a precipitate was formed, and the solution was filtered through silica gel using
EtOAc as the eluent. The solvents were evaporated, and the residue was co-evaporated with
toluene to give 7.93 g 1-O-methyl-3,5-di-O-benzyl-α,β-d-ribofuranose-2-ulose-3,4,5,5′-
2H4 as an oily product (23.0 mmol, 72%), which was taken to the next step without further
purification.

NH

NH
OH

HCBz

Boc

PDC/DMF
NH

NH
OH

H
CBz

Boc
O

Reference 4a.

(R)-2-Hydroxy-1-tert-butoxycarbonylaminoethylcarbamic acid benzyl ester (1.0 g,
3.22 mmol) was dissolved in 3.2 mL DMF. Solid PDC (3.64 g, 9.67 mmol) was then
added, and the reaction mixture was stirred for 20 h at room temperature. The reaction
mixture was then poured into 100 mL water, acidified to pH 3, and extracted with EtOAc
(4 × 30 mL). The organic phase was washed with water. Upon the addition of saturated
NaHCO3 solution (3 × 30 mL), the product transferred to the aqueous phase, which was
washed once with EtOAc and then acidified with solid NaHSO4 to pH 3. The precipitated
product was then extracted with EtOAc (3 × 30 mL), and the combined extracts were
washed with water, dried over anhydrous MgSO4, and evaporated to yield 596 mg (R)-
benzyloxycarbonylamino-tert-butoxycarbonylaminoacetic acid, [(R)-Boc-(Cbz)-Agl-OH],
in a yield of 59%, m.p. 149–150◦C.

Other references related to the Corey-Schmidt oxidation are cited in the literature.13
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Corey-Suggs Oxidation

(PCC Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Corey and Suggs in 1975.1 It is the oxidation of pri-
mary and secondary alcohols into carbonyl compounds using pyridinium chlorochromate
(PCC) commonly in a solvent of dichloromethane. Therefore, this reaction is known as
the Corey-Suggs oxidation2 but more generally referred to as PCC oxidation.3 Likewise,
PCC is usually called the Corey-Suggs reagent.2,3g This reaction was originally reported as
using 1:1.5 ratio of substrate to PCC for a complete oxidation; however, it was subsequently
reported that the Corey-Suggs oxidation involves only two electrons, and a 1:1 ratio of sub-
strate to PCC is enough for the complete conversion of alcohols into carbonyl compounds.4

The Corey-Suggs oxidation has become a popular method in organic synthesis because of
its commercial availability, efficiency, shelf-stability, and versatility.2 Since PCC is very
acidic, a tautomerization is always accompanied after the generation of the carbonyl group,
leading to the isomerization of product.5 However, it has been reported that a peroxide bond
can sustain under such acidic oxidation conditions,6 and cyclic acetal will be converted into
lactone.7 On the other hand, when different hydroxyl groups are present, the allylic or
benzylic alcohol will be oxidized before the oxidation of the regular alcohol groups;8 this
preference of selectivity is enhanced when PCC is used in conjunction with dimethylamino
pyridine (DMAP).8c,8d In addition, the oxidation from poly[vinylpyridinium] chlorochro-
mate (PVPCC) is much faster than normal PCC.9 Using PCC as oxidizing reagent, cyclic
allyl alcohols can be transformed into α,β-unsaturated cycloketones,8a,8b in which the C=C
double bond can sit at a different ring of the cyclic compound.8a However, the oxidation
of a tertiary cyclic allyl alcohol leads to a rearrangement involving the migration of double
bond.10 The substitution of PCC with n-butylammonium chlorochromate (BACC) makes
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this oxidation homogeneous when 18-crown-6 is present.11 The Corey-Suggs oxidation can
also be improved using ultrasound agitation.2 It has been reported that under the Corey-
Suggs oxidation conditions, a substrate with a double bond of 5 carbons from the hydroxyl
group might form cyclic ketone via tandem oxidation-cyclizationoxidation.12

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A mechanism similar to the Corey-Schmidt Oxidation is displayed here.

D. MODIFICATION

This reaction has been widely modified, including the substitution of PCC with PVPCC9

or BACC11 and the absorbing of PCC with silica gel accompanied by ultrasound agitation.2

E. APPLICATIONS

Similar to the Corey-Schmidt Oxidation, the Corey-Suggs oxidation also has general
application in the oxidation of alcohols.

F. RELATED REACTIONS

This reaction is related to the Corey-Schmidt Oxidation.
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G. CITED EXPERIMENTAL EXAMPLES

OH

TsO

H

CH2Cl2

PCC

O

TsO

H

* *

Reference 13.

To a solution of 980 mg [9-13C]-11-tosyloxy-9,11-seco-de-A,B-cholestan-8α-ol
(2.23 mmol) in 30 mL CH2Cl2 was added 960 mg pyridinium chlorochromate (4.46 mmol)
at room temperature. The dark brown mixture was stirred at room temperature for 15 h
and was then directly loaded onto a short silica gel column and eluted with EtOAc/hexane
(1:4.5). Further purification by HPLC (1:4 EtOAc/hexane) afforded 860 mg [9-13C]-9,11-
seco-11-tosyloxy-de-A,B-cholestan-8-one as a liquid, in a yield of 88%.

OH

O

PCC/CH2Cl2

r.t.

Reference 10.

To a solution of 205 mg PCC (pyridinium chlorochromate, 0.95 mmol) in 2 mL CH2Cl2
was added 80 mg (1RS,5S)-1-hydroxy-1-methyl-5-butyl-2-cyclohexene (0.48 mmol) in
0.2 mL CH2Cl2 dropwise. The resulting dark brown mixture was stirred at room tem-
perature for 2 h, quenched with water, and extracted with Et2O. Drying over MgSO4,
and concentration in vacuo gave an oil that was purified by flash chromatography (SiO2,
hexanes/Et2O) to yield 66 mg (R)-3-methyl-5-butyl-2-cyclohexenone as a colorless oil, in
a yield of 83% (97.9% e.e.).

Other references related to the Corey-Suggs oxidation are cited in the literature.14
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Corey-Winter Olefination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Corey and Winter in 1963.1 It is the transformation
of 1,2-diols into alkenes via the cis- (or syn-) elimination of cyclic thionocarbonate in the
presence of trimethyl- or triethylphosphite. The intermediate cyclic thionocarbonate is pre-
pared from the reaction of 1,2-diols with either thiophosgene2 or thiocarbonyldiimidazole,3

or by the treatment of 1,2-diols with n-BuLi followed by the addition of CS2 and methyl
iodide.1 Therefore, this reaction is known as the Corey-Winter olefination,2e,4 Corey-Winter
olefination reaction,5 Corey-Winter reaction,2a,6 Corey-Winter alkene synthesis,3a,7 Corey-
Winter cis-deoxygenation,8 and Corey olefin synthesis.2h A similar preparation of olefins
was again reported by Corey and Hopkins in 1982,9 and the reaction under this condition
is referred to as Corey-Hopkins methodology10 or Corey-Hopkins protocol.2c On the one
hand, it is assumed that the Corey-Winter olefination proceeds via the attack of phosphite on
sulfur, leading to an unstable carbene, which reacts with another phosphite to exclude car-
bon dioxide and produce the olefin.1,7 On the other hand, the reaction has also been claimed
to undergo a concerted, cyclo-elimination mechanism for the product-forming step.7 This
reaction has been proved to be a position-specific (i.e., regiospecific) and stereospecific
reaction for synthesizing olefin,1,2f which is also good for the highly substituted1 or highly
strained olefins.7 In addition, this reaction has been successfully applied to the preparation
of sugar derivatives.7
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Provided here is a simple illustration of the reaction mechanism using thiophosgene and
trimethyl phosphite.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of stereospecific olefins and even
highly strained olefins.

F. RELATED REACTIONS

N/A



748 COREY-WINTER OLEFINATION

G. CITED EXPERIMENTAL EXAMPLES

N

H H
BnO

O Bn

Ph

OH

OH N

H H
BnO

O Bn

Ph1) Im2CS, Toluene, ∆

2) (MeO)3P, ∆

Reference 3a.

A mixture of 1 mmol diol, 0.24 g 1,1′-thiocarbonyldiimidazole (1.2 mmol), and 5 mL
toluene was heated at 100◦C until the starting diol disappeared as monitored by TLC
(typically 16 h). The reaction mixture was then cooled to room temperature, diluted with
CH2Cl2, and washed with 0.1 N HCl and a saturated solution of NaHCO3. After drying over
MgSO4, the solvent was evaporated under reduced pressure to give the corresponding crude
thiocarbonate. The obtained crude thiocarbonate was dissolved in 4 mL P(OMe)3, and the
resulting solution was kept at reflux until the intermediate thiocarbonate was consumed
(typically 16 h). Then, the mixture was cooled to 40◦C, and the solvent was removed under
vaccum to give the alkene, which was purified by flash column chromatography (0.199 g,
54%), m.p. 75–78◦C.

O OBn

OAc

OH

HO

OAc

O OBn

OAc

OAc
1) Im2CS

2) (MeO)3P

Reference 11.

To a solution of 1.71 g diol (4.83 mmol) in 28 mL dry acetonitrile was added under
nitrogen 2.58 g 1,1′-thiocarbonyldiimidazole (14.5 mmol), and the solution was stirred at
room temperature for 5 h. The reaction mixture was then poured into brine and extracted
with CHCl3. The organic extracts were dried over Na2SO4 and concentrated under reduced
pressure. Dry column chromatography of the residue (hexanes/EtOAc, 75:25 → 35:65)
gave 1.72 g benzyl 2,6-di-O-acetyl-3,4-O-thiocarbonyl-α-d-galactopyranoside (4.34 mmol,
90%) and 280 mg benzyl 2,6-di-O-acetyl-3,4-di-O-(1′H-imidazol-1′-ylthiocarbonyl)-α-d-
galactopyranoside (0.488 mmol, 10%).

A solution of 1.63 g thiocarbonate (4.12 mmol) in 100 mL trimethyl phosphite was
refluxed for 4.5 h. The reaction mixture was then concentrated under high vacuum
(1 mmHg), and the residue was purified by dry column chromatography (hexanes/EtOAc,
85:15) to give 1.05 g benzyl 2,6-di-O-acetyl-3,4-dideoxy-α-d-erythro-hex-3-enopyranoside
(3.28 mmol), in a yield of 80%.

Other references related to the Corey-Winter olefination are cited in the literature.12
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Cornforth Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Cornforth in 1949.1 It is the thermal rearrange-
ment of 4-carbonyl substituted oxazoles to their isomeric oxazoles2 through a ring-opening
process to form a zwitterionic dicarbonyl nitrile ylides followed by a ring closure (i.e.,
1,5-dipolar cyclization2a). Therefore, this reaction is generally known as the Cornforth
rearrangement.2b,3 Although this rearrangement is a special type of heterocyclic ring trans-
formation (HRT) which has been found for “almost all heterocycles of any ring size and
any type, number or distribution of heteroatoms,”4 it has been applied to the syntheses of
5-alkyl-,2a 5-amino-,1,2b,3d 5-aryl-,2a 5-(arylthio)-,3d and 5-halo-oxazoles.2a More impor-
tantly, this reaction provides a method for synthesizing the substituted amino acids.5

Comparably, 1-acylaziridines can rearrange into 2-alkyloxazolines by thermal inducement
or triggering by a strong acid or nucleophilic reagent.6

B. GENERAL REACTION SCHEME

N

O

R3

O

R2R1

∆
N

O

R2

O

R3R1
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C. PROPOSED MECHANISMS

This reaction involves an intermediate of zwitterionic dicarbonyl nitrile ylides, which
cyclizes to the oxazole isomer, as shown here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be used for the preparation of substituted oxazoles and amino acid and
even imidazole3d and oxazolo[4,5-d]pyrimidin-7-one.7

F. RELATED REACTIONS

This reaction is related to the ANRORC Rearrangement and the Boulton-Katritzky
Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

N

O

NH2

O

OEtPh

N

O

NH2

S

OEtPh

N

S

OEt

O

NH2Ph

Lawesson’s reagent

Toluene, ∆

Reference 2a.

A mixture of 4.64 g 2-phenyl-4-(aminocarbonyl)-5-ethoxyoxazole (2.0 mmol) and 8.09 g
2,4-bis(methoxyphenyl)-l,3-dithia-2,4-diphosphetane 2,4-disulfide (Lawesson’s Reagent)
(2.0 mmol) in 50 mL tetrahydrofuran was refluxed for 2 h. The solvent was removed under
reduced pressure. Flash chromatography of the residue on silica gel (hexane/EtOAc, 4:1)
afforded 3.27 g 2-phenyl-4-(aminothiocarbonyl)-5-ethoxyoxazole as an oil that solidified
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under vacuum, in a yield of 66%. Pure sample can be obtained via recrystallization from
cyclohexane, m.p. 117–119◦C.

A solution of 1.0 mmol 2-phenyl-4-(aminothiocarbonyl)-5-ethoxyoxazole in 50 mL
toluene was refluxed for 17 h. The solvent was removed under reduced pressure, and the
residue was recrystallized from cyclohexane to give 87% of 2-phenyl-4-(ethoxycarbonyl)-
5-aminothiazole, m.p. 134–135◦C.

N

O

N

O

OEtPh

Toluene, ∆
N

S

OEt

O

NPh

Reference 3d.

A solution of 5 mmol 2-phenyl-5-ethoxyoxazole-4-carboxylic acid chloride in 20 mL
benzene was added to a solution of 5 mmol aziridine and 0.5 g triethylamine (5 mmol) in
40 mL benzene at 0◦C. The mixture was then stirred for 3 h at room temperature, filtered,
washed with water, and dried over MgSO4. Upon removal of benzene by evaporation, the
resulting amides were recrystallized several times from petroleum ether (b.p. 60–70◦C) to
give 80% of 2-phenyl-5-ethoxyoxazole-4-carboxy-aziridine amide, m.p. 82–83◦C.

This amide was refluxed in dry toluene for 17 h. The solvent was then removed and the
residue was recrystallized from petroleum ether. More than 90% of pure ethyl 2-phenyl-5-
aziridinoxazole-4-carboxylate was obtained, m.p. 118–119◦C.

Other references related to the Cornforth rearrangement are cited in the literature. 8
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Craig 2-Bromo-Pyridine

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

The preparation of 2-bromopyridine from 2-aminopyridine was first reported by
Chichibabin and Ryasanjev in 1915,1 however, the yield was low.2 In 1934, Craig reported
a modified method for preparing 2-bromo-pyridine in high yield from 2-amino-pyridine,2

therefore, this reaction is called Craig 2-bromo-pyridine synthesis. In this reaction, a concen-
trated aqueous solution of sodium nitrite and 2-amino-pyridine was added to a concentrated
hydrobromic acid saturated with bromine. It was found that 2 mole of bromine and at least
2.5 mol of sodium nitrite are necessary to obtain an optimal yield of 2-bromo-pyridine.2

This method has been used to prepare 2-bromo-pyrimidines.3

B. GENERAL REACTION SCHEME

N NH2

NaNO2, HBr, Br2

N Br

C. PROPOSED MECHANISMS

Because no mechanistic detail has been reported for this reaction in the literature, a
tentative mechanism is proposed here according to the experimental fact that 2 mol of
bromine and sodium nitrite are necessary for the best results.2
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used for the preparation of 2-bromo-pyridine and 2-bromo-
pyrimidine.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

N NH2

OEt

EtO NaNO2, HBr, Br2

N

N

Br

OEt

EtO

Reference 3.

To a suspension of 20.2 g 2-amino-4,5-diethoxypyrimidine (0.11 mol) in 55 mL 48%
hydrobromic acid, 16.9 mL bromine (0.32 mol) was added at 0◦C with stirring, over a
period of 45 min. During this addition, the mixture became very thick but subsequently
thinned out again. A solution of 19.4 g sodium nitrite (0.28 mol) in 28 mL water was added,
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still at 0◦C,over a 30-min period, and the stirring was continued for an additional 30 min.
The resulting dark solution was cooled to −10◦C, and 200 mL 20% solution of sodium
hydroxide was added until a permanent basic reaction was produced. Filtration yielded
21.5 g 2-bromo-4,5-diethoxypyrimidine as a pale yellow solid, m.p. 49◦C, in a yield of
79.0%.

N NH2

NaNO2, HBr, Br2

N Br

Reference 4.

In a 5-L, three-necked flask fitted with a mechanical stirrer, a dropping funnel, and
a thermometer for reading low temperatures was placed 790 mL 48% hydrobromic acid
(7 mol). The flask and contents were cooled to 10–20◦C in an ice salt bath, and 150 g
2-amino-pyridine (1.59 mol) was added over a period of ∼10 min. While the temperature
was kept at 0◦C or lower, 240 mL bromine (4.7 mol) was added dropwise. A solution of
275 g sodium nitrite (4 mol) in 400 mL water was added dropwise over a period of 2 h,
the temperature being carefully maintained at 0◦C or lower. After an additional 30 min of
stirring, a solution of 600 g sodium hydroxide (15 mol) in 600 mL water was added at
such a rate that the temperature did not rise above 20–25◦C. The nearly colorless reaction
mixture was extracted with four 250-mL portions of ether. The extract was dried for 1 h
over 100 g solid KOH and was then distilled through a Vigreux column (15 cm in length).
2-Bromo-pyridine distils was collected at 74–75◦C (13 mmHg), and 216–230 g product
was obtained, in a yield of 86–92%.

Other references related to the Craig 2-bromo-pyridine synthesis are cited in the
literature.5
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Criegee Glycol Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Criegee in 1931.1 It is an oxidation of 1,2-diols (or
glycols) to aldehydes or ketones with lead tetraacetate [Pb(OAc)4, LTA] via the cleavage of
C-C bond between the hydroxyl-carrying carbon atoms. This oxidation takes place almost
quantitatively at room temperature, and the oxidation rate depends greatly on the structure
of glycol and corresponding solvent.2 Originally, this reaction was reported to occur only in
anhydrous organic solvent,3 and much of the efforts are focused on the drying of the solvent;2

however, this reaction was proved to be feasible in organic solvent with moisture or even
in aqueous solution if the oxidation is faster than the hydrolysis of lead tetraacetate,2,4 as
shown in the oxidation of monosaccharides such as glucose and mannose.2 In addition, lead
tetraacetate can oxidize not only 1,2-diols but also α-amino alcohols,5α-hydroxyl carbonyl
compounds,6 and α-keto acids.6b In this oxidation, the configuration or even conformation
of diol plays an important role, and it is found that the oxidation of cis-diol is faster than
trans-diol, especially when cis-diol forms a five-membered ring structure. As a result, the
amount of cis-diol on a five-membered ring can be titrated regardless the presence of trans-
diol on a five membered ring, or cis-diol or trans-diol on a six-membered ring.7 However,
when cis-diol on pyranoside exists in the boat conformation, the oxidation of such diol with
lead tetraacetate might proceed fast compared to the cis-diol in a five-membered ring. In
addition, this reaction can also be carried out in solvents such as acetic acid, benzene, chloro-
form, nitrobenzene, and tetrachloroethane.2 During the oxidation of sugars, it was found that
glucose, glycerol, mannitol, and xylose are oxidized readily in aqueous solution, whereas
sucrose cannot be oxidized under a similar condition.4a Interestingly, it was found that the
oxidation of α-hydroxyl tertiary amine is different from a similar oxidation on α-hydroxyl
primary or secondary amine, by which the oxidation of the former gives a secondary amine
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and aldehyde involving the cleavage of a C-N bond, whereas the latter involves the cleav-
age of a C-C bond.5 The Criegee glycol oxidation is similar to the oxidation of diols using
periodate in aqueous solution, i.e., the Malaprade Reaction; however, during the oxidation
of 1,2,3-triols, the extensive periodate oxidation gives only aldehydes or ketones as well as
formic acid.8 The oxidation from excess lead tetraacetate gives aldehydes or ketones and
carbon dioxide (from the middle hydroxyl group) as well.4b It was found that the decomposi-
tion of lead tetraacetate holds an ionic mechanism.9 Other oxidations using lead tetraacetate
include the oxidation of alcohols (to ketones),9b conjugated dienes (to esters of cis- or trans-
glycol),10 olefin (to glycol acetate or allylic acetate),10a,11 cyclooctanol (to ether-containing
tetrahydrofuran rings),10a thioether (to sulfone),12 sugars,4,12,13 and amines.5

B. GENERAL REACTION SCHEME

HO

R2

OH

R4

R1 R3 Pb(OHAc)4
R1 R2

O

R3 R4

O

∆
+ + R1, R2, R3, R4 = H, alkyl, aryl

C. PROPOSED MECHANISMS

According to the fact that the decomposition of lead tetraacetate involves a cationic
mechanism, the Griegee glycol oxidation mechanism is outlined tentatively.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has wide application in the analysis of carbohydrate structures and the
cleavage of adjacent diols, α-keto alcohols, α-keto acids, and hydroxyamines. In addition,
this oxidation also renders a method for preparing aldehydes and ketones.
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F. RELATED REACTIONS

This reaction is related to the Malaprade Reaction.

G. CITED EXPERIMENTAL EXAMPLES

OBz

OH

OH

OBz

OBz

O

H
Pb(OAc)4/CH2Cl2

Reference 14.

A solution of 190 mg lead tetraacetate in 10 mL CH2Cl2 was cooled to −20◦C
and 115 mg (5R,6R,7R,8R)-2,11-dimethyl-5,8-bis(benzoyloxy)-6,7-dihydroxydodeca-
1,11-diene (0.50 mmol) was added. After stirring for 1 h at this temperature, the reaction
mixture was warmed to room temperature and quenched with 0.5 mL ethylene glycol. The
upper phase was separated, and the residue was washed with CH2Cl2. The combined organic
solution was washed with water and brine, and dried over Na2SO4. The solvent was removed
under reduced pressure, and the residue was then purified by flash column chromatography
on silica gel (5% ethyl acetate in hexane) to give 105 mg (2R)-2-benzoyloxy-5-methylhex-
5-enal, in a yield of 91%.

N

Ni

N

N N

HO
HO

N

Ni

N

N N

O
O

Pb(OAc)4/benzene

Reference 15.

Nickel(II) cis-diol (75 mg) dissolved in 8 mL anhydrous benzene was stirred with 54 mg
freshly crystallized (from HOAc), dried (over KOH pellets in vacuo, dark) lead tetraacetate
(in excess) for 15 min at room temperature. Ethylene glycol (0.5 mL) was added, and
stirring was continued for 2 min. Chloroform (50 mL) was added, and the mixture was
washed with water (2 × 25 mL) and the combined organic phases were dried over Na2SO4,
filtered, and taken to dryness. The residue was chromatographed on silica gel 60 (12 cm ×
3 cm) with chloroform. The leaf green fraction was collected, evaporated, and crystallized
from dichloromethane-methanol to give 57 mg (2,3,7,8,12,13,17,18-octaethyl-2,3-dioxo-
2,3-secochlorinato)-nickel(II) as small green needles, in a yield of 76%, m.p. 180–185◦C,
Rf = 0.48 (CHCl3).

Other references related to the Criegee glycol oxidation are cited in the literature.16
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169
Criegee Ozonolysis

A. GENERAL DESCRIPTION OF THE REACTION

It was Schönbein who studied the ozonolysis first;1 however, it was Criegee who ini-
tially investigated the mechanism of ozonolysis beginning in the 1950s.2 Therefore, Criegee
was considered the “father of modern ozone organic chemistry,”1 and the reaction between
olefins and ozone to form aldehydes, ketones, carboxylic acids, etc. is known as the Criegee
ozonolysis3 or Criegee reaction.4 This reaction occurs in three steps: formation of primary
ozonides, splitting of primary ozonides, and formation of secondary ozonides.5 In this
reaction, ozone as an electrophile,6 adds to the C=C double bond of olefin via a concerted 1,3-
Dipolar Cycloaddition, a symmetry allowed (4s + 2s) cycloaddition,5 to form vibrationally
excited primary ozonide7 (POZ, the 1,2,3-trioxolane,8 or the so-called molozonide1) in a
syn- or an anti-form,5 which quickly splits to an excited carbonyl oxide (Criegee interme-
diate, CI5,7−9) and a carbonyl compound, which in turn couple stereospecifically into the
secondary ozonide5 (SOZ, the 1,2,4-trioxolane,8,10 or the so-called true ozonide1) via retro-
cycloaddition. Then the secondary ozonide is reduced to aldehyde or ketone via a variety
of reducing reagents, including Zn/AcOH, Me2S, Ph3P, Me3P, and (NC)2C=C(CN)2. This
reaction is usually carried out in a suitable solvent (AcOH, CCl4, CHCl3, hexane, EtOAc,
CH2Cl2, etc.) at low temperature by passing a stream of dry ozonized oxygen (1–15% O3)
until the disappearance of the olefins. In addition, a unified concept11 was proposed for this
reaction, which differs from the Criegee mechanism in the prediction of the position of a
labeled oxygen atom when the primary ozonide reacts with a labeled aldehyde in a crossover
experiment.12 It was found that the electron-donating groups accelerate the reaction, and
the electron-withdrawing groups decrease the reaction rate.6 This reaction is frequently
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used for structure determination as well as synthetic purposes. Sometimes, ammonia and
primary amines are added during the ozonolyses of olefins as the participating solvents, and
“amozonolysis” is used for this reaction condition.13 Tertiary amines are formed as reduc-
tive amination products in high yield when secondary amines are added to the solution of
mono- or 1,1-disubstituted olefins during ozonolysis.14 It has been reported that the ozonol-
ysis of olefins is one of the major methods of forming aerosol.15 On the other hand, this
reaction has also been studied extensively in theory.16

B. GENERAL REACTION SCHEME

R4R2

R1 R3 1) O3

R3 R4

O

R1 R2

O

2) Reduction
+

R1, R2, R3, R4 = H, alkyl, aryl

C. PROPOSED MECHANISMS

A mechanism of the unified concept is demonstrated here.12

D. MODIFICATION

This reaction has been modified for synthesizing tertiary amines via reductive amination
by the addition of secondary amines during the ozonolysis.13

E. APPLICATIONS

This reaction has general application in the determination of the structure of molecules
containing C=C double bonds as well as in the preparation of aldehydes and ketones.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

HO

HO

O

O
O OAc

H

H

O

O
O OAc

H

H

O3; Ac2O

Et3N, DMAP, 75%
+

4:1

Reference 3a.

A solution of 0.44 g cyclohexenyl diol (3.8 mmol) in 190 mL EtOAc at −78◦C was
purged with ozone until the solution turned blue. The system was then purged with N2 for
approximately 10 min or until the blue color disappeared. To this solution were added slowly
(∼30 min each) via syringe pump 2.36 g Ac2O (23.2 mmol) and 3.8 g Et3N (38.0 mmol), and
stirring was continued at −78◦C for 10 min before the addition of 0.2 g DMAP (1.8 mmol).
The reaction mixture was allowed to warm to room temperature and stir overnight. It was
then quenched with NaHCO3 and extracted with EtOAc (3 × 100 mL). The combined
organics were dried over Na2SO4, filtered, and concentrated. Flash column chromatog-
raphy with Et2O furnished 0.52 g lactone as crystalline solids, in a yield of 75% with a
diastereomeric ratio of 4:1.

O O

CO2MeO3; Ac2O, NEt3, DMAP

Reference 17.

Precooled dry ozone in oxygen gas was passed through a cold (−70◦C) suspen-
sion of 200 mg (-)-(1R,4S)-1,5,5-trimethyl-6,8-bis(methylene)bicyclo-[2.2.2]octan-2-one
(1.05 mmol) and 10 mg NaHCO3 in 5 mL MeOH-CH2Cl2 (1:4) for 5 min. Excess ozone
was flushed off with oxygen. The solvent was evaporated in vacuo, and the residue was dis-
solved in 2 mL dry benzene. To this mixture were added 1 mL acetic anhydride (10.5 mmol),
0.7 mL triethylamine (5.2 mmol), and a catalytic amount of DMAP; the resulting mixture
was stirred at room temperature for 15 min and then refluxed for 6 h. The reaction mixture
was diluted with water and extracted with ether. The ethereal extract was washed with 3 N

aqueous HCl and water. Evaporation of the solvent and purification of the residue over a sil-
ica gel column using EtOAc/hexane (1:50) as the eluent furnished 80 mg unreacted starting
material. Further elution of the column with EtOAc/hexane (1:20 to 1:10) as the eluent fur-
nished 93 mg (+)-methyl (1R)-1,5,5-trimethyl-6-methylenecyclohex-3-en-2-one-1-acetate
as an oil, in a yield of 67% based on the consumed starting material.

Other references related to the Criegee ozonolysis are cited in the literature.18
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170
Criegee Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Criegee in 1944.1 It is the rearrangement of peroxy
ester into ketone, ester, or carbonate and alcohol via oxygen insertion or consecutive oxygen
insertion. Therefore, it is generally known as the Criegee rearrangement.2 The peroxy ester
is primarily formed from the reaction between peracid and tertiary alcohol. In addition, the
peroxy ester can also be prepared from the reaction between ketone and peracid (i.e., the
Baeyer-Villiger Oxidation), and the additional product of peracid to ketone is often referred
to as the Criegee intermediate.2e,3 From this point of view, the Baeyer-Villiger Oxidation
is a subset of the Criegee rearrangement.2e In this reaction, the often-used peracids include
p-nitroperbenzoic acid2f and trifluoroperacetic acid2c,2d,4 because they are strong enough
and give good leaving groups. It is widely assumed that the migrating group rearranges
from a position anti-periplanar to the dissociating oxygen-oxygen bond of the peroxy ester.5

During the rearrangement, the electron-donating ability of the migrating group will facilitate
such movement,2i,6 whereas the electron-withdrawing or electron-deficient group will not
migrate.7 This reaction has been proven to occur via an ionic mechanism,1 but the second
step of migration is believed to be concerted.3a For this reaction, allylic hydroperoxides will
yield cyclic or acyclic enol ethers,2f and the isopropenyl group can be easily removed.8 The
major differences between the Criegee rearrangement and the Baeyer-Villiger Oxidation
include (a) a consecutive oxygen insertion occurs in former, but no oxygen insertion has
been reported for ketones and aldehdyes;5 and (b) the starting material is tertiary alcohols
in the Criegee rearrangement, but ketones are used in the Baeyer-Villiger Oxidation.

770

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



APPLICATIONS 771

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is the reaction mechanism, including the formation of ketone, ester,
and orthoester via oxygen insertion.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the removal of the isopropenyl group and conversion of tertiary
alcohols into ketones and aldehydes.
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F. RELATED REACTIONS

This reaction is related to the Baeyer-Villiger Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

O

O

O

MeO

O

OOAc

MeOH

O

HO

O

O

TBSO

O

CH3CN

1) O3/MeOH-CH2Cl2

2) Ac2O, Et3N

TBSCl, imidazole

Reference 8a.

A solution of 20 g (1S,4S,6S)-1-methyl-4-(1-methylethenyl)-7-oxabicyclo-[4.1.0]-
heptan-2-one (120 mmol) and 20 mL methanol (494 mmol) in 200 mL dichloromethane
was cooled with a dry ice–acetone bath; the nitrogen inlet tube was replaced with a gas
dispersion tube, and the gas outlet tube was connected to a trap through a wide 4-mm
i.d. tube immersed in a 2 L 1 M KI solution. Then ozonized air (4 L/min) was continu-
ously passed through the reaction mixture at −68 ± 3◦C. The reaction turned pale blue
after 65 min, indicating the completion of the reaction. Then excess ozone was removed
by purging with nitrogen (4 L/min) for 30 min, and the mixture was allowed to warm to
14◦C over 40 min to ensure complete conversion of the initially formed ozonide to the
desired hydroperoxide. Then the mixture was cooled to −25◦C, and 117 mL triethylamine
(839 mmol) was added over 5 min while maintaining the temperature of the mixture below
−25◦C. Then 2.0 g DMAP (16.4 mmol) was added in one portion, followed by the slow
addition of 79.6 mL acetic anhydride (843 mmol) over 10 min while maintaining the reac-
tion temperature between −25◦ and −38◦C. The mixture was allowed to warm to −8◦C
over 30 min and stirred at −7 ± 1◦C for 1.5 h. TLC analysis indicated a complete reaction.
The reaction was quenched by the slow addition of 33 mL methanol, while maintaining the
temperature of the mixture below 10◦C (over 7 min). After being stirred at 5◦C for 5 min, the
mixture was diluted with 220 mL hexane, washed consecutively with 10% aqueous citric
acid (2 × 150 mL) and saturated aqueous KHCO3 (2 × 80 mL), dried over Na2SO4, and
concentrated to dryness at 30◦C under reduced pressure to give 38.2 g crude (1S,4S, 6S)-
4-(1-acetylhydroperoxy-1-methoxyethyl)-1-methyl-7-oxabicyclo[4.1.0]heptan-2-one as a
yellow oil. This material was relatively unstable and was immediately used in the next step
without further purification.

A mixture of the crude product (120 mmol in theory) and 2.0 g NaOAc (24.4 mmol)
in 245 mL methanol was stirred at 37◦C overnight. TLC analysis indicated a complete
reaction. Then the mixture was concentrated to dryness at 39◦C, and the residue (29 g)
was dissolved in 40 mL acetonitrile. The resulting solution was concentrated to dryness at
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35◦C under reduced pressure, and additional 40 mL acetonitrile was added. The resulting
solution was again concentrated to dryness at 35◦C under reduced pressure, and then 35 mL
acetonitrile and 29.5 g imidazole (433 mmol) were added. After the mixture was cooled with
an ice water bath, tert-butylchlorodimethylsilane (32.6 g, 217 mmol) was added. The cold
bath was removed, and the mixture was stirred at room temperature for 4 h. The reaction
was quenched by the addition of 10 mL methanol. After the mixture was stirred for 5 min,
55 mL ice water was added, and the mixture was extracted with hexanes (2 × 50 mL).
The combined organic extracts were washed with 50 mL 2:3 v/v mixture of methanol and
water, dried over Na2SO4, and concentrated to dryness at 40◦C under reduced pressure.
Further drying of the residue at 46◦C and 0.4 mmHg for 1 h gave 25.2 g crude (1S,4S,6S)-
4-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-1-methyl-7-oxabicyclo[4.1.0]heptan-2-one as a
pale yellow oil, with a 81.7% yield on the basis of the initial starting material used.

O
O O

1. O3, MeOH

2. Cu(OAc)2 · H2O
     FeSO4 · 7H2O

+

Reference 8b.

Ozone was passed through a solution of 6.62 g (S,S,S)-2,3-dimethyl-5-(2-propen-2-yl)-
cyclohexanone (39.8 mmol) in 100 mL dry methanol for 1.5 h while cooling between −10◦
and −40◦C. The slightly blue solution was then purged with argon for 10 min, and 16.0 g
Cu(OAc)2·H2O (80.0 mmol) was added while stirring at −20◦C. After 15 min, 13.3 g
FeSO4·7H2O (48.0 mmol) was added, and the mixture was warmed slowly to room temper-
ature. After being stirred for 18 h, water was added and the mixture was washed five times
with diethyl ether. The combined organic phases were washed with a saturated NaHCO3
solution, brine and water, and dried over MgSO4. After the removal of the solvent in vacuo,
the crude product was purified by column chromatography (SiO2, petroleum ether/tert-butyl
methyl ether, 10:1), providing 2.11 g (S,S)-5,6-dimethyl-2-cyclohexenone (43% yield) and
0.62 g (S,S)-5,6-dimethyl-3-cyclohexenone (13% yield) as colorless liquids.

Other references related to the Criegee rearrangement are cited in the literature.9
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Crum-Brown-Gibson

Substitution Rule

A. GENERAL DESCRIPTION OF THE REACTION

This is one of the many rules guiding the position of the incoming electrophile on an
aromatic ring, primarily in the substituted benzene ring, in electrophilic aromatic substi-
tution. The Crum-Brown-Gibson rule,1 proposed by Crum-Brown and Gibson in 1892,2

is the best known rule for the directive influence3 for electrophilic aromatic substitution,
although several investigators had proposed similar rules before Crum-Brown and Gibson,
including Körner in 1874,4 Hübner in 1875,5 Nölting in 1876,6 and Armstrong in 1887.7

In addition, a few other investigators also proposed explanations for electrophilic aromatic
substitution after 1892, including Flürscheim in 1902,8 Vörlander in 1902,9 Fry in 1911,10

Stieglitz in 1922,11 and Prins in 1925.12 The rules from Körner, Hübner, and Nölting are
also combined as the Hübner-Nölting-Körner rule.13 The original Crum-Brown-Gibson rule
stated that the substituent already present on the benzene ring is considered to be linked
to hydrogen (i.e., the benzene ring can be replaced by a hydrogen atom), and if the cor-
responding compound can be directly oxidized, then the second incoming group will take
up the position meta to the existing substituent; otherwise, the incoming group would enter
the position either para or ortho to the existing substituent. For example, if the existing
substituent is Cl, the corresponding compound is HCl, which cannot be oxidized directly
to HClO, then, Cl is a para- and ortho-directing group.13 It should be pointed out that the
Crum-Brown-Gibson rule and the other rules listed earlier all are empirical generalizations
of experimental results and do not provide information about the reaction mechanism.14

In addition, most of the rules cover only the majority of experimental results with a few
exceptions.[3]
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The advanced knowledge about the electrophilic aromatic substitution is generally sum-
marized here. The existing substituent on the aromatic ring (e.g., benzene) has a twofold
effect on such substitution: the effect on determining the location of incoming electrophilic
group and the effect on the substitution reaction rate. Basically, this substitution is a two-step
process: the addition of an electrophile to the C=C double bond on the aromatic ring and
the elimination of a hydrogen atom from the attacking position. The existing substituent on
the aromatic ring can be the electron-donating group or the electron-withdrawing group,
which affect the reaction quite differently. If such an effect is not counted, (i.e., regardless
of the electronic character of substituent), then para- or ortho-substitution is favored. This
is because a carbocation intermediate is formed in the first step by the addition of an elec-
trophile, and this carbocation intermediate can isomerize to three other resonance structures,
as illustrated later. If the incoming electrophile attacks at either the para- or ortho-position,
the resonance structures of the resulting carbocation intermediate include two secondary
carbocations and one tertiary carbocation, and normally tertiary carbocation is much more
stable than the secondary carbocation. In contrast, if the incoming electrophile enters at
the position meta to the existing group, then the formed carbocation intermediate contains
only three resonance structures of secondary carbocations, indicating the preferred posi-
tion would be either the para- or ortho-position. Considering the steric hindrance from the
existing substituent and incoming electrophile, the para-substitution is the most favored.
However, compared to hydrogen, all the substituents on the aromatic ring can be divided
into either electron-donating groups or electron-withdrawing groups. For the case of halo-
gens and the electron-donating groups (either contributing a lone electron pair such as OR
or NR2 or donating a certain electron cloud via superconjugation such as alkyl), they can
further stabilize all the formed carbocation intermediates, but stabilize the formed carboca-
tion intermediates only when the incoming electrophile primarily enters at either the ortho-
or the para-position of the existing substituent, and yield the ortho- and para-substituted
products. This is because the electron-donating group is either directly linked to the formed
carbocation or in conjugation with the carbocation. Therefore, these substituents are called
ortho/para directors.15 For comparison, if the existing group is an electron-withdrawing sub-
stituent excluding halogen (e.g., NO2, CN), it will destabilize all the resonance structures
of the carbocation intermediate but destabilize the carbocation intermediate formed primar-
ily from ortho- or para-incoming electrophile, because the electron-withdrawing group is
either directly connected to carbocation or in conjugation with carbocation. Therefore, only
the carbocation intermediate from the meta-attacking electrophile can productively form
the final meta-substituted product. Thus the electron-withdrawing groups are also called
meta directors.15

Accordingly, the substituent favoring the ortho- or para-substitution (i.e., electron-
donating group) is called the ortho/para director; in addition, because all these groups
stabilize the formed carbocation intermediates and facilitate the substitution, these groups
are also called activators. On the other hand, the electron-withdrawing group, which
disfavors the formation of the carbocation intermediate, will slow down the reac-
tion rate compared to benzene; thus the electron-withdrawing groups are also called
deactivators.

The substituents on the polycyclic aromatic compounds, such as naphthalene, phenan-
threne, fluoranthrene, and pyrene, are much more complicated; however, the substitution
positions are still determined by the relative stabilities of the formed carbocation
intermediates.16
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B. GENERAL REACTION SCHEME
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(EDG, electron-donating group; E, electrophile; EWG, electron-withdrawing group)

C. PROPOSED MECHANISMS

In the case of ortho-substitution.
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In the case of para-substitution.
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In the case of meta-substitution.
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D. MODIFICATION

N/A

E. APPLICATIONS

This rule is very useful for the design of organic synthesis routes.

F. RELATED REACTIONS

This rule is related to the rules mentioned in Section A.4−12

G. CITED EXPERIMENTAL EXAMPLES

Because so many reactions are available from textbooks and journals, no experimental
details are provided here; however, some relevant experiments are given in the discussion of
the Friedel-Crafts Alkylation and Friedel-Crafts Acylation. Listed here are some common
electron-donating groups and electron-withdrawing groups. The characteristics and of other
substituents are given by Hansch and co-workers.17
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Curtius Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Curtius in 1890.1 It is the formation of isocyanate by
thermal decomposition of acyl azides prepared from acyl halide and sodium azide and is
generally known as the Curtius rearrangement.2 Although this reaction is thought to proceed
via a concerted mechanism3 and form carbonyl nitrene intermediate,3a,3b,3g,4 from which
the R group migrates to the nitrogen atom to give isocyanate, some evidence supporting
the stepwise mechanism has also been reported.3a Nevertheless, the Curtius rearrangement
occurs with complete retention of configuration at the migrating carbon,5 and the migration
from the carbon to the nitrogen atom is an irreversible intramolecular reaction in first-
order kinetics.6 Because it is an intramolecular rearrangement, a solvent or salt effect is not
evident.6 The intermediate isocyanate can be isolated or subjected to subsequent reaction
directly—for example, isocyanate reacts with water to form an unstable carbamic acid,
which undergoes spontaneous decarboxylation to produce amine with one fewer carbon
unit. This special reaction is referred to as the Curtius reaction.7 In addition, the Curtius
rearrangement is also known as the Curtius-type reaction,7b Curtius degradation,8 Hofmann-
Beckmann-Curtius-Lossen rearrangement,9 and Curtius-type rearrangement.10 On the one
hand, the Curtius rearrangement has been used with great success for the preparation of non-
commercially available isocyantes from a diverse assortment of carboxylic acids, including
aliphatic,11 aromatic,12 heterocyclic,13 unsaturated,14 and chiral acids.15 In addition, this
rearrangement is good for the preparation of tetrazoles,16 cyanamides,16 oxazolidones,17

amino alcohol,18 furano carbamate,7a etc. On the other hand, the pyrolysis of acyl azides
can also be carried out photolytically,3b,3g,4,19 via a concerted mechanism.3b When acyl
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azide contains a halogen or hydroxyl group at the α-position, an aldehyde or ketone forms.7c

It should be pointed out that benzenesulfonyl azide also undergoes a similar rearrangement
and gives a sulfurylaniline intermediate.10d Recently, the Curtius rearrangement was car-
ried out under microwave irradiation20 and was modified using phase-transfer catalysis;21

however, the most important modification of the Curtius rearrangement is to use the Shiori
reagent18—that is, diphenylphosphoryl azide (DPPA).22

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A simple mechanism involving a nitrene intermediate is displayed here.

D. MODIFICATION

This rearrangement has been modified to use the Shiori reagent as the azide source;22 in
addition, this reaction has been extended to proceed under photo 3b,3g,4,19 or microwave20

irradiation.

E. APPLICATIONS

The major applications of this rearrangement are the preparation of a variety of iso-
cyanates and amines. In addition, this reaction is also valuable for the preparation of
tetrazoles,16 cyanamides,16 oxazolidones,17 amino alcohol,18and furano carbamate.7a

F. RELATED REACTIONS

This reaction is related to the Hofmann Degradation, Lossen Rearrangement, and
Schmidt Reaction.
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G. CITED EXPERIMENTAL EXAMPLES
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1) DPPA, Et3N, DMF

2) MeOH,  ∆

Reference 22b.

To a solution of 7.04 g 1-benzyl-3-cyanopyrrole-2-carboxylic acid (31.12 mmol) in
75 mL N,N-dimethylformamide at 0◦C was added 7.65 mL diphenylphosphoryl azide
(DPPA, 9.72 g, 35.30 mmol, 1.1 eq.) and 4.75 mL triethylamine (3.42 g, 33.80 mmol,
1.1 eq.). The solution was allowed to stir at room temperature for 6 h. Methanol (7 mL)
was added, and the reaction mixture was heated at 65◦C for 8 h. The solvents were
evaporated in vacuo, and the resulting residue was dissolved in 140 mL EtOAc. The
solution was then extracted with 1 N aqueous HCl solution (3 × 80 mL), washed with
saturated aqueous NaHCO3 solution (3 × 80 mL), dried over anhydrous MgSO4, and
concentrated to dryness. The residue was recrystallized from ethanol to give 4.695 g
1-benzyl-2-methoxycarbonylamino-3-cyanopyrrole, in a yield of 59%, m.p. 140–142◦C.

Reference 23.

1,2,3,4,5-Pentaphenylferrocene-1′-carboxylic acid (2.00 g, 3.3 mmol) was suspended in
20 mL CH2Cl2. Oxalyl chloride (0.84 g, 0.58mL, 6.6 mmol) was added followed by a drop
of DMF. The mixture was stirred at room temperature for 3 h, after which the solvent and
residual oxalyl chloride were removed in vacuo. The red solid thus obtained was taken up in
20 mL CH2Cl2. Tetrabutylammonium bromide (0.004 g, 0.01 mmol) was added, followed
by a solution of 0.32 g NaN3 (4.9 mmol) in 4 mL H2O, and the mixture was stirred rapidly
at room temperature for 18 h. An additional 50 mL water was added to the mixture, and the
organic layer was separated. The aqueous layer was extracted with CH2Cl2 (2 × 20 mL),
the combined organic layers were dried over MgSO4 and filtered, and the solvent was
removed in vacuo. Column chromatography (1:1 CH2Cl2/petroleum ether) gave 1.69 g
1,2,3,4,5-pentaphenyl-1′-acylazidoferrocene as a red solid, in a yield of 81%, m.p. 250◦C
(dec).

1,2,3,4,5-Pentaphenyl-1′-acylazideferrocene (1.48 g, 2.3 mmol) was dissolved in 15 mL
toluene; the solution was heated to 105◦C, and 0.67 mL of 2-(trimethylsilyl)ethanol
(4.7 mmol) was added in a single portion. The red solution obtained was stirred at this
temperature for 3 h, by which time the color had changed to dark orange. The mixture was
cooled to room temperature, 50 mL 1 M NaOH was added, and the solution was stirred for
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5 min. The organic layer was separated, and the aqueous layer was extracted with CH2Cl2
(2 × 20 mL). The combined organic layers were dried over MgSO4 and filtered, and the sol-
vent was removed in vacuo to give an orange solid. Chromatography (1:1 CH2Cl2/petroleum
ether) gave 1.61 g 1,2,3,4,5-pentaphenylferrocene-1′-(2-trimethylsilyl)-ethyl carbamate as
an orange solid, in a yield of 95%, m.p.132–134◦C.
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[m+n(+. . . )] Cycloaddition

A. GENERAL DESCRIPTION OF THE REACTION

Modern organic synthesis with its increasing ecological concerns demands a highly effi-
cient process to transform simple starting materials rapidly into complex building blocks,
from which the desired products can be formed.1 One of the best ways to address this chal-
lenge relies on the application of a cycloaddition reaction, in which two or more molecules
can combine and form new ring structures, along with the formation of multiple bonds and
multiple stereogenic centers in a single step.2 In addition, cycloadditions are also consid-
ered the right choice when high regioselectivities, chemoselectivities and stereoselectivities
are concerned.3 Except for the famous Diels-Alder Reaction, 1,3-Dipolar Cycloaddition,
and [2+2] Cycloaddition (including a special case of Paterno-Buchi Reaction), which
are described separately, many types of cycloadditions currently used in organic synthe-
ses are summarized in this chapter of cycloaddition, including [2+1], [2+2+1], [2+2+2],
[2+2+2+1], [3+2+1], [3+2+2], [3+2+2+2], [3+3], [4+1], [4+2+1], [4+2+2], [4+3], [4+4],
[5+1], [5+1+2+1], [5+2], [5+2+1], [5+3], [5+4], [6+2], [6+3], [6+4], [6+6], and [8+2]
cycloadditions. Each of these cycloadditions can be treated as an individual reaction like
the other named reactions discussed in this book; therefore, for each type of cycloaddition
I have provided one experimental example accompanied along with related references.

B. REFERENCES

1. (a) Rodrı́guez, J. R.; Rumbo, A.; Castedo, L. and Mascareñas, J. L., J. Org. Chem., 1999, 64, 966.
(b) Rodrı́guez, J. R.; Rumbo, A.; Castedo, L. and Mascareñas, J. L., J. Org. Chem., 1999, 64, 4560.

2. Sieburth, S. McN.; Lin, C.-H. and Rucando, D., J. Org. Chem., 1999, 64, 950.
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3. (a) Slowinski, F.; Aubert, C. and Malacria, M., J. Org. Chem., 2003, 68, 378. (b) Sieburth, S.
McN.; Rucando, D. and Lin, C.-H., J. Org. Chem., 1999, 64, 954.

[2+1] Cycloaddition

A. GENERAL REACTION SCHEME

R4R2

R1 R3

C
R5

R6
R1

R2

R3

R4

R5 R6

+

B. CITED EXPERIMENTAL EXAMPLES

Reference 1.

To a solution of 250 mg 1-phenylseleno-2-trimethylsilylethene (1.0 mmol) in 2.4 mL
dichloromethane was added 0.173 mL SnCl4 (391 mg, 1.5 mmol) followed by 312 mg
2-p-toluenesulfonylacrylate (1.3 mmol) at −78◦C. The mixture was stirred at −78◦C for
3 h. The reaction mixture was quenched by 0.32 mL triethylamine (230 mg, 2.3 mmol) and
then with saturated aqueous NaHCO3. The mixture was extracted with dichloromethane,
and the organic phase was washed with water, dried over Na2SO4, and evaporated in
vacuo. The residue was purified by column chromatography over silica gel eluting with
hexane/ether (2:1) to give 278 mg methyl R-1-(p-toluenesulfonyl)-c-2-[(phenylseleno)-
(trimethylsilyl)methyl]-1-cyclopropanecarboxylate, in a yield of 56%. An analytically pure
sample was recrystallized from hexanes/ether as colorless crystals, m.p. 117–119◦C.

Other references related to [2 + 1] cycloaddition are cited in the literature.2

C. REFERENCES

1. Yamazaki, S.; Yanase, Y.; Tanigawa, E.; Yamabe, S. and Tamura, H., J. Org. Chem., 1999, 64,
9521.

2. (a) Han, J. L. and Ong, C. W., Tetrahedron, 2005, 61, 1501. (b) Nomura, K.; Oshima, K. and
Matsubara, S., Tetrahedron Lett., 2004, 45, 5957. (c) Holzinger, M.; Steinmetz, J.; Samaille,
D.; Glerup, M.; Paillet, M.; Bernier, P.; Ley, L. and Graupner, R., Carbon, 2004, 42, 941.
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(d) Knorr, R., Chem. Rev., 2004, 104, 3795. (e) Gehrhus, B. and Hitchcock, P. B., Organometallics,
2004, 23, 2848. (f) Lou, Y.; Horikawa, M.; Kloster, R. A.; Hawryluk, N. A. and Corey, E. J.,
J. Am. Chem. Soc., 2004, 126, 8916. (g) Lu, X.; Tian, F. and Zhang, Q., J. Phys. Chem. B.,
2003, 107, 8388. (h) Matsubara, S.; Ukai, K.; Fushimi, H.; Yokota, Y.; Yoshino, H.; Oshima,
K.; Omoto, K.; Ogawa, A.; Hioki, Y. and Fujimoto, H., Tetrahedron, 2002, 58, 8255. (i) Bar-
luenga, J.; Fernández-Rodrı́guez, M. A.; Andina, F. and Aguilar, E., J. Am. Chem. Soc., 2002,
124, 10978. (j) Yamazaki, S.; Yanase, Y.; Kamimoto, K.; Yamada, K. and Yamamoto, K.,
J. Org. Chem., 2001, 66, 5915. (k) Nguyen, L. T.; Proft, F. D.; Nguyen, M. T. and Geerlings,
P., J. Org. Chem., 2001, 66, 4316. (l) Nguyen, L. T.; De Proft, F.; Nguyen, M. T. and Geerlings,
P., J. Org. Chem., 2001, 66, 4316. (m) Chowdhury, S. K.; Amarasinghe, K. K.; Heeg, M. J. and
Montgomery, J., J. Am. Chem. Soc., 2000, 122, 6775. (n) Ukai, K.; Oshima, K. and matsubara,
S., J. Am. Chem. Soc., 2000, 122, 12047. (o) Nguyen, L. T.; Le, T. N.; De Proft, F.; Chandra,
A. K.; Langenaeker, W.; Nguyen, M. T. and Geerlings, P., J. Am. Chem. Soc., 1999, 121, 5992.
(p) Yamazaki, S.; Takada, T.; Imanishi, T.; Moriguchi, Y. and Yamabe, S., J. Org. Chem., 1998,
63, 5919. (q) Nguyen, L. T.; Le, T. N.; Proft, F. D.; Chandra, A. K.; Langenaeker, W.; Nguyen, M.
T. and Geerlings, P., J. Am. Chem. Soc., 1999, 121, 5992. (r) Yamazaki, S.; Inoue, T.; Hamada,
T. and Takada, T., J. Org. Chem., 1999, 64, 282. (s) Yamazaki, S.; Kataoka, H. and Yamabe, S.,
J. Org. Chem., 1999, 64, 2367.

[2+2+1] Cycloaddition

A. GENERAL REACTION SCHEME

In this reaction, the π-bond of the ketone or aldehyde, the π-bond of the alkene, and
the carbon atom of CO are integrated into compounds with a five-membered ring, such as
γ-butyrolactones.1

B. CITED EXPERIMENTAL EXAMPLES

OMe

Ph
O

O

CO
O

Ph

O

O

OMe
Ru3(CO)12

P(4-CF3C6H4)3

Toluene, 160°C, 20 h
+ +

Reference 1.
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A 50-mL stainless autoclave were charged with 328 mg methyl benzoylformate (2 mmol),
70 mg P(4-CF3C6H4)3 (0.15 mmol), 6 mL toluene, and 32 mg Ru3(CO)12 (0.05 mmol).
After the system was flushed with 10 atm ethylene three times, it was pressurized with
ethylene to 3 atm and then with carbon monoxide to additional 5 atm. Then the autoclave
was immersed in an oil bath at 160◦C. After 20 h, it was removed from the oil bath and
allowed to cool for ∼1 h. The gases were then released. The contents were transferred to a
round-bottomed flask with toluene, and the volatiles were removed in vacuo. The residue
was subjected to column chromatography on a silica gel (eluent, hexane/EtOAc, 5:1) to
give 413 mg tetrahydro-5-oxo-2-phenyl-2-furancarboxylic acid methyl ester as a colorless
solid, in a yield of 94%. Purification by bulb-to-bulb distillation afforded the analytically
pure product, m.p. 54–56◦C, Rf = 0.34 (hexane/EtOAc, 5:1).

Other references related to [2+2+1] cycloaddition are cited in the literature.2

C. REFERENCES

1. Chatani, N.; Tobisu, M.; Asaumi, T.; Fukumoto, Y. and Murai, S., J. Am. Chem. Soc., 1999, 121,
7160.

2. (a) Manku, S. and Curran, D. P., J. Comb. Chem., 2005, 7, 63. (b) Wender, P. A.; Croatt, M. P. and
Deschamps, N. M., J. Am. Chem. Soc., 2004, 126, 5948. (c) Odedra, A.; Wu, C.-J.; Madhushaw,
R. J.; Wang, S.-L. and Liu, R.-S., J. Am. Chem. Soc., 2003, 125, 9610. (d) Odedra, A.; Wu, C.-J.;
Madhushaw, R. J.; Wang, S.-L. and Liu, R.-S., J. Am. Chem. Soc., 2003, 125, 9610. (e) Imbriglio,
J. E. and Rainier, J. D., Tetrahedron Lett., 2001, 42, 6987. (f) Ishikawa, T.; Shimizu, K.; Ishii,
H.; Ikeda, S. and Saito, S., J. Org. Chem., 2001, 66, 3834. (g) Knölker, H.-J. and Cämmerer, S.,
Tetrahedron Lett., 2000, 41, 5035. (h) Brummond, K. M. and Kent, J. L., Tetrahedron, 2000, 56,
3263. (i) Son, S. U.; Choi, D. S.; Chung, Y. K. and Lee, S.-G., Org. Lett., 2000, 2, 2097. (j) Tobisu,
M.; Chatani, N.; Asaumi, T.; Amako, K.; Ie, Y.; Fukumoto, Y. and Murai, S., J. Am. Chem. Soc.,
2000, 122, 12663. (k) Mahuteau-Betzer, F. and Ghosez, L., Tetrahedron Lett., 1999, 40, 5183.
(l) Knölker, H.-J.; Braier, A.; Bröcher, D. J.; Jones, P. G. and Piotrowski, H., Tetrahedron Lett.,
1999, 40, 8075. (m) Brummond, K. M.; Wan, H. and Kent, J. L., J. Org. Chem., 1998, 63, 6535.

[2+2+2] Cycloaddition

A. GENERAL REACTION SCHEME

The [2+2+2] cycloaddition reaction of three unsaturated partners provides a powerful
tool to form three carbon-carbon bonds in a single chemical transformation,1 especially
for the formation of polycyclic compounds via intramolecular cyclization with high regio-,
chemo- and stereoselectivities.
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B. CITED EXPERIMENTAL EXAMPLES
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Reference 1.

An oven-dried two-neck round-bottomed flask equipped with a magnetic stir bar, septum,
gas adapter, and balloon was evacuated and filled with CO2. A solution of 200 mg 2,2-di-but-
2-ynyl-malonic acid dimethyl ester (0.85 mmol) was added, and the flask was submerged
into a 60◦C oil bath. To the stirring solution, 3 mL toluene solution containing 12 mg
Ni(COD)2 (0.04 mmol) and 31 mg IPr (0.08 mmol) was added. The dark greenish black
reaction mixture was then heated for 2 h (or until complete consumption of the starting
material was observed as judged by GC), cooled to ambient temperature, concentrated, and
purified by recrystallization in CH2Cl2 and hexanes to afford 228 mg 1,4-dimethyl-3-oxo-
3,5-dihydro-7H-cyclopenta[c]pyran-6,6-dicarboxylic acid dimethyl ester as a white solid,
in a yield of 96%.

Other references related to [2+2+2] cycloaddition are cited in the literature.3,4

C. REFERENCES

1. Slowinski, F.; Aubert, C. and Malacria, M., J. Org. Chem., 2003, 68, 378.
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3. (a) Heller, B.; Sundermann, B.; Buschmann, H.; Drexler, H.-J.; You, J. S.; Holzgrabe, U.; Heller,
E. and Oehmer, G., J. Org. Chem., 2002, 67, 4414. (b) Shanmugasundaram, M.; Wu, M. S.;
Jeganmohan, M.; Huang, C.-W. and Cheng, C.-H., J. Org. Chem., 2002, 67, 7724. (c) Yamamoto,
Y.; Takagishi, H. and Itoh, K., J. Am. Chem. Soc., 2002, 124, 28. (d) Yamamoto, Y.; Takagishi, H.
and Itoh, K., J. Am. Chem. Soc., 2002, 124, 6844. (e) Gevorgyan, V.; Radhakrishnan, U.; Takeda,
A.; Rubina, M.; Rubin, M. and Yamamoto, Y., J. Org. Chem., 2001, 66, 2835. (f) Yamamoto, Y.;
Ogawa, R. and Ithoh, K., J. Am. Chem. Soc., 2001, 123, 6189. (g) Eichberg, M. J.; Dorta, R. L.;
Grotjahn, D. B.; Lamottke, K.; Schmidt, M. and Vollhardt, K. P. C., J. Am. Chem. Soc., 2001,
123, 9324. (h) Ozerov, O. V.; Patrick, B. O. and Ladipo, F. T., J. Am. Chem. Soc., 2000, 122,
6423. (i) Fletcher, J. T. and Therien, M. J., J. Am. Chem. Soc., 2000, 122, 12393. (j) Eichberg,
M. J.; Dorta, R. L.; Lamottke, K. and Vollhardt, K. P. C., Org. Lett., 2000, 2, 2479. (k) Seo, J.;
Chui, H. M. P.; Heeg, M. J. and Montgomery, J., J. Am. Chem. Soc., 1999, 121, 476. (l) Varela,
J. A.; Castedo, L.; Saá, C., Org. Lett., 1999, 1, 2141.
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B. CITED EXPERIMENTAL EXAMPLES
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Reference 1.

4,4,9,9-Tetra(carbethoxy)tridec-1-ene-6,11-diyne (100 mg, 0.216 mmol) was introduced
to a Schlenck tube, followed by 2.16 mL Cl(CH2)2Cl under argon, and then CO was bubbled
into the solution at room temperature. After 15 min 5.3 mg [Rh(COD)Cl]2 (0.0108 mmol,
5 mol %) was added under CO, and the resulting mixture was stirred at room temperature
for an additional 5 min. Then the reaction mixture was heated to 50ºC with stirring and kept
for 16 h under CO (ambient pressure, bubbled into the solution). All volatiles were removed
from the reaction mixture under reduced pressure, and the crude product was purified by flash
chromatography on silica gel (EtOAc/hexanes, 1:9 to 3:7) affording 93 mg 6-methyl-2,2,8,8-
tetra(carbethoxy)-5-oxo-1,3a,4,5,7,9-hexahydro-3H-cyclopenta[e]azulene as a light yellow
oil, in a yield of 92.5% (88% isolated yield, Rf = 0.30, EtOAc/hexanes, 1:4), and <4 mg
5-methyl-2,2,7,7-tetra(carbethoxy)-1,3,3a,4,6,8-hexahydro-as-indacene as a colorless oil,
in 5.5% yield (<4% isolated yield, Rf = 0.56, EtOAc/hexanes, 1:4).

No other references related to [2+2+2+1] cycloaddition are found in the available
literature.

C. REFERENCES

1. Bennacer, B.; Fujiwara, M. and Ojima, I., Org. Lett., 2004, 6, 3589.
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[3+2+1] Cycloaddition

A. GENERAL REACTION SCHEME

C
O O

B. CITED EXPERIMENTAL EXAMPLES

N
HN

(CO)5Cr
OMe

THF NN

OMe

OH

CeIV

NN

O

O

+

Reference 1.

A 3.2 mL THF solution of 102 mg chromium complex (0.32 mmol) and 0.05 mL 1-
pentyne (0.49 mmol) was deoxygenated by the freeze-thaw method (−196→25◦C, three
cycles) in a 25-mL pear-shaped flask that had the 14/20 joint replaced by an 8-mm threaded
high-vacuum stopcock. The solution was then heated under argon at 45◦C for 18 h and then
diluted with 10 mL ether and oxidized by being poured into 5 mL 0.5 M aqueous cerric
ammonium nitrate solution and being stirred at room temperature for 30 min. The organic
layer was washed with water and brine and dried over MgSO4. After the removal of solvents,
the residue was flash chromatographed with an eluent mixture of CH2C12/ether/hexanes
(1:1:4) to provide 20 mg quinone as a pale yellow solid, in a yield of 31%, m.p. 129.5–
130.5◦C.

Other references related to [3+2+1] cycloaddition are cited in the literature.2

C. REFERENCES

1. Chan, K. S. and Wulff, W. D., J. Am. Chem. Soc., 1986, 108, 5229.

2. Lee, S. I.; Park, J. H.; Chung, Y. K. and Lee, S.-G., J. Am. Chem. Soc., 2004, 126, 2714.
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[3+2+2] Cycloaddition

A. GENERAL REACTION SCHEME

B. CITED EXPERIMENTAL EXAMPLES

Reference 1.

To a drybox, was placed 315.5 mg (C5Me5)Co(η3-C3H5)(OTf) (0.820 mmol) in a flask
equipped with a Kontes valve. This flask was removed to the Schlenk line, and 10 mL
dichloromethane was added. On the high vacuum line, 0.44 g 2-butyne (8.2 mmol) was
added by vacuum transfer. The solution was cooled to −78◦C and then allowed to warm
slowly to room temperature while being stirred overnight. The solvent was evaporated, the
residue was washed with diethyl ether and then dissolved in dichloromethane and filtered
through Celite. Evaporation gave 327.3 mg of a red, somewhat impure solid, in a yield of
81%. The material could be partially purified by being dissolved in a minimal amount of
dichloromethane and added dropwise to an excess of rapidly stirring diethyl ether.

Other references related to [3+2+2] cycloaddition are cited in the literature.2

C. REFERENCES

1. Dzwiniel, T. L.; Etkin, N. and Stryker, J. M., J. Am. Chem. Soc., 1999, 121,10640.

2. (a) Etkin, N.; Dzwiniel, T. L.; Schweibert, K. E. and Stryker, J. M., J. Am. Chem. Soc., 1998, 120,
9702. (b) Schwiebert, K. E. and Stryker, J. M., J. Am. Chem. Soc., 1995, 117, 8275. (c) Sugimoto,
T.; Nojima, M.; Kusabayashi, S. and McCullough, K. J., J. Am. Chem. Soc., 1990, 112, 3690.
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[3+2+2+2] Cycloaddition

A. GENERAL REACTION SCHEME

No experimental procedure is given for this reaction.1 Other references related to
[3+2+2+2] cycloaddition are cited in the literature.2

B. REFERENCES

1. Schirmer, H.; Duetsch, M.; Stein, F.; Labahn, T.; Knieriem, B. and de Meijere, A.,
Angew. Chem. Int. Ed., 1999, 38, 1285.

2. Schirmer, H.; Duetsch, M.; Stein, F.; Labahn, T.; Knieriem, B. and de Meijere, A., Angew. Chem.,
1999, 111, 1369.

[3+3] Cycloaddition

A. GENERAL REACTION SCHEME

+
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B. CITED EXPERIMENTAL EXAMPLES

OAc SiMe3

N Ts
N

Ts

+

Reference 1.

To a suspension of 50 mg Pd(OAc)2 (0.22 mmol, 1 eq.) in 1.6 mL THF was added 0.33 mg
P(O-i-Pr)3 (1.34 mmol, 6 eq.) and then 0.18 mL 2.5 M n-BuLi in hexanes (0.45 mmol, 2 eq.);
the resultant yellow solution (0.14 M palladium catalyst) was stirred for 15 min before
use.

A solution of 150 mg tosyl aziridine (0.71 mmol, 1.5 eq.) in 3 mL THF was treated with
0.34 mL freshly prepared 0.14 M palladium catalyst solution (0.05 mmol, 10 mol %) and
0.10 mL alkene (0.47 mmol, 1 eq.); the reaction mixture was refluxed for 16 h. Solvent was
removed in vacuo and the residue was purified by flash chromatography to yield 102 mg
(S)-2-methyl-5-methylene-1-(toluene-4-sulfonyl)-piperidine as a white solid, in a yield of
82%, m.p. 68–69°C.

Other references related to [3+3] cycloaddition are cited in the literature.2,3

C. REFERENCES

1. Hedley, S. J.; Moran, W. J.; Price, D. A. and Harrity, J. P. A., J. Org. Chem., 2003, 68, 4286.

2. (a) Shen, H. C.; Wnag, J. S.; Cole, K. P.; McLaughlin, M. J.; Morgan, C. D.; Douglas, C. J.;
Hsung, R. P.; Coverdale, H. A.; Gerasyuto, A. I.; Hahn, J. M.; Liu, J.; Sklenicka, H. M.; Wei, L.-
L.; Zehnder, L. R. and Zificsak, C. A., J. Org. Chem., 2003, 68, 1729. (b) Sklenicka, H. M.; Hsung,
R. P.; McLaughlin, M. J.; Wei, L.-L.; Gerasyuto, A. I. and Brennessel, W. B., J. Am. Chem. Soc.,
2002, 124, 10435. (c) Shen, K.-H.; Lush, S.-F.; Chen, T.-L. and Liu, R.-S., J. Org. Chem., 2001,
66, 8106. (d) Zehnder, L. R.; Wei, L.-L.; Hsung, R. P.; Cole, K. P.; McLaughlin, M. J.; Shen, H.
C.; Sklenicka, H. M.; Wang, J. S. and Zificsak, C. A., Org. Lett., 2001, 3, 2141. (e) Madhushaw,
R. J.; Li, C.-L.; Shen, K.-H.; Hu, C.-C. and Liu, R.-S., J. Am. Chem. Soc., 2001, 123, 7427.
(f) Sklenicka, H. M.; Hsung, R. P.; Wie, L.-L.; McLaughlin, M. J.; gerasyuto, A. I. and Degen, S.
J., Org. Lett., 2000, 2, 1161. (g) Hsung, R. P.; Shen, H. C.; Douglas, C. J.; Morgan, C. D.; Degen,
S. J. and Yao, L. J., J. Org. Chem., 1999, 64, 690.

3. (a) Luo, S.; Zhao, J. and Zhai, H., J. Org. Chem., 2004, 69, 4548. (b) Sydorenko, N.; Hsung, R.
P.; Darwish, O. S.; Hahn, J. M. and Liu, J., J. Org. Chem., 2004, 69, 6732. (c) Cole, K. P. and
Hsung, R. P., Org. Lett., 2003, 5, 4843. (d) Kurdyumov, A. V.; Hsung, R. P.; Ihlen, K. and Wang,
J., Org. Lett., 2003, 5, 3935. (e) Luo, S.; Zificsak, C. A. and Hsung, R. P., Org. Lett., 2003, 5,
4709. (f) McLaughlin, M. J.; Shen, H. C. and Hsung, R. P., Tetrahedron Lett., 2001, 42, 609.
(g) Pearson, W. H.; Fang, W. and Kampf, J. W., J. Org. Chem., 1994, 59, 2682. (h) Angle, S.
R. and Boyce, J. P., Tetrahedron Lett., 1994, 35, 6461. (i) Mori, M.; Sugiyama, T.; Nojima, M.;
Kusabayashi, S. and McCullough, K. J., J. Org. Chem., 1992, 57, 2285. (j) Bambal, R. B. and
Kemmitt, R. D. W., J. Organomet. Chem., 1989, 362, C18. (k) Leung, T. W.; Christoph, G. G.
and Wojcicki, A., Inorg. Chim. Acta, 1983, 76, L281.
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[4+1] Cycloaddition

A. GENERAL REACTION SCHEME

R3

R1

R2 R5

R4
R1

R2
R3

R4

R5
+

B. CITED EXPERIMENTAL EXAMPLES
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N

N
O

PrS SPr O
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SPr

SPr
+

Benzene, ∆

Reference 1.

A benzene solution of 0.05 M vinylketene (1 eq.) and 2 eq. of bis(propylthio)carbene
precursor was refluxed until the completion of the reaction (typically 1–2 h). The resulting
solution was cooled down to room temperature and directly chromatographed on silica gel
(hexane, then EtOAc/hexane) to give 96% of product as a colorless oil.

Other references related to [4+1] cycloaddition are cited in the literature.2,3

C. REFERENCES

1. Rigby, J. H. and Wang, Z. Q., Org. Lett., 2003, 5, 263.

2. (a) Rigby, J. H. and Wang, Z. Q., Org. Lett., 2002, 4, 4289. (b) Maestri, A. G.; Cherry, K. S.;
Toboni, J. J. and Brown, S. N., J. Am. Chem. Soc., 2001, 123, 7459. (c) Morimoto, T.; Chatani,
N. and Murai, S., J. Am. Chem. Soc., 1999, 121, 1758. (d) Murakami, M.; Itami, K. and Ito, Y.,
Organometallics, 1999, 18, 1326. (e) Murakami, M.; Itami, K. and Ito, Y., J. Am. Chem. Soc.,
1999, 121, 4130.

3. (a) Oshita, M.; Yamashita, K.; Tobisu, M. and Chatani, N., J. Am. Chem. Soc., 2005, 127, 761.
(b) Wu, Y.; Xu, K. L. and Xie, D. Q., Tetrahedron, 2005, 61, 507. (c) Spino, C.; Rezaei, H.;
Dupont-Gaudet, K. and Belanger, F., J. Am. Chem. Soc., 2004, 126, 9926. (d) Lu, X.; Petersen,
J. L. and Wang, K. K., Org. Lett., 2003, 5, 3277. (e) Chatani, N.; Oshita, M.; Tobisu, M.; Ishii, Y.
and Murai, S., J. Am. Chem. Soc., 2003, 125, 7812. (f) Nair, V.; Menon, R. S.;Vinod, A. U. and
Viji, S., Tetrahedron Lett., 2002, 43, 2293. (g) Rigby, J. H. and Dong,W., Org. Lett., 2000, 2,
1673. (h) Murakami, M.; Itami, K. and Ito, Y., Organometallics, 1999, 18, 1326. (i) Loebach, J.
L.; Bennett, D. M. and Danheiser, R. L., J. Am. Chem. Soc., 1998, 120, 9690. (j) Abele, H.; Haas,
A.; Lieb, M. and Schelvis, M., J. Fluor. Chem., 1997, 84, 75. (k) Murakami, M.; Itami, K. and Ito,
Y., J. Am. Chem. Soc., 1997, 119, 2950. (l) Sigman, M. S. and Eaton, B. E., J. Am. Chem. Soc.,
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1996, 118, 11783. (m) Colomvakos, J. D.; Egle, I.; Ma, J.; Pole, D. L.; Tidwell, T. T. and Warkentin,
J., J. Org. Chem., 1996, 61, 9522. (n) Sigman, M. S. and Eaton, B. E., J. Org. Chem., 1994, 59,
7488. (o) Sierra, M. A.; Soderberg, B.; Lander, P. A. and Hegedus, L. S., Organometallics, 1993,
12, 3769. (p) Rigby, J. H. and Qabar, M., J. Am. Chem. Soc., 1991, 113, 8975. (q) Evanseck, J.
D.; Mareda, J. and Houk, K. N., J. Am. Chem. Soc., 1990, 112, 73. (r) Krageloh, K.; Anderson, G.
H. and Stang, P. J., J. Am. Chem. Soc., 1984, 106, 6015. (s) Houk, K. N.; Rondan, N. G.; Paddon-
Row, M. N.; Jefford, C. W.; Huy, P. T.; Burrow, P. D. and Jordan, K. D., J. Am. Chem. Soc., 1983,
105, 5563. (t) Swenton, J. S. and Bartlett, P. D., J. Am. Chem. Soc., 1968, 90, 2056.

[4+2+1] Cycloaddition

A. GENERAL REACTION SCHEME

W(CO)5
O

+

B. CITED EXPERIMENTAL EXAMPLES

O

Ph
H

MeO
Ph

Ph
Br

Ph
1) t-BuLi
2) W(CO)6 W(CO)5Ph

H

OMe

PhPh

3) MeSO3F

Reference 1.

To a solution of 1.10 g 1-bromo-2-phenyl cyclopropane (5.7 mmol) in 25 mL diethyl
ether at –78◦C under nitrogen was added via syringe 6.7 mL 1.7 M t-butyllithium
(10.5 mmol) in pentane. The mixture was stirred for 30 min at –78◦C, and then trans-
ferred via cannula to a suspension of 2.0 g tungsten hexacarbonyl (5.7 mmol) in 100 mL
diethyl ether at 0◦C. The mixture was warmed to room temperature, and then stirred for
1 h. The mixture was cooled to 0◦C, and 1.4 mL methyl fluorosulfonate (17.7 mmol) was
added, and the mixture was stirred at room temperature for 30 min. The reaction mixture
was poured into saturated NaHCO3 solution in a separatory funnel and then extracted with
hexane. The hexane layer was washed three times with water and then brine, dried over
MgSO4, and concentrated. The residue was purified via column chromatography using pure
hexane as the eluent to give two fractions. The first fraction (0.804 g, 29%) was identified as
the cis isomer complex that is used in the highlighted reaction example. The second fraction
(0.536 g, 20%) was the trans isomer.
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To 20 mL refluxing xylene under nitrogen was added a solution of 0.1 g carbene
complex (0.207 mmol), 0.060 g diphenylacetylene (0.330 mmol), and 0.090 g 1,2-(bis)-
diphenylphosphinobenzene (0.20 mmol) in 30 mL xylene over a period of 6 h. Then the
solution was refluxed for an additional 10 h. The mixture was cooled to 25◦C, and the sol-
vent was removed on a rotary evaporator. The residue was dissolved in 1:1 hexane/EtOAc
and then filtered through celite. After the removal of the solvent on a rotary evaporator, final
purification was achieved by flash chromatography using hexane/EtOAc (9:1 to 4:1) as the
eluent, to give 0.040 g cycloheptadienone, in a yield of 53%.

No other references related to [4+2+1] cycloaddition are found in the available literature.

C. REFERENCES

1. Herndon, J. W.; Chatterjee, G.; Patel, P. P.; Matasi, J. J.; Tumer, S. U.; Harp, J. J. and Reid, M.
D., J. Am. Chem. Soc., 1991, 113, 7808.

[4+2+2] Cycloaddition

A. GENERAL REACTION SCHEME

B. CITED EXPERIMENTAL EXAMPLES

O OBn

OBn

O

H

+

[Rh(NBD)Cl]2/DUPHOS
AgSbF6

CH2Cl2/EtOAc (6:1)

Reference 1.

Preparation of Catalyst

To a vial containing 75 mg [Rh(NBD)Cl]2 (0.16 mmol) was added 2 mL THF. After
being stirred for 15 min, this orange solution was quickly transferred via cannula to a
vial with 2 mL THF solution containing 98 mg (S,S)-Me-DuPHOS (0.32 mmol). After
being stirred for 15 min, this red solution was transferred via cannula to a vial containing a
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solution of 56 mg AgSbF6 (0.16 mmol) in 2 mL THF. After 15 min, this dark suspension
was transferred to a tarred vial using a syringe fitted with a filter. The cherry red filtrate was
concentrated in vacuo and kept under vacuum (< 1 mmHg) overnight to remove all solvent,
and 211 mg of an orange-red solid was collected. This catalyst can be stored under nitrogen
at 0◦C for a short period of time.

Cycloaddition Procedure

To a clean, dry 15-mL Schlenk tube was added 30 mg catalyst in 2 mL CH2Cl2. Hydrogen
was gently bubbled through the orange-red solution for 3 min causing it to become dark
and cloudy. Then 0.5 mL EtOAc was added, followed by sparging with nitrogen for 3 min.
The terminal alkyne (1.9 mmol) was added along with 0.5 mL CH2Cl2, and the reaction
was stirred to ensure homogeneity. Finally, the dienyne (0.38 mmol) was added along
with 0.5 mL CH2Cl2. The reaction was freeze-pump-thawed three times, back-filled with
nitrogen, and stirred overnight in a 60◦C oil bath. Flash chromatography with 5% or 10%
EtOAc in hexanes yields 73% of the pure product.

Other references related to [4+2+2] cycloaddition are cited in the literature.2

C. REFERENCES

1. Gilbertson, G. R. and DeBoef, B., J. Am. Chem. Soc., 2002, 124, 8784.

2. (a) Varela, J. A.; Castedo, L. and Saa, C., Org. Lett., 2003, 5, 2841. (b) Ma, B. and Snyder, J.
K., Organometallics, 2002, 21, 4688. (c) Evans, P. A.; Robinson, J. E.; Baum, E. W. and Fazal,
A. N., J. Am. Chem. Soc., 2002, 124, 8782. (d) Chen, Y.; Kiattansakul, R.; Ma, B. and Snyder,
J. K., J. Org. Chem., 2001, 66, 6932. (e) Chen, Y.; Kiattansakul, R.; Ma, B. and Snyder, J. K.,
J. Org. Chem., 2001, 66, 6932. (f) Kiattansakul, R. and Snyder, J. K., Tetrahedron Lett., 1999,
40, 1079. (g) Chen, Y. and Snyder, J. K., J. Org. Chem., 1998, 63, 2060.

[4+3] Cycloaddition

A. GENERAL REACTION SCHEME

The cycloaddition between dienes and allylic cations provides a convenient method for
forming complex seven-membered rings from simple starting materials.1
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B. CITED EXPERIMENTAL EXAMPLES

Br

Br

O
O

Br

+

Reference 2.

To a 35 mL trifluoroethanol solution of 2.05 g dibromocyclopentanone (8.47 mmol,
1.2 eq.) was added under dry nitrogen a solution of 862 mg 1,1-dimethyl-3,4-dimethylene-
cyclopentane (7.06 mmol, 1.0 eq.) in 35 mL toluene. The resulting solution was cooled
down to –23◦C via a dry ice-carbon tetrachloride bath while vigorously stirring. Then
2.57 g triethylamine (25.4 mmol, 3.6 eq.) was added dropwise. After 40 min, the reaction
was quenched with water and allowed to warm to room temperature. The reaction mixture
was diluted with ether, washed with water and brine, and dried over magnesium sulfate.
Flash chromotagraphy, and drying under vacuum afforded 1.059g (3R, 6R)-6-bromo-10,10-
dimethyltricyclo[6.3.13,6.0]-undec-1(8)-ene-12-one, in a yield of 53%.

Other references related to [4+3] cycloaddition are cited in the literature,3,4 and reviews
for [4+3] cycloaddition are available.1,5

C. REFERENCES

1. Harmata, M., Acc. Chem. Res., 2001, 34, 595.

2. Harmata, M. and Bohnert, G. J., Org. Lett., 2003, 5, 59.

3. (a) Wang, Y.; Schill, B. D.; Arif, A. M. and West, F. G., Org. Lett., 2003, 5, 2747. (b) Harmata, M.;
Ghosh, S. K.; Hong, X. C.; Wacharasindhu, S. and Kirchhoefer, P., J. Am. Chem. Soc., 2003, 125,
2058. (c) Meilert, K. T.; Schwenter, M.-E.; Shatz, Y.; Dubbaka, S. R. and Vogel, P., J. Org. Chem.,
2003, 68, 2964. (d) Carreaux, F.; Possémé, F.; Carboni, B.; Arrieta, A.; Lecea, B. and Cossı́o, F. P.,
J. Org. Chem., 2002, 67, 9153. (e) Barluenga, J.; Martı́nez, S.; Suárez-Sobrino, A. L. and Tomás,
M., J. Am. Chem. Soc., 2002, 124, 5948. (f)Aungst, R. A. and Funk, R. L., Org. Lett., 2001, 3,
3553. (g) Xiong, H.; Hsung, R. P.; Berry, C. R. and Rameshkumar, C., J. Am. Chem. Soc., 2001,
123, 7174. (h) Cramer, C. J.; Harmata, M. and Rashatasakhon, P., J. Org. Chem., 2001, 66, 5641.
(i) Harmata, M. and Rashatasakhon, P., Org. Lett., 2001, 3, 2533. (j) Kumar, K.; Kapoor, R.;
Kapur, A. and Ishar, M. P. S., Org. Lett., 2000, 2, 2023. (k) Beck, H.; Stark, C. B. W. and Hoffmann,
H. M. R., Org. Lett., 2000, 2, 883. (l) Harmata, M. and Rashatasakhon, P., Org. Lett., 2000, 2,
2913. (m) Wang, Y.; Arif, A. M. and West, F. G., J. Am. Chem. Soc., 1999, 121, 876. (n) Cho, S.
Y.; Lee, J. C. and Cha, J. K., J. Org. Chem., 1999, 64, 3394. (o) Barluenga, J.; Tomás, M.; Rubio,
E.; López-Pelegrı́n, J.; Garcı́a-Granda, S. and Priede, M. P., J. Am. Chem. Soc., 1999, 121, 3065.

4. (a) Huang, J. and Hsung, R. P., J. Am. Chem. Soc., 2005, 127, 50. (b) Davies, H. M. L. and
Dai, X., J. Am. Chem. Soc., 2004, 126, 2692. (c) Harmata, M.; Ghosh, S. K.; Hong, X.;
Wacharasindhu, S. and Kirchhoefer, P., J. Am. Chem. Soc., 2003, 125, 2058. (d)Grainger, R. S.;
Owoare, R. B.; Tisselli, P. and Steed, J. W., J. Org. Chem., 2003, 68, 7899. (e) Saez, J. A.; Arno,
M. and Domingo, L. R., Org. Lett., 2003, 5, 4117. (f) Xiong, H.; Huang, J.; Ghosh, S. K. and
Hsung, R. P., J. Am. Chem. Soc., 2003, 125, 12694. (g) Xiong, H.; Hsung, R. P.; Shen, L. C. and
Hahn, J. M., Tetrahedron Lett., 2002, 43, 4449. (h) Avenoza, A.; Busto, J. H.; Cativiela, C. and
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Miranda, J. A. and Little, R. D., Tetrahedron Lett., 2002, 43, 8459. (j) Harmata, M.; Bohnert, G.;
Kürti, L. and Barnes, C. L., Tetrahedron Lett., 2002, 43, 2347. (k) Montaña, A. M. and Grima, P.
M., Tetrahedron Lett., 2002, 43, 2017. (l) Montaña, A. M. and Grima, P. M., Tetrahedron Lett.,
2001, 42, 7809. (m) Harmata, M. and Rashatasakhon, P., Tetrahedron Lett., 2001, 42, 5593. (n)
Hartama, M.; Bohnert, G. and Barnes, C. L., Tetrahedron Lett., 2001, 42, 149. (o) Cho, S. Y.; Lee,
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1999, 40, 1075. (v) Harmata, M.; Jones, D. E.; Kahraman, M.; Sharma, U. and Barnes, C. L.,
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Cha, J. K., J. Org. Chem., 1998, 63, 2804. (z) Föhlisch, B. and Radl, A., J. Fluor. Chem., 1998,
90, 23. (aa) Harmata, M. and Kahraman, M., Tetrahedron Lett., 1998, 39, 3421. (bb) Harmata,
M. and Carter, K. W., Tetrahedron Lett., 1997, 38, 7985. (cc) Lubineau, A. and Bouchain, G.,
Tetrahedron Lett., 1997, 38, 8031. (dd) Harmata, M. and Jones, D. E., Tetrahedron Lett., 1997,
38, 3861. (ee) Kende, A. S. and Huang, H., Tetrahedron Lett., 1997, 38, 3353. (ff) Harmata, M.
and Jones, D. E., J. Org. Chem., 1997, 62, 1578. (gg) Harmata, M.; Herron, B. F.; Kahraman,
M. and Barnes, C. L., J. Org. Chem., 1997, 62, 6051. (hh) Lautens, M.; Aspiotis, R. and
Colucci, J., J. Am. Chem. Soc., 1996, 118, 10930. (ii) Harmata, M.; Elomari, S. and Barnes, C.
L., J. Am. Chem. Soc., 1996, 118, 2860. (jj) Harmata, M. and Jones, D. E., Tetrahedron Lett.,
1996, 37, 783. (kk) Harmata, M.; Elahmad, S. and Barnes, C. L., Tetrahedron Lett., 1995,
36, 7158. (ll) Harmata, M.; Elahmad, S. and Barnes, C. L., Tetrahedron Lett., 1995, 36, 1397.
(mm) Jin, S.-J.; Choi, J.-R.; Oh, J. H.; Lee, D. H. and Cha, J. K., J. Am. Chem. Soc., 1995,
117, 10914. (nn) Kim, H. J.; Ziani-Cherif, C.; Oh, J. H. and Cha, J. K., J. Org. Chem., 1995,
60, 792. (oo) Harmata, M.; Gamlath, C. B.; Barnes, C. L. and Jones, D. E., J. Org. Chem.,
1995, 60, 5077. (pp) Harmata, M.; Elahmad, S. and Barnes, C. L., J. Org. Chem., 1994, 59,
1241. (qq) Trost, B. M. and Marrs, C. M., J. Am. Chem. Soc., 1993, 115, 6636. (rr) West, F.
G.; Hartke-Karger, C.; Koch, D. J.; Kuehn, C. E. and Arif, A. M., J. Org. Chem., 1993, 58,
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[4+4] Cycloaddition

A. GENERAL REACTION SCHEME

The [4 + 4] cycloadditions is a versatile method for the preparation of 1,5-cyclooctadiene,
especially under photochemical reaction condition.1

∆ or hν

B. CITED EXPERIMENTAL EXAMPLES

Reference 2.

A stream of dry nitrogen was passed through a solution of 454 mg 4-methoxy-2-pyridone
(3.62 mmol) and 77 mg N-butyl-2-pyridone (0.51 mmol) in 8.3 mL methanol in a Pyrex
test tube for several minutes, and the test tube was then sealed with a septum and fitted with
a nitrogen balloon. This tube was taped to the side of a water-cooled quartz cooling jacket
surrounding a 450-W medium-pressure mercury lamp inside of a Pyrex filter and irradiated
for a total of 72 h. The methanol was removed in vacuo, and the residue was taken up
in acetonitrile. On standing, 4-methoxy-2-pyridone crystallized from solution. The mother
liquor was concentrated and chromatographed. A gradient of hexane and ethyl acetate
(1:1 hexane/ethyl acetate to 100% ethyl acetate) led to the isolation of Dewar pyridone
(2-butyl-2-azabicyclo[2.2.0]hex-5-en-3-one) in a 5% yield, Rf = 0.70 (3:2, hexane/EtOAc),
8% (1α,2β,5β,6α)-3,7-dibutyl-3,7-diazatricyclo[4.2.2.22,5]-dodeca-9,11-diene-4,8-dione,
Rf = 0.17 (1:1, hexane/EtOAc), and 51% (1α,2β,5β,6α)-3-butyl-9-methoxy-3,7-
diazatricyclo-[4.2.2.22,5]dodeca-9,11-diene-4,8-dione using isopropanol/acetonitrile (1:9)
as the eluent, Rf = 0.25 (1:9, isopropanol/acetonitrile), m.p. 179◦C.

Other references related to [4+4] cycloaddition are cited in the literature.3

C. REFERENCES

1. Sieburth, S. M., “The Inter- and Intramolecular [4 + 4] Photocycloaddition of 2-Pyridones and Its
Application to Natural Product Synthesis” in Advances in Cycloaddition, ed. Harmata, M., JAI:
Greenwich, Conn., 1999, 5, pp. 85–118.



804 [m+n(+. . . )] CYCLOADDITION

2. Sieburth, S. McN.; Lin, C.-H. and Rucando, D., J. Org. Chem., 1999, 64, 950.

3. (a) Zhang, Y.; Wang, L.; Zhang, M.; Fun, H.-K. and Xu, J.-H., Org. Lett., 2004, 6, 4893.
(b) Sieburth, S. M.; Madsen-Duggan, C. B. and Zhang, F. N., Tetrahedron Lett., 2001, 42,
5155. (c) Ader, T. A.; Champey, C. A.; Kuznetsova, L. V.; Li, T.; Lim, Y.-H.; Rucando, D.
and Sieburth, S. M., Org. Lett., 2001, 3, 2165. (d) Sieburth, S. M.; McGee, K. F. and Al-
Tel, T. H., Tetrahedron Lett., 1999, 40, 4007. (e) Sieburth, S. M.; Rucando, D. and Lin, C.-H.,
J. Org. Chem., 1999, 64, 954. (f) Sieburth, S. McN. and McGee, K. F., Org. Lett., 1999, 1, 1775.
(g) Sieburth, S. M.; McGee, K. F. and Al-Tel, T. H., J. Am. Chem. Soc., 1998, 120, 587. (h) Deu-
mal, M.; Bearpark, M. J.; Smith, B. R.; Olivucci, M.; Bernardi, F. and Robb, M. A., J. Org. Chem.,
1998, 63, 4594. (i) Sieburth, S. M.; Al-Tel, T. H. and Rucando, D., Tetrahedron Lett., 1997, 38,
8433. (j) Bearpark, M. J.; Deumal, M.; Robb, M. A.; Vreven,T.; Yamamoto, N.; Olivucci, M.
and Bernardi, F., J. Am. Chem. Soc., 1997, 119, 709. (k) Wender, P. A.; Nuss, J. M.; Smith, D.
B.; Suarez-Sobrino A, Vågberg, J.; Decosta, D. and Bordner, J., J. Org. Chem., 1997, 62, 4908.
(l) Sieburth, S. M. and Cunard, N. T., Tetrahedron, 1996, 52, 6251. (m) Sieburth, S. M. and
Lin, C.-H., J. Org. Chem., 1994, 59, 3597. (n) Wender, P. A. and Tebbe, M. J., Synthesis, 1991,
1089. (o) Wender P. A.; Ihle, N. C. and Correia, C. R. D., J. Am. Chem. Soc., 1988, 110, 5904.
(p) Wender, P. A. and Ihle, N. C., Tetrahedron Lett., 1987, 28, 2451. (q) Wender, P. A. and Ihle,
N. C., J. Am. Chem. Soc., 1986, 108, 4678. (r) Wender, P. A. and Ihle, N. C., J. Am. Chem. Soc.,
1986, 108, 4678. (s) Taylor, E. C. and Paudler, W. W., Tetrahedron Lett., 1960, 1.

[5+1] Cycloaddition

A. GENERAL REACTION SCHEME

X

YC

O

X Y

O

X = O, CH2
Y = C, N

B. CITED EXPERIMENTAL EXAMPLES

Reference 1.

A 50-mL stainless autoclave was charged with 201 mg cyclopropyl phenyl N-(1,1-
dimethylethyl) ketimine (1 mmol), 3 mL toluene, and 13 mg Ru3(CO)12 (0.02 mmol). The
system was flushed with 10 atm of CO three times, after which it was pressurized to 2 atm
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and immersed in an oil bath at 160°C. After 60 h the autoclave was removed from the oil
bath and cooled for 1 h, followed by release of the CO. The contents were transferred to
a round-bottomed flask with ether, and the volatiles were removed in vacuo. The residue
was subjected to column chromatography on silica gel with an eluent of hexane/Et2O (3:1)
to give 175 mg 3,4-dihydro-1-(1,1-dimethylethyl)-6-phenyl-2(1H)-pyridinone as a white
solid, in a yield of 76%.

Other references related to [5+1] cycloaddition are cited in the literature.2

C. REFERENCES

1. Kamitani, A.; Chatani, N.; Morimoto, T. and Murai, S., J. Org. Chem., 2000, 65, 9230.

2. (a) Odedra, A.; Wu, C.-J.; Madhushaw, R. J.; Wang, S.-L. and Liu, R.-S., J. Am. Chem. Soc.,
2003, 125, 9610. (b) Murakami, M.; Itami, K.; Ubukata, M.; Tsuji, I. and Ito, Y., J. Org. Chem.,
1998, 63, 4.

[5+1+2+1] Cycloaddition

A. GENERAL REACTION SCHEME

O

O

R

OC

R

HO
O

+ +

B. CITED EXPERIMENTAL EXAMPLES

O

O

Ph

OC

OH

O

Ph

[Rh(CO2)Cl]2
+ +

Reference 1.

In an oven-dried, borosilicate glass test tube, capped with a rubber septum and dried
under a CO atmosphere from a balloon, was added 4 mg [Rh(CO)2Cl]2 (0.010 mmol) in
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4.0 mL toluene. A 25-G needle outlet was added, and the atmosphere of the test tube was
sparged with CO from the balloon for 15 min. During this time, 114 mg vinylcyclopropane
(0.80 mmol) and 70 mg biphenylacetylene (0.40 mmol) were added sequentially. After
sparging was completed, the reaction was heated in a 60◦C, thermostat-controlled oil bath
under a CO atmosphere (balloon). The reaction was monitored using TLC. After 30 h, the
reaction was cooled to room temperature, and the crude reaction mixture was then purified
directly by flash column chromatography (silica gel, dichloromethane) to afford 112 mg
cycloadduct as an off-white solid, in a yield of 93%.

No other references related to [5+1+2+1] cycloaddition are found in the available liter-
ature.

C. REFERENCES

1. Wender, P. A.; Gamber, G. G.; Hubbard, R. D.; Pham, S. M. and Zhang, L., J. Am. Chem. Soc.,
2005, 127, 2836.

[5+2] Cycloaddition

A. GENERAL REACTION SCHEME

X

Y X Y OO O O
X = O, CH2
Y = C, N, O

Reduction

B. CITED EXPERIMENTAL EXAMPLES

N + EtO2C CO2Et
N

CO2Me
MeO2C

5 mol % [Rh(CO)2Cl]2

Toluene, 12.5 h

Reference 1.

An oven-dried, 50-mL reaction flask, under a positive pressure of dry nitrogen, was
charged with 2.0 mmol cyclohexamine and 15 mL toluene. Hexadecane (100 µL) was added
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as an internal standard to determine conversion and GC yields. Cyclopropyl formaldehyde
(170 µL, 2.2 mmol) was then added, and the reaction quickly turned cloudy. A Dean-Stark
trap with a 5-mL hold-up volume was attached to the reaction setup. The reaction was
allowed to stir at room temperature for 1 h, and then heated to reflux for 1 h with azeotropic
removal of the water. The reaction was then cooled to 60◦C, and 38.9 mg [Rh(CO)2Cl]2
(0.1 mmol) was added. A 10 mL toluene solution containing 0.49 mL DMAD (3.99 mmol)
was added by syringe pump over 12.5 h. The reaction was cooled to room temperature and
filtered through a short pad of silica gel using Et2O as the eluant and concentrated in vacuo.
The residue was purified by flash column chromatography (Et2O/petroleum ether as the
eluant) to give 1-cyclohexyl-4,5-dihydro-1H-azepine-2,3-dicarboxylic acid dimethyl ester
in 85% isolated yield.

Reference 2.

A 10 mL toluene solution of 100 mg 2-[(3-t-butyldimethylsilyloxy-4-oxo-4H-
2-pyranyl)methyl]-2-[(2E,RS)-3-p-tolylsulfinyl-2-propenyl]malononitrile (0.21 mmol)
was refluxed for 10 h. The solvent was evaporated and the crude product was purified
by flash chromatography (25–50%, EtOAc/hexanes) to afford a 91:9 ratio of diastereo-
isomers of (1R,5S,6R,7R,RS)-9-t-butyldimethylsilyloxy-6-[p-tolylsulfinyl-10-oxo-11-
oxatricyclo[5.3.1.01,5]undec-8-ene-3,3-dicarbonitrile (Rf = 0.54; hexane/EtOAc,1:1) and
(1S,5R,6S,7S,RS) -9-t-butyldimethylsilyloxy-6-[p -tolylsulfinyl-10-oxa-11-oxatricyclo-
[5.3.1.01,5]undec-8-en-3,3-dicarbonitrile (Rf = 0.70; hexane/EtOAc, 1:1) as colorless
oils, in a yield of 98%.

Other references related to [5+2] cycloaddition are cited in the literature. 3−7

C. REFERENCES

1. Wender, P. A.; Pedersen, T. M. and Scanio, M. J. C., J. Am. Chem. Soc., 2002, 124, 15154.

2. López, F.; Castedo, L. and Mascareñas, J. L., Org. Lett., 2000, 2, 1005.

3. For intramolecular [5 + 2] cycloadditions with alkyne: (a) Trost, B. M.; Toste, F. D. and Shen,
H., J. Am. Chem. Soc., 2000, 122, 2379. (b) Wender, P. A.; Dyckman, A. J.; Husfeld, C. O.;
Kadereit, D.; Love, J. A. and Rieck, H., J. Am. Chem. Soc., 1999, 121, 10442. (c) Wender, P. A.
and Dyckman, A. J., Org. Lett., 1999, 1, 2089. (d) Wender, P. A.; Takahashi, H. and Witulski,
B., J. Am. Chem. Soc, 1995, 117, 4720.

4. For intermolecular [5 + 2] cycloadditions with alkynes: (a) Wender, P. A.; Dyckman, A. J.;
Husfeld, C. O. and Scanio, M. J. C., Org. Lett., 2000, 2, 1609. (b) Wender, P. A.; Rieck, H. and
Fuji, M., J. Am. Chem. Soc., 1998, 120, 10976.

5. For intramolecular [5 + 2] cycloadditions with alkenes: (a) Wender, P. A.; Husfeld, C. O.;
Langkopf, E. and Love, J. A., J. Am. Chem. Soc., 1998, 120, 1940. (b) Wender, P. A.; Husfeld,
C. O.; Langkopf, E.; Love, J. A. and Pleuss, N., Tetrahedron, 1998, 54, 7203.
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6. For intramolecular [5 + 2] cycloadditions with allenes: (a) Wender, P. A.; Glorius, F.; Husfeld, C.
O.; Langkopf, E. and Love, J. A., J. Am. Chem. Soc., 1999, 121, 5348. (b) Wender, P. A.; Fuji,
M.; Husfeld, C. O. and Love, J. A., Org. Lett., 1999, 1, 137.

7. (a) Celanire, S.; Marlin, F.; Baldwin, J. E. and Adlington, R. M., Tetrahedron, 2005, 61,
3025. (b) Krishna, U. M.; Deodhar, K. D. and Trivedi, G. K., Tetrahedron, 2004, 60, 4829.
(c) Krishna, U. M. and Trivedi, G. K., Tetrahedron Lett., 2004, 45, 257. (d) Baldwin, J. E.;
Wayweg, A. V. W.; Pritchard, G. J.and Adlington, R. M., Tetrahedron Lett., 2003, 44, 4543.
(e) Trost, B. M.; Shen, H. C.; Schulz, T.; Koradin, C. and Schirok, H., Org. Lett., 2003, 5,
4149. (f) Tanino, K.; Kondo, F.; Shimizu, T. and Miyashita, M., Org. Lett., 2002, 4, 2217.
(g) Wender, P. A.; Bi, F. C.; Brodney, M. A. and Gosselin, F., Org. Lett., 2001, 3, 2105. (h)
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Tetrahedron Lett., 2001, 42, 4947. (o) Domingo, L. R. and Zaragozá, R. J., Tetrahedron, 2001, 57,
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[5+2+1] Cycloaddition

A. GENERAL REACTION SCHEME

C
O

[Rh(CO)2Cl]2

O

B. CITED EXPERIMENTAL EXAMPLES

OO O
CO

O
MeO

O

COCH3

Et COMe

EtOH

O

O

+ +
2.5 mol % [Rh(CO)2Cl]2

Dioxane, H3O+

Reference 1.

To an oven-dried, septum-capped test tube were added 0.025 mmol [Rh(CO)2Cl]2 and
2.0 mL 1,4-dioxane, followed by 1.0 mmol vinylcyclopropane via syringe. The reaction
mixture was purged with a stream of CO from a balloon for 15 min. The alkyne (1.2 mmol)
was added via syringe. The septum was pierced with a needle, and the test tube was placed
in an autoclave, pressurized to 2 atm, and heated to 60◦C in a thermostat-controlled oil bath
(for 1 atm reactions, the test tube was heated directly in an oil bath under a balloon of CO).
The reaction was monitored by TLC or GC, and upon completion the reaction was cooled
to room temperature. Water (200 mL) and 1% HCl in ethanol (25 mL) were added, and the
hydrolysis was monitored by TLC (24 h). After hydrolysis, the reaction was concentrated
in vacuo. Purification by flash chromatography (silica gel; 1:1, EtOAc/pentane) afforded
97% 5-acetyl-4-ethyl-3α-hydroxy-3,3α,6,6α-tetrahydro-2H-pentalen-1-one.

No other references related to [5+2+1] cycloaddition are found in the literature.

C. REFERENCES

1. Wender, P. A.; Gamber, G. G.; Hubbard, R. D. and Zhang, L., J. Am. Chem. Soc., 2002, 124, 2876.
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[5+3] Cycloaddition

A. GENERAL REACTION SCHEME

O
O

B. CITED EXPERIMENTAL EXAMPLES

Reference 1.

To a solution of 180 mg molybdenum complex (0.34 mmol) and 298 mg allylic acetal
(1.38 mmol) in 3.4 mL dry CH2Cl2 was added 17.0 mg Sc(OTf)3 (0.034 mmol, 10 mol %)
at –78◦C under an argon atmosphere. The mixture was stirred at –78◦C for 1 h. After
the reaction was complete, the mixture was passed through a short pad of silica gel with
9:1 CH2Cl2/EtOAc. The filtrate was concentrated under vacuum and the residue was puri-
fied by flash chromatography using n-hexanes/CH2Cl2 as the eluent to afford 170.8 mg
pure (+)-dicarbonyl[hydridotris(1-pyrazolyl)borato]{η-(2,3,4)-(1S,2R,5S,6S)-6-ethoxy-7-
methylen-2-phenyl-9-oxabicyclo[3.3.1]non-3-en-2-yl}molybdenum in 98% e.e. as a red
crystalline solid, in a yield of 80%. Recrystallization from n-hexanes/CH2Cl2 afforded
116 mg product in 99.5% e.e. with a 55% yield. Rf = 0.25 (n-hexanes/EtOAc, 7:1),
m.p. > 200◦C.

To a solution of 125 mg of the molybdenum complex (0.20 mmol) in 3.2 mL CH2Cl2 was
added at room temperature 495 µL 37% aqueous HCl (6.0 mmol) dropwise over 2 min. The
mixture was stirred at room temperature for 20 min and 30 mL EtOAc and 30 mL water were
then added. The organic layer was washed with 30 mL saturated aqueous NaHCO3, dried
over Na2SO4, and evaporated. The residue was purified by flash chromatography (2:1,
n-hexanes/CH2Cl2) to afford 41.4 mg (+)-(1S,5S,6S)-6-ethoxy-7-methylen-2-phenyl-9-
oxabicyclo[3.3.1]non-2-ene, with 99.5% e.e. as a white solid, in a yield of 80%. Rf = 0.08
(2:1, n-hexane/CH2Cl2), m.p. 42–43◦C.

Other references related to [5 + 3] cycloaddition are cited in the literature.2
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C. REFERENCES

1. Arrayas, R. G. and Liebeskind, L. S., J. Am. Chem. Soc., 2003, 125, 9026.

2. (a) Krishna, U. M.; Deodhar, K. D.; Trivedi, G. K. and Mobin, S. M., J. Org. Chem., 2004, 69,
967. (b) El-Essawy, F. A. G.; Yassin, S. M.; El-Sakka, I. A.; Khattab, A. F.; Sotofte, I.; Madsen,
J. O. and Senning, A., J. Org. Chem., 1998, 63, 9840.

[5+4] Cycloaddition

A. GENERAL REACTION SCHEME

B. CITED EXPERIMENTAL EXAMPLES

Reference 1.

A mixture of 300 mg [Mn(CO)3(η5-C5H7)] (1.46 mmol) and ∼5 mL 1,3-butadiene in
n-hexane was irradiated by UV light at 235K. During the reaction, a large amount of pale
brown decomposition product formed, which further turned into orange and finally faint
yellow. After 1 h, the starting materials were completely consumed. Upon warming to room
temperature, the reaction mixture was purified by HPLC using n-hexane as the eluent, and
two fractions were obtained: tetracarbonyl-η3-Z,E,Z-3,6,8-nonatrien-3-yl-mangan (60 mg,
yellow oil, in a yield of 14%) and tricarbonyl-η3:2-2,6-cyclononadien-1-yl-mangan (90 mg,
yellow crystal, in a yield of 24%). (Note: this summary was translated from the original
German article.)

No other references are found related to [5 + 4] cycloaddition are found in the literature.

C. REFERENCES

1. Kreiter, C. G. and Lehr, K., J. Organomet. Chem., 1991, 406, 159.
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[6+2] Cycloaddition

A. GENERAL REACTION SCHEME

HH
R NMe2 R

+ +

B. CITED EXPERIMENTAL EXAMPLES

NMe2

O

O

O
O

O

O

H

H

+

Reference 1.

A benzene solution (10 mL) containing 270 mg 6-methyl-6-dimethylaminolfulvene
(2 mmol) and 215 mg maleic anhydride (2.2 mmol) was stirred at 25ºC for 30 min. The
solution was concentrated in vacuo to give a brown oil. The crude product was purified by
flash column chromatography (silica gel) with 10% EtOAc/hexane to give 305 mg adduct,
in a yield of 81%, Rf = 0.35 (15% EtOAc/hexane), m.p., 57–58ºC.

N OTs
N

H

H

Ts

O

Toluene

10 mol % RhCl(PPh3)3
10 mol % AgOTf

Reference 2.

To a base-washed, oven-dried Schlenk flask was added a solution of the substrate in
toluene (0.014 M). Argon was bubbled through the solution for 10 min, followed by the
addition of 10 mol % RhCl(PPh3)3 and 10 mol % AgOTf; then argon was bubbled again
through the solution for 10 min. The mixture was stirred at 100ºC for 3 h. After being
cooled to room temperature, the mixture was concentrated, and the residue was purified by
flash column chromatography with silica to give 95% of the cycloaddition product. Other
catalytic systems suitable for this cycloaddition include [RhCl(CO)2]2, RhCl(CO)(PPh3)2,
[RhCl(CO)2]2 + n-Bu3P, and [RhCl(CO)2]2 + PPh3.

Other references related to [6+2] cycloaddition are cited in the literature.3
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C. REFERENCES
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2. Wender, P. A.; Correa, A. G.; Sato, Y. and Sun, R., J. Am. Chem. Soc., 2000, 122, 7815.

3. (a) Sugimura, T.; Im, C. Y. and Okuyama, T., Tetrahedron Lett., 2004, 45, 1519. (b) Rigby, J.
H.; Kondratenko, M. A. and Fiedler, C., Org. Lett., 2000, 2, 3917. (c) Chen, W.; Chaffee, K.;
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Tetrahedron Lett., 1994, 35, 8131. (g) Rigby, J. H.; Ateeq, H. S.; Charles, N. R.; Henshilwood, J.
A.; Short, K. M. and Sugathapala, P. M., Tetrahedron, 1993, 49, 5495. (h) Chaffee, K.; Sheridan,
J. B. and Aistars, A., Organometallics, 1992, 11, 18. (i) Fischler, I.; Grevels, F. W.; Leitich, J.
and Ozkar, S., Ber., 1991, 124, 2857. (j) Wu, T. C. and Houk, K. N., J. Am. Chem. Soc., 1985,
107, 5308. (k) Mach, K.; Antropiusová, H.; Petrusová, L.; Hanuš, V.; Tureček, F. and Sedmera,
P., Tetrahedron, 1984, 40, 3295. (l) Kumagai, T.; Tokida, A.; Kidoura, K.; Seshimoto, O. and
Mukai, T., Tetrahedron Lett., 1982, 23, 873. (m) Scott, L. T.; Erden, I.; Brunsvold, W. R.; Schultz,
T. H.; Houk, K. N. and Paddon-Row, M. N., J. Am. Chem. Soc., 1982, 104, 3659. (n) Kushner,
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[6+3] Cycloaddition

A. GENERAL REACTION SCHEME

B. CITED EXPERIMENTAL EXAMPLES

O

BrBr

OO OO

O

+

Reference 1.
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To a mixture of 370 mg 2-cyclopenta-2,4-dienylidene-1,3-dioxolane (2.7 mmol) and
1.49 g Fe2(CO)9 (4.1 mmol) in 80 mL dry benzene was added 1.12 g 2,4-dibromo-2,4-
dimethylpentan-3-one (4.1 mmol). The suspension was vigorously stirred for 2 h at 25°C
and filtered. The filtrate was concentrated in vacuo, and the residue was purified by flash
column chromatography with 3% EtOAc/hexane to give 580 mg 1′,7′-dihydro-5′,5′,7′,7′-
tetramethylspiro[1,3-dioxolane-2,4′-[4H]inden]-6′(5′H)-one as a colorless oil, in a yield of
86%, Rf = 0.68 (EtOAc/hexane = 1:10).

Other references related to [6+3] cycloaddition are cited in the literature.2

C. REFERENCES

1. Hong, B.-C.; Sun, S.-S. and Tsai, Y.-C., J. Org. Chem., 1997, 62, 7717.

2. (a) Hong, B.-C.; Gupta, A. K.; Wu, M.-F. and Liao, J.-H., Tetrahedron Lett., 2004, 45, 1663.
(b) Hong, B.-C.; Gupta, A. K.; Wu, M.-F.; Liao, J.-H. and Lee, G.-H., Org. Lett., 2003, 5, 1689.
(c) Barluenga, J.; Martı́nez, S.; Suárez-Sobrino, A. L. and Tomás, M., J. Am. Chem. Soc., 2001,
123, 11113. (d) Hong, B.-C. and Sun, S.-S, Tetrahedron Lett., 1996, 37, 659. (e) Chaffee, K.;
Morcos, H.and Sheridan, J. B., Tetrahedron Lett., 1995, 36, 1577. (f) Trost, B. M. and Seoane,
P. R., J. Am. Chem. Soc., 1987, 109, 615.

[6+4] Cycloaddition

A. GENERAL REACTION SCHEME

+

B. CITED EXPERIMENTAL EXAMPLES

O

EtO2C

OTES

ZnCl2, Et2O O

O

EtO2C+

Reference 1.
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A solution of 71 mg 4-carboethoxy tropone (0.40 mmol, 1 eq.) in 3 mL dry ether was
cannulated into a round-bottomed flask containing 6 mg freshly fused ZnCl2 (0.04 mmol,
0.1 eq.). A solution of 235 mg 2-triethylsilyloxycyclopentadiene (1.20 mmol, 3 eq.) in 3 mL
ether was then added to the reaction mixture via cannula. The reaction mixture was allowed
to stir at room temperature for 5 min and then it was quenched by the addition of 5 mL 1M
HCl solution and 5 mL THF. After being stirred overnight, the layers were separated, and
the aqueous layer was then extracted with 5 mL EtOAc. The combined organic layers were
washed with 5 mL saturated NaHCO3 solution, dried over anhydrous magnesium sulfate,
filtered, and concentrated in vacuo. The crude product was purified by flash chromatography
using 40% EtOAc in hexanes to afford 91 mg 3,11-dioxo-tricyclo[4.4.1.12,5]dodeca-7,9-
diene-8-carboxylic acid ethyl ester, in a yield of 88%.

Other references related to [6+4] cycloaddition are cited in the literature.2

C. REFERENCES

1. Isakovic, L.; Ashenhurst, J. A. and Gleason, J. L., Org. Lett., 2001, 3, 4189.

2. (a) Rigby, K. H. and Fleming, M., Tetrahedron Lett., 2002, 43, 8643. (b) Hong, B.-C.; Jiang,
Y.-F. and Kumar, E. S., Bioorg. Med. Chem. Lett., 2001, 11, 1981. (c) Rigby, J. H. and Fiedler,
C., J. Org. Chem., 1997, 62, 6106. (d) Kreiter, C. G.; Eckert, R.; Frank, W. and Reib, G.
J., Inorg. Chimica Acta, 1996, 251, 95. (e) Keil, J.-M.; Massa, W.; Riedel, R.; Seitz, G. and
Wocadlo, S., Tetrahedron Lett., 1994, 35, 7923. (f) Gupta, Y. N.; Patterson, R. T.; Bimanand,
A. Z. and Kouk, K. N., Tetrahedron Lett., 1986, 27, 295. (g) Funk, R. L. and Bolton, G. L.,
J. Am. Chem. Soc., 1986, 108, 4655. (h) Rigby, J. H.; Moore, T. L. and Rege, S., J. Org. Chem.,
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1984, 106, 5741. (l) Wu, T. C.; Mareda, J.; Gupta, Y. N. and Houk, K. N., J. Am. Chem. Soc.,
1983, 105, 6996. (m) Gupta, Y. N.; Doa, M. J. and Houk, K. N., J. Am. Chem. Soc., 1982, 104,
7336. (n) Harano, K.; Ban, T.; Yasuda, M. and Kanematsu, K., Tetrahedron Lett., 1979, 20,
1599. (o) Houk, K. N. and Luskus, L. J., Tetrahedron Lett., 1979, 11, 4029. (p) Mukherjee, D.;
Dunn, L. C. and Houk, K. N., J. Am. Chem. Soc., 1979, 101, 251. (q) Dunn,L. C. and Houk,
K. N., Tetrahedron Lett., 1978, 19, 3411. (r) Mukherjee, D.; Watts, C. R. and Houk, K. N.,
J. Org. Chem., 1978, 43, 817. (s) Reiter, S. E.; Dunn, L. C. and Houk, K. N., J. Am. Chem. Soc.,
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[6+6] Cycloaddition

A. GENERAL REACTION SCHEME

R1 R2

R1 R2

R1

R2 R1

R2

+

B. CITED EXPERIMENTAL EXAMPLES

Ni+

Reference 1.

6,6-Dimethylfulvene and 250 mg nickel vapor were co-deposited at −196◦C in a con-
ventional metal atom reactor, and 130 mg of 6,6-dimethylfulvene dimmer was isolated upon
sublimation of the residue.

Other references related to [6+6] cycloaddition are cited in the literature.2

C. REFERENCES
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(b) Keil, J.-M.; Massa, W.; Riedel, R.; Seitz, G. and Wocadlo, S., Tetrahedron Lett., 1994, 35,
7923. (c) Sedelmeier, G.; Fessner, H.-D.; Grund, C.; Spurr,P. R.; Fritz, H. and Prinzbach, H.,
Tetrahedron Lett., 1986, 27, 1277. (d) Mukai, T.; Tezuka, T. and Akasaki, Y., J. Am. Chem. Soc.,
1966, 88, 5025.
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[8+2] Cycloaddition

A. GENERAL REACTION SCHEME

E

E E E

+ E = electron-withdrawing group

B. CITED EXPERIMENTAL EXAMPLES

O

OMe
Bu

Ph

O

Bu OMe

H

CO2Me

CO2Me

Ph

O

Ph

Bu

MeO

Cr(CO)5

CO2MeMeO2C

Dioxane, 85°C

+
Dioxane, 85°C

Reference 1.

To a solution of 0.242 g carbene complex (0.80 mmol) in 50 mL dioxane was added
0.157 g alkyne (0.60 mmol); the solution was heated to 85◦C. Once the coupling reaction
was complete (disappearance of alkyne by TLC analysis), dimethyl acetylenedicarboxylate
(DMAD, 0.20 mL, 1.63 mmol) was added immediately at the same temperature, and the re-
action was continued for 2 h. The solvent was removed on a rotary evaporator, and the
residue was purified by flash column chromatography on silica gel using EtOAc/hexanes
(1:10) as an eluent, to give 0.235 g of final [8+2] cycloaddition product, in a yield of 76%;
and 10 mg of [4+2] cycloaddition product (3% yield).

Other references related to [8+2] cycloaddition are cited in the literature.2

C. REFERENCES
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2. (a) Morita, N.; Yokoyama, R.; Asao, T.; Kurita, M.; Kikuchi, S. and Ito, S., J. Organomet. Chem.,
2002, 642, 80. (b) Pham, W.; Weissleder, R. and Tung, C.-H., Tetrahedron Lett., 2002, 43, 19.
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174
[2+2] Cycloaddition

A. GENERAL DESCRIPTION OF THE REACTION

Any process involving the breakage of two π bonds and the formation of two σ bonds
to form a four-membered ring structure in general should belong to [2+2] cycloaddition.
Among the [2+2] cycloadditions, the reaction between a carbonyl compound and an alkene
to form oxetane is known as the Paterno-Büchi Reaction, while the [2+2] cycloaddition of
ketenes and imines to give 2-azetidinones (i.e., β-lactams) is referred to as the Staudinger
[2+2] Cycloaddition and the [2+2] photocycloaddition between an enol of a 1,3-dicarbonyl
compound (β-diketone, β-dialdehyde, or β-ketoaldehyde) and an olefin to form a cyclobu-
tanol intermediate followed by a retro aldol condensation to 1,5-dicarbonyl compound is
named the de Mayo Reaction. These reactions are discussed in their own chapters; therefore,
this chapter will focus primarily on the formation of the four-membered ring of the carbon
skeleton.

According to the Woodward-Hofmann rule, a concerted [2+2] cycloaddition of regular
olefins at ground states is thermodynamically prohibited, whereas the olefins at excited
states activated by UV irradiation is allowed.1 Thus the normal cycloaddition of olefins
under photochemical conditions are known as photochemical [2+2] cycloaddition,2 [2+2]
photocycloaddition,3 and [2π+2π] photocycloaddition.4 On the other hand, the reversion
of [2+2] cycloaddition could also occur under UV irradiation, according to Woodward-
Hofmann rule; and such a process is referred to as [2+2] photocycloreversion.5 However,
it should be pointed out that not all the [2+2] cycloadditions occur and under photochem-
ical conditions, some unstable olefins—due to high electron deficiency or high ring strain
(typically confined to ketenes, allenes, ketenimines and multifluorinated olefins)—can also
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undergo the thermal [2+2] cycloadditions, with or without the help of Lewis acids or transi-
tion metal complexes via stepwise biradical or zwitterionic intermediates. In addition, most
of reported [2+2] cycloadditions are intramolecular cycloadditions, due to a better defined
regioselectivity, rate enhancement, and the ability to construct a polycyclic structure in one
step.6

The first photochemical [2+2] cycloaddition was probably reported by Ciamician and
Silber in 1908 for the synthesis of camphorcarvone,7 which was confirmed by Büchi
and Goldman in 1957.8 Under photoirradiation, most of olefins undergo [2+2] cycloaddi-
tion. For example, norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) with two ethylenic units
fixed in space gives quadricyclane (tetracyclo[3.2.0.02,7.04,6]heptane) as the dominant
photoproduct;9 acetylene2c or 1,2-dichloroethylene10 reacts with chiral 2(5H)-furanones
(α,β-unsaturated lactones) to afford cyclobutene-fused lactones. In addition, acetylene
also cyclizes with benzothiophene photochemically to form naphthalothiophene3a with
an intramolecular enone moiety.11 While acenaphthylene undergoes dimerization on
irradiation into two isomeric dimmers,12 1,1-diethoxyethylene cyclizes with chiral poly-
functional 2-cyclohexenones to give only identified head-to-tail regioisomers, which are
controlled by the rate of 1,4-biradical formation.13 In addition, the photochemical [2+2]
cycloaddition even occurs for olefins with certain steric hindrance. For example, trans-
2-cyclooctenone reacts with dimethoxyethylene in a stepwise manner to give [2+2]
cycloadduct;14 singlet exciplex of trans-stilbene reacts with olefins properly,15 and the
olefin tethered with benzene undergoes ortho [2+2] cycloaddition.16 In addition, ben-
zyne, N,N-diethylpropynylamine (ynamine),17 and enynamine18 cyclize with C60; and
even m-phenylenebis(arylmethanofullerene) undergoes photochemical [2+2] cycloaddi-
tion to form the dimerized fullerene structure.19 The rare occurring steric hindrance in
photochemical [2+2] cycloaddition is attributed to the large number of mechanisms by
which excited-state energy can be dissipated.20 However, in a few cases, the extreme
steric hindrance does burden the photochemical [2+2] cycloaddition. For instance, although
1,2-diphenylcyclobutene reacts with 2,5-dimethyl-2,4-hexadiene and itself, it does not
undergo reaction with tetramethylethylene; moreover, 1,2-diphenylcyclopentene and 1,2-
diphenylcyclohexene are unreactive in photochemical [2+2] cycloaddition,3 and the methyl
groups in 1,2-diphenyl-3,3,4,4-tetramethylcyclobutene effectively inhibit the possible
[2+2] reaction with tetrachloroethylene.20 Another example is the intramolecular cycliza-
tion of bis(1-methylethenyl-cyclopentadienyl)zirconium complex to form the catalyst for
ansa-metallocene polymerization. While the 1-cyclohexylethenyl series cyclizes in a quan-
titative yield of complex, the 1-phenylethenyl series affords only 5% of corresponding
product.21

In addition, molecules with olefinic structure can undergo photochemical [2+2] cycload-
dition even in solid states. For example, cinnamic acid stacking in head-to-tail and
head-to-head conformations in α- and β-crystalline shapes proceed photochemical [2+2]
cycloaddition to afford α- and β-truxinic acids respectively,22 while 1,4-bis(β-pyridyl-2-
vinyl)benzene on Au(111) in solution dimerizes when irradiated by longer wavelength UV
light (λ > 400 nm) but polymerizes under a shorter UV light (λ < 400 nm).23 Producing
the necessary unpaired electrons, the [2+2] cycloaddition is attributed to the origin of the
magnetism in polymerized-C60 materials.24 Although the only conjugated triene or higher
polyene reported to undergo photochemical [2+2] cycloaddition is all-trans-hexatriene-1,6-
dicarboxylic acid,25 the [2+2] cycloaddition and photocycloreversion are responsible for
the healing of the polymer.3b Moreover, coumarin is reported to undergo a thermal [2+2]
cycloaddition in crystalline inclusion complexes under high vacuum conditions.26
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It should be pointed out that in singlet [2+2] photocycloaddition, the regioselectivity and
stereoselectivity are determined by the pericyclic minimum and exciple (or excimer) mini-
mum, and the energy barrier between these two minima. As a result, HOMO-HOMO and
LUMO-LUMO interactions favor the head-to-head regiochemistry and syn- or cis- stereo-
chemistry in an excimer.27 In contrast, the Rydberg-like excited singlet state is responsible
for the [2+2] photocycloreversion.5 Moreover, for the intramolecular [2+2] cycloaddition
of hexa-1,5-dienes, the cycloaddition generally follows the rule of five, i.e., forming a five-
membered ring rather than a six-membered ring via the 1,5-closure28 due to the kinetic
preference,3a as shown in the cyclization of 2-acyl-1,5-hexadienes29 and even in the case of
o-bisvinylbenzene in which the two vinyl groups are isolated by o-phenylene.30 However,
due to steric hindrance, the rule of five is dissipated in a few cyclizations. For example, in
the cyclization of 1,5-hexadien-3-ones and 1-acyl-1,5-hexadienes, the substitution at C(s)
results in a shift from a 1,5-closure to a 1,6-cyclization; the greater the substituent, the
larger extent for this shift.29 In addition, the existence of a bulky group between the two
isolated alkene moieties or an electron-withdrawing group (e.g., ester) at the terminal of
alkene also causes a violation of the rule of five.31 Moreover, the rule of five is not fol-
lowed when the 1,5-hexadiene systems undergo electron-transfer-induced rearrangements
via a bifunctional 1,4-cyclohexanediyl radical cation intermediate.32 In all these circum-
stances, when six-membered structures are formed, the reaction is known as the straight
mode.29,31

On the other hand, allenes are a type of molecule with unsaturated carbon skeletons,
which can undergo [2+2] cycloadditions under thermal conditions or photochemical initia-
tion, or by Lewis acids or transition metal complex promotion. The reported cycloaddition
between allene and enone is an example of cycloaddition under photochemical conditions,33

while the intramolecular gem-difluoroallene-alkyne cycloaddition in the presence of either a
stiochiometric or a catalytic amount of molybdenum hexacarbonyl [Mo(CO)6] is an exam-
ple of [2+2] cycloaddtion promoted by a transition metal complex.34 Another transition
metal complex is the imidotitanium complex.35 Even though allenes are an inherently
strained species6 and can undergo thermal [2+2] cycloadditions, the strictly thermal reac-
tions generally incur the drawbacks of high reaction temperatures, affording a mixture of
chemoisomeric, regioisomeric, and stereoisomeric products in moderate or low yields.36

For example, difluoroallene reacts with dichlorodifluoroethlene at 135◦C to give a mix-
ture of two isomers, the ratio of which varies along with the reaction time and with an
overall preference of exo-difluoromethylene moiety. The reaction of difluoroallene with
methylacrylonitrile at 100◦C gives 39% isolated products in favor of different isomers.37

However, [2+2] cycloaddition of alkynyl allene under microwave irradiation affords
bicyclomethylenecyclobutenes with complete regioselectivity.38 In addition, the strained 4-
ethenylidene-1,3-oxazolidin-2-ones have been found to undergo a facile [2+2] cycloaddition
with either alkenes or alkynes to furnish methylenecyclobutane and methylenecyclobutene
derivatives.36 In these reactions of allenes, the geometry of olefins can be completely trans-
ferred to the cycloadducts, whereas the cycloaddition of internal allenes with axial chirality
might afford diastereomeric mixture of products.39

Ketenes are another type of unsaturated molecules of high electron deficiency and struc-
tural strains; therefore, they are very reactive for the [2+2] cycloaddition. The most common
[2+2] cycloaddition involving ketenes are Staudinger [2+2] Cycloadditions to form β-
lactones, initially reported in 1911, and the dimerization of ketenes.40 Besides the easy
cycloaddition with imine, as shown in the Staudinger [2+2] Cycloaddition, ketenes can also
react with aldehydes to afford β-lactones. It has been found that high diastereoselectivity can
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be reached for the reaction between trimethylsilkylketene and aldehydes when bulky, achi-
ral Lewis acids are applied,41 and the use of chiral Lewis acids leads to the optically active
β-lactones.42 For example, TADDOL-TiCl2 catalyzed cycloaddition of trimethylsilylketene
and aldehydes affords predominantly cis α-silylated β-lactones with moderate enantiomeric
excesses,43 and Cu(II)-bis(oxazoline) complexes mediate a highly enantioselective cycload-
dition between (silyl)ketenes and chelating carbonyl compounds.42a Some other Lewis
acids, including BF3·OEt244 and a Me3Al complex of axially chiral 1,1-binaphthalene-2,2-
diol,45 are also used for the cycloaddition of ketenes. In reactions with unactivated alkenes,
the cycloaddition is often complicated by the dimerization of ketene itself; however, ketenes
react with activated alkenes (e.g., vinyl ethers) more readily.46 In this reaction, both C O
and C C bond of ketene could be involved in the cycloaddition, although in preference
with alkenes across the C C bond;46 therefore, the ketenes are often converted into the
corresponding ketene silyl acetal,47 ketene aminal48 or ketene dimethyldithioacetal49 to
proceed the [2+2] cycloaddition. For example, the threefold [2+2] cycloaddition of ben-
zyne and ketene silyl acetals gives polyoxygenated tricyclobutabenzenes,47b while squaric
acid can be simply prepared from the [2+2] cycloaddition between tetraalkoxyethylenes and
oxyketenes.50 One of the most interesting [2+2] cycloadditions related to ketene is probably
the recently reported one-pot process in which the nucelophilic catalyst serves up to four
discrete roles: catalytic dehydrohalogenation of acid chlorides to form ketenes, catalytic
dehydrohalogenation of α-chloroamines to form the corresponding imines, catalyst for the
[2+2] cycloaddition to β-lactams, and reagent for the nucleophilic ring opening of β-lactams
to afford β-substituted aspartic acids of high enantioselectivity and diastereoselectivity.51

The cycloaddition of ketenes with alkenes can also be promoted by transition metal com-
plexes, including the chromium52 and titanium complexes.51 Certainly, ketenes also react
with allenes53 and carbodiimides.54 It is interesting that the intramolecular cycloaddition
between the ketene and the alkene moiety with an aryl group also follows the rule of five.55

In addition, such reactions have been measured to have a Hammett constant (F ) of −1.39,
a quantified indication of a modest charge development at the transition state that would be
stabilized by an electron-donating group of styrene, and the cycloaddition is accelerated by
the said electron-donating groups.55

As an substitute for ketenes, keteniminium cations can also react with imines to afford
β-lactams.56 It has been found that ketoketenes give better yields of cycloadducts than
do ketene iminium salts, whereas aldoketene iminium salts prevail in corresponding
aldoketenes in respective reactions.57 In addition, ketenimines bearing an electron-
withdrawing group (e.g., tosyl, cyano) on the nitrogen atom can react with imines to furnish
azetidin-2-imines.56

Furthermore, for cyclic olefins, as the size of carbocyclic ring decreases, double bonds are
more bent and twisted, thus the cyclic olefins show increased reactivity and can undergo the
[2+2] cycloaddition thermally.29 In parallel, the highly strained anti-Bredt rule olefins also
readily undergo [2+2] cycloaddition. For example, 1-tricyclo[3.3.1.13,7]decene (adaman-
tene) dimerizes to give both head-to-head and head-to-tail cycloadducts in a 1:2 ratio.29

On the other hand, the thermal [2+2] cycloaddition also proceeds readily for the olefins of
strong electron-withdrawing substituents, such as multifluorinated alkenes. For example,
α,β,β-trifluorostyrenes bearing three fluorine atoms on the vinyl moiety readily dimer-
izes at temperatures ranging from 80◦ to 160◦C via biradical intermediates.58 On the
basis of this reaction, a set of radical substituent constants has been established.58b,58c

Likewise, 1,1-dichloro-2,2-difluoroethylene reacts with 1,3-dienes smoothly at 80◦C.59 In
contrast, the Lewis acid can also promot the thermal cycloaddition of olefins, as indicated
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by the cyclodimerization of trans-anethole by Fe(ClO4)3
60 and the cycloaddition between

2-phenylselenyl propene and 3-buten-2-one by EtAlCl2.61

B. GENERAL REACTION SCHEME
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R2 = H, alkyl, aryl
R3 = alkyl, aryl
R4 = H, alkyl, aryl

C. PROPOSED MECHANISMS

The photochemical [2+2] cycloaddition between olefins generally proceeds through the
excited state, while the reaction between alkenes and α,β-unsaturated carbonyl compounds
involves the attack of an alkene to the triplet (π–π∗)-excited enone, forming an 1,4-biradical
intermediate, which, after intersystem crossing to the singlet ground-state potential energy
surface, cyclizes to cyclobutane derivatives.2a While the photosensitized dimerization of
conjugated dienes proceeds via the attack of a triplet diene on an unactivated diene, forming
a stable biradical intermediate that then cyclizes to cyclobutane derivatives,59 the reaction
between alkene and ketenes involves sequential nucleophilic additions via a zwitterionic
intermediate or an antarafacial concerted process, depending on the nature of alkene.55 The
reaction between alkyl-substituted allenes and 1,1-dichloro-2,2-difluoroethene proceeds via
a two-step, diradical intermediate process, as supported by the stereochemical characters
and kinetic isotope effects.55 A general illustration of [2+2] photocycloaddition between
alkenes and α,β-unsaturated carbonyl compounds is provided below; the mechanisms for
other types of cycloadditions outlined here can be found in corresponding references.
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D. MODIFICATION

Because there are so many different types of [2+2] cycloadditions known to date, it is
difficult to classify them.

E. APPLICATIONS

This reaction has been extensively used in organic synthesis, as discussed above.

F. RELATED REACTIONS

This reaction is related to the Diels-Alder Reaction, de Mayo Reaction, Paterno-Büchi
Reaction, and Staudinger [2+2] Cycloaddition.

G. CITED EXPERIMENTAL EXAMPLES

N SMe

Me SMe

N3

N SMe

Me SMe

N
C Me

Ph

N

N

SMe
SMe

Me
Ph

Me

a) PMe3/toluene

b) PhMeC=C=O
    toluene

r.t., 1 h

85%

Reference 63.

To a solution of 0.8 g dimethyl N-[1-(2-azidophenyl)ethyl]dithiocarbonimidate (3 mmol)
in 15 mL dry toluene, was added 3 mL 1 M trimethylphosphane in toluene (3 mmol),
and the mixture was stirred at room temperature until the evolution of nitrogen ceased
(15–30 min). Then, 0.40 g methyl phenyl ketene (3 mmol) was added, and the reaction
mixture was stirred at room temperature until the ketenimine band ∼2000 cm−1 was not
observed by IR spectroscopy (3–4 h). Upon removal of the solvent under reduced pres-
sure, the residue was purified by silica gel column chromatography using hexanes/EtOAc
(4:1 v/v) as the eluent to afford 0.90 g trans-2,8-dimethyl-1,1-bis(methylthio)-2-phenyl-
1,2-dihydroazeto[2,1-b]quinazoline as colorless prisms (Et2O), in a yield of 85%, m.p.
141–142◦C.
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I

Br

NiBr2(PPh3)2/PPh3/Zn

Benzene

+

15:85
22%

Reference 29.

A suspension of 221 mg NiBr2(PPh3)2 (0.30 mmol), 155 mg PPh3 (0.59 mmol), and
155 mg activated zinc (2.4 mmol) in 1.8 mL dry benzene (1.8 mL) was heated to 50◦C
under argon atmosphere. After 15 min, the mixture became a dark red suspension. To this
mixture was added dropwise a solution of 208 mg 3-bromo-4-iodo-4-homoadamantene
(0.59 mmol) in 1.5 mL dry benzene at ambient temperature. The mixture was stirred for
1.3 h, and then filtered through neutral Al2O3 with benzene. Removal of the solvent afforded
a 15:85 mixture of head-to-head and head-to-tail [2+2] cycloadducts as dark black crystals,
whose recycling GPC separation and MPLC (SiO2) and recrystallization from ethanol gave
head-to-tail [2+2] cycloadduct as colorless crystals in a 22% yield, m.p. 264.0–264.5◦C.

Other references related to [2+2] cycloaddition are cited in the literature.64−67
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Dakin Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Dakin in 1909.1 It is the preparation of phenols
from aryl aldehydes or aryl ketones involving the oxidation of corresponding aromatic
compounds by hydrogen peroxide in the presence of a base and subsequent hydrolysis
of the aryl formate or alkylcarboxylate intermediates. Therefore, this reaction is generally
known as the Dakin reaction.2 It has been reported that the para- or ortho- substituents (such
as OH, NH2) on aryl aldehydes or aryl ketones will facilitate this reaction,2l especially for
the ortho OH group, which accelerates the reaction via the formation of an intramolecular
hydrogen bonding.3

B. GENERAL REACTION SCHEME

R2

O

R1

H2O2

NaOH
OH

R1 R2 OH

O
+ R1 = NH2, OH, etc.

R2 = H, alkyl

C. PROPOSED MECHANISMS

Provided here is a tentative mechanism that reflects the effect of para- or ortho-OH to
accelerate the reaction rate.
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D. MODIFICATION

This reaction has been modified by using sodium percarbonate2e and urea-hydrogen
peroxide complex2b as the oxidant. In addition, this reaction has been efficiently carried out
in liquid ionic solvent.2a

E. APPLICATIONS

This reaction has general applications in the synthesis of phenols from aryl aldehydes
or aryl ketones.

F. RELATED REACTIONS

This reaction is related to the Baeyer-Villiger Oxidation and Criegee Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

CHO

OH

OH

OH
55°C, 1.5 h

85%
UHP oxidation

Reference 2b.

To a glass test tube containing 376 mg finely powdered urea-hydrogen peroxide (UHP)
adduct (4 mmol) was added 2 mmol o-hydroxy-benzaldehyde, and the reaction mixture
was placed in an oil bath at 55◦C for 1.5 h. After completion of the reaction, as monitored
by TLC (8:2 v/v, hexane/EtOAc), the reaction mixture was extracted into EtOAc, and the
combined extracts were washed with water and dried over anhydrous sodium sulfate. The
solvent was removed under reduced pressure to afford the crude product, which was purified
by chromatography to give 85% catechol.
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Reference 2c.

To a solution of 0.096 g 3-formyl-4-(benzyloxy)-N-Boc-l-tyrosine (0.24 mmol) in 3 mL
dichloromethane were added 0.003 g diphenyl diselenide (0.01 mmol) and 0.062 mL 30%
aqueous hydrogen peroxide (0.614 mmol). The reaction mixture was stirred at ambient tem-
perature for 18 h. The mixture was then diluted with water and EtOAc, washed with brine,
dried over MgSO4, and concentrated on a rotary evaporator. The residue was dissolved in
3 mL methanol, and gaseous ammonia was bubbled through the solution for 20 min. The
reaction mixture was then stirred at ambient temperature for 1 h. The mixture was then con-
centrated, and the residue was redissolved in water. The aqueous solution was acidified to pH
1 with 1 N HCl and back extracted with EtOAc. The organic extracts were washed with brine,
dried over MgSO4, and concentrated to give 0.073 g N-[(1,1-dimethylethoxy)carbonyl]-3-
[3-hydroxy-4-(phenylmethoxy)phenyl]-l-alanine as a white foam, in a total yield of 78%
for the two steps.

Other references related to the Dakin reaction are cited in the literature.4
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Dakin-West Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Dakin and West in 1928.1 It is the preparation of
α-acetamido alkyl methyl ketones via the intermediate of azlactone by the treatment of α-
amino acids with acetic anhydride in the presence of a base, such as pyridine. Therefore, this
reaction is generally known as the Dakin-West reaction.2 It was found that high temperature
is usually necessary for this reaction when pyridine is used as solvent;3 however, the addition
of small amount of DMAP enables the reaction to occur at ambient temperatures with higher
yield.3,4 Many mechanisms have been proposed for this reaction, and the most probable
one involves the acetylation of the amino group, followed by the cyclization to azlactone
intermediate, which forms a stable carbanion when treated with a base; the acetylation
of such carbanion leads to the formation of an azlactone of an α-acetamido-β-keto acid,
which subsequently converts to α-acetamido alkyl methyl ketone upon decarboxylation.5 It
is such decarboxylation evolving 1 eq. CO2 that makes this reaction difficult to control for
scaling up during manufacturing.6 Therefore, this reaction has been modified to use DMAP
and triethylamine with additional acetic acid to provide water to promote the hydrolysis of
azlactone; at the same time, alanine is added to control the CO2 evolution.6 Other studies
of this reaction indicate that this reaction is generally applicable to acyclic alkyl and aryl
acid anhydrides, including propionic, butyric, methoxyacetic, and benzoic anhydrides;5b

however, only those α-amino acids and their derivatives that are able to form azlactones
with an active α-hydrogen will undergo the Dakin-West reaction.5b Besides the use of
anhydride in this reaction, benzoyl fluoride has also been found to react with α-amino acids
in the presence of pyridine.5b It is interesting that treatment of N-acyl-N-alkyl α-amino
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acids with trifluoroacetic anhydride under these reaction conditions leads to the formation
of trifluoromethyl-substituted oxazole, acyloins, or morpholines, depending on the nature
of substituents on the amino acid and/or the reaction conditions.7

B. GENERAL REACTION SCHEME

R
OH

NH2

O

Ac2O

R
CH3

HN

O

O

+ + Pyridine

C. PROPOSED MECHANISMS

This reaction involves the acetylation of the amino group, formation of azlactone, depro-
tonation by a base, and additional acetylation and hydrolysis, as displayed here.

D. MODIFICATION

This reaction has been modified to use DMAP and triethylamine with additional acetic
acid to control the evolution of carbon dioxide.6

E. APPLICATIONS

This reaction is generally used in the synthesis of α-amino ketones.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

HO
O

O

NH OO

H3C
O

O

NH OO
Ac2O/pyridine

90°C, 2 h

Reference 8.

A mixture of 1.72 g 2-(cyclohexanecarbonylamino)-succinic acid 4-benzyl ester
(5.16 mmol), 5 mL pyridine, and 3 mL acetic anhydride was heated at 90◦C for 2 h. Excess
acid anhydride and pyridine were removed under reduced pressure, and the residue was then
diluted with 150 mL ether. The organic phase was then washed successively with 50 mL
1.0 N HCl and 50 mL water, then dried over solid sodium sulfate, decanted, and concentrated
under reduced pressure to yield an oil. The residue was purified by column chromatography
(EtOAc/hexanes) to provide 1.16 g 3-(cyclohexanecarbonyl-amino)-4-oxo-pentanoic acid
benzyl ester as a pale yellow oil, in a yield of 68%.

Reference 6.

A mixture of 338.5 g acetic anhydride (3.3 mol), 45 g acetic acid (0.75 mol), 379.5 g
triethylamine (3.75 mol), and 1.83 g 4-(dimethylamino)-pyridine (0.015 mol) in a reaction
vessel was heated to 50◦C. Then 135 g racemic alanine (1.5 mol) was added as a solid
over 6 h thereby maintaining the reaction temperature at 45–55◦C. After completion of
the alanine addition, the reaction mixture was stirred at 50◦C for an additional 8 h. Acetic
anhydride, triethylamine, and acetic acid were distilled off by vacuum distillation (10–
15 mbar), while gradually raising the jacket temperature to a maximum of 100◦C. The
residue (GC assay > 95% acylaminoketone intermediate) was cooled to room temperature
and diluted with 815 mL water. Malonodinitrile (94.5 g, 1.425 mol) was added, and this
mixture was slowly added to 500 g aqueous sodium hydroxide solution (30%). The speed
of addition was adjusted so that the reaction temperature did not exceed 60◦C. The resulting
suspension was cooled to 0◦C, filtered, washed with water, and dried in vacuum at 55◦C
to yield 168 g 2-amino-3-cyano-4,5-dimethylpyrrole, in a yield of 83% for the total of the
two steps, m.p. (DSC) 172◦C.

Other references related to the Dakin-West reaction are cited in the literature.9
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Danheiser Annulation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Danheiser and co-workers in 1981.1 It is the
synthesis of five-membered carbocycles1,2 and heterocycles (including dihydrofurans,3

pyrrolines,3 isoxazoles,4 azulenes,5 and furans6) from organosilanes and electron-deficient
compounds via a [3+2] annulation,7 by which organosilanes serve as three-carbon compo-
nents (such as allenylsilanes,1 propargylsilanes,7b and allylsilanes)7 and electron-deficient
compounds (such as α,β-unsaturated compounds7). Thus this reaction is referred to as the
Danheiser annulation.8 It should be pointed out that this reaction can be promoted by strong
Lewis acids such as TiCl4.9 In addition, when allylsilane and propargylsilanes are used as
a three-carbon component source, a large trialkylsilyl group will facilitate this annula-
tion and suppress the normal desilylation, leading to the formation of allenes.7b Moreover,
allylstannanes are also found to undergo this reaction.10

B. GENERAL REACTION SCHEME

R3Si A B+
A B
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C. PROPOSED MECHANISMS

A tentative mechanism is proposed below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the synthesis of five-membered carbocycles and
heterocycles.

F. RELATED REACTIONS

This reaction is related to 1,3-Dipolar Cycloaddition.

G. CITED EXPERIMENTAL EXAMPLES

Reference 7a.

To a cold solution (at 0◦C) of 8 mL dichloromethane containing 96 mg allyltriisopropyl-
silane (0.48 mmol) and 83 mg quinoneimide (0.20 mmol) was added 1.1 eq. BF3·OEt2. The
reaction was allowed to attain room temperature gradually and was stirred at that tempera-
ture for 72 h and then quenched by ice cold water. The mixture was extracted with CH2Cl2
(3 × 10 mL). The combined organic layer was washed with water, brine, and water (10 mL
each) and dried over anhydrous Na2SO4. Upon removal of solvent, the residue was purified
by column chromatography to give 74% of product, m.p., 238–239◦C.
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Reference 11.

To a cooled (–80◦C) solution of LDA, prepared from 199 µL diisopropylamine
(1.42 mmol) and 971 µL 1.44 M n-BuLi in hexane (1.40 mmol) in 1.4 mL THF was
added dropwise a solution of 125 µL 2-butanone (1.4 mmol) in 1.4 mL THF. After being
stirred at –80◦C for 15 min, the solution was added dropwise via a cannula to 58 mL
cooled (–80◦C) THF solution containing 300 mg cis-α,β-unsaturated ketone (1.24 mmol).
The reaction mixture was allowed to warm to 0◦C over 30 min, and quenched by 81 µL
AcOH (1.42 mmol) in 0.5 mL THF. The mixture was diluted with 30 mL saturated aqueous
NH4Cl and extracted with Et2O (30 mL × 3). The combined organic phases were washed
with 50 mL saturated brine, dried, and concentrated. The residual oil was subjected to
column chromatography (silica gel, 40 g; elution with 12:1 hexane/Et2O) to give 294 mg
annulation product, in a yield of 75%, plus 109 mg of two other products as mixture that
could be separated by MPLC (10 mM silica gel, elution with 40:1 haxane/Et2O).

Other references related to the Danheiser annulation are cited in the literature.12
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Darzens Condensation

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was initially reported by Erlenmeyer in 1892,1 it is often known
as the Darzens condensation,2 Darzens glycidic ester condensation2ee,2ww,3 or Darzens
reaction,3c,3d,4 after Darzens’s work in the 1900s.5 Other names used for this conden-
sation include Darzens-type condensation,4f Darzens synthesis,6 and Darzens glycidic
ester synthesis.2yy,7 This reaction is the synthesis of glycidic esters from the condensa-
tion between aldehydes or ketones and esters of α-halo-carboxylic acids. Currently, besides
the α-halogenated carboxylic esters, this type of condensation has been extended to α-
halogenated nitriles,8 sulfoxides,9 sulfones,10 sulfoximines,11 carboxylic amides,4f etc.
Therefore, a rather general definition of the Darzens condensation is accepted,2aaa including
all the base-catalyzed condensations between carbonyl compounds and molecules carry-
ing activated protons at the α-halogenated position, which results in the formation of an
oxirane ring and the release of a halide ion. A special case is the reaction between car-
bonyl compounds and α-halogenated ketimine, which is also referred to as the aza-Darzens
reaction.4f Normally, this reaction would be carried out in an anhydrous aprotic nonpolar
solvent (e.g. benzene, ethyl ether) at low temperature,3c although ethanol and even aqueous
dioxane have also been used as a solvent.2aaa Specifically, this reaction has been modified
to occur in the solid-liquid two-phase system using a solid base and catalyst at temperatures
higher than 100◦C.3c The catalysts often used are crown ethers and quaternary salt, and
their catalytic efficiences are found in the following order: 18-C-6 > DC-18-C-6 > DB-
18-C-6 > Bu4P+Br− > PhCH2N+Et3Br−.3c This reaction has been proven to undergo a
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carbanion mechanism, instead of a carbenoid3f or divalent radical mechanism,2zz and
normally produces more stable erythro diastereomers.12

B. GENERAL REACTION SCHEME

R1 R2

O
R3

O
R4

O

X

O
O

R4

R1

R2
O

R3

+
Base

base = NaNH2, LDA, t-BuOK
X = Cl, Br, I

C. PROPOSED MECHANISMS

R3
O

R4

O

X

R3
O

R4

O

X

R1 R2

O

R2
O

R4

O–

R1

X

O

R3 X –

O
O

R4

R1

R2
O

R3

Base
–

D. MODIFICATION

This reaction has been modified to occur in solid-liquid two-phase systems in the presence
of crown-ether or quaternary salt as the catalyst.3c

E. APPLICATIONS

This reaction has general applications in the synthesis of epoxide (or oxirane) and glycidic
esters.

F. RELATED REACTIONS

This reaction is related to the Aldol Condensation.

G. CITED EXPERIMENTAL EXAMPLES

Br CO2Me
O

O

CHO

O

O

CO2Me
O

+
LDA, THF

–20°C, 70% (3:4 syn:anti)

Reference 21.
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An LDA (34 mmol) solution [generated by the addition of 23.4 mL of 1.6 M n-BuLi
(37.4 mmol) to a solution of 4.75 mL diisopropylamine (34 mmol) in 40 mL THF at
−20◦C under nitrogen] was added dropwise to a stirred solution of 10.2 g piperonal
(68 mmol) and 2 mL methyl 4-bromocrotonate (17 mmol) in 60 mL THF under nitro-
gen at −20◦C. Typically, the transfer lasts 1 h for 20 mmol crotonate. The reaction was
stirred for 2 h at −20◦C and then quenched with 40 mL saturated aqueous NH4Cl. The
layers were separated, and the aqueous layer was extracted with ether (3 × 20 mL). The
combined, organic layers were then washed with saturated aqueous NaHSO3 (from 40 g
NaHSO3 solid), 20 mL saturated aqueous NaHCO3, and brine (3 × 30 mL). They were then
dried over MgSO4 and concentrated. Purification by flash chromatography (ether/petroleum
ether, 1 : 3) afforded 2.95 g methyl 4,5-epoxy-5-[3′,4′-methylenedioxypehnyl]pent-2-enoate
as 43:57 of syn to anti mixture, in a yield of 70%.

N

Cl

O N

O

+
LDA, THF

Reference 4f.

To a solution of lithium diisopropylamide (LDA, 0.105–0.150 mol) at 0◦C in 150 mL
THF (prepared from 0.105–0.150 mol n-BuLi and 0.2 mol diisopropylamine) was added
a solution of 0.1 mol α-chloro ketimine in 20 mL THF. The deprotonation was complete
after 2 h at 0◦C, then 0.1–0.2 mol acetone was added dropwise to the solution of 3-chloro-
1-aza-allylic anion. After the addition, the reaction mixture was stirred for 10 h at room
temperature. The reaction mixture was then poured into water and extracted with ether
(3×100 mL). The combined extracts were dried over MgSO4, and the solvent was removed
under reduced pressure. The product was purified via vacuum distillation between 50◦C
and 60◦C at 13 mmHg.

Other references related to the Darzens condensation are cited in the literature.13
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Darzens Halogenation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Darzens in 1911.1 It is the synthesis of alkyl
halide from alcohols via the treatment of thionyl chloride or bromide in the presence of
small amounts of tertiary amines such as pyridine. This is a general method with good
yields for the preparation of alkyl halides,2 without the disadvantage of using halogen
derivatives of phosphorus that might cause the isomerization, polymerization,1 and the
Walden Inversion of certain optically active alcohols.3 It is reported that when alcohols are
treated with equivalent amounts of thionyl chloride in the presence of pyridine, it results in
no chlorination4 or yields the alkyl sulfite instead of the alkyl halide.5 However, in a large
excess of thionyl halide and a small amount of pyridine, alkyl halides will form upon reflux.2

In a special case, alkyl halide can form in high yield even without a base in presence.2

B. GENERAL REACTION SCHEME

R OH R X+ SOX2    +    Pyridine X = Cl, Br

C. PROPOSED MECHANISMS
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the conversion of alcohols into alkyl halides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

HO

Cl

SOCl2/pyridine

Reference 2.

To a mixture of 5 g cholesterol and 1 mL pyridine was added 10 mL thionyl chloride
rapidly. The reaction mixture was kept cool with running water and was refluxed for 1 h.
Sulfur dioxide was liberated. The mixture was cooled, poured into water, and then extracted
with ether. The ethereal solution was dried over anhydrous sodium carbonate. When the
solvent was removed under reduced pressure a semicrystalline product remained. This
was recrystallized from alcohol and identified as cholesteryl chloride; m.p. 95–96◦C. The
reaction was repeated without the addition of pyridine with identical results. The yield was
almost quantitative.

Other references related to the Darzens halogenation are cited in the literature.6
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Darzens Olefin Acylation

(Kondakov Acylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kondakov in 1892.1 It is the preparation of β-
haloketones via the direct condensation of acyl halides or acyl anhydride2 and olefins in
the presence of Lewis acid. Therefore, it is generally known as the Kondakov acylation3

or Kondakov reaction.4 However, this reaction is also known as the Darzens acylation of
olefin5 or the Darzens reaction5 after Darzens’s work in 1910.6 The Lewis acid catalysts
suitable for this condensation include SnCl4, AlCl3, TiCl4, and BF3. However, a subtle
difference does exist between the Kondakov acylation and the original Darzens reaction
condition in which acyl halides react with alicyclic olefins in the presence of AlCl3 for the
latter case. Different from the Fridel-Crafts Acylation in which the carbocation from acyl
addition can be stabilized and the recurring of aromaticity leads to a high yield of acylation
products, the Darzens olefin acylation, often fails due to the formation of various unstable
intermediates from electrophilic addition, elimination, and isomerization.7 In particular, the
acylation of olefins from chloroformates fail almost exclusively,7 except one example in
which unexpected regiochemistry was obtained.8 It is reported that in the presence of a base
with low nucleophilicity, both α,β-unsaturated and β,γ-unsaturated ketones might form.7

B. GENERAL REACTION SCHEME

X
R

O
R

X

O

+
Lewis acid

X = Cl, Br
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C. PROPOSED MECHANISMS

D. MODIFICATION

The addition of non-nucleophilic base will result in the formation of α,β- or β,γ-
unsaturated ketones.

E. APPLICATIONS

This reaction has applications in the preparation of β-halo ketones and α,β- or β,γ-
unsaturated ketones.

F. RELATED REACTIONS

This reaction is related to the Fridel-Crafts Acylation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

Equimolar amounts of isobutene (5 mmol) and dicyclohexylethylamine (5 mmol), each
dissolved in 5 mL CH2C12, were mixed and quickly added to the partially dissolved acetyl
hexachloroantimonate (CH3CO+SbCl6

−) in 20 mL CH2Cl2 under vigorous stirring at
–50◦C. The temperature was kept at –50◦C for 1 h. After the reaction was completed,
the dark brown reaction mixture was immediately poured into 200 mL n-pentane contain-
ing 3 mL water to decompose any remaining acetyl hexachloroantimonate and shaken for
1 min, and the precipitate was removed by filtration. The precipitate was washed twice with
n-pentane, and the combined organic layers were washed with water, dried over Na2SO4,
and evaporated under reduced pressure to leave an oily product. The acetylated products
were purified by preparative GLC in a yield of 90%.
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O

O

O

Cl AlCl3

O

O

OCl

Reference 5.

A solution of 16.5 �9-tetrahydrocannabinol (�9-THC) chloroformate (43.9 mmol)
in 72 mL CH2Cl2 was added in one portion to a stirring suspension of 17.5 g AlCl3
(132 mmol) in 231 mL dry CH2Cl2 under nitrogen. The reaction mixture turned
dark red, and nearly all the AlCl3 appeared to dissolve. After 40 min the reaction
was quenched by the rapid addition of 36.4 g K2CO3 (264 mmol) in 35 mL H2O
with vigorous stirring. After the boiling subsided, the granular precipitate was filtered
through a coarse fritted filter. The amount of H2O employed in the quenching pro-
cess was limited to avoid the formation of a difficult to filter pasty solid. The resin
obtained after removing the solvent in vacuo was eluted from 600 g silica gel with
40% CH2C12/hexane to yield 8.47 g 6-chloro-5a,7,8,8a,9,10c-hexahydro-6,9,9-trimethyl-
2-pentyl-5H,6H-[2]benzopyrano[5,4,3-cde][1]benzopyran-5-one, in a yield of 51%.

Other references related to the Darzens olefin acylation are cited in the literature.9
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Darzens-Nenitzescu

Reaction
(Nenitzescu Acylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Nenitzescu in 1931.1 It is the formation of an α,β-
unsaturated ketone directly by aluminum chloride–promoted acylation of alkenes with acyl
halides. Therefore, it is known as the Darzens-Nenitzescu reaction (or Nenitzescu reductive
acylation),2 or Nenitzescu acylation.3 Under such reaction conditions, Nenitzescu prepared
2-butenyl methyl ketone from acetyl chloride and 1-butene4 and dimethylacetylcyclohex-
ene from acetyl chloride and cyclooctene.5 However, in the presence of benzene or hexane,
the saturated ketones are often resolved, as supported by the preparation of 4-phenyl cyclo-
hexyl methyl ketone from the reaction of cyclohexene and acetyl chloride in benzene,6

and the synthesis of 3- or 4-methylcyclohexyl methyl ketone by refluxing the mixture of
cycloheptene and acetyl chloride in cyclohexane or isopentane.5b,7 This is probably caused
by the intermolecular hydrogen transfer from the solvent.8 In addition, owing to its intrinsic
strain, cyclopropyl group reacts in a manner similar to an olefinic functionality so that it
can be readily acylated.9 It should be pointed out that under various reaction conditions,
the Darzens-Nenitzescu reaction is often complicated by the formation of β-halo ketones,
β,γ-enones, or β-acyloxy ketones.8,10 This complication can be overcome by an aluminum
chloride–promoted acylation with vinyl mercuric chloride, resulting in a high purity of
stereochemistry.11
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B. GENERAL REACTION SCHEME

R3 Cl

O AlCl3

CH2Cl2

Cl

O AlCl3

C6H6, ∆

O

Ph

+

+

R1 = H, alkyl
R2 = H, alkyl
R3 = alkyl, aryl

R1 R2

R1 R2

R3 O

C. PROPOSED MECHANISMS

Although the mechanism for the formation of acetylcyclohexane is known,3 an alternative
mechanism is proposed here for the acylation of cyclohexene with acetyl chloride. In this
reaction, after the acyl cation adds to double bond, the elimination of the α-proton gives an
α,β-unsaturated ketone, whereas the attack of chloride produces a β-chloroketone. Since
acetyl is an electron-withdrawing group, it is plausible that the positive charge migrates to
form a more stable carbocation, which electrophilically alkylates with benzene.

D. MODIFICATION

The formation of α,β-unsaturated ketones has been modified by the acylation of vinyl
mercuric chloride.11 In addition, this reaction has been extended to the acylation of alkynes10

and a zinc chloride-promoted acylation of olefins.12

E. APPLICATIONS

This reaction has general application in the preparation of α,β-unsaturated ketones.
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F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation.

G. CITED EXPERIMENTAL EXAMPLES

Cl

O AlCl3

CH2Cl2

C
C O

C

Cl

H O

Cl

H
+ +

60% 19%

Reference 10.

A mixture of 3.33 g AlCl3 (25 mmol), 1.96 mL acetyl chloride (27.5 mmol, 1.1 eq.), and
45 mL anhydrous CH2Cl2 was stirred until dissolution. The resulting solution was stirred for
3 min at 20 mmHg and cooled to –90◦C; then 2.86 mL 2-methyl-1-buten-3-yne (30 mmol,
1.2 eq.) in 30 mL anhydrous CH2Cl2 was slowly added over 2 h. The solution was allowed
to warm to –60◦C, the mixture was stirred until the completion of reaction, as monitored
by TLC, and then transferred to a vigorously stirring mixture of crushed ice and Et2O. The
organic layer was quickly stirred with a saturated solution of NaHCO3 and dried using
MgSO4 and stored in a refrigerator. After filtration and concentration in vacuo at room
temperature, the crude product was quickly flash chromatographed on silica gel, eluting
with a gradient of pentane/ether to afford 60% 5-methyl-6-chloro-3,4-hexadien-2-one and
19% 5-methyl-4-chloro-3,5-hexadien-2-one, which were stored in refrigerator.

Cl

O

CH2Cl2

MeOH

1 M KOH

Cl

O

O

+
Zn/CuCl-CH3I

75%

97%

Reference 12.

A mixture of 6.54 g zinc dust (0.10 mol) and 0.99 g cuprous chloride (0.01 mol) in
30 mL CH2Cl2 was refluxed with stirring under nitrogen for 30 min. After the mixture
was cooled to room temperature, 7.l g iodomethane (0.05 mol) was added, and the mixture
was then refluxed for an additional 1 h. Into the solution of the freshly prepared active zinc
compounds was added 4.11 g 2-cyclopropyl-propene (0.05 mol) in 10 mL CH2Cl2 at 0–5◦C
under nitrogen with stirring. After a short period, 1.07 g butyryl chloride (0.010 mol) in
10 mL CH2Cl2 was added dropwise into the above stirred mixture in 15 min at 15–20◦C with
external cooling. An exothermic reaction took place, and the mixture gradually turned red-
brown. The reaction mixture was stirred at room temperature for 2 h and then was refluxed
for another 2 h. After that, 30 mL 10% H2SO4 was carefully added into the mixture under
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cooling with an ice water bath. The reaction mixture was filtered with suction and extracted
with ether (3 × 50 mL). The combined ethereal solution was washed with saturated aqueous
NaHCO3, dried over MgSO4, and concentrated to give a mixture of products, which was
purified to give 75% 9-chloro-6-methyl-6-en-4-nanone. This product, upon treatment with
1 M KOH in methanol, gives 97% 1-cyclopropyl-2-en-hept-4-one.

Other references related to the Darzens-Nenitzescu reaction are cited in the literature.13
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Davidson Oxazole

Cyclization
(Davidson Cyclization)

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction had been investigated by Japp in the early stage of its
development,1 it was Davidson and co-workers who studied both the mechanism and method
of formulating a general procedure for the preparation of substituted oxazoles.2 Therefore,
this reaction is known as the Davidson cyclization3 or Davidson oxazole cyclization.3 It is
the preparation of substituted oxazole by condensation of O-acylacylion with ammonia or
ammonium acetate. The O-acylacyloin or O-acyl benzoin can be prepared from the reac-
tion between acyloin or benzoin with carboxylic acid in the presence of DCC,4 or from the
reaction between α-haloketone with carboxylic acid under basic conditions.5 It has been
found that the cyclization to form oxazole does not occur when ammonia or ammonium
acetate is replaced by organic amines.6 This reaction is best for 2,4,5-trisubstituted oxazole
or oxazoles with an aromatic substituent at C-5,7 whereas it works poorly for the preparation
of 2,4-disubstituted or monosubstituted oxazoles.3

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The early mechanisms from both Japp1 and Davidson2 are not clear and an updated new
mechanism is proposed here.

D. MODIFICATION

This reaction has been modified to generate O-acylacyloin via the reaction of α-
haloketone with carboxylic acid under basic conditions.5

E. APPLICATIONS

This reaction has general application in the preparation of 2,4,5-trisubstituted oxazoles.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Br

O

NaO H

O
O

O H

O

NH4OAc

HOAc

N

O

Ph

+

Reference 5.
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A mixture of 20.0 g bromoacetophenone (0.100 mol) and 8.84 g sodium formate
(0.13 mol) in 200 mL DMF was stirred for 12 h. The solution was then poured into 800 mL
water and extracted with CH2Cl2 until the aqueous layer was colorless. The organic phase
was washed with saturated brine, dried over Na2SO4, and evaporated. Residual DMF was
removed by vacuum distillation, leaving 13.6 g α-(formy1oxy)acetophenone as a yellow
oil, in a yield of 83%.

A mixture of 10.4 g of this crude α-(formyloxy) acetophenone (63.4 mmol) and 24.3 g
ammonium acetate (315 mmol) in 125 mL acetic acid was refluxed for 1.5 h. After cooling,
it was added to 500 mL water and extracted with CH2Cl2. The organic phase was neutralized
by careful addition (foaming) of saturated NaHCO3 solution, washed with brine, dried over
Na2SO4, evaporated, and distilled to yield 4.52 g 2-phenyl-oxazole in a yield of 49.5%, b.p.
60–61◦C (at 0.1 mmHg).

Other references related to the Davidson oxazole cyclization are cited in the literature.8
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de Mayo Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by de Mayo in 1962.1 It is a two-step process
involving the [2+2] photocycloaddition of an enol of a 1,3-dicarbonyl compound (e.g.,
β-diketone,1,2β-dialdehyde,3 or β-ketoaldehyde4) with an olefin to form a cyclobutanol
intermediate and the retro aldol condensation of such a cyclobutanol to give 1,5-dicarbonyl
compounds. Therefore, this reaction is generally known as the de Mayo reaction.5 Occa-
sionally, it is also referred to as the de Mayo photocycloaddition.6 In this reaction, it is
known that in the absence of extreme steric hindrance, the regiochemistry of cycloaddi-
tion is predictable,7 and such regioselectivity will also be affected by a solvent.8 When an
electron-deficient, polarized olefin (CH2=CHR, R = CN, Cl, COCH3, CO2CH3, etc) is sub-
jected to the [2+2] photocycloaddition with enol of 1,3-dicarbonyl compound, the so-called
head-to-tail regioisomer with exo-orientation of R on such an olefin is the favored product.9

However, in the case of unsymmetrical 1,3-dicarbonyl compound, regioselectivity of the
enolization will result in a significant problem, and the original reaction pattern would be
modified using β-keto esters.5i In addition, dioxolenones are used as a covalently locked
enol form of a β-keto ester to avoid the competing Paterno-Büchi Reaction that forms
oxetanes.10 It should be pointed out that the cyclobutanol intermediate from cyclic 1,3-
dicarbonyl compound can be transformed into either cyclooctanedione5e or cyclohexenone
(via an Aldol Reaction).9
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B. GENERAL REACTION SCHEME

R1 R3

O OH

R2
R5

R4

R1 R3

O

R2

R5

R4

O

+ hν

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to form enols from β-keto esters.5i,10

E. APPLICATIONS

This reaction has a wide range of application in the preparation of 1,5-dicarbonyl com-
pounds, especially in regard to the synthesis of the smallest known bicyclic compound
([4.3.1] undecane) with trans bridgehead hydrogen.10b

F. RELATED REACTIONS

This reaction is related to [2+2] Cycloaddition and Aldol Condensation.

G. CITED EXPERIMENTAL EXAMPLES

N

OH

O

O

N

O

OH

O

N

O

O

O

H
Hhν

Reference 9.
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A solution containing 101 mg 2-(3,5-dioxo-1-hexyl)isoquinolin-1(2H)-one (0.39 mmol)
in 10 mL acetonitrile was purged with nitrogen for 15 min before irradiation through a
Pyrex filter at ambient temperature for 1.5 h. The reaction mixture was concentrated under
reduced pressure by rotary evaporation. Flash chromatography (silica, EtOAc/hexane, 2:1)
gave 72.3 mg 10-(2-oxopropyl)-2,3,10,10a-tetrahydropyrrolo[1,2-b]-isoquinolin-1,5-dione
as a white crystalline solid, in a yield of 71.6%, m.p. 184–185◦C.

MOMO
O

O

O MOMO

O

O

O MOMO CO2Me

O

hν

Reference 10a.

Irradiation of a solution of 277 mg 5-(2-methoxymethoxy-3-methylbut-3-enyl)-
2,2,6-trimethyl-[1,3]dioxin-4-one (1.03 mmol) in 50 mL acetonitrile/acetone mixture
(9:1 v/v) for 2–3 h afforded 130 mg 3-methoxymethoxy-4,6,8,8-tetramethyl-7,9-
dioxatricyclo[4.4.0.01,4]decan-10-one as a colorless oil after purification (EtOAc/petroleum
ether, 1:3, Rf = 0.24), in a yield of 47%. When 81 mg this photo-cycloadduct (0.3 mmol)
was treated with base in refluxing THF for 30 min, 56 mg of a 30:70 mixture of
3-methoxymethoxy-2-methyl-2-(2-oxopropyl)cyclobutanecarboxylic acid methyl ester of
diastereomers was obtained as a colorless oil after column chromatography (Et2O/petroleum
ether, 1:4), in a yield of 77%. Both isomers were separated by further chromatography.

Other references related to the de Mayo reaction are cited in the literature.11
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Decker-Becker Secondary

Amine Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

Although Forster initially reported this reaction,1 it was Decker and Becker who inves-
tigated it in more depth and made this reaction an applicable route for the preparation of
secondary amines.2 Therefore, this reaction is known as the Decker-Becker method3 or
Forster reaction,4 but it is named the Decker-Becker secondary amine synthesis in this
book. It is the synthesis of secondary amine by the condensation of primary amines with
aldehydes to form an imine intermediate, which then reacts with alkyl halides via alkyla-
tion to finally afford secondary amines after hydrolysis. This reaction gives good results
when methyl halides are used but works poorly and unstably when larger alkyl halides are
applied.5

B. GENERAL REACTION SCHEME

R NH2
∆ R

N R′
R

HN
R′′

+ R′CHO
1) R′′X

2) Hydrolysis
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of secondary amines, especially
for the alkyl (aryl) methyl amines.

F. RELATED REACTIONS

This reaction is related to the Leuckart Reaction and Eschweiler-Clarke Methylation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5.

General Method for Preparation of Schiff Base

After the mixture of equal amounts of primary amines and benzaldehyde in 95% ethanol
was refluxed for 30 min, the solvent was removed and the Schiff base was obtained in
roughly 95% via vacuum distillation. These Schiff bases were mostly yellow oils and were
used directly without further purification.

Alkylation and Hydrolysis

To a thoroughly dried Carius tube were added equal amounts of Schiff base and the
appropriate alkyl iodide. After sealing, the tube was heated at 100◦C by steam for 4–24 h,
the longer time being used for the higher halides. The reaction was considered complete
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when the whole contents of the tube upon cooling was a red to orange viscous oil or a
partially crystalline mass. A layer of mobile liquid above the viscous mass showed the
reaction to be incomplete. After opening, the contents of the tube were washed out with
an alcohol—methyl alcohol for the methylated product and ethyl alcohol for the higher
alkylated product—to which had been added one eighth its volume of water. The mixture
was refluxed for 30 min then the mixture was poured into an equal volume of water and
boiled until the odor of benzaldehyde had disappeared. The solution was made weakly
acid with acetic acid and extracted three times with ether. After basification with 30%
sodium hydroxide, the amine was extracted with ether, the ethereal solution was dried with
anhydrous magnesium sulfate, and after removal of the solvent, the residue was distilled
in vacuo.The hydrochlorides of these secondary amines were prepared from an anhydrous
ether solution by the addition of gaseous hydrogen chloride and were recrystallized from
ether-alcohol mixtures. The yields vary from 29% to 93%.

Other references related to the Decker-Becker secondary amine synthesis are cited in
the literature.6

H. REFERENCES

1. Forster, M. O., J. Chem. Soc., 1899, 75, 934.

2. (a) Decker, H. and Becker, P., Ber., 1912, 45, 2404. (b) Decker, H. and Becker, P., Ber., 1912,
45, 2407. (c) Decker, H. and Becker P., Ann., 1913, 395, 328. (d) Decker, H. and Becker P., Ann.,
1913, 395, 342. (e) Decker, H. and Becker P., Ann., 1913, 395, 362.

3. Zenitz, B. L.; Macks, E. B. and Moore, M. L., J. Am. Chem. Soc., 1948, 70, 955.

4. (a) Lawrence, S. A., Amines: Synthesis, Properties and Applications, Cambridge University Press,
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Delépine Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Delépine in 1895.1 It is the preparation of primary
aliphatic amines by acidic hydrolysis of quaternary amines formed from alkyl halides and
urotropine (i.e., hexamethylene tetramine).2 Therefore, this reaction is generally known as
the Delépine reaction.3

B. GENERAL REACTION SCHEME

R X N
N

N

N

∆ N
N

N

N

R

X

H+

R NH2
+

aq. EtOH
X = Cl, Br, I

+

–

C. PROPOSED MECHANISMS

A tentative mechanism is displayed here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general applications in the conversion of alkyl halides into primary
amines.

F. RELATED REACTIONS

This reaction is related to the Gabriel Primary Amine Synthesis and Sommelet Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

Hexamethylene tetramine (49.2 g, 0.350 mol) was dissolved in 750 mL chloroform, then
97.4 g 2,4′-dibromo-acetophenone (7.4 g, 0.350 mol) was added all at once; the suspension
was stirred overnight and the quaternary salt was collected, washed with 750 mL chloroform,
and dried at 60◦C under reduced pressure (20 mmHg) for 4 h. The product was treated
with 900 mL methanol and 120 mL 48% hydrobromic acid at 20◦C for 2 days. Solid was
always present, so 600 mL methanol was added, and the suspension was heated at 50◦C
overnight and then at reflux for 1.5 h, cooled to 20◦C, and evaporated at a bath temperature
of 50◦C to obtain a mushy solid, which was recrystallized from 700 mL water to give 84.4 g
4-bromobenzoylmethylammonium bromide dihydrate, in a yield of 73%, m.p. 273–277◦C
(dec.)
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Reference 3.

A tube containing 300 mg monolithic VBC/DVB PolyHIPE (1.23 mmol of chloromethyl
groups) was set in an Argonaut Quest 210 apparatus and a 240 mL ethanol solution
of reagents (hexamethylenetetramine and sodium iodide, five times excess relative to
chloromethyl groups) was passed through at a flow rate of 20 mL/h and at 60◦C. The
product was washed with EtOH, EtOH/water (1:1), and water; subsequently, a solution of
240 mL conc. HCl/EtOH (1:15) was passed through at a flow rate of 20 mL/h and at 75◦C.
The product was washed with EtOH, EtOH/water (1:1), MeOH, NEt3, and MeOH and dried
at 50◦C (10 mbar, 48 h).

Other references related to the Delépine reaction are cited in the literature.5
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Bull. Soc. Chim. Fr., 1902, 27, 812. (k) Delépine, M., Bull. Soc. Chim. Fr., 1898, 19, 270.
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Demjanov Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Demjanov (sometimes spelled Demjanow or
Dem’yanov) in 1903.1 It is the conversion of primary amines into alcohols by means of the
diazotization of those amines with nitrous acid, accompanying the migration of the carbon
atom when the primary amino groups are on the ring or at the α-position of the side chain.
Therefore, this reaction is generally known as the Demjanov rearrangement2 or Demjanov
reaction.3 In the case of cyclic aliphatic amines, alcohols with enlarged or contracted rings
are formed, depending on the position of the amino group. If an amino group is directly
attached to the ring, then ring contraction occurs;4 in the case of primary amines, when
the amino group is connected to the cyclic ring via a methylene group, the ring expands
after diazotization.2g,5 The Demjanov rearrangement under this condition is also referred
to as the Demjanov ring expansion.5a,6 If an aromatic group is attached to the same position
where an aminomethylene sits, phenyl migration happens without ring enlargement.2f

B. GENERAL REACTION SCHEME

NH2
HNO2 OH OH

NH2 HNO2
OH OH

+
n n n

(n = 1, 2, ...)

+
n n n
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of cyclic compounds with
different sizes.

F. RELATED REACTIONS

This reaction is related to the Tiffeneau-Demjanov Rearrangement and Wagner-
Meerwein Rearrangement, both involve carbocation intermediates.

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

To a solution of 42.7 mg deacetylthiocolchicine (0.11 mmol) in 4 mL water was added
10.9 mg sodium nitrite in 1 mL water containing two drops of acetic acid. The reaction
mixture was stirred at room temperature for 24 h and extracted with CHCl3 (30 mL × 3).
The extract was washed with 5% NaHCO3 solution, water, and brine until pH = 7.
It was dried over anhydrous Na2SO4 and concentrated. Purification of the residue by
preparative TLC plates with CHC13/MeOH (95:5) as the eluant furnished 18.1 mg
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pure 5,6-dihydro-6(S)-(hydroxymethyl)-1,2,3-trimethoxy-9-(methylthio)-8H-cyclohepta
[a]naphthalene-8-one. Crystallization from CH2Cl2-Et2O afforded yellow crystals, in a
yield of 42%, m.p. 201–203◦C.

Reference 2e.

Cyclohexanemethylamine (45.2 g, 0.4 mol) was treated with NaNO2 in dilute aqueous
orthophosphoric acid at room temperature for 1 h and then at 95◦C for 1 h. Fractional
distillation of the crude product gave 9.4 g cycloalkene mixtures (b.p. 90–115◦C) and
26.6 g alcohol mixtures (b.p. 50–95◦C at 20 mmHg).

Other references related to the Demjanov rearrangement are cited in the literature.7
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Dess-Martin Periodinane

Oxidation
(Dess-Martin Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Dess and Martin in 1983.1 It is the conversion of
primary and secondary alcohols into carbonyl compounds (aldehydes and ketones) by means
of the oxidation with a hypervalent iodine compound (i.e., 12-I-5 triacetoxyperiodinane).2

Therefore, this reaction is generally known as the Dess-Martin periodinane oxidation3

or simply referred to as the Dess-Martin oxidation.4 On the other hand, the hypervalent
iodine compound is called the Dess-Martin periodinane (DMP),2,5 Dess-Martin reagent,6

Dess-Martin Periodinane reagent,7 or Dess-Martin oxidant,8 which tolerates a variety of
functional groups.2,5u,9 The actual oxidation condition is mild and normally completes
within 2 h at room temperature and in a solvent with either slightly acidic or neutral pH.5v

This oxidation normally gives high yields of products without overoxidation and can be
easily worked up.10 Therefore, this oxidation is suitable for the oxidation of substrates
containing sensitive functionalities.5v The reaction has been carried out in different solvents
but often in dichloromethane or chloroform. It was found that DMP might not be the
actual oxidation reagent, while the substituted periodinane (the replacement of one or two
acetyl groups by hydroxyl or ethoxy) oxidizes the alcohols faster than DMP. Therefore,
addition of certain amounts of water to the reaction solution can accelerate the oxidation.4c

It has been found that the oxidation of alcohols using DMP is faster in ionic liquids (either
hydrophilic or hydrophobic) than in conventional solvents (e.g., DMSO, DMF, and EtOAc)
and gives excellent yields with high selectivity.11 Unfortunately, it is difficult to prepare
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DMP with high purity by the original procedure;5v,12 therefore, a few modifications have
been suggested.4c,5v,6b,13 In addition, DMP has been successfully used in the syntheses
of polycyclic heterocycles14 and in the removal of thioketals and thioacetals.15 It should
be mentioned that other hypervalent iodine compounds can be used as oxidants as well,2

especially for the o-iodoxybenzoic acid (IBX), the precursor to DMP, which can oxidize
tertiary cyclic allyl alcohol into α,β-unsaturated cyclic ketones16 and secondary amines into
imines17 and can convert epoxides or aziridines into corresponding α-hydroxy ketones or
α-amino ketones.18

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

The preparation of DMP has been modified by substituting acetic acid with only a
catalytic amount of TsOH during the acetylation step. By this modification, pure DMP can
be easily obtained on a 100-g scale with an isolated yield of > 90%.5v In addition, the
oxidation itself has been accelerated by the addition of water to the reaction solution.4c

E. APPLICATIONS

N/A
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 19.

To a solution of 3 mL CH2Cl2 containing 111.4 mg forocidin (0.2 mmol) was added
101.8 mg Dess-Martin periodinane (0.24 mmol). After being stirred for 30 min at room
temperature, a solution of 10 µL H2O in 10 mL CH2Cl2 was added slowly via a dropping
funnel. The pale yellow solution was stirred for 2–3 h until formation of a noticeable
precipitate, then concentrated under reduced pressure; the residue was taken up in 30 mL
ether. It was washed with 15 mL 10% Na2S2O3/saturated aqueous NaHCO3 (v/v 1:1),
followed by 10 mL H2O and 10 mL brine. The combined aqueous layers were extracted with
CHCl3 (3×10 mL). The combined organic layers were dried with Na2SO4 and concentrated.
Column chromatography (CHCl3/CH3OH, v/v 9:1, 1% NH3) of the residue afforded 61%
of ketone as a pale yellow solid.

OH

Me3Si

DMP O

Me3Si
CH2Cl2, r.t., 2 h

Reference 20.

A 50-mL, two-necked, pear-shaped flask fitted with an argon inlet adapter and a rubber
septum was charged with a solution of 30 mL dichloromethane containing 0.942 g of the
allylic alcohol (6.11 mmol). After the solution was cooled to 0◦C, 2.856 g Dess-Martin
periodinane (6.73 mmol) was added in one portion. The heterogeneous reaction mixture
was stirred at 0◦C for 5 min and then allowed to warm to room temperature. After 20 min,
the reaction mixture was cooled to –78◦C and diluted with 30 mL pentane, followed by
the addition of 3.227 g poly(4-vinylpyridine) (30.69 mmol) in one portion. The resulting
mixture was stirred at –78◦C for 25 min. A 2.5-cm diameter jacketed column fitted with a
rubber septum at the top and a short needle at the bottom was charged with a 6-cm plug of
silica gel, which was cooled at –78◦C by filling the jacket with dry ice acetone. The reaction
mixture was transferred into the column by cannula and filtered through the silica gel under
a positive pressure of argon into a 200-mL recovery flask fitted with a rubber septum with
a short needle as a vent. The reaction flask and the column were rinsed with four 15-mL
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portions of 4:1 pentane/ether. The filtrate was concentrated by rotary evaporation at 25◦C
(20 mmHg) to a volume of ∼3 mL and this solution was then cooled to –78◦C and diluted
with 5 mL toluene. The resulting solution was concentrated by rotary evaporation at 25◦C
to a volume of ∼3 mL. The resulting pale yellow solution was cooled to –78◦C and further
concentrated at 0.05 mmHg (∼15 min) to furnish 2-methylene-4-trimethylsilyl-but-3-ynal
as a yellow oil, in a yield of 53%.

SS DMP

O

CH3CN/CH2Cl2/H2O

Reference 15.

To a sample of 210 mg 2-methyl-2-phenyl-1,3-dithiane (1.0 mmol) in 5.0 mL 8:1:1
MeCN/CH2Cl2/H2O (0.2 M) was added 424 mg Dess-Martin periodinane (2.0 mmol) in
one portion. The reaction mixture was stirred at room temperature, and exposed to air for
2 h until the complete consumption of starting material as observed by TLC. The reaction
was quenched with 20 mL 50% aqueous NaHCO3. The layers were separated, and the
aqueous layer was extracted three times into 50 mL CH2Cl2. The combined organic layers
were washed with brine, dried over MgSO4, filtered, and concentrated. Purification by
flash chromatography (silica, 5% EtOAc/hexanes) afforded 112 mg (92%) of the desired
acetophenone.

Other references related to the Dess-Martin periodinane oxidation are cited in the
literature.21
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D-Homo Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This rearrangement can be traced back to 1938 when 17β-hydroxy-20-ketosteroid was
treated with a base to give a ring-enlarged ketone.1 As this rearrangement occurs at
the D-ring of steroids without the loss of a carbon, it is known as D-homo rearrange-
ment or D-homo annulation.2 In this rearrangement, when 17-hydroxy-20-ketosteroids
are treated with either bases or acids (Lewis acids), they will rearrange and give six-
membered D-rings; the products resulting from the base treatment differ greatly from
those caused by the acid treatment, showing characteristic stereospecificity.2b,2j,2l Explic-
itly, the 17α-hydroxy-20-ketosteroids will form products with 17aβ-hydroxy configurations
when treated with base, and 17β-hydroxy compounds give 17aα-hydroxy-D-homo deriva-
tives. In contrast, when 17aα-hydroxy compounds are treated with Lewis acids, the
17aα-hydroxy-D-homo derivatives form, and 17β-hydroxy compounds give corresponding
17aβ-derivatives.2b,2j,2l The Lewis acids or the combinations of acids tested for this rear-
rangement include MgBr2, BF3/Ac2O/AcOH, AlCl3/Ac2O/AcOH, ZnCl2/Ac2O/AcOH,
and SnCl4/Ac2O/AcOH. However, the stereospecificity might not hold in the presence of a
proton donor when Lewis acid is used.2l The rearrangement also occurs when a carbocation
forms at position 20 without a carbonyl group.3
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is proposed that when 17α-hydroxy-20-ketosteroids are treated with a base, the oxygen
atom on the carbonyl group will stay away from the oxygen anion originated from the
hydroxy group; the migration will give a 17aβ-hydroxy derivative. In contrast, when the
same molecule is treated with a Lewis acid, both oxygen atoms on the carbonyl and hydroxyl
group will coordinate with the Lewis acid, and the migration of alkyl group results in a
D-homo derivative with complete conservation of steric configuration, as illustrated here.

D. MODIFICATION

N/A

E. APPLICATIONS

This rearrangement has been used for the preparation of a series of steroid derivatives.

F. RELATED REACTIONS

This reaction is related to the Pinacol Rearrangement.2j
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G. CITED EXPERIMENTAL EXAMPLES

N

OH

H
O

N3

H
O

NEt2

N
H

O

O NEt2

O
1) Zn/HOAc

2) NaN3/HOAc

Reference 3.

To a solution of 1.37 g N,N-diethyl-4-methyl-3-oxo-17α-hydroxy-20α-azido-4-aza-5α-
pregnane-21-carboxyamide in 35.0 mL acetic acid was added 1.37 g zinc powder in small
portions over a period of 45 min at 20◦C. The reaction mixture was stirred for 2 h at
room temperature, after which gas evolution had ceased. The reaction mixture was filtered
through Supercel and the excess of zinc was thoroughly washed with 27.8 mL of water
containing 12.0 mL of acetic acid. The combined filtrates were diluted with 100 mL water
and extracted with EtOAc. The extract was washed twice with water, and these washings
were added to the acid layer. The latter was cooled in ice, and the pH was adjusted to 3–4;
then 1.3 g sodium nitrite was added in portions. The diazotization was allowed to proceed
overnight at 0–5◦C with constant stirring. The reaction mixture was extracted four times
with EtOAc, and the organic layers were combined and washed with water and brine, dried
over MgSO4, then filtered, and concentrated to give 1.07 g of a pale yellow oil. This oily
material was then chromatographed on 60.0 g of EM silica gel with 3:2 acetone/hexane to
give 683.0 mg 17α-(diethylcarbamoyl)-4-methyl-D-homo-4-aza-5α-androstane-3,17-dione
as an amorphous material and 153.0 mg of a polar material as foam. Further purification of
the former on HPLC followed by recrystallization afforded pure compound with melting
point at 159–160◦C.

OH

HO

SPh

HO

O
OH

SPh

t-BuOK/Me2SO

Reference 2b.

To a solution of 196 mg 3β,17α-dihydroxy-16β-(phenylthio)pregn-5-en-20-one in 2 mL
dry DMSO was added 2.6 mL 0.035 M t-BuOK in DMSO. After being stirred for 2 min at
room temperature, the reaction mixture was quenched with concentrated HCl and worked up.
After removal of the solvent, 200 mg 3β,17β-dihydroxy-17α-methyl-16β-(phenylthio)-D-
homo-androst-5-en-17a-one was obtained. Recrystallization from ether afford pure product
with melting point at 131–133◦C.

Other references related to the D-homo rearrangement are cited in the literature.4
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Dieckmann Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Dieckmann in 1894.1 It is a base-promoted
intramolecular condensation of α,ω-diesters to form cyclic β-ketoesters that can be further
transformed into cyclic ketone upon hydrolysis and decarboxylation. Therefore, it is gener-
ally known as the Dieckmann condensation.2 In addition, this reaction is often referred to as
the Dieckmann reaction3 or Dieckmann cyclization.4 Occasionally, it is called Dieckmann
ring closure.5 It should be pointed out that this reaction is not only good for the preparation
of 5- or 6-membered cyclic β-keto esters1,6 but also an important tool for synthesizing
even larger cyclic ketones.7 Examples include the cyclization of various aminodiesters to
10-membered cyclic aminoketones and 16- and 20-membered cyclic diaminodiketones.8

The formation of 5- to 6-membered cyclic β-keto esters is usually carried out in an alco-
holic solvent by the treatment of sodium alkoxide; whereas the formation of large cyclic
ketones take places in an aprotic solvent (e.g., xylene) under high dilution conditions when
diesters are treated with potassium t-butoxide under nitrogen atmosphere,7a such as the
formation of metacyclophanes from methyl esters of meta-benzenedialkanoic acids with
carbonyl groups at the centers of the meta-bridges.9 The importance of this reaction has
been evidenced in the preparation of complicated cyclic compounds in a series of tandem
reactions, as shown in the tandem [2+2] cycloaddition-Dieckmann condensation10 and tan-
dem conjugate addition- (or Michael Addition)-Dieckmann condensation.11 Theoretically,
the Dieckmann condensation is a special case of Claisen Condensation, and its mechanism
is also similar to the Claisen Condensation. It has been proved that the Dieckmann con-
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densation also occurs in the gas phase, with a mechanism analogous to the solution phase
condensation.12 However, the carbanion formed from proton abstraction in the solution
phase is the actual intermediate for condensation, while the carbanion generated similarly
in the gas phase may not necessarily be the intermediate of condensation.12

B. GENERAL REACTION SCHEME

CO2R

CO2R

O

CO2R

n

Base

n

(n = 0, 1, ...)

C. PROPOSED MECHANISMS

CO2R

O

OR

–
CO2R

O

OR

O

CO2R

OR
OR–

– O

CO2R

n

Base

n n n

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the synthesis of cyclic ketones.

F. RELATED REACTIONS

This reaction is related to the Claisen Condensation.

G. CITED EXPERIMENTAL EXAMPLES

OMe

OMe

OAc

MeO2C

MeO2C OMe

OMe

OAcMe

MeO2C

MeO

1) Me2CuLi, THF

2) NaH, MeI, DMF

Reference 13.



REFERENCES 883

To an ice-cooled suspension of CuI (119 mg, 0.627 mmol) in 2 mL THF was added
0.78 mL 1.6 M ether solution of MeLi (1.255 mmol) during stirring. The mixture was
stirred for 10 min, then 200 mg 3-(1-acetoxy-5,8-dimethoxy-3-methoxycarbonylmethyl-
naphthalen-2-yl)-propynoic acid methyl ester (0.502 mmol) in 4 mL THF was introduced
via cannulation. The reaction mixture was allowed to warm up to room temperature and then
stirred overnight. Then it was quenched with 10% HCl, and the product was extracted with
EtOAc. Organic layers were combined and washed with water, dried over Na2SO4, and
concentrated in vacuo. The crude yellow product (160 mg, 84% crude yield) was used in
the next step without purification. To a solution of crude phenol (160 mg, 0.41 mmol) in
2 mL DMF at room temperature was added 160 mg K2CO3 (1.16 mmol) followed by
0.05 mL MeI (0.8 mmol). The resulting suspension was stirred overnight; and then
diluted with water. The product was extracted with EtOAc, and the combined organic
layers were washed with water, dried over Na2SO4, and concentrated in vacuo. Silica
gel chromatography (CH2Cl2) yielded 120 mg 9-acetoxy-3,5,8-trimethoxy-1-methyl-
anthracene-2-carboxylic acid methyl ester as a yellow solid, in a yield of 60% over two
steps, m.p. 227–228◦C.

1) KHMDS, toluene/THF

2) HOAc
N CO2CH2CH2SiMe3

O CO2CH2CH2SiMe3

N

OH
H

O

O

O
Me3Si

Reference 4d.

To a solution of 0.486 g (2S,5S)-5-cis-propenyl-1-[3-(2-trimethylsilanylethoxy-
carbonyl)propionyl]pyrrolidine-2-carboxylic acid 2-trimethylsilanylethyl ester (1.07 mmol)
in 100 mL THF at –78◦C under argon was slowly added 3.21 mL 0.5 M potassium
bis(trimethylsilyl)amide in toluene (1.61 mmol). A pale orange solution was formed, which
was allowed to warm to room temperature over 2 h. The reaction was then quenched with
0.31 mL glacial acetic acid (5.5 mmol), and the solvent was evaporated. The residue was tri-
turated with Et2O and filtered, and the filtrate was dried over sodium sulfate and
evaporated to yield an orange oil, which was purified by column chromatography
(EtOAc/hexanes, 1:4) to yield 0.188 g (3S,9R)-8-hydroxy-5-oxo-3-cis-propenyl-
1,2,3,5,6,8a-hexahydroindolizine-7-carboxylic acid 2-trimethylsilanylethyl ester as an
unstable colorless solid, in a yield of 52%.

Other references related to the Dieckmann condensation are cited in the literature.13
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Chem. Soc., 1955, 77, 6245.

9. Schimelpfenig, C. W., J. Org. Chem., 1975, 40, 1493.

10. (a) Shindo, M.; Sato, Y. and Shishido, K., J. Org. Chem., 2001, 66, 7818. (b) Shindo, M.; Sato,
Y. and Shishido, K., J. Am. Chem. Soc., 1999, 121, 6507.

11. (a) Tatsuta, K.; Yamazaki, T.; Mase, T. and Yoshimoto, T., Tetrahedron Lett., 1998, 39, 1771.
(b) Kobayashi, K.; Maeda, K.; Uneda, T.; Morikawa, O. and Konishi, H., J. Chem. Soc., Perkin
Trans. I, 1997, 443. (c) Maiti, S.; Bhaduri, S.; Achari, B.; Banerjee, A. K.; Nayak, N. P. and
Mukherjee, A. K., Tetrahedron Lett., 1996, 44, 8061. (d) Bunce, R. A. and Harris, C. R., J. Org.
Chem., 1992, 57, 6981.

12. Burinsky, D. J. and Cooks, R. G., J. Org. Chem., 1982, 47, 4864.



REFERENCES 885

13. Kozhinov, D. V. and Behar, V., J. Org. Chem., 2004, 69, 1378.

14. (a) Martinez, A. D.; Deville, J. P.; Stevens, J. L and Behar, V., J. Org. Chem., 2004, 69, 991. (b)
Vedejs, E. and Zajac, M. A., Org. Lett., 2001, 3, 2451. (c) Sano, S.; Ushirogochi, H.; Morimoto,
K.; Tamai, S. and Nagao, Y., Chem. Commun., 1996, 1775. (d) Sibi, M. P.; Christensen, J. W.; Kim,
S.-G.; Eggen, M.; Stessman, C. and Oien, L., Tetrahedron Lett., 1995, 36, 6209. (e) Neyer, G.
and Ugi, I., Synthesis, 1991, 743. (f) Davis, D. R. and Garratt, P. J., “Acylation of Esters, Ketones
and Nitriles” in Comprehensive Organic Synthesis, ed. Trost, B. M. and Fleming, I., Pergamon,
Oxford, 1991, 2, pp. 795–863. (g) Chakravarti, R. N. and Dutta, N., J. Ind. Chem. Soc., 1974, 51,
239. (h) Bagavant, G.; Thaoker, M. R. and Raich, N. K., Curr. Sci., 1974, 43, 248. (i) Nace, H.
R. and Smith, A. H., J. Org. Chem., 1973, 38, 1941. (j) Ginsburg, D., Acc. Chem. Res., 1969, 2,
121. (k) Thaoker, M. R. and Bagavant, G., J. Ind. Chem. Soc., 1968, 45, 885. (l) Schaefer, J. P.
and Bloomfield, J. J., Org. React., 1967, 15, 1. (m) Totton, E. L.; Camp, N. C.; Cooper, G. M.;
Haywood, B. D. and Lewis, D. P., J. Org. Chem., 1967, 32, 2033. (n) House, H. O. and Babad,
H., J. Org. Chem., 1963, 28, 90. (o) Totton, E. L.; Freeman, R. C.; Powell, H. and Yarboro, T.,
J. Org. Chem., 1961, 26, 343. (p) Kline, G. B., J. Am. Chem. Soc., 1959, 81, 2251. (q) Carrick,
W. L. and Fry, A., J. Am. Chem. Soc., 1955, 77, 4381. (r) Dieckmann, W. and Groeneveld, A.,
Ann., 1901, 317, 27. (s) Dieckmann, W. and Groeneveld, A., Ber., 1900, 33, 595. (t) Dieckmann,
W., Ber., 1900, 33, 2670.



190
Diels-Alder Reaction

(Diels-Alder Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Diels and Alder in 1928.1 It is an electrocyclic
[4+2]-cycloaddition between a conjugated diene and a dienophile (either alkene or alkyne)
for the synthesis of an unsaturated six-membered ring. Therefore, it is generally known
as the Diels-Alder reaction2 or Diels-Alder cycloaddition.3 However, it was also referred
to as the Diels-Alder diene synthesis,4 and the Diels-Alder synthesis5 during the early
development stage of this reaction. The products from this reaction are called cycloadducts.
As numerous publications on Diels-Alder reaction appear each year, it is impossible to
review all of them.6 For example, the Diels-Alder reaction probably is one of the most
commonly applied reactions in organic synthesis, as indicated by the 637 papers published
from 1990 to 2000 on ACS. In addition, there are many monographs (or books7) and
reviews2l-2p,3m,4-6,8 available for the Diels-Alder reaction. In this reaction, the substituents
on diene and dienophile both play very important roles, as they all affect the electron
densities and orbital energy of the reactants. Generally speaking, a diene can react with
a dienophile using diene’s HOMO (highest occupied molecular orbital) and dienophile’s
LUMO (lowest unoccupied molecular orbital) or vice versa. According to the Woodward-
Hofman’s rule9 and Fukui’s frontier molecular orbital theory (FMO),10 the Diels-Alder
reaction can be divided into three types: the normal Diels-Alder reaction (HOMOdiene+
LUMOdienophile), the inverse electron demand Diels-Alder reaction or simply the inverse
Diels-Alder reaction (LUMOdiene+ HOMOdienophile), and the neutral Diels-Alder reaction.8n

The reaction rate is related to the magnitude of the lowest HOMO–LUMO energy separa-
tion attainable by the diene-dienophile components. For the normal Diels-Alder reaction,
electron-donating groups on dienes will level up the HOMO energy of dienes, and the
electron-withdrawing group will lower the LUMO energy of dienophile; as a result, the
magnitude between the HOMO–LUMO gaps is reduced, and the Diels-Alder reaction is
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accelerated. Similarly, the electron demanding will be reversed on dienes and dienophiles in
the inverse electron demand Diels-Alder reaction. For the neutral Diels-Alder reaction, the
energy gap between HOMOdiene- LUMOdienophile and LUMOdiene - HOMOdienophile does
not differ too much, and either combination will lead to the formation of product, as in the
case of ethylene and 1,3-butadiene.11

It is important to note that the Diels-Alder reaction shows high regioselectivity, diastereo-
selectivity and enantioselectivity, which are controlled by the compatibility between the
HOMO–LUMO pairs of dienes and dienophiles. During the cycloaddition, dienes can take
s-cis or s-trans conformation (cisoid or transoid); however, only the s-cis conformation can
participate in the cycloaddition.8s,12 If dienes are restricted to s-trans conformation, almost
no Diels-Alder reactions occur from these dienes.13 The small cyclic dienes have been
forced to take the s-cis conformation (e.g., cyclopentadienes and cyclohexadienes); they
are very good candidates for such reaction.14 For the case of dienophiles, cis-dienophiles
give cis-substitution, and trans-dienophiles result in trans-substitution in the cycloadducts.
The major product for cyclic diene is an endo product, in which the electron-withdrawing
groups will be on the same side as the double bond of the bicyclic ring, because it is favored
by secondary orbital interactions via kinetic control.15 Overall, the product formed from
the suprafacial–suprafacial interaction with the endo approach will be the most favored
product.2m

The introduction of an atom other than carbon to either dienes or dienophiles will result
in the hetero-Diels-Alder reaction.16 Owing to the nature (steric effect, electronic effect,
etc.) of substituents on dienes and dienophiles, the Diels-Alder reaction might occur through
a synchronous concerted, an asynchronous concerted, or a stepwise reaction mechanism.17

The stepwise and asynchronous concerted Diels-Alder reactions proceed via diradical
intermediates,18 whereas the synchronous concerted mechanisms does not. It should be
pointed out that most of the Diels-Alder reactions are concerted; as a result, both the rate
constants and the stereoselectivities of Diels-Alder reaction are only moderately sensitive to
the changes in the nature of organic solvents.8i However, it has been clearly shown that the
applications of water to the reaction system can greatly accelerate such reactions.19 Other
modifications on this reactions include the application of high pressure,2e Lewis acid,20

and ultrasound radiation.8i More information about this reaction can be easily attained
from reviews and relevant books.

B. GENERAL REACTION SCHEME

+

C. PROPOSED MECHANISMS

Provided here is a simple illustration for the Diels-Alder reaction proceeding through a
synchronous concerted mechanism.
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D. MODIFICATION

There are many modifications on this reaction, including the application of Lewis acids,
aqueous media, high pressure, and ultrasonic radiation.

E. APPLICATIONS

This reaction has very broad application in organic synthesis, regarding the preparation
of cyclic compounds.

F. RELATED REACTIONS

This reaction is related to Retro-Diels-Alder Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 21.

A solution of 0.0056 mmol ferrocene catalyst and 0.011 mmol AgClO4 in 0.6 mL CH2Cl2
was stirred in the dark at room temperature under argon for 2 h and treated with a solution
of 0.11 mmol imine in 1 mL CH2Cl2. The reaction mixture was stirred at room temperature
for 5 min before it was treated with 0.15 mmol diene at room temperature. Once the starting
material was consumed, 0.1–0.2 mL TFA was added, and the mixture was stirred at room
temperature for 30–60 min. The reaction mixture was neutralized with saturated aqueous
NaHCO3, extracted with CH2Cl2, dried over MgSO4 and filtered. After evaporation of the
solvent, the residue was purified by flash chromatography (n-hexane/EtOAc, 4:1) to give
(R)-2-phenyl-1-(p-tolylsulfonyl)-2,3-dihydro-4-1H-pyridone [(R)-5a] as a white solide, in
a yield of 87%, 97% e.e., m.p., 122–123◦C (CH2Cl2/n-hexane).

Reference 22.
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To a solution of 1.0 mmol aldehyde and 0.1 mmol diol in 0.5 mL toluene at –40◦C
(temperature of the cooling bath) was added 0.5 mmol (E)-1-dimethylamino-3-tert-
butyldimethylsiloxy-1,3-butadiene dropwise (5–10 s). The reaction was maintained at the
temperature for 1 day. The reaction was then brought to –78◦C (dry ice/acetone) before
dilution with 1.0 mL CH2Cl2 and subsequent addition of 1.0 mmol acetyl chloride. This
was allowed to stir for 30 min at –78◦C before the crude mixture was transferred directly
on top of a silica gel column and eluted with hexanes/EtOAc to afford 75% 2,3-dihydro-2-
methyl-4H-pyran-4-one as a pale yellow oil, with 97% e.e.

Other references related to the Diels-Alder reactions are cited in the literature.23
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96, 167. (d) Houk, K. N.; Gonzàlez, J. and Li, Y., Acc. Chem. Res., 1995, 28, 81. (e) Streith,
J. and DeFoin, A., Synthesis, 1994, 1107. (f) Oh, T. and Reilly, M., Org. Prep. Proceed. Int.,
1994, 26, 131. (g) Waldmann, H., Synthesis, 1994, 535. (h) Boger, D. L., Synthesis, 1994, 451.
(i) Pindur, U.; Lutz, G. and Otto, C., Chem. Rev., 1993, 93, 741. (j) Oppolzer, W., Comp. Org.
Syn., 1991, 5, 315. (k) Rousch, W. R., Comp. Org. Syn., 1991, 5, 513. (l) Weinreb, S. M., Comp.
Org. Syn., 1991, 5, 401. (m) Schmidt, R. R., Acc. Chem. Res., 1986, 19, 250. (n) Boger, D. L.,
Chem. Rev., 1986, 86, 781. (o) Ciganek, E., Org. React., 1984, 32, 1. (p) Oppolzer, W., Angew.
Chem. Int. Ed. Engl., 1977, 16, 10. (q) Houk, K. N., Acc. Chem. Res., 1975, 8, 363. (r) Carlson,
R. G., Annu. Rep. Med. Chem., 1974, 9, 270. (s) Hill, R. K., Chem. Rev., 1961, 537. (t) Butz, L.
W. and Rytina, A. W., Org. React., 1949, 5, 136. (u) Kloetzel, M. C., Org. React., 1948, 4, 1.
(v) Holmes, H. L., Org. React., 1948, 4, 60. (w) Kwart, H. and King, K., Chem. Rev., 1968, 68,
415.

9. (a) Woodward, R. B. and Hoffman, R., J. Am. Chem. Soc., 1965, 87, 2511. (b) Woodward, R. B.
and Hoffman, R., J. Am. Chem. Soc., 1965, 87, 395. (c) Woodward, R. B., J. Am. Chem. Soc.,
1942, 64, 3058.

10. Fukui, A., Acc. Chem. Res., 1971, 4, 57.

11. (a) Berski, S.; Andrés, J.; Silvi, B. and Domingo, L. R., J. Phys. Chem. A, 2003, 107, 6014.
(b) Dinadayalane, T. C.; Vijaya, R.; Smitha, A. and Sastry G. N., J. Phys. Chem. A, 2002,
106, 1627. (c) Goldstein, E.; Beno, B. and Houk, K. N., J. Am. Chem. Soc., 1996, 118, 6036.
(d) Dewar, M. J. S.; Olivella, S. and Stewart, J. J. P., J. Am. Chem. Soc., 1986, 108, 5771.

12. (a) Lin, Y.-S.; Chang, S.-Y.; Yang, M.-S.; Rao, Ch. P.; Peddinti, R. K.; Tsai, Y.-F. and Liao,
C.-C., J. Org. Chem., 2004, 69, 447. (b) Robiette, R.; Cheboub-Benchaba, K.; Peeters, D. and
Marchand-Brynaert, J., J. Org. Chem., 2003, 68, 9809.

13. Saito, A.; Ito, H. and Taguchi, T., Org. Lett., 2002, 4, 4619.

14. Ohkata, K.; Tamura, Y.; Shetuni, B. B.; Takagi, R.; Miyanaga, W.; Kojima, S. and Paquette, L.
A., J. Am. Chem. Soc., 2004, 126, 16783.

15. (a) Arrieta, A.; Cossio, F. P. and Lecea, B., J. Org. Chem., 2001, 66, 6178. (b) Apeloig, Y. and
Matzner, E., J. Am. Chem. Soc., 1995, 117, 5375. (c) Fox, M. A.; Cardona, R. and Kiwiet, N. J.,
J. Org. Chem., 1987, 52, 1469. (d) Alston, P. V.; Gordon, M. D.; Ottenbrite, R. M. and Cohen,
T., J. Org. Chem., 1983, 48, 5051. (e) Alston, P.; Ottenbrite, R. and Cohen, T., J. Org. Chem.,
1979, 44, 3739. (f) Alston, P. V.; Ottenbrite, R. M. and Cohen, T., J. Org. Chem., 1978, 43, 1864.
(g) Eckroth, D. R., J. Org. Chem., 1976, 41, 394.

16. (a) Amos, D. T.; Renslo, A. R. and Danheiser, R. L., J. Am. Chem. Soc., 2003, 125, 4970.
(b) Chavez, D. E. and Jacobsen, E. N., Org. Lett., 2003, 5, 2563. (c) Huang, Y. and Rawal, V.
H., J. Am. Chem. Soc., 2002, 124, 9662. (d) Bear, B. R. and Shea, K. J., Org. Lett., 2001, 3,
723.

17. (a) Minary, P. and Tuckerman, M. E., J. Am. Chem. Soc., 2004, 126, 13920. (b) Chronakis, N.
and Orfanopoulos, M., Org. Lett., 2001, 3, 545. (c) Orlova, G. and Goddard, J. D., J. Org. Chem.,
2001, 66, 4026. (d) Sakai, S., J. Phys. Chem. A., 2000, 104, 922. (e) Chen, J. S.; Houk, K. N. and
Foote, C. S., J. Am. Chem. Soc., 1998, 120, 12303.( f) Houk, K. N.; Lin, Y. T. and Brown, F. K.,
J. Am. Chem. Soc., 1986, 108, 554.

18. Branchadell, V.; Font, J.; Moglioni, A. G.; Ochoa de Echaguen, C.; Oliva, A.; Ortuno, R. M.;
Veciana, J. and Vidal-Gancedo, J., J. Am. Chem. Soc., 1997, 119, 9992.



REFERENCES 891

19. Breslow, R., Acc. Chem. Res., 1991, 24, 150.

20. (a) Davies, H. M. L. and Dai, X., J. Am. Chem. Soc., 2004, 126, 2692. (b) Mori, K.; Hara, T.;
Mizugaki, T.; Ebitani, K. and Kaneda, K., J. Am. Chem. Soc., 2003, 125, 11460. (c) Doyle, M.
P.; Phillips, I. M. and Hu, W., J. Am. Chem. Soc., 2001, 123, 5366.

21. Mancheño, O. G.; Arrayás, R. G. and Carretero, J. C., J. Am. Chem. Soc., 2004, 126, 456.

22. Unni, A. K.; Takenaka, N.; Yamamoto, H. and Rawal, V. H., J. Am. Chem. Soc., 2005, 127, 1336.

23. (a) Kelleher, S.; Muldoon, J.; Mueller-Bunz, H. and Evans, P., Tetrahedron Lett., 2007, 48, 4733.
(b) Yoshizawa, M.; Tamura, M. and Fujita, M., Science, 2006, 312, 251. (c) Ishihara, K. and
Fushimi, M., Org. Lett., 2006, 8, 1921.



191
Diels-Reese Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Diels and Reese in 1934.1 It is the conjugate addi-
tion between hydroazobenzene and dimethyl acetylene-dicarboxylate. The resulting adduct
can be transformed into three different heterocyclic compounds under various experimental
conditions (i.e., pyrazolones with acid, indoles upon heating in xylene, and quinolones with
base2). For example, 1,2-diphenyl-3-carbomethoxy-5-pyrazolone will be generated from
the adduct in acetic acid (acidic condition), whereas dimethyl indole-2,3-dicarboxylate is
produced in xylene (neutral condition) and 2-hydroxy-3-anilino-4-carbomethoxy-quinoline
is yielded in pyridine (basic condition).1,3 The latter can be further converted into 2,3-
dihydroquinoline upon decarboxylation and hydrolysis.4 This reaction has been extended
to heat the 1:1 adduct in picoline.3

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Because no mechanistic information about this reaction is available, the routes to form
the three different products are tentatively outlined (Schemes 1–3.)

SCHEME 1. Formation of pyrazolone by the Diels-Reese reaction.

SCHEME 2. Formation of indole derivative in xylene.
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SCHEME 3. Formation of quinolone derivative.

D. MODIFICATION

The refluxing of the adduct in α-picoline provides a higher yield of quinoline than that
in pyridine.3

E. APPLICATIONS

This reaction can be used for the preparation of pyrazolones, indoles, and quinolines.

F. RELATED REACTIONS

This reaction is related to the Fischer Indole Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 3.

Preparation of Adducts

A mixture of 6.5 g freshly prepared 4,4-dimethylhydrazobenzene (0.031 mol), 20 mL
methanol and 5.5 g dimethyl acetylenedicarboxylate (0.038 mol) was refluxed. Within 1 min,
the solid dissolved to form an orange-red solution that boiled spontaneously for 4 min. The
mixture was refluxed for an additional 90 min. After standing in the ice-box overnight, the
mixture had set to a yellow mash, which was filtered and washed with 5 mL cold ether
to afford 7.1 g light yellow powder after dryness, in a yield of 66%. The adduct was pure
enough for further reaction, m.p. 138–140◦C (dec.)

Preparation of Quinoline

A solution of 10.0 g of the adduct (0.028 mol) in 20 mL α-picoline was refluxed for 1 h.
The excess picoline was evaporated at room temperature. The brown residue, which was
permeated with crystals, was stirred with 10 mL methanol, filtered, and washed with a little
methanol. After drying under vacuum, 5.5 g 2-hydroxy-3-(p-toluino)-4-carbomethoxy-6-
methylquinoline was obtained, in a yield of 61%, m.p. 236–237◦C. Gold yellow needles
can form after recrystallization in acetic acid, with a melting point of 237–238◦C.

Preparation of Indole

A suspension of 2.0 g adduct (0.057 mol) in 4 mL xylene was refluxed for 1 h. The brown
solution on cooling deposited a yellow solid, which was filtered and washed with methanol to
give 1.1 g dimethyl 5-methylindole-2,3-dicarboxylate, in a yield of 66%. Recrystallization
from acetic acid gave small golden yellow needles, melting at 236–237◦C.

No other references for the Diels-Reese reaction are found from available literature
sources.
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Dienol-Benzene
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction can be traced back to 1956.1 It is an acid-promoted conversion of 4,4-
disubstituted cyclohex-2,5-dienol into substituted benzene and is generally known as the
dienol-benzene rearrangement.2 It has been clearly shown that both the transition state
and intermediate in this rearrangement have substantial carbonium ion characters.2c How-
ever, this reaction is catalyzed only by H+ in acetate, formate, and phosphate buffers.
In aqueous solution of HClO4 and H2SO4, the rearrangement has been found to be
first-order kinetics for 4-methyl-4-trichloromethyl cyclohex-2,5-dienol. In addition, the
rearrangement of 4,4-dimethyl cyclohex-2,5-dienol is complicated with the isomeriza-
tion to 6,6-dimethylcyclohex-2,4-dienol, leading to o-xylene.2c This reaction is useful for
introducing aromaticity into the A-ring of steroids.2m

B. GENERAL REACTION SCHEME

OH

R1 R2

H+

R1

R2
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the conversion of 4,4-disubstituted cyclohex-
2,5-dienol (or dienone) into aromatic compounds.

F. RELATED REACTIONS

This reaction is closely related to the Dienone-Phenol Rearrangement but is not as
common.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 2c.

A sample of 200 mg 1-d-4-methyl-4′-trichloromethyl-cyclohex-2,5-dienol (30:70 ratio)
was treated with 1 mL conc. H2SO4 at 0◦C for 25 min. The addition of ice gave 4-D-o-toluic
acid, m.p. 96–100◦C.
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To a mixture of 1.0 g 1,4-androstadiene-3,17-dione-17-ethylene ketal and 1.0 g LiAlH4
was added slowly 100 mL dry ether, while the temperature was maintained at 0–5◦C under
mechanical agitation. The reaction mixture was then refluxed for 2 h, cooled again to
0–5◦C and 10 mL acetone was added cautiously with agitation. Then 10 mL water was
added dropwise under stirring. The mixture was filtered, and the hydrated alumina was
washed with ether. The combined filtrates were washed with water, dried over Na2SO4,
and concentrated to give 990 mg of a colorless oil. The oil was taken up in hexane and
chromatographed on 15 g Florisil. The hexane fractions were pooled and crystallized from
hexane at –78◦C to afford 250 mg 4-methylestra-1,3,5(10)-triene-17-one 17 ethylene ketal,
m.p. 115–116.5◦C.

Other references related to the dienol-benzene rearrangement are cited in the literature.3
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193
Dienone-Phenol
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Auwers and Ziegler in 1921.1 In most cases, it is the
transformation of 4,4-disubstituted cyclohexadienone into a 3,4-disubstituted phenol upon
treatment of acid; however, 2,2-disubstituted cyclohexadienone2 and cyclohexadienone with
exocyclic double bond3 can also be converted into the corresponding disubstituted phenol
under similar conditions. Therefore, this kind of transformation is generally known as
the dienone-phenol rearrangement.4 It is interesting that the rearrangement of endocyclic
cyclohexadienone to its phenolic derivative is spontaneous3 unless a dichloromethyl group
presents at position 45 or the process is blocked in some manner,3 such as by the presence of
a bulky substituent (e.g., tert-butyl) at both positions 2 and 6 for cyclohexa-2,5-dienones6

or position 6 for cyclohexa-3,5-dienones.7 In these cases, the elimination of the bulky group
is also accompanied by the migration of the alkyl group,6,7 and the alkyl group might rear-
range to position 6 for cyclohexa-3,5-dienone.7 It has been shown that the driving force for
all of these rearrangements is aromatization.8 For the acid-promoted dienone-phenol rear-
rangement, the reaction media used are either aqueous mineral acids or anhydrous media9

(e.g., acetic anhydride or ether10) with an acid catalyst. It has been found that the reaction
media have strong effects on the rearrangement;11 however, for one case of santonin, a
general acid-catalyzed reaction holds, as the same product was formed from both media.9

Because this reaction occurs via a carbocation transition state, it has been clearly shown
that the regioselectivity is completely controlled by the electronic factors, not the steric
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hindrance;12 in addition, the stability of the final carbocation is the determining mechanis-
tic element in such rearrangement.13 Therefore, the migration tendency for two different
groups at either 4,4 position or 2,2 position can be determined by comparing the relative
stability of the carbocation formed via rearrangement. Under acid-promoted conditions,
a few migration tendencies include CO2Et > Ph (or alkyl),13 Ph > Me,14 vinyl > Me,8

Me > OR,15 and OR > Ph.16 For the special cases of allyl and benzyl group, the actual
rearrangement might undergo through the Cope Rearrangement.7,17 Two successive Allylic
Rearrangements are found for the rearrangement of quinamines.18 Besides the acid promo-
tion, the dienone-phenol rearrangement can also be catalyzed by base (NaOH for conversion
phenol to dienone19 and ammonia, primary, secondary, and tertiary amines for dienone to
phenol20) or promoted photochemically.21 Overall, the dienone-phenol rearrangement has
proven valuable in the syntheses of steroids,22 anthracene,3 phenanthrene,23 and a variety
of phenols.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism is illustrated by the rearrangement of 4,4-disubstituted cyclohexa-
dienones to 3,4-disubstituted phenols, as displayed here.

O

R R

H+

OH

R R

OH

R R

OH

R R

OH

R

H
R

H+

OH

R

R

+

+

+ +

D. MODIFICATION

The original rearrangement pattern has been modified by promoting the reaction
photochemically20 or by initializing the reaction via base.19

E. APPLICATIONS

This reaction has wide applications in the preparation of a variety of phenols; more
important, this rearrangement has other uses in the syntheses of steroids, anthracene, and
phenanthrene.
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F. RELATED REACTIONS

This reaction is related to the Dienol-Benzene Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

O

Ph

CO2MeMe

OH

Ph

Me

CO2Me

h ν (300 nm)

Reference 21a.

A 0.06–0.08 M solution of 1-methyl-4-oxo-3-phenyl-cyclohexa-2,5-dienecarboxylic
acid methyl ester in benzene was degassed by bubbling argon through the solution for
15 min. Irradiation through uranyl or Pyrex glass was carried out, and the final prod-
uct of 6-hydroxy-2-methyl-biphenyl-3-carboxylic acid methyl ester was separated from
chromatography on silica gel (4:1, hexane/EtOAc), in a yield of 85%.

O

HO

PhPh

Me

OH

HO

Ph

Ph

Me
HCl / ether

Reference 12.

A 10-mL round-bottomed flask was fitted with a magnetic stirrer and charged with
0.7 mmol of 2-hydroxy-6-methyl-4,4-diphenylcyclohexa-2,5-dienone, 5 mL ether, and 2 mL
conc. HCl. The mixture was stirred for 29 h, neutralized with a saturated NaHCO3 solution,
washed with water, and dried over MgSO4. Upon removal of solvent, the residue was
purified on preparative TLC and finally recrystallized from acetone/hexane to give white
crystals, in a yield of 93%, m.p. 147–148◦C, Rf = 0.24 (acetone/hexane, 1:4).

Other references related to the dienone-phenol rearrangement are cited in the literature.24
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Dimroth Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Dimroth in 1909.1 It is the base-catalyzed rearrange-
ment or translocation of exo- and endo-cyclic heteroatoms on a heterocyclic ring and is
generally known as the Dimroth rearrangement.2 In quite a few cases, it is also referred
to as the Dimroth-type rearrangement3 or Dimroth reaction.4 This type of rearrangement
often occurs on a six-membered ring5 but is also possible for five-membered rings.6 Many
Dimroth rearrangements involve 1H-1,2,3-triazoles.6 In fact, this rearrangement undergoes
a ring opening followed by a ring reclosure along with the translocation of heteroatoms.5a

In most cases, the heteroatom is nitrogen, as indicated in the Section G.

B. GENERAL REACTION SCHEME

N

N

Me

NH H2O N

N

N
H

Me
Base
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be generally used for the preparation of a variety of heterocycles.

F. RELATED REACTIONS

This reaction is related to the ANRORC Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES
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OH
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LiH, MeOH, BnBr

Reference 7.
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To a suspension of 77.7 mg 4-amino-1-(3,4-dihydroxy-5-hydroxymethyltetra-
hydrofuran-2-yl)-1H-pyrimidin-2-one 3-oxide (cytidine N3-oxide, 0.30 mmol) and
12.6 mg 95% pure lithium hydride (1.5 mmol) in 5 mL dry methanol was added 40 µL
98% pure benzyl bromide (0.33 mmol); the mixture was stirred at 37◦C for 1 day under an
argon atmosphere. TLC analysis of the reaction mixtures with chloroform/methanol/acetic
acid (16:6:3) and chloroform/methanol (10:1) as the developing solvents showed com-
plete consumption of the starting material for almost quantitative conversion to a less polar
compound. After being neutralized with 1 N HCl solution and subsequent removal of the
solvent under reduced pressure, the resulting residue was subjected to a short silica gel
column by eluting with chloroform/methanol (20:1) to isolate 99.5 mg 1-(3,4-dihydroxy-5-
hydroxymethyltetrahydrofuran-2-yl)-1H-pyrimidin-2,4-dione 4-O-benzyloxime (uridine
4-O-benzyloxime) as a colorless amorphous powder, in a yield of 95%, m.p. 123–125◦C
(from methanol).

3-Chloroaniline
Triethyl orthoformate

Ethylene glycol
EtOH/H2O

N
H

NH2

CN

EtOH, AcOH

N

N

N
H

NH

Cl

N

N

N
H

HN Cl

Reference 8.

The mixture of 204.5 g triethyl orthoformate (1.35 mol), 700 mL absolute ethanol, and
222.0 g 3-chloroaniline (1.72 mol) was charged in a reaction vessel, and the pH was adjusted
to 5–5.5 by addition of 6.65 g acetic acid (0.11 mol). The mixture was warmed to 50◦C
and stirred for 1 h. Then 166.0 g 2-amino-3-cyano-4,5-dimethylpyrrole (1.23 mol) was
added as a solid over 6 h, while maintaining the temperature at 45–50◦C. After completion
of the addition, the mixture was kept at 50◦C for additional 4 h and then for another
8 h at room temperature. After the addition of 100 mL water, the mixture was cooled
to 0◦C, and this temperature was maintained for 30 min. The resulting suspension was
filtered, washed with ethanol/water (4:1), and dried in a vacuum at 50◦C to yield 261 g
3-(3-chlorophenyl)-5,6-dimethyl-4H-pyrrolo[2,3-d]pyrimidine-4-imine, in a yield of 78%,
m.p. > 150◦C (dec).

A suspension of 300.0 g pyrrolopyrimidine (1.1 mmol) in 750 mL water, 750 mL absolute
ethanol, and 1500 mL ethylene glycol was heated to 95◦C for 4 h. The mixture was cooled to
room temperature within 90 min. After the temperature was maintained at room temperature
for an additional 1 h, the suspension was filtered, washed with water, and dried under
vacuum at 50◦C to yield 277 g 4-(3-chlorophenylamino)-5,6-dimethyl-7H-pyrrolo-[2,3-
d]pyrimidine in a yield of 92%, m.p., 240–255◦C.

Other references related to the Dimroth rearrangement are cited in the literature.9
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Di-Π-Methane
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This rearrangement was initially investigated by Zimmerman in 1966.1 It is a photo-
chemical reaction of a molecular entity comprising two π-systems separated by a saturated
carbon atom (a sp3 carbon, e.g., a methylene group) involving the migration of one
π-moiety bonded to the saturated carbon to other π moiety accompanied by the con-
comitant formation of a cyclopropane ring from the remaining π-moiety and methylene
group.2 Therefore, this reaction is known as the Zimmerman rearrangement,3 di-π-
methane rearrangement,4 di-π-methane photorearrangement,5 or simply the di-π-methane
reaction.6 Currently, this rearrangement has at least six versions: the divinylmethane
variant,7 the arylvinylmethane variant,8 the oxa-di-π-methane rearrangement9 (or ODPM
rearrangement10), the aza-di-π-methane rearrangement,11and two less common variants,
(barrelene di-π-methane rearrangement12 and metalla di-π-methane rearrangement13). The
oxa-di-π-methane rearrangement is the photochemical reaction of a β,γ-unsaturated ketone
to anα-cyclopropyl ketone via a 1,2-acyl shift.14 All these variants differ from each other. For
example, the divinylmethane and arylvinylmethane rearrangement involves both singlets
and triplets2 and are favored from the triplet state for bicyclic molecules and the excited sin-
glet for acyclic compounds,16 whereas the oxa-di-π-methane rearrangement occurs solely
through triplets,2 with only a few exceptions.9j In addition, the divinylmethane rearrange-
ment readily occurs when the sp3 carbon between the vinyls is substituted, but the arylvinyl
methane rearrangement does not have such a requirement. The di-π-methane rearrange-
ment has high regiospecificity, with a strong preference for migration of the less conjugated
π-moiety to the more conjugated one,16 which contains two important stages as a “bridge”
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step and a “break” step.17 It should be pointed out that the di-π-methane rearrangement can
also be promoted by the application of plasma;18 under certain conditions, the di-π-methane
rearrangement is reversible.19

B. GENERAL REACTION SCHEME

Divinyl type di-�-methane rearrangement. Oxa-di-�-methane rearrangement.

Arylvinyl type di-�-methane rearrangement. Aza-di-�-methane rearrangement.

C. PROPOSED MECHANISMS

It is proposed that this rearrangement proceeds via the formation of the cyclopropane
ring along with the generation of a biradical, followed by the ring opening of cyclopropane
and the ring closure to form a new cyclopropane ring,2,15 as illustrated here.

D. MODIFICATION

The original di-π-methane rearrangement has been modified to oxa-di-π-methane and
aza-di-π-methane rearrangements.

E. APPLICATIONS

This reaction can be used for the preparation of substituted cyclopropanes.

F. RELATED REACTIONS

N/A



912 DI-Π-METHANE REARRANGEMENT

G. CITED EXPERIMENTAL EXAMPLES

Ph

N

Ph Ph Ph

NH2

Ph
N

Ph

Ph

Ph

1) hν /Sens.

2) SiO2

+

81% 5%

Reference 11b.

A mixture of 250 mg 3,3-dimethyl-1,5,5-triphenyl-2-aza-1,4-pentadiene (0.80 mmol),
550 mg m-methoxyacetophenone (3.7 mmol) and 450 mL dry t-BuOH was put into a
quartz immersion well apparatus with a Pyrex filter. The solution was purged with argon
for 1 h and was irradiated with a 400-W medium-pressure mercury arc lamp for 6 h. After
completion of the irradiation, the solvent and the sensitizer were removed under reduced
pressure, the residue was chromatographed with hexane/Et2O (99:1) as an eluent to afford
65.0 mg benzaldehyde, and 13.0 mg of cyclopropylimine as a colorless oil, in a yield of
5%. Further elution with Et2O yielded 25 mg of a highly polar material. Final elution with
EtOH afforded 148 mg 1,1-dimethyl-3,3-diphenyl-2-propenylamine, in a yield of 81%.

Reference 20.

A solution of 51.0 mg 1,l-dicyano-5,5-diphenyl-3,3-diisopropyl-1,4-pentadiene
(0.144 mmol) and 10 mL acetophenone (86 mmol) in 170 mL acetonitrile was irradiated
with a 405-W Hanovia for 10 min after being purged with argon for 10 min. Concentration
in vacuo and removal of acetophenone by bulb-to-bulb distillation (40◦C at 0.1 mmHg) gave
56.2 mg of a pale yellow oil, which was further purified on HPLC. Elution with 1% ether
in hexane gave 31.6 mg of starting material as fraction 1 and 17.8 mg 1,1-dicyano-2-(2,2-
diphenylvinyl)-3,3-diisopropylcyclopropane as a colorless oil, which was recrystallized
from pentane to give 9.3 mg of pure product, m.p. 76–77◦C.

Other references related to the di-π-methane rearrangement are cited in the literature.21
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1,3-Dipolar Cycloaddition

A. GENERAL DESCRIPTION OF THE REACTION

The 1,3-dipolar cycloaddition1 is a kind of cycloaddition reaction that involves the 1,3-
dipolar molecules (called 1,3-dipoles) and dipolarophiles in analogues to the diene and
dienophiles in Diels-Alder Cycloadditions. This reaction was first explored by Huisgen in
1960s2,3 and was then extensively studied by Huisgen, Padwa,4 Zecchi,5 etc. Generally, the
1,3-dipolar molecules come from the combinations of carbon, nitrogen, and oxygen and
can be divided into two categories: the propargyl-allenyl type and the allyl type, which are
shown in Section B. The dipolarophiles can be either alkenes or alkynes. The outcome of
this reaction will be a variety of five-membered heterocyclic molecules, which have been
widely applied in medicinal/pharmaceutical chemistry.

B. GENERAL REACTION SCHEME

For the reaction of the allyl-type 1,3-dipoles, the reaction scheme can be generally
presented as shown in Figure 1.

FIGURE 1. Allyl type 1,3-Dipolar Cycloaddition.
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Whereas in the propargyl-allenyl type 1,3-dipoles, with the existence of sp orbital, the
reaction scheme will be generally shown in Figure 2.

FIGURE 2. Propargyl-allenyl type 1,3-Dipolar Cycloaddition.

All the possible 1,3-dipolar molecules coming from carbon, nitrogen, and oxygen are
summarized in Table 1.3b Sustmann presented a historical account for the 1,3-dipolar
cycloaddition.6 Other reviews about 1,3-dipolar cycloaddition are also available in the
literature.7

C. PROPOSED MECHANISMS

Although only five atoms participate in the 1,3-dipolar cycloaddition, there are still six
electrons (4π + 2π) involved in this reaction to form two new σ-bonds, similar to that in
the Diels-Alder Cycloaddition. Mechanistically, most of the 1,3-dipolar cycloadditions are
thought to undergo a concerted one-step process via a cyclic mechanism, as shown earlier.
Although the transition state of 1,3-dipolar cycloaddition is more polar than that of the
Diels-Alder Cycloaddition, the symmetry of the frontier orbitals is similar.

D. MODIFICATION

N/A
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E. APPLICATIONS

This reaction has broad application in the preparation of a variety of five-membered
heterocycles, by means of the combination of different dipolar molecules summarized earlier
with either alkenes or alkynes.

F. RELATED REACTIONS

Besides 1,3-dipolar cycloaddition, there are many other types of cycloadditions. One
of the most important cycloadditions is the Diels-Alder Cycloaddition, which gives six-
membered cyclic compounds, in either heterocyclic or homocyclic. Two other important
cycloadditions are [2+2] Cycloaddition and Paterno-Büchi Reaction. In addition, there are
many other types of cycloadditions, such as [2+1], [2+2+1], [2+2+2], [2+2+2+1], [3+2+1],
[3+2+2], [3+2+2+2], [3+3], [4+1], [4+2+1], [4+2+2], [4+3], [4+4], [5+1], [5+1+2+1],
[5+2], [5+2+1], [5+3], [5+4], [6+2], [6+3], [6+4], [6+6] and [8+2] cycloadditions, which
are summarized as a general [m+n(+...)] Cycloaddition.

G. CITED EXPERIMENTAL EXAMPLES

BnO

BnO

O

OBn

CHO

BnO

BnO

O

OBn

N
R

O
+

–

O

O

NR

BnO

OBn

BnO

H
RNHOH, toluene

20°C, 5 h, 70%

Reference 8.

To a solution 0.46 g 2-[(1S,4S,5R,6S)-4,5,6-tris(benzyloxy)cyclohex-2-enyloxy]-
acetaldehyde (1 mmol) in 5 mL anhydrous toluene was added a solution of 0.12 g N-
benzyl-hydroxylamine (1.1 mmol, prepared from the hydrochloride acid with 0.1 mL
triethylamine) in 2 mL anhydrous dichloromethane. The reaction mixture was stirred at 20◦C
for 2 h. Removal of the solvents under reduced pressure furnished a residue, which was
chromatographed to give 0.4 g (2aS,4aS,5S,6S,7R,7aR,7bR)-2-benzyl-5,6,7-tris(benzyl-
oxy)octa-hydro-2H-furo[4,3,2-c,d][1,2]benzisoxazole as a colorless wax, in a yield of 70%.
Rf = 0.45 (toluene/ethyl acetate, 5:1). [α]22

D = 86.14 (c = 1.0, CHCl3).

Bn N
Gal

O– Ph

NO2

N
O

Gal
NO2

Ph
Bn

+
24 h

50°C
+

Reference 9.

A solution of 0.235 g (Z)-N-benzyl-(1,2:3,4-di-O-isopropylidene-α-d-galactopyranos-
6-ylidene)amine N-oxide (0.65 mmol) and 0.385 g β-nitrostyrene (2.60 mmol) in 0.5 mL
toluene was stirred at 50◦C. After 24 h, the conversion was complete, as indicated by
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1H NMR, which showed the formation of two diastereomers of 2-benzyl-3-(1,2:3,4-di-O-
isopropylidene-α-d-galacto-pentopyranos-5-yl)-4-nitro-5-phenylisoxazolidines(65:35).

Reference 10.

To a solution of 0.84 g thioisomünchnones (2.0 mmol) in 10 mL dry CH2Cl2 was added
0.11 g acrylonitrile (2.0 mmol) and the reaction mixture was stirred at room temperature for
24 h. The solvent was then evaporated under reduced pressure, and the residue was treated
with EtOAc to give 0.55 g 5-[benzyl-(methyl)amino]-4-cyano-N-(4-nitrophenyl)-2-phenyl-
2,3-dihydrothiophene-2-carboxamide as crystals, in a yield of 58%, m.p. 167–169◦C.

Other references related to 1,3-dipolar cycloaddition are cited in the literature.11
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Doebner Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Doebner in 1887.1 It is the synthesis of cinchoninic
acid2 (or quinolinic acid3) derivatives from the reaction of aromatic amines, aldehydes,
and pyruvic acid, involving the removal of hydrogen from the aromatic ring.3 However,
the Doebner reaction failed when 2-chloro-5-aminopyridine,3 3-aminopyridine,3 and 2-
aminopyridine4 were applied as the aromatic amines.

B. GENERAL REACTION SCHEME

NH2
O

R

HO
CH3

O

O
∆

N

COOH

R

+ +

C. PROPOSED MECHANISMS

This reaction may involve an Aldol Condensation between the aldehyde and pyruvic
acid to afford a β,γ-unsaturated α-keto acid that then undergoes the Michael Addition with
aniline, as shown in Scheme 1.
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SCHEME 1. Doebner reaction via aldol condensation.

Alternatively, this reaction might involve the formation of a Schiff base between aniline
and aldehyde, which then couples with pyruvic acid, as illustrated in Scheme 2.

SCHEME 2. Doebner reaction involving Schiff base intermediate.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been applied to the synthesis of quinolinic acids and cinchoninic acids.
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F. RELATED REACTIONS

The reaction is related to the Combes Quinoline Synthesis and Conrad-Limpach Quino-
line Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

NH2

CHO

OH

O

O
∆

N

HOOC Ph

+ +

Reference 2.

The anil was first prepared from the reaction between benzaldehyde and 2-
naphthylamine. Then the suspension of 0.2 mol anil and 0.1 mol pyruvic acid in 250 mL
95% ethanol was refluxed for 4 h. The benzocinchoninic acid separated as a crystalline
insoluble precipitate, which was filtered out of the hot mixture, washed thoroughly with
alcohol and ether, and dried to give 40% of product. The compound was a pale yellow solid
that decomposed at 247◦C.

Other references related to the Doebner reaction are cited in the literature.5
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Doebner-Miller Reaction

(Doebner-Miller Synthesis,
Doebner-von Miller Quinoline

Synthesis, Skraup-Doebner-von
Miller Quinoline Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Doebner and von Miller in 18811 as a modification
of the original Skraup Reaction, and it was subsequently modified by Beyer in 1886.2 It is an
acidic condensation between primary aromatic amines (e.g., anilines) and α,β-unsaturated
carbonyl compounds (mostly α,β-unsaturated aldehydes) to give 2,3-disubstituted quino-
lines. Therefore, this reaction is generally known as the Doebner-Miller reaction,3 or
Doebner-Miller synthesis.4 In addition, this reaction is also referred to as the Doebner-von
Miller quinoline synthesis,5 Skraup-Doebner-von Miller reaction,6 Skraup-Doebner-von
Miller quinoline synthesis,7 Doebner-Miller condensation,8 and Doebner-Miller Quinaldine
Synthesis.9 For comparison, the modification from Beyer, known as the Beyer method10

for quinoline, is an acidic condensation between anilines and α,β-unsaturated carbonyl
compounds generated in situ from aldehyde or aldehyde and methyl ketone to afford 2,4-
disubstituted quinolines.11 The optimal condition of this reaction is to heat the mixture of
aniline/aldehyde (1:2) at 100◦C for 6 h with hydrochloric acid and zinc chloride; in addition,
an oxidizing reagent is also needed in this reaction, such as nitrobenzene.12 However, it
has been reported that N-alkylanilines are also formed in this reaction.13 The nature and
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positions of substituents in anilines were found to have a sufficient effect on the reaction
direction and quinoline yields, which the anilines with electron-donating groups normally
afford higher yields of quinolines, whereas those with electron-withdrawing groups impede
product formation.14 For example, o- and p-substituted anilines form six- and eight-
substituted quinolines,15 respectively, m-substituted anilines (with ortho-para directing
substituents) give a hardly separated mixture of five- and seven-substituted quinolines in low
yields,16 and o-nitro-p-methoxyaniline leads to no ring closure.17 The generation of seven-
substituted quinolines in high yields was observed in the application of (Pr+3–PPh3–DMF)
as a catalyst in this reaction.16 This reaction has been extensively reviewed.18

B. GENERAL REACTION SCHEME

NH2

R1 R2 O

R3

∆ N R2

R3

R1

NH2

R1

R2 O

R3
N R2

R3

R1

+ conc. HCl

+ conc. HCl

∆

C. PROPOSED MECHANISMS

It is evident that the condensation of aniline with a substituted acrolein to yield quino-
line involves the loss not only of water but of two hydrogen atoms as well.19 Therefore,
the illustrative mechanism is proposed here for the reaction between a simple aniline and
acrolein using iodine as an oxidizing reagent.
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D. MODIFICATION

A catalytic amount of iodine is applied as a condensation reagent to form α,β-unsaturated
carbonyl compound in situ in the formation of benzopyrano[3,4-f]quinolines.20 In addition,
the fume sulfuric acid is also a good reagent for this reaction, together with FeSO4 and
H3BO3.21

E. APPLICATIONS

This reaction is generally used for the synthesis of quinolines with substituents on the
pyridinoid ring.

F. RELATED REACTIONS

This reaction is related to the Skraup Reaction, but is used for the synthesis of quinolines
bearing substitutents in the pyridinoid ring. This reaction is also related to the Gould-Jacobs
Quinoline Synthesis and Knorr Quinoline Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

O

O

NH2

O
O

O

N
H

N
H

OO

+
I2, 100°C

Reference 20c

A solution of 185 mg 3-amino-6H-dibenzo[b,d]-pyran-6-one (0.87 mmol) and 25 mg
iodine (0.10 mmol, 11 mol %) in 20 mL acetone was heated at 100◦C in a sealed
tube for 15 h. The mixture was concentrated and chromatographed (30–150 mm
column, hexane/EtOAc, 10:1 to 2:1 gradient) to afford 150 mg 1,2-dihydro-2,2,4-
trimethyl-10-isocoumarino[3,4-f ]quinoline (60% yield, m.p. 197–199◦C) and 75 mg 1,2-
dihydro-2,2,4-trimethyl-10-isocoumarino-[4,3-g]quinoline (30% yield, m.p. 246–248◦C).

NH2

O
N

Sulfo-mix
FeSO4 · H3BO3

+

Reference 21
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To a warmed (110◦C), homogeneous mixture of 58.5 g sulfo-mix [prepared from
48.0 g H2SO4 •SO3 (20%) and 10.5 g nitrogenzene], 1.4 g FeSO4·7H2O, 2.4 g H3BO3,
25 mL water, and 5.72 g 1-naphthylamine (0.04 mol), was added dropwise over 30 min
3.5 g crotonaldehyde (0.05 mol). The bath temperature was raised to 130◦C, and the reaction
mixture was stirred for 5 h. The cooled solution was made basic with aqueous 20% NaOH
and extracted with four 100-mL portions of CHCl3. The combined CHC13 extracts were
washed with water, dried over MgSO4, and evaporated to dryness. The brown liquid residue
was chromatographed on 100 g alumina. The elution with benzene was evaporated to give
a yellow oil. Distillation gave 2.8 g 2-methylbenzo[h]quinoline as a pale yellow liquid, in
a yield of 36%, b.p. 322–324◦C.

Other references related to the Doebner-Miller reaction are cited in the literature.22

H. REFERENCES

1. (a) Doebner, O. and von Miller, W., Ber., 1881, 14, 2812. (b) Doebner, O. and von Miller, W.,
Ber., 1883, 16, 1664. (c) Doebner, O. and von Miller, W., Ber., 1883, 16, 2464. (d) Doebner, O.
and von Miller, W., Ber., 1884, 17, 1698. (e) Doebner, O. and von Miller, W., Ber., 1884, 17, 1712.
(f) Doebner, O. and von Miller, W., Ber., 1884, 17, 1718.

2. Beyer, C., J. Prakt. Chem. 1886, 33, 393.

3. (a) Chelucci, G. and Thummel, R. P., Chem. Rev., 2002, 102, 3129. (b) Bordunov, A. V.; Bradshaw,
J. S.; Zhang, X. X.; Dalley, N. K.; Kou, X. L. and Izatt, R. M., Inorg. Chem., 1996, 35, 7229.
(c) Barbieri, W.; Bernardi, L.; Colo, V. and Patelli, B., Chim. Ind. (Milan), 1972, 54, 786.
(d) Phillips, J. P.; Emery, J. F. and Price, H. P., Anal. Chem., 1952, 24, 1033. (e) Weizmann, M.
and Bograchov, E., J. Am. Chem. Soc., 1947, 69, 1222, (f) Campbell, K. N. and Schaffner, I. J.,
J. Am. Chem. Soc., 1945, 67, 86.

4. (a) Matsugi, M.; Tabusa, F. and Minamikawa, J.-I., Tetrahedron Lett., 2000, 41, 8523.
(b) Saggiomo, A. J.; Kato, K. and Kaiya, T., J. Med. Chem., 1968, 11, 277. (c) Atkinson, E.
R. and Puttick, A. J., J. Med. Chem., 1968, 11, 1223. (d) Campbell, K. N.; Tipson, R. S.;
Elderfield, R. C.; Campbell, B. K.; Clapp, M. A.; Gensler, W. J.; Morrison, D. and Moran, W. J.,
J. Org. Chem., 1947, 12, 803. (e) Kharasch, M. S.; Richlin, I. and Mayo, F. R., J. Am. Chem.
Soc., 1940, 62, 494. (f) Poth, E. J.; Schulze, W. A.; King, W. A.; Thompson, W. C.; Slagle, W.
M.; Floyd, W. W. and Bailey, J. R., J. Am. Chem. Soc., 1930, 52, 1239.

5. (a) Zhang, Z. P.; Tillekeratne, L. M. V. and Hudson, R. A., Tetrahedron Lett., 1998, 39, 5133.
(b) Eisch, J. J. and Dluzniewski, T., J. Org. Chem., 1989, 54, 1269. (c) Schindler, O. and Michaelis,
W., Helv. Chim. Acta, 1970, 53, 776.

6. Dumitrescu, C., Ind. Chim. Belg., 1967, 32, 117.

7. (a) Wu, Y.-C.; Liu, L.; Li, H.-J.; Wang, D. and Chen, Y.-J., J. Org. Chem., 2006, 71, 6592.
(b) Denmark, S. E. and Venkatraman, S., J. Org. Chem., 2006, 71, 1668.

8. Atwell, G. J.; Baguley, B. C. and Denny, W. A., J. Med. Chem., 1989, 32, 396.

9. (a) Leir, C. M., J. Org. Chem., 1977, 42, 911. (b) Wagner, E. C., J. Org. Chem., 1954, 19, 1862.
(c) Gutekunst, G. O. and Gray, H. L., J. Am. Chem. Soc., 1922, 44, 1741.

10. (a) Rogovik, L. I.; Chernyuk, I. N. and Pridan, V. E., Zh. Org. Khim., 1979, 15, 637. (b) Chernyuk,
I. N.; Rogovik, L. I.; Voloshenyuk, T. N. and Pilyugin, G. T., Zh. Obsh. Khim., 1975, 45, 672.
(c) Roberts, E. and Turnur, E. E., J. Chem. Soc., 1927, 1832.

11. Rohde, G., Ber., 1887, 20, 1911.

12. Dzhemilev, U. M.; Selimov, F.A. and Khusnutdinov, R. A., Izv. AN SSSR, Ser. Khim., 1990, 2447.



928 DOEBNER-MILLER REACTION

13. Carrigan, C. N.; Esslinger, C. S.; Bartlett, R. D.; Bridges, R. J. and Thompson, C. M., Bioorg.
Med. Chem. Lett., 1999, 9, 2607.

14. Dzhemilev, U. M.; Selimov, F. A. and Tolstikov, G. A., ARKIVOC, 2001, (ix), 85.

15. Dzhemilev, U. M.; Selimov, F. A.; Khusnutdinov, R. A.; Fatykhov, A. A.; Khalilov, L. M. and
Tolstikov, G. A., Izv. AN SSSR, Ser. Khim. 1991, 1407.

16. Campbell, K. N.; Sommers, A. H.; Kerwin, J. F. and Campbell, B. K., J. Am. Chem. Soc., 1968,
46, 1556.

17. (a) Utermohlen, W. P., J. Org. Chem., 1943, 8, 544. (b) Bartow, E. and McCollum, E. V., J. Am.
Chem. Soc., 1904, 26, 700.

18. (a) Barton, D. and Ollis, G., eds., Comprehensive Organic Chemistry, vol. 4, Pergamon Press, New
York, 1979. (b) Claret, P. A., “Quinolines” in Comprehensive Organic Chemistry, The Synthesis
and Reactions of Organic Compounds, ed., Sammes, P. G., Pergamon Press, Oxford, 1979, 4,
pp. 155–203. (c) Jones, G., “Synthesis of the Quinoline Ring System,” in The Chemistry of
Heterocyclic Compounds, ed. Weissberger, A. and Taylor, E. C., John Wiley & Sons, London,
1977, 32, pp. 93–318. (d) Campbell, N., “Bicyclic Compounds Containing a Pyridine Ring:
Quinoline and Its Derivatives” in Rodd’s Chemistry of Carbon Compounds, ed. Coffey, S., 2nd.
ed., Elsevier Scientific Publishing, Amsterdam, 1976, 4F, pp. 231–356. (e) Manske, R. H. F. and
Kulka, M., Org. React., 1953, 7, 59.

19. Manske, R. H. F., Chem. Rev., 1942, 30, 113.

20. (a) Kym, P. R.; Kort, M. E.; Coghlan, M. J.; Moore, J. L.; Tang, R.; Ratajczyk, J. D.; Larson,
D. P.; Elmore, S. W.; Pratt, J. K.; Stashko, M. A.; Falls, H. D.; Lin, C. W.; Nakane, M.; Miller, L.;
Tyree, C. M.; Miner, J. N.; Jacobson, P. B.; Wilcox, D. M.; Nguyen, P. and Lane, B. C., J. Med.
Chem. 2003, 46, 1016. (b) Coghlan, M. J.; Kym, P. R.; Elmore, S. W.; Wang, A. X.; Luly, J. R.;
Wilcox, D.; Stashko, M.; Lin, C. W.; Miner, J.; Tyree, C.; Nakane, M.; Jacobson, P. and Lane,
B. C., J. Med. Chem. 2001, 44, 2879. (c) Zhi, L.; Tegley, C. M.; Kallel, E. A.; Marschke, K. B.;
Mais, D. E.; Gottardis, M. M. and Jones, T. K., J. Med. Chem. 1998, 41, 291. (d) Hamann, L. G.;
Higuchi, R. I.; Zhi, L.; Edwards, J. P.; Wang, X. N.; Marschke, K. B.; Kong, J. W.; Farmer, L. J.
and Jones, T. K., J. Med. Chem. 1998, 41, 623.

21. Hamada, Y. and Takeuchi, I., J. Org. Chem., 1977, 42, 4209.

22. (a) Yamashkin, S. A. and Oreshkina, E. A., Chem. Heterocycl. Compd., 2006, 42, 701. (b) Clavier,
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Doering-Moore-Skattebøl

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Doering and LaFlamme in 19581 but sub-
sequently improved by both Moore in 19602 and Skettebøl in 1961.3 It is a two-step
preparation of allene via the addition of dibromocarbene to olefin,4 followed by the
treatment of the corresponding geminal cyclopropyl dibromide with alkyllithium under
low temperature.2,3 Therefore, this reaction is called the Doering-Moore-Skettebøl
reaction,5 Doering-Moore-Skettebøl-like reaction,6 Doering-Moore-Skettebøl procedure,5c

or Doering-Moore-Skettebøl method.7 However, the original Doering method is to treat the
geminal cyclopropyl dibromide with magnesium to give pure allene in a 16–35% yield
or with high-surface sodium to give a high yield of allene but complicated with different
isomers.1 It was found that the alkyllithiums, including butyllithium and methyllithium,
work equally well in the preparation of internal allenes without either cyclic or acyclic
isomerization.8 It has been proven that this reaction involves a carbene-like intermediate
(a carbenoid) or a free carbene (cyclopropylidene).5c The transient carbenes can undergo
either ring opening to allenes9 or possibly a specific C-H bond insertion.7,10 A potential
side product of this reaction is the alkylation product from 1-halo-1-lithiocyclopropane
when carried out at very low temperatures.11 It is interesting that the conversion from anti-
substituted cyclopropylidenes proceeds with a high degree of stereospecificity, whereas the
syn-substituted cyclopropylidenes retain very low stereoselectivity in this process.12
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B. GENERAL REACTION SCHEME

CHBr3

Br Br

BuLi
C C C+

KOBut MeLi or

C. PROPOSED MECHANISMS

D. MODIFICATION

The original procedure of Doering and LaFlamme was modified and improved by Moore
and Skattebøl.

E. APPLICATIONS

This reaction has become a general method for the preparation of allene derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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To a solution of 15.40 g 3,3-dibromo-2,7,7-trimethyl-tricyclo[4.1.1.02,4]octane
(50.0 mmol) in 100 mL dry ether was added dropwise 37.5 mL 1.6 M MeLi in ether
(60 mmol) at room temperature, and the resulting solution was stirred for 2 h. The reaction
mixture was quenched with water. The mixture was extracted with ether, and the organic
layer was washed with saturated NaCl and dried over MgSO4. After the removal of the sol-
vent (20◦C, 15 mmHg), the product mixture (8.77 g) was distilled at 38◦C (5 mmHg)
to provide 4.04 g the insertion product 3,7,7-trimethyltetracyclo[4.2.0.02,4.03,8]octane
as a colorless liquid, in a yield of 54%. The residue was passed through silica gel
(70 g), eluting with hexane to yield the head-to-head allene dimer 1R,6R,8S,10R,11R,13S-
2,5,7,7,14,14-hexamethylpentacyclo [11.1.1.16,8.03,11.04,10]hexadeca-2,4-diene, which
was further purified by recrystallization from ethanol to yield 1.62 g of colorless crys-
tals in a yield of 22%, m.p., 122.5–123.0◦C. The oily second fraction was 1.19 g of a
diastereomeric mixture of the head-to-tail dimer 7,7,9,11,14,14-hexamethylpentacyclo-
[11.1.1.16,8.03,11.04,10]hexadeca-2,9-diene and head-to-head allene dimer 2,7,7,9,14,14-
hexamethylpentacyclo-[11.1.1.16,8.03,11.04,10]hexadeca-2,9-diene, in a yield of 15%.

Reference 13.

A solution of 21.14 g dibromocyclopropane (50 mmol) in 80 mL ether was cooled to
–70◦C in a three-necked flask equipped with a mechanical stirrer and then treated with
33.4 mL 1.5 N n-butyllithium (50 mmol) over 25 min. The reaction mixture was stirred
at –70◦C for another 60 min and then poured into ice water and extracted with ether. The
ethereal solution was washed with brine, dried over K2CO3, and concentrated. The residue
was distilled to give 11.02 g 7-chlorohepta-3,4-diene-1-yl tert-butyldimethylsilyl ether in a
yield of 84%, b.p., 80◦C at 0.5 mmHg.

Other references related to the Doering-Moore-Skattebøl reaction are cited in the
literature.14
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Dötz Benzannulation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Dötz in 1975.1 It is a thermal reaction
for preparing phenol derivatives from an aromatic or vinylic alkoxy pentacarbonyl
chromium carbene complex (often called a Fischer carbene complex2 or chromium car-
bene complex3) and an alkyne. It is known that this reaction involves the initial insertion
of an alkyne to the Fischer carbene complex to form a dienylcarbene complex interme-
diate (called metallahexatrienes),4 the carbon monoxide insertion to give vinylketene,
and a final electrocyclization.5 Therefore, this reaction is generally known as the Dötz
benzannulation.5,6 In addition, this reaction is also referred to as the Dötz reaction,4,5,7 Dötz
annulation,8 Dötz annulation process,6j and Dötz chromium carbene benzannulation.9 The
Fischer chromium carbene complex can be easily prepared from chromium hexacarbonyl
and organolithium reagent, followed by the O-alkylation.3b,10 It has been found that this
reaction is optimal with neutral alkynes (neutral alkynes > electron-deficient alkynes),11

by which the isomers of the alkyne insertion intermediates form an equilibrium.12 How-
ever, the isomer, of which the larger substituent on alkynes is ortho to the phenolic group,
predominates in the equilibrium.5,11 Because there are many possible branching points for
the side reactions, twelve13 to twenty-one7e distinct types of products (depending on the
reaction conditions and substituents) have been identified, including indenes,14 furans,15

and cyclopentenones.16 It has been reported that the optimal condition of this reaction is to
perform the reaction in heptane instead of ethereal solvents (Et2O, THF) at a chromium car-
bene complex concentration of 0.3 M, with a slight excess of alkyne (1.0–1.5 eq.).11 On the
other hand, a reaction involving the cleavage of the vinylic carbon-carbon bond in original
Fischer carbene complex is also known.17 In addition, transition metals other than chromium
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have also been found to undergo a similar reaction, such as manganese.18 This reaction has
been used for the preparation of biaryls,2b with central-to-central,19 central-to-planar,20

planar-to-axial,21 and central-to-axial chirality transfer.22

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

The chromium has been replaced by other transition metals, such as manganese.18

E. APPLICATIONS

This reaction has general application in the preparation of phenol derivatives; in addition,
other types of molecules (indenes, furans, cyclopentenones, etc.) can be prepared.

F. RELATED REACTIONS

This reaction is related to the Fischer Carbene Complexes.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 17.

2-Bromo-1-decen-9-yne (167.3 mg, 0.778 mmol) was dissolved in 18 mL THF and
cooled to −78◦C. PhLi (0.782 mmol) was added dropwise, and the mixture was stirred at
−78◦C for 1.5 h. Then 1.57 mmol t-BuLi was added; the resultant solution turned yellow
immediately and then green. The reaction mixture was stirred at –78◦C for 30 min and
then was transferred to 35 mL THF at –78◦C containing 172.2 mg Cr(CO)6 (0.782 mmol).
This reaction mixture was warmed to room temperature and stirred for 2 h. The solvent
was removed, and the residue was dried on high vacuum for 40 min and then taken up in
H2O/CH2Cl2 (10 mL/10 mL). Me3OBF4 (230 mg, 1.55 mmol) was added, and the yellow
suspension turned orange immediately. The mixture was stirred at room temperature for
80 min and quenched with saturated aqueous NaHCO3. The mixture was extracted with
ether, and the organic layer was washed with brine, dried over MgSO4, concentrated, and
chromatographed (pentane) to give 128.5 mg pentacarbonyl (1-methoxy-2-methylene-9-
decynylidene) chromium(0) as a red oil, in a yield of 44%, Rf = 0.14 (hexanes).

Alkenyl carbene complex was dissolved in benzene at a concentration of 0.002 M. The
red solution was deoxygenated by the freeze-pump-thaw method (four cycles) and heated
in an oil bath to 100◦C. The solution turned from red to yellow during the reaction. After
the completion of the reaction, the solvent was removed, and the residue was taken up in
CH2Cl2/ether, and stirred in air overnight. The mixture was then loaded on silica gel and
chromatographed to give 40% of p-methoxy phenol derivative and 21% of m-methoxy
phenol derivative.

Reference 22.

To an approximately 0.33 M solution of the carbene complex in dry benzene was added
a threefold excess of 1-pentyne. The resulting solution was deoxygenated by the freeze-
pump-thaw method (–196◦C/25◦C, three cycles). The flask was back-filled with argon at
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room temperature, sealed, and then heated at 55–58◦C for 36 h. The red clear solution
gradually changed to a dark mixture. The reaction mixture was opened to air and stirred
in the open flask for 12 h. The solvent was removed in vacuo, and the crude product was
diluted with 50% EtOAc in hexane and filtered through a layer of silica gel. The crude
product was purified by flash chromatography on silica gel (15–25% gradient of EtOAc in
hexane) to give 40% of yellowish crystal as the only diastereomer, m.p. 148–148.5◦C.

Other references related to the Dötz benzannulation are cited in the literature.23,24
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Dowd-Beckwith Ring

Expansion

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Dowd1 and Beckwith2 concurrently in 1987. It is
a general method for one-carbon ring expansion of cycloketone via the introduction of a
halomethyl group to cyclic β-keto esters followed by radical dehalogenation (e.g., through
the addition of a mixture of tributyltin hydride and AIBN in refluxing benzene solution).
After radical dehalogenation, the carbon radical adds to the neighboring carbonyl group,
leading to a cyclopropyloxy radical that is unstable and forces the cyclopropyl ring to
break and form a larger cycloketone. Therefore, this reaction is generally known as the
Dowd-Beckwith ring expansion.3 In addition, it is also referred to as the Dowd-Beckwith
type ring expansion,4 Beckwith-Dowd type rearrangement,5 Beckwith-Dowd expansion,5

Dowd-Beckwith rearrangement,4 Beckwith-Dowd ring expansion,5,6 and Beckwith-Dowd
ring enlargement.7 It is proposed that the ester group in the cyclic β-keto ester can facilitate
the alkylation, activate the radical addition to carbonyl group, and assist the ring opening of
the cyclopropyloxy radical.8 It has been found that the acyl radical cyclization is irreversible
on any kinetically significant time scale;5 however, the radical cyclization to the carbonyl
group may fail if a highly congested transition state is involved.4 This reaction has been
studied extensively8 and extended for preparing middle-size cycloketones via four-carbon
ring expansion by Dowd.9

B. GENERAL REACTION SCHEME

O
CH2X

CO2R

O

CO2R

AIBN/Bu3SnH

Benzene, ∆

X = Br, I, SePh

R = alkyl
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C. PROPOSED MECHANISMS

D. MODIFICATION

Tributyltin hydride has been replaced by the silylated cyclohexadienes as the proton
source.7 In addition, zinc and indium have been applied to initiate similar ring-expansion
reactions.10

E. APPLICATIONS

This reaction has been widely used for the preparation of cyclic ketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

Methyl 1-bromomethyl-2-oxo-cyclopentanoate (235 mg, 1 mmol), 349 mg silylated
cyclohexadiene (1.3 mmol), and 50 mg AIBN (0.3 mmol) were dissolved in 5 mL hex-
ane under argon. The reaction mixture was refluxed for 7 h. Removal of the solvent in
vacuo and purification by flash chromatography (Et2O/pentane, 3:8) afforded 76 mg methyl
3-oxo-cyclohexane-1-carboxylate as a colorless oil, in a yield of 49%.
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O
CH2I

CO2Me

O

CO2Me

In (5.2 eq.)

t-Amyl alcohol/H2O

Reference 10.

Indium powder (2.08 mmol) was added to a refluxing solution of 0.4 mmol α-iodomethyl
cyclic β-keto ester in a mixed solvent of 2 mL tert-amyl alcohol and 1 mL water under
an argon atmosphere. The mixture was refluxed for 2 h under stirring. After the reaction,
the mixture was filtered through Celite, then the solvent was removed, and the residue was
purified by silica gel column chromatography to afford 59% methyl 3-oxo-cyclohexane-1-
carboxylate as a colorless oil.

Other references related to the Dowd-Beckwith ring expansion are cited in the
literature.11
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7. Studer, A.; Amrein, S.; Schleth, F.; Schulte, T. and Walton, J. C., J. Am. Chem. Soc., 2003, 125,
5726.

8. Dowd, P. and Zhang, W., Chem. Rev., 1993, 93, 2091.

9. (a) Dowd, P. and Zhang, W., J. Am. Chem. Soc., 1992, 114, 10084. (b) Dowd, P. and Zhang, W.,
J. Am. Chem. Soc., 1991, 113, 9875. (c) Dowd, P. and Choi, S.-C., J. Am. Chem. Soc., 1987,
109, 6548.

10. Sugi, M.; Sakuma, D. and Togo, H., J. Org. Chem., 2003, 68, 7629.

11. (a) Zhang, W., Curr. Org. Chem., 2002, 6, 1015. (b) Wilsey, S.; Dowd, P. and Houk, K. N.,
J. Org. Chem., 1999, 64, 8801. (c) Mehta, G. and Singh, V., Chem. Rev., 1999, 99, 881. (d)
Chatgilialoglu, C.; Timokhin, V. I. and Ballestri, M., J. Org. Chem., 1998, 63, 1327. (e) Wang,
C.; Gu, X.; Yu, M. S. and Curran, D. P., Tetrahedron, 1998, 54, 8355. (f) Banwell, M. G. and
Cameron, J. M., Tetrahedron Lett., 1996, 37, 525. (g) Parsons, P. J.; Penkett, C. S. and Shell, A.
J., Chem. Rev., 1996, 96, 195. (h) Dowd, P. and Zhang, W., Tetrahedron Lett., 1996, 37, 957. (i)
Rawal, V. H.; Dufour, C. and Iwasa, S. Tetrahedron Lett., 1995, 36, 19. (j) Zheng, W.; Collins, M.
R.; Mahmood, K. and Dowd, P., Tetrahedron Lett., 1995, 36, 2729. (k) Kim, S.; Joe, G. H. and
Do, J. Y., J. Am. Chem. Soc., 1993, 115, 3328. (l) Galatsis, P.; Millan, S. D. and Faber, T., J. Org.
Chem., 1993, 58, 1215. (m) Dowd, P. and Zhang, W., J. Org. Chem., 1992, 57, 7163. (n) Zhang,
W. and Dowd, P., Tetrahedron Lett., 1992, 33, 3285. (o) Dowd, P. and Zhang, W., Tetrahedron
Lett., 1992, 33, 7307. (p) Dowd, P. and Choi, S.-C., Tetrahedron, 1989, 45, 77. (q) Beckwith, A.
L. J.; O’Shea, D. M. and Westwood, S. W., J. Am. Chem. Soc., 1988, 110, 2565. (r) Baldwin, J.
E.; Adlington, R. M. and Robertson, J., J. Chem. Soc., Chem. Commun., 1988, 1404.



202
Duff Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Duff and Bills in 1932.1 It is the formylation of
phenols or aromatic amines in a mixture of hexamethylenetetramine, boric acid, and glyc-
erol. Therefore, it is generally known as the Duff reaction.2 In a few cases, it is also referred
to as the Duff formylation3 and Duff synthesis.4 This reaction is normally very fast and usu-
ally gives only ortho-formylated (or a small amounts of ortho, para-disubstituted) product5

(e.g., in the case of phenols); however, this procedure gives para-products in the case of ani-
lines. It is found that electron-withdrawing groups hinder or prevent the reaction from taking
place;5 therefore, hydroxypyridines and hydroxyquinolines cannot be formylated.5 Though
they do not work with glycerol/boric acid, the N,N-dialkylanilines can be formylated in a
mixture of formic acid and acetic acid but not in either one alone.5 Further modification of
this reaction by conducting the reaction in anhydrous trifluoroacetic acid results in a milder
reaction condition,2q,6 with a high yield and no detectable isomer or dialdehydes.2q This
modification gives a high order of para-formylation product; even simple hydrocarbons can
be converted to imine products, which are transformed to aryl aldehydes on hydrolysis.2q

However, this modification may also give ortho-formylated products,2l and a dimmer of
aniline in cyclic form may result instead of the normal formylation.2g In addition, reactions
in a mixed solvent of THF/HMPA also provide relatively high yield.2h
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A tentative mechanism is proposed below, although no mechanistic details are available
from the cited literature.

D. MODIFICATION

The original Duff reaction condition has been modified to run in trifluoroacetic acid.

E. APPLICATIONS

This reaction has general applications in the formylation of aromatic compounds.

F. RELATED REACTIONS

This reaction is related to the Reimer-Tiemann Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

OH

HO OH

TFA, 2 h

OH

CHOOHC

HO

CHO

OH

HMTA

Reference 3a.

To a mixture of 15.098 g hexamethylenetetramine (108 mmol) and 6.014 g dried
phloroglucinol (49 mmol) under nitrogen was added 90 mL trifluoroacetic acid. The solu-
tion was heated at 100◦C for ∼2.5 h. Approximately 150 mL 3 M HCl was added, and the
solution was heated at 100◦C for 1 h. After cooling to room temperature, the solution was
filtered through Celite, extracted with ∼350 mL dichloromethane, dried over magnesium
sulfate, and filtered. Rotary evaporation of the solution afforded 1.48 g triformylphloroglu-
cinol as an off-white powder, in a yield of 14% with 99% purity by 1H NMR. Further
purification has been conducted by sublimation.

MeO OH

OMe

MeO

TFA, ∆, 4 h

HMTA

MeO OH

OMe

MeO CHO

Reference 2c.

A solution of 100 mg 2,3,4-trimethoxyphenol (0.54 mmol) and 75.7 mg hexam-
ethylenetetramine (0.54 mmol) in 0.5 mL trifluoroacetic acid was refluxed for 4 h. After the
reaction was quenched with the addition of ice, the resulting mixture was further stirred for
15 min and extracted with ether. The combined organic extracts were washed with saturated
NaHCO3 solution and brine, dried over anhydrous Na2SO4, filtered, and then concen-
trated in vacuo. Flash chromatography (benzene/acetone, 10:1) of the residue gave 79.4 mg
2-hydroxyl-3,4,5-trimethoxy benzaldehyde as a powder, in a yield of 69%, m.p.: 41–43◦C
(recrystallized from hexane).

Other references related to the Duff reaction are cited in the literature.7

H. REFERENCES
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Nakatsuka, K.; Nishioka, H.; Murakami, K.; Ohmori, Y.; Takeuchi, Y.; Ishii, H. and Kenmotsu, K.,
Heterocycles, 1994, 38, 2729. (f) Nussbaumer, P.; Dorfstätter, G.; Grassberger, M. A.; Leitner,
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Dutt-Wormall Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Dutt, Whitehead, and Wormall in 1921.1 It is
the preparation of aromatic azide via the basic hydrolysis of aromatic diazoaminosulfinate
that can be easily synthesized from aromatic diazonium salt and arylsulfonamide or alkyl-
sulfonamide. Therefore, this reaction is known as the Dutt-Wormall reaction.2 Similarly,
azides can be prepared via the cleavage of compounds from diazonium salt with ammonia,3

hydrazine,4 hydroxylamine,4c,4d,5 etc.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used for the preparation of aromatic azides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 1.

Benzenediazonium chloride (made from 9.3 g aniline) was slowly added to a solution of
17 g p-toluenesulfonamide and 15 g NaOH in 350 mL water. In this case no precipitate was
formed, but an orange, opalescent liquid was obtained that smelled strongly of phenyla-
zoimide. A drop of the liquid produced a deep red coloration on β-naphthol test paper. The
mixture was kept overnight in the ice box, and a considerable amount of oil had accumu-
lated at the bottom of the vessel, but the liquid still gave the red coloration with β-naphthol
test paper. Sodium hydroxide (15 g) was then added, and the mixture was stirred until no
color reaction was obtained with β-naphthol test paper. It was then extracted with ether, the
ether was distilled off, and the residue was distilled in steam. The steam distillate was again
extracted with ether, and the extract was dried over CaCl2 and distilled in a vacuum from
a water bath. The yield of phenylazoimide was 9 g, and the calculated yield was 11.9 g.
It was a clear yellow liquid, with a characteristic, penetrating, but not unpleasant smell. It
exploded when heated in a test tube over a Bensen flame but distilled at 81◦C at 44 mmHg.

Na2SO3 MeSO3Na MeSO2NH2

PhN2Cl
PhN3+

a) POCl3

b) NH3
Me2SO4

Reference 6.

Preparation of Methanesulfonamide

Methyl sulfate (100 g) was slowly dropped over 1 h into a mixture of 300 g Na2SO3,
375 mL water, and 125 mL MeOH, while boiling under reflux. The solid residue obtained
by evaporation of the filtered solution was extracted with 80% alcohol and crystallized. The
yield of sodium methanesulfonate, which contained a small proportion of sodium methyl
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sulfate was ∼94%. The sulfonyl chloride was prepared by heating 100 g sulfonate and
200 g phosphoryl chloride (phosphorus pentachloride may be used, but the reaction is
rather vigorous) at 130–150◦C for 2 h. The liquid was purified by fractional distillation
and the portion that had a boiling point between 152◦ and 159◦C was collected, in amount
of 60 g. The methanesulfonamide was prepared by saturating a cold benzene solution of
the methanesulfonyl chloride with dry ammonia gas. The mixture was finally warmed and
filtered and the solvent was distilled off. The residue was crystallized from benzene/alcohol
as colorless, monoclinic plates, m.p. 84–85◦C.

Preparation of Phenylazide

To a mixture of 19 g methanesulfonamide, 16 g NaOH, and 400 mL water was added
slowly a benzenediazonium chloride prepared by mixing a solution of 18.6 g aniline, 60 mL
of concentrated HCl and 100 mL water with 14 g NaNO2 in 60 mL water. The yellow solid
that first appeared soon decomposed, and the phenylazide thereby produced was extracted
with ether and purified in the usual way, in amount of 19.0 g.

Other references related to the Dutt-Wormall reaction are cited in the literature.7

H. REFERENCES

1. Dutt, P. K.; Whitehead, H. R. and Wormall, A., J. Chem. Soc., 1921, 119, 2088.

2. Bretschneider, H. and Rager, H., Monatsh. Chem., 1950, 81, 970.

3. (a) Griess, P., Ber., 1869, 2, 370. (b) Griess, P., J. Prakt. Chem., 1867, 101, 74. (c) Griess, P.,
Ann., 1866, 137, 39. (d) Griess, P., Ann., 1865, 135, 121.

4. (a) Wohl, A. and Schiff, H., Ber., 1900, 33, 2741. (b) Curtius, T., Ber., 1893, 26, 1263. (c) Fischer,
E., Ann., 1878, 190, 67, 94, 96, 145. (d) Fischer, E., Ber., 1877, 10, 1334.

5. (a) Bresler, H. W.; Friedman, W. H. and Mai, J., Ber., 1905, 39, 876. (b) Mai, J., Ber., 1893, 26,
1271. (c) Mai, J., Ber., 1892, 25, 372. (d) Mai, J., Ber., 1892, 25, 1685. (e) Mai, J., Ber., 1891,
24, 3418.

6. Dutt, P. K., J. Chem. Soc., 1924, 125, 1463.

7. (a) Boyer, J. H. and Canter, F. C., Chem. Rev., 1954, 54, 1. (b) Key, A. and Dutt, P. V.,
J. Chem. Soc., 1928, 2035. (c) Dutt, P. K., J. Chem. Soc., 1923, 123, 269.
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Eastwood Olefination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Grank and Eastwood in 1964.1 It is the stereospe-
cific preparation of olefin from vicinal diol by means of the thermal decomposition of a
five-membered cyclic orthoformate of the diol in the presence of a catalytic amount of acid
(e.g., acetic acid). Therefore, this reaction is known as the Eastwood procedure2 or East-
wood deoxygenation procedure,2,3 but is called Eastwood Olefination in this book. It has
been reported that using acetic anhydride as a solvent, the cyclic orthoformate can be con-
verted into olefin in a high yield.4 This improvement is referred to as Ando’s modification.3b

The Eastwood olefination is especially good in the preparation of dideoxy nucleosides and
nucleotides.5 Because acetic anhydride might cause the cleavage of the N-glycosyl bond,5

dideoxy thymidine has been prepared using hydrous zirconium oxide as the catalyst and
tributylamine as the stabilizer.3b

B. GENERAL REACTION SCHEME

OHHO

R1 R2

H H
(EtO)3CH

OO

R1 R2

H H

OEt

AcOH
HH

R1 R2
110°C
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C. PROPOSED MECHANISMS

D. MODIFICATION

The decomposition of cyclic orthoformate of vicinal diol has been carried out in acetic
anhydride.4

E. APPLICATIONS

This reaction has been applied in the preparation of olefin, dideoxy nucleosides, and
nucleotides.

F. RELATED REACTIONS

This reaction is related to the Corey-Winter Olefination.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5.

To a solution of 100 g uridine (410 mmol) in 250 mL trimethyl orthoformate was added
3.0 g p-toluenesulfonic acid monohydrate (15.8 mmol). The solution was stirred at room
temperature for l6 h and then cooled to 10◦C. Sodium methoxide in methanol (28%, 3.39 g,
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17.6 mmol) and 100 mL toluene was added, and the resulting mixture was stirred for 1 h at
10◦C. The reaction mixture was filtered, and the separated crystal was washed with 100 mL
toluene and dried to yield 113.6 g 2′,3′-O-(methoxymethylene) uridine as a white crystal,
in a yield of 96%. Rf = 0.34 (CHCl3/MeOH = 10/1).

A solution of 5.0 g 2′,3′-O-(methoxymethylene) uridine (17.5 mmol) in 50 mL acetic
anhydride was stirred for 3 h at 132◦C. The reaction mixture was cooled to room temperature
and evaporated. Chloroform (50 mL) was added, and the mixture was washed with 50 mL
aqueous NaHCO3. Aqueous layer was extracted with 50 mL CHCl3, and the combined
organic layers were dried over Na2SO4, concentrated, and purified by silica gel column
chromatography (CHCl3/MeOH, 10:1) to give 1.87 g 1-(5-O-acetyl-2′,3′-dideoxy)-β-d-
glycero-pent-2-enofuranosyl)uracil, in a yield of 42%, m.p. 128–128.5◦C (recrystallized
from EtOH).

Other references related to the Eastwood olefination are cited in the literature.6

H. REFERENCES

1. Grank, G. and Eastwood, F. W., Aust. J. Chem., 1964, 17, 1392.

2. Mansuri, M. M.; Starrett, J. E.; Wos, J. A.; Tortolani, D. R.; Brodfuehrer, P. R.; Howell, H. G. and
Martin, J. C., J. Org. Chem., 1989, 54, 4780.

3. (a) Gavriliu, D.; Fossey, C.; Ciurea, A.; Delbederi, Z.; Sugeac, E.; Ladurée, D.; Schmidt, S.;
Laumond, G. and Aubertin, A. M., Nucleosides, Nucleotides & Nucleic Acids, 2002, 21, 505.
(b) Huryn, D. M. and Okabe, M., Chem. Rev., 1992, 92, 1745.

4. Ando, M.; Ohhara, H. and Takase, K., Chem. Lett., 1986, 879.

5. Shiragami, H.; Irie, Y.; Shirae, H.; Yokozeki, K. and Yasuda, N., J. Org. Chem., 1988, 53, 5170.

6. (a) Horton, D.; Thomson, J. K. and Tindall, C. G., Methods Carbohydr. Chem., 1994, 6, 297.
(b) Shiragami, H.; Shirae, H.; Irie, Y.; Yokozeki, K. and Yasuda, N., Nucleic Acids Symposium
Ser., 1988, 20, 17. (c) Block, E., Org. React., 1984, 30, 478. (d) Eastwood, F. W.; Harrington,
K. J.; Josan, J. S. and Pura, J. L., Tetrahedron Lett., 1970, 5223. (e) Josan, J. S. and Eastwood, F.
W., Aust. J. Chem., 1968, 21, 2013. (f) Josan, J. S. and Eastwood, F. W., Carbohydr. Res., 1968,
7, 161.
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Eder Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Eder in 1880.1 It is the photochemical reduction
of mercuric chloride to calomel by oxalates and is generally known as the Eder reaction.2

This reaction has been proved to be a chain reaction3 of great energy efficiency,3 with
a chain length of nearly 1,000,000,4 so that it is often used in actinometry, including
x-ray actinometry.5 This reaction can be induced at room temperature2d by illumination,2d

oxidizing reagents (e.g., KMnO4, MnO2),2d,6 and reducing reagents;4 however, it can also
be inhibited by a few substances, including oxygen,3,6,7 phenols,2e and other inorganic
chlorides.8 Some fluorescent dyes,7b potassium trioxalatocobaltiate,7a quinine,4 and FeCl 4

3
function as photochemical sensitizers.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

O

OO

O

Hg

KCl

Hg
HgCl2

CO2

Hg2Cl2KO
OK

O

O

HgCl2
Initiator

+
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used in actinometry but not in actual organic synthesis as yet.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

No experimental procedure has been cited for this reaction.

Other references related to the Eder reaction are cited in the literature.9

H. REFERENCES
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G. G., Z. Physik. Chem., 1957, 207, 168. (c) Kornfeld, G., Sci. Ind. Photograph., 1952, 23, 377.
(d) Cartledge, G. H., J. Am. Chem. Soc., 1941, 63, 906. (e) Weber, K., Z. Physik. Chem., 1934,
A169, 224. (f) Bekhterev, P., J. Russ. Phys.-Chem. Soc., 1925, 57, 161.

3. Roseveare, W. E., J. Am. Chem. Soc., 1930, 52, 2612.

4. Hausman, E. A. and Davis, T. W., J. Am. Chem. Soc., 1954, 76, 5341.
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1933, 29, 308. (b) Quimby, E. H. and Downes, H. R., Radiology, 1930, 14, 468. (c) Wyckoff, R.
W. G. and Baker, L. E., Am. J. Roentgenol. Radium Therapy, 1929, 22, 551.

6. Cartledge, G. H. and Djang, T. G., J. Am. Chem. Soc., 1933, 55, 3214.

7. (a) Roseveare, W. E. and Olson, A. R., J. Am. Chem. Soc., 1929, 51, 1716. (b) Jodlbauer, A. and
von Tappeiner, H., Ber., 1905, 38, 2602.

8. Berger, G., Rec. Trav. Chim., 1921, 40, 387.

9. (a) Sakurab, S. and Ikeya, S., Bull. Chem. Soc. Jpn., 1957, 30, 748. (b) Kornfeld, G., Sci. Ind.
Photograph., 1952, 23, 377. (c) Cartledge, G. H. and Goldheim, S. L., J. Am. Chem. Soc., 1933,
55, 3583.
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Edman Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Edman in 1949.1 It is the reaction between
phenyl isothiocyanate and the free amino group of the N-terminal amino acid within
a polypeptide to generate a thiourea, which upon the intramolecular cyclization via the
nucleophilic addition of the amino group to adjacent amide carbonyl cleaves the N-terminal
amino acids as a phenylthiohydantoin derivative and leaves the second amino acid as the
N-terminus again.2 Therefore, this reaction is generally known as the Edman degradation.3

The cleaved phenylthiohydantoin derivatives of the amino acids can be identified by using
chromatography.4 This process can be repeated many times until the whole sequence of the
peptide is determined. The advantages of this method include well-characterized conditions
for the derivatization and cleavage reactions, high stepwise yields, and simple identification
of the cleaved phenylthiohydantoin derivative by chromatography.4 However, this method
does have a few disadvantages, including the difficult separation of the phenylthiohydantoin
derivative from the residual peptide segment in the solution phase during the sequencing
of a small peptide,5 low sensitivity,4 the need for highly purified samples,4 the long cycle
times4,6 and the high cost.6 To overcome these weaknesses, the reaction can be carried out
by means of solid-phase support synthesis (SPSS), so that a small protein or peptide can
be sequenced automatically. However, providing that each cycle of the Edman degradation
is 99% complete, this reaction is good for identifying only the first 50 amino acids in a
sequence. Considering the degradative nature of this reaction, the Edman degradation has
not often been adapted for normal organic synthesis.2 Further development has made this
degradation useful for sequencing the C-terminal segments of hydroxyethylamine-derived
peptides7 and an efficient method for the synthesis of 2-iminohydantoins.2
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to a solid-state reaction, and polypeptides can be
sequenced automatically.5 In addition, this degradation can be used to sequence C-
terminal segments of hydroxyethylamine-derived peptides7 and for the preparation of
2-iminohydantoins.2

E. APPLICATIONS

This reaction has general application in protein sequencing.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

H2N
NH2 · HCl

O

N
C

S

Br+
1) Amberlyst A21

2) HgCl2 HN

NH

O

N

Br

Reference 2.

To a mixture of 0.38 mmol of l-leucine amide and 0.5 g weakly basic amberlyst-A21
ion-exchange resin in 2.0 mL MeCN was added 0.38 mmol 2-bromophenyl isothiocyanate;
the mixture was stirred at room temperature for 1 h. To the reaction mixture was added
0.42 mmol HgCl2, and the mixture was then stirred overnight. The reaction mixture was
diluted with 2.0 mL EtOAc and filtered through a pre-packed Celite column, using 4 mL
EtOAc to remove the amberlyst-A21 resin and HgS by-product. The solution was added to
the Celite column and allowed to sit in the column for 1 min before suction was applied
to the column. After column chromatography, 99% yield of iminohydantoin with 98% of
purity was obtained.

Reference 8.



REFERENCES 957

Duolite basic anion-exchanger A 30 (OH− form) was added to a solution of 500 mg
eremomycin sulfate (0.3 mmol) in 100 mL water, and the mixture was left at room tem-
perature for 3 h. Eremomycin base solution was filtered off and concentrated in vacuo with
the addition of n-BuOH; then 50 mL acetone was added to give a precipitate. The latter
was filtered off, washed with acetone, and dried in vacuo to give 410 mg eremomycin base
(0.26 mmol). It was dissolved in 5 mL of a pyridine/water (1:1) mixture, and 0.02 mL
PhNCS (0.2 mmol) was added under argon. The reaction mixture was stirred at room tem-
perature for 16 h, concentrated in vacuo with the addition of n-BuOH, and applied to a
column with silanized silica gel (2 × 100 mL), previously equilibrated with 0.001 M acetic
acid. Acetic acid solution (0.001 M) was used for elution to give fractions containing non-
reacted eremomycin. A mixture of MeOH/0.001 M AcOH (2:8) at a rate of 30 mL/h was
used to give fractions containing N-phenylaminothiocarbonyleremomycin. The fractions
were pooled and concentrated with the addition of n-BuOH in vacuo, and 50 mL acetone
was added to yield the precipitate, which was filtered off, washed with acetone, and dried
to yield 303 mg N-phenylaminothiocarbonyleremomycin, in a yield of 68%.

Other references related to the Edman degradation are cited in the literature.9
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3. (a) Chen, W. Z.; Yin, X. F.; Mu, J. X. and Yin, Y., Chem. Commun., 2007, 2488. (b) Joo, S.
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C.; Carrano, L.; Nitti, G.; Poerio, E.; Pucci, P. and Buonocore, V., Protein Sequences & Data
Analysis., 1991, 4, 3.
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Eglinton Coupling

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Eglinton in 1956.1 It is an oxidative coupling of
terminal alkynes2 by means of the treatment of the alkynes with a stoichiometric amounts
of copper (II) acetate [Cu(OAc)2] in pyridine.1,3 Therefore, this reaction is generally known
as the Eglinton coupling.3,4 In addition, this reaction is also referred to as the Eglin-
ton method,5 Eglinton methodology,2a Eglinton coupling reaction,3 Eglinton oxidative
coupling,2c,6 Eglinton-Glaser reaction,7 Eglinton reaction,2a,8 and Eglinton condition.9

It can be homogenous when the reaction is carried out in methanolic pyridine.10 This
reaction is especially useful for the preparation of linearly conjugated all-carbon chains
(polyacetylenes)11 or cyclic dimmer, trimer, tetramer and even pentamer of compounds
with two terminal alkynyl groups.2a It is interesting that the homocoupling of 3,6-di-
(t-butyl)-3,6-dihydroxyl-1,4,7-octa-triynes with Cu(OAc)2 gives cyclic dimmer in pyridine,
whereas the solid state reaction with Cu(OAc)2·2Py affords linear coupling product.12

B. GENERAL REACTION SCHEME

R H
Cu(OAc)2

R R
Pyridine
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C. PROPOSED MECHANISMS

As no mechanism can be found for this reaction, a tentative mechanism is provided
here. It is known that Cu(II) will form square-pyramidal geometry, whereas Cu(I) forms
tetrahedral geometry.13 In Cu(OAc)2, copper (II) has nine out-shell electrons and can form
five coordination bonds, like that in CuSO4·5H2O.

D. MODIFICATION

This reaction has been modified to use a mixture of Cu2Cl2/CuCl2 in pyridine for the
coupling.14 In addition, terminal alkynes protected by trimethylsilyl group can also couple
under this reaction conditions via prior deprotection by K2CO3.5a

E. APPLICATIONS

This reaction has wide application in coupling terminal alkynes, especially in the for-
mation of cyclic alkynes.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

But

R R

But

2) Cu(OAc)2, pyridine, toluene

1) K2CO3, MeOH/THF

R = TMS
Reference 5a

A total of 158 mg TMS-protected alkynes (0.30 mmol) in 20 mL methanol/THF mixture
(1:1) was treated with 83 mg K2CO3 (0.60 mmol). After TMS was deprotected, the solvent
was evaporated on a rotatory evaporator, and 100 mL toluene was added to dissolve the
residue. To an another flask charged with 5.45 g Cu(OAc)2 (30.0 mmol), 450 mL pyridine,
and 100 mL toluene under a nitrogen atmosphere was added dropwise 100 mL toluene
containing the alkyne through a Hershberg dropping funnel at room temperature over 32 h,
and the mixture was stirred for additional 10 h. During the reaction, the flask was wrapped
with aluminum foil to protect the product from light. After removal of the solvent in vacuo,
the residue was purified by flash chromatography followed by preparative HPLC to give
95 mg dibenzo[12]metacyclophanetetrayne as a colorless solid in a yield of 83%, m.p.,
>220◦C (dec).
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A solution of 110 mg Cu(OAc)2 (0.611 mmol) in 110 mL pyridine was added at 60◦C
under argon to a solution of 200 mg 6-O-benzyl-2,3-bis-O-(4-chlorobenzyl)-4-O-(prop-
2-yn-1-yl)-α-d-glucopyranosyl-[(1→4)-2,3,6-tris-O -(4-chlorobenzyl)-α-d -glucopyrano-
syl]4-(1→4)-2,3,6-tris-O-(4-chlorobenzyl)-α-d-glucopyranoside (0.061 mmol) in 12 mL
pyridine within 3 h. The mixture was then stirred for an additional hour and evaporated.
The residue was dissolved in 80 mL EtOAc and washed with an aqueous solution of
Na4TMEDA (367 µL, 2.44 mmol), 40 mL water, and 40 mL brine and dried over MgSO4.
Evaporation and flash chromatography (toluene/EtOAc, 40:1 → 20:1) gave 166 mg 6-O-
benzyl-2,3-bis-O-(4-chlorobenzyl)-α-d-glucopyranosyl-[(1→4)-2,3,6- tris-O -(4-chloro-
benzyl)-α-d-glucopyranosyl]4-(1→4)-2,3,6-tris-O-(4-chlorobenzyl)-α-d-glucopyranoside
6:4VI-anhydride as a white foam, in a yield of 83%, Rf = 0.41 (toluene/EtOAc, 9:1), m.p.
55–58◦C.

Other references related to the Eglinton coupling are cited in the literature.15
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Ehrlich-Sachs Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Ehrlich and Sachs in 1899.1 It is the condensation
between compounds of active methylene groups and aromatic nitroso molecules and is
generally known as the Ehrlich-Sachs reaction.2 This reaction can be initiated by base,
acid, or simply heating,3 but in most cases, it is triggered by a base. In this reaction, two
competing products are formed4—the dehydrate azomethine derivative (or Schiff base)
and the oxidized nitrone derivative. As the actual reaction mechanism has not been well
understood, it is difficult to predict which product will eventually form. However, it is
known that the reaction condition, the acidity of the methylene group, and the structure
of compounds with the methylene group all affect the reaction outcome.4 It is plausible
that the reaction of the base-generated enolate from 1,3-dicarbonyl compound or aryl alkyl
ketones predominantly gives the azomethine derivatives5 with a few exceptions.6 The base
applicable for this reaction can be as weak as sodium carbonate.7

B. GENERAL REACTION SCHEME

R1

R2

N
O

R1

R2

N
Ph

R1

R2

N
Ph

O

+ +Base
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C. PROPOSED MECHANISMS

Because the mechanism of this reaction is not quite clear, a tentative mechanism is
outlined here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is generally used in the preparation of azomethine derivatives, which are
used in the dye and drug industry.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OO

OMe O

N
I –

Na2CO3

OO

OMe O

N

N

p-ON-C6H4-NMe2
+

Reference 7.

To a solution of 7.0 g 1-(4-oxo-1,4H-5,8-dimethoxyfuro-4′,5′,6,7-chromene-2-
ylmethyl)pyridinium iodide in 240 mL aqueous ethanol (50%) at 40◦C was added a solution
of 2.8 g p-nitrosodimethylaniline hydrochloride in 50 mL water. The reaction mixture was
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then treated dropwise, while stirring, with a solution of 2.0 g Na2CO3 in 20 mL water over
15 min; then the solution was kept aside at room temperature for 4 h. The solid separated. On
addition of 400 mL water, the reaction mixture was extracted with CHCl3 and washed with
dilute H2SO4 (1%) and finally with water. The organic layer was dried and concentrated to
afford a solid that was crystallized from 2.5 L ethanol to give 2.5 g of 5,8-dimethoxyfuro-
4′,5′,6,7-chromone-2-p-dimethylamino-phenylazomethine as golden yellow needles, m.p.
212◦C (dec.).

Other references related to the Ehrlich-Sachs reaction are cited in the literature.8
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Einhorn Acylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Einhorn and Hollandt in 1898.1 It is the acy-
lation of alcohols using anhydride or acyl halide in a tertiary amine such as pyridine.
Therefore, this reaction is known as the Einhorn acylation,2 Einhorn reaction,3 and
Deninger-Einhorn method.4 The function of tertiary amines in this reaction have been
identified as both nucleophilic acylation catalyst5 and acid scavenger.6 The solid evidence
of nucleophilic catalyst is to record the UV spectrum of the intermediate acetylpyridinium
salt in water.7 Subsequently, a number of highly nucleophilic tertiary amines have been
employed for the acylation of alcohols. These tertiary amines include triethylamine,8 4-
(dimethylamino)pyridine (DMAP),9 1,4-diazabicyclo[2.2.2]octane (DABCO),3b,3c,10 and
1,2,2,6,6-pentamethylpiperidine (PMP).11 In addition, when chiral tertiary amines are used
as catalysts, secondary alcohols can be selectively acylated to afford the chiral ester.2

B. GENERAL REACTION SCHEME

R1

R2

OH
R X

O
R1

R2

O

O
R

+
Pyridine

R1 = H, alkyl, aryl
R2 = alkyl, aryl
R = alkyl, aryl
X = halogen, OC(O)R
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified by adding 4-(dimethylamino)pyridine (DMAP) as a
catalyst during the acylation in pyridine.3c

E. APPLICATIONS

This reaction has wide application in the preparation of esters from alcohols and acylation
reagents (e.g., acyl halides and anhydrides).

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Cl

MeO

O

N

MeO

O

+
Et3N/THF

H
N

Reference 3a.

To the solution of 4.20 g 4-methoxybenzoyl chloride (24.0 mmol) and 32 mL Et3N in
30 mL THF was added a solution of 2 mL pyrrolidine (24 mmol) in 5 mL THF. The mixture
was refluxed for 1 h. After cooling to ambient temperature, the solution was filtered and
the filtrate was concentrated. The crude product was purified by column chromatography
(CH2Cl2) to afford 75% of 1-(4-methoxybenzoyl)pyrrolidine.
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Reference 2.

A solution of 172.0 mg (±)-1-(1-naphthyl)ethanol (1.00 mmol), 104 mL Et3N
(0.75 mmol), and 3.7 mg of the catalyst (10 µmol, > 99.9% e.e.) in 2.0 mL toluene
was cooled to 0◦C. Under vigorous stirring, 331 µL (i-PrCO)2O (2.00 mmol) was added
dropwise. After 24 h at 0◦C, the reaction was quenched by 10 mL MeOH at 0◦C. The
mixture was allowed to warm to room temperature over 15 min, and the solvents were
evaporated in vacuo. 1-(1-Naphthyl)ethanol and its isobutyric ester were separated by flash
chromatography (petroleum ether/CH2Cl2 from 1:1 to pure CH2Cl2) to give 35.9% e.e. of
(S)-ester.

Other references related to the Einhorn acylation are cited in the literature.12
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Einhorn-Brunner Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Einhorn in 19051 and was extended by Brunner
in 1914,2 therefore, it is known as the Einhorn-Brunner reaction.3 It is the synthesis of
1,2,4-triazoles by acid-catalyzed condensation between hydrazines (or semicarbazides) and
diacylamines. It should be pointed out when two side chains in diacylamine are different,
two isomeric triazoles will form. It was found that the substituent in the diacylamine derived
from the stronger acid would appear in position 3 of the resulting triazole,3e indicating that
the reaction is initiated by the attack of the free amino group of hydrazine on the more
electrophilic carbonyl group of the stronger acid moiety.3c

B. GENERAL REACTION SCHEME

R

H
N

NH2 R1 N
H

R2

O O

N

N
NR

R1

R2

N

N
NR

R2

R1

+
Acid or
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C. PROPOSED MECHANISMS

D. MODIFICATION

A new preparation of 1,2,4-triazoles has been developed using tosylmethyl isocyanide
and a diazonium salt.3b

E. APPLICATIONS

This reaction has been used in the preparation of 1,2,4-triazoles (the most successful
method3c).

F. RELATED REACTIONS

This reaction is related to the Pellizzari Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N Tos–C
N2

+BF4
–Me2N

N

N
N

Tos

NMe2

+
+

Reference 3b.
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A solution of 9.75 g tosyl methyl isocynide (50 mmol) and 23.5 g p-
dimethylaminobenzenediazonium tetrafluoroborate (100 mmol) in a mixture of 200 mL
Me2SO, 160 mL MeOH, and 80 mL H2O was cooled in ice salt. To the stirred solution
was added over 45 min a solution of 10.5 g K2CO3 in 100 mL cold water. After being
stirred for another 10 min, the reaction mixture was poured in 4 L ice water that was almost
saturated with NaCl. The precipitate was collected, washed with water and dried. Column
chromatography (alumina, CH2C12/THF, 3:2) gave 16.0 g 1-p-dimethylaminophenyl-3-
tosyl-1,2,4-triazole, in a yield of 94%, m.p. 172–175◦C. An analytically pure sample
was obtained by preparative TLC (alumina, CH2Cl2) followed by crystallization from hot
ethanol, with a melting point of 177–178.5◦C.

N
H

H
N Ph

O

Ph

NH2

O N

N
N

Ph

Ph

∆
+

Reference 3e.

1-Benzoyl-2-phenylhydrazine (6.0 g) and 15.0 g dry, freshly distilled acetamide were
refluxed in an oil bath at 250◦C for 4 h. The acetamide was distilled off at atmospheric
pressure, and the residue was extracted with ether (2 × 50 mL), leaving 2.1 g undissolved 1-
benzoyl-2-phenylhydrazine (m.p. 166◦C). The crude triazole extract (3.8 g) was fractionated
to give the main fraction as a pale yellow oil, b.p. 210–215◦C (25 mmHg), which solidified
after several months (2.1 g). Recrystallization from light petroleum (b.p. 40–60◦C) removed
1-acetyl-2-phenylhydrazine (0.08 g, m.p. 129◦C). The petroleum extract was sublimed at
40◦C (2 mmHg) to afford oily crystals, m.p. 80–85◦C. The compound was identified as
5-methyl-1,3-diphenyl-1,2,4-triazole.

Other references related to the Einhorn-Brunner reaction are cited in the literature.4
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Eisleb Alkylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Eisleb in 1941.1 It is the alkylation of compounds
of active hydrogen with alkyl halide via the treatment of sodium amide. The compounds
with active hydrogens include deoxybenzoin,1a diphenylmethane,2 phenylacetonitrile,3

fluorene,2,4 benzyl phenyl sulfone,5 and 2-pyridyl acetonitrile.6 This reaction normally
gives a satisfactory yield of introducing N,N-dialkylamino alkyl group to compounds with
an active proton.4

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is used for the alkylation of compounds with active hydrogens.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NMe2
1) NaNH2, toluene, ∆

2) Me2NCH2CH2Cl
    toluene, ∆

Reference 4a.

A solution of 120 g fluorene (0.72 mol) in 250 mL toluene was refluxed with 15 g
sodium amide (0.575 mol) for 1.5 h, then a solution of β-dimethylaminoethyl chloride
in toluene (base liberated from 57.0 g β-dimethylaminoethyl chloride hydrochloride in
150 mL toluene) was added. The mixture was refluxed for another 4 h, then cooled and
decomposed with sufficient 4 N HCl to render it acid to Congo red. The organic layer
was washed twice with dilute hydrochloric acid and evaporated to leave about 50 g unre-
acted fluorene. The aqueous acidic layers were combined, made alkaline, and extracted
with ether. Fractional distillation of the dried ethereal extract gave 44.2 g crude 9-(β-
dimethylaminoethyl)-fluorene, in a yield of 41%, b.p, 156–165◦C (at 2 mmHg). This
product was further purified by the following process. The product, dissolved in 200 mL
warm alcohol, was treated with 400 mL hot 5% HClO4 solution; the perchlorate was
purified by recrystallization from water, m.p. 206–208◦C. The recrystallized perchlorate
was dispersed in a mixture of 300 mL hot water and 100 mL hot benzene, the mixture was
basified and vigorously mixed, and the benzene layer was separated. The aqueous layer was
extracted with hot benzene again, and the benzene layers were combined,and distilled to give
28.0 g pure 9-(β-dimethaminoethyl)-fluorene, in an overall yield of 34%, b.p. 153–154◦C
(1.7 mmHg).

Other references related to the Eisleb alkylation are cited in the literature.7
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Elbs Persulfate Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Elbs in 1893.1 It is the oxidative hydroxylation
of aromatic compounds via the treatment of persulfate salt in the presence of alkali. There-
fore, this reaction is generally known as the Elbs persulfate oxidation.2 Occasionally, this
reaction is also referred to as the Elbs alkaline persulfate oxidation,3 Elbs oxidation,4 Elbs
peroxydisulfate oxidation,5 Elbs persulphate oxidation,6 Elbs reaction2l,7 or Elbs-Seshadri
persulfate oxidation.8 In this oxidation, a hydroxyl group is mounted onto an aromatic
ring predominantly in the para-position of a preexisting group;3,5b however, if the para-
position has already been blocked, then hydroxylation at ortho-position occurs with much
lower yield;2s no meta- hydroxylation has been reported yet.5b The persulfate is also called
peroxydisulfate or peroxodisulfate.5b The persulfate salts suitable for this reaction include
ammonium persulfate2s and potassium persulfate;2s all of them give similar results,2s indi-
cating that the actual component in this oxidation is the persulfate ion. Although the yield of
this oxidation is generally low, it normally affords a product with high purity.2s It has been
reported that the yield can be improved by carrying out the oxidation in a solution saturated
with NaCl or Na2SO 2s

4 or when oxygen is purged off by nitrogen.9 The aromatics suitable
for this reaction include phenols, naphthols, coumarins, and flavones.2s It is assumed that
this reaction occurs through a radical mechanism,2h,2s,2w,3 because ammonium persulfate
often initiates a radical reaction in aqueous solution; however, some evidence indicates that
this oxidation predominantly involves the ionic nucleophilic substitution,5 in which the
electron-donating group facilitates the reaction and the electron-withdrawing group retards
the reaction. In addition, it was found that the oxidation of phenol from the mixture of
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KHSO5-KHSO4-K2SO4 gives similar results to those from potassium persulfate.2h This
reaction has been modified as oxidation from hydrogen peroxide in the presence of alkali.10

Another modification is the application of a quaternary ammonium hydroxide as the base,
such as tetramethylammonium hydroxide or tetraethylammonium hydroxide; the later gives
a better yield.9 Overall, this reaction is often used for the preparation of the aromatics with
alkoxy groups by the alkylation after the hydroxylation.2f,7a,11

B. GENERAL REACTION SCHEME

OH

OH–

OH

OH

K2S2O8

C. PROPOSED MECHANISMS

Because both radical and ionic mechanisms have been proposed for this reaction and no
mechanistic detail has been given in the literature, a new ionic mechanism similar to the
Abnormal Claisen Rearrangement is proposed and outlined here.

D. MODIFICATION

This reaction has been modified to oxidize the aromatics using hydrogen peroxide in the
presence of an alkali.2s Other modifications include the application of tetramethylammo-
nium hydroxide or tetraethylammonium hydroxide as a base during the oxidation.9
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E. APPLICATIONS

This reaction has been widely applied in the preparation of hydroxyl aromatics and
alkoxylated aromatics.

F. RELATED REACTIONS

This reaction is related to the Boyland-Sims Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

OH

CO2H

MeO

OH

CO2H

MeO

OH

1) NaOH/K2S2O8

2) HCl

Reference 2d.

To a solution of 10.0 g 2-hydroxy-4-methoxybenzoic acid (59.5 mmol) and 8.0 g NaOH
(200 mmol) in 90 mL water at 10◦C was added a solution of 17.0 g potassium persulfate
(62.9 mmol) in 300 mL water over a 4-h period. The reaction mixture was then allowed
to warm to room temperature and was stirred for 24 h, resulting in a purple solution.
The mixture was neutralized with 1 N hydrochloric acid and extracted with ether (3 ×
150 mL). The combined organic extracts were washed with brine and dried over MgSO4.
Concentration and recrystallization from ethanol and water afforded 3.21 g 2,5-dihydroxy-
4-methoxybenzoic acid as colorless rectangular rods, in a yield of 30%, m.p. 200–202◦C
(dec).

O

Cl

OH O

Et4NOH

O

Cl

OH O

OH

K2S2O8

Reference 9.

To a 1-L, three-necked flask equipped with dropping funnel, stirrer, and fritted-glass gas
dispersion rod was added 4.0 g 6-chloro-5-hydroxyflavone dissolved in 280 mL of a 10%
aqueous solution of tetraethylammonium hydroxide and 9 mL pyridine. The resulting solu-
tion was purged with nitrogen for 1.5 h at 30–35◦C. Then followed the dropwise addition
to the stirred solution of 6.85 g potassium peroxydisulfate in 150 mL oxygen-free water
over a 4-h period. An additional 9 mL pyridine was added after 2 h to maintain a homo-
geneous mixture. The reaction mixture was stirred for an additional 20 h at 30–35◦C and
filtered to give 1.25 g potassium salt of 6-chloro-5-hydroxyflavone; the filtrate was acidified
with concentrated HCl to Congo red. The filtrate was neutralized with very dilute sodium
hydroxide (∼ l%), and the resulting 3.4 g of tan precipitate was collected by filtration. The
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tan precipitate was dissolved in 40 mL cold 5% NaOH and filtered; ∼200 mg of dark solid
was collected and discarded. The filtrate was acidified to Congo red with concentrated HC1,
and the resulting tan precipitate was collected and dried. The tan material then was placed
in 80 mL hot water, and the pH was adjusted to 7.5–8.0 with 1% sodium hydroxide solution.
The resulting mixture was stirred for 15 min and filtered, and the dark brown precipitate
was discarded. To the filtrate was added 25 mL concentrated HC1, and the acidified filtrate
was heated 2 h on a steam bath. 6-Chloro-5,8-dihydroxyflavone was obtained as a yellow
powder and collected by filtration in a yield of 1.02 g (34% based on 2.84 g of starting
material), m.p. 244–247◦C. One crystallization from ethanol gave the pure substance (mp.
248–249◦C). The filtrate from the original crude product isolation was acidified with 25 mL
concentrated HCl and heated on a steam bath; and 360 mg crude substance was collected.
Chromatography of the latter on a column of Florex/Celite (5:l wt.) with EtOAc as the sol-
vent, gave an additional 30 mg 6-chloro-5,8-dihydroxyflavone, thus making the total yield
1.05 g.

Other references related to the Elbs persulfate oxidation are cited in the literature.12
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Elbs Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Although the thermal decomposition of o-methylbenzophenones had been studied by
Behr and van Dorp in 18731 and Ador and Rilliet in 1878,2 it was Elbs who extensively
investigated this reaction beginning in 1884.3 Therefore, it is generally referred to as the
Elbs reaction4 or Elbs pyrolysis.5 This reaction is the preparation of polyaromatics (espe-
cially anthracene) by intramolecular condensation of diaryl ketones containing a methyl or
methylene substituent ortho to the carbonyl group. This reaction is usually carried out by
means of high-temperature pyrolysis in the absence of a solvent or catalyst.4a,4c In some
cases, it is accompanied by the elimination of substituents before the pyrolysis, such as
fluoro,4b,6 methyl,4b and methoxy.4b As a result, the Elbs reaction is not a perfect method
for the preparation of polyaromatics with substituents,7 although it is by far the most rapid
and economical method for the synthesis of parent polyaromatics.7 It has been proposed
that hydrogen transfer is involved in this reaction.4b In addition, the yield of the Elbs reac-
tion can be improved by removing the formed anthracene derivatives at intervals from the
reaction zone.8

B. GENERAL REACTION SCHEME

CH3

O

∆, Zn

H2O
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C. PROPOSED MECHANISMS

At least three different mechanisms have been proposed for this reaction. Displayed here
are two of the most plausible mechanisms from Fieser and Cook.

Fieser’s mechanism.9

Cook’s mechanism:10

In addition, an alternative mechanism is proposed here involving the generation of radical
by high-temperature pyrolysis, as illustrated below.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been widely used in the preparation of polyaromatic compounds.

F. RELATED REACTIONS

This reaction is related to the Bradsher Cyclization.

G. CITED EXPERIMENTAL EXAMPLES

CH3

O

F

Zn

400–405°C

Reference 4c.

A mixture of 4.0 g 1-fluoro-4-(o-toluoyl)naphthalene and 2.0 g zinc dust was heated
at 400–405◦C for 2 h and flash distilled under 1 mmHg. The distillate was brought to
crystallization by treatment with a mixture of ethanol and benzene, and the product was chro-
matographed on alumina (benzene/petroleum ether, 3:1) to afford 1.1 g 1,2-benzanthracene,
in a yield of 32%, m.p. 160◦C.

O

Zn

415–430°C

Reference 4b.

A mixture of 3.0 g of 2-benzylphenyl 1-naphthyl ketone and 1.0 g powdered zinc was
heated at 415–430◦C for 3 hours in an atmosphere of nitrogen. The product was flash-
distilled under vacuum and purified by chromatography on alumina with petroleum ether,
and 0.9 g 7-phenylbenz[a]anthracene was obtained, in a yield of 32%, m.p. 182–183◦C. No
other products were isolated.

Other references related to the Elbs reaction are cited in the literature.11
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Eltekoff Hydrolysis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Eltekoff in 1873.1 It is the hydrolysis of olefinic
halides in aqueous alkali solution to generate glycol that further forms carbonyl compounds
(aldehyde or ketone). In the original procedure,2 Eltekoff heated the olefinic halides with
lead oxide and water to 140–150◦C and obtained acetaldehyde and ethylene glycol from
ethylene bromide (or chloride), acetone and propionaldehyde from the propylene halides,
etc. At the same time, Eltekoff found that the yield of the carbonyl compound was directly
related to the reaction time—that is, the longer the halide was heated with lead oxide and
water, the higher the yield of carbonyl compounds and the lower the amount of glycol
formed.3 This result indicates that the carbonyl compounds were generated from the dehy-
dration of glycols in the slightly acidic solution. However, it was found that lead oxide
or a high temperature was unnecessary for this reaction,4 and olefinic halides could be
easily hydrolyzed to glycols3,5 but not directly to carbonyl compounds when treated with
the aqueous alkali solution. If the alkali is omitted, then the glycols might rearrange into
carbonyl compounds6 (a kind of Pinacol Rearrangement in a slightly acidic solution). It
is assumed that this reaction under acidic condition occurs via an ASE

2 mechanism.7 This
reaction has become one of the most convenient methods for the production of ketones.3

B. GENERAL REACTION SCHEME

R1
X

R2

R1
R2

O

H2O/H+

R1, R2 = alkyl, aryl
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C. PROPOSED MECHANISMS

In slightly acidic conditions, the hydration of olefin gives halo-alcohol, which decom-
poses to carbonyl compound, as outlined below.7

D. MODIFICATION

This reaction has been modified for treating vicinal dihalides with an aqueous alkali
solution to produce glycols and carbonyl compounds.

E. APPLICATIONS

This reaction has been used to prepare glycols, aldehydes, and ketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O
Br OH

C6H5
O

HO OH

C6H5

10% NaOH

Reference 6a.

A mixture of 1.5 g 5-bromomethyl-3,3-dimethyl-2-phenyltetrahydro-2-furanol (“bromo-
hydrin”), 2.5 mL 10% NaOH, and 50 mL dioxane was stirred and refluxed for 4 h and then
poured into 1 L water. The mixture was extracted with four 200-mL portions of ether. The
organic layers were combined and washed with 100 mL water (five times) and 40 mL brine
(three times). Removal of the ether at room temperature left 1.22 g orange oil, which was
chromatogrphed from petroleum ether on 37.0 g alumina. Elution with petroleum ether and
10:1 petroleum ether/ether gave 0.75 g of a white solid (the starting material) and 0.36 g
2-hydroxy-5-hydroxymethyl-3,3-dimethyl-2-phenyltetrahydrofuran as a white solid, in a
yield of 30%.

Other references related to the Eltekoff hydrolysis are cited in the literature.8
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Emde Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Emde in 1906.1 It is the reductive cleavage of
quaternary ammonium salt of nitrogen-containing compounds (especially in heterocyclic
forms) by means of the treatment with an excess of sodium amalgam in an alcoholic or
aqueous solution.2 In fact, this reaction is the modification of Hofmann Degradation; there-
fore, it is sometimes known as the Hofmann and Emde degradation3 or the Emde-Birch
fission.4 However, this reaction is generally referred to as the Emde degradation5,6 or Emde
reduction,5a,5b,5e,5f,7 and the corresponding products are called the Emde products.5d,5e The
order of groups to be cleaved was found to be: RC(O)CH2, PhCH CHCH2 > benzyl > allyl
> phenyl > methyl.2 It was found that the position of the scission for the nitrogenous hetero-
cyclic ring depended on the reaction condition,7c affording one product7f or two products.5a

This reaction has been modified to treat the quaternary ammonium salt with sodium/dry
ammonia,5f,7g sodium/ammonia/0.5% water,8 or by electrolytic reduction in dry ammonia
(or with 0.5% water present)9 or to degrade the ammonium salt by photo irradiation.10

B. GENERAL REACTION SCHEME

R1 N
R2

R4

R3X 
–

Na
R4

N
R3

R2

R1 CH3 NaX

N
R2

R4

R3

R1

X 
–

NaHg
R4

N
R3

R2
R1

NH3

+ +

+

or

+

+
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C. PROPOSED MECHANISMS

Because not much mechanistic information is available for this reaction, a tentative
mechanism is outlined here to indicate the formation of different types of products (e.g.,
alkenes and alkanes).

D. MODIFICATION

This reaction has been modified to occur in liquid ammonia by treatment of sodium
alone.5f,7g In addition, a photo-Edme degradation has been developed.10

E. APPLICATIONS

This reaction has been successfully applied in the degradation of nitrogenous heterocyclic
compounds and the elucidation of many alkaloids structures.

F. RELATED REACTIONS

This reaction is related to the Hofmann Degradation and von Braun Degradation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5b.
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To a solution of 2.05 g decinine methiodide (3.55 mmol) in 175 mL liquid ammonia
was added 0.29 g sodium. When the blue color had disappeared, the ammonia was allowed
to evaporate. The residue was dissolved in water, the pH was adjusted to 10, and the mix-
ture was extracted with chloroform. The chloroform extract was dried and diluted with
95% ethanol, and the volume was reduced until crystallization ensued. A yield of 1.19 g
N-methyldihydrodecinine was obtained, in a yield of 74%, m.p. 230–231◦C.

N

MeO

MeO

OMe Me
Me

Me
I

N

MeO

MeO

OMe Me
Me

Me
Me

I
1) AgCl
2) NaHg

3) Pt/H2
4) MeI

++

– –

Reference 7d.

To 10 mL hot water containing 460 mg O,N-dimethyl-dl-anhalonidine methiodide was
added 0.5 g freshly precipitated silver chloride (from 0.5 g silver nitrate). After being
shaken in the dark for 30 min, the mixture was filtered, and 20 g 3% sodium amalgam
was added. After being heats on a steam bath for 18 h, the oil floating on the surface
was extracted with ether. The dried ether extract was evaporated, and the residue was
dissolved in 30 mL ethanol. Then 40 mg of platinum oxide was added, and the mixture
was hydrogenated for 12 h at 30 psi. The residue obtained on evaporation of the filtered
solution was dissolved in 30 mL methanol, and 0.3 mL methyl iodide was added. After
standing overnight, the solution was evaporated to small bulk, and EtOAc was added when
colorless needles of 2-ethyl-3,4,5-trimethoxy-phenylethyltrimethylammonium iodide was
obtained (84 mg), m.p., 216–218◦C. Fine needles (m.p. 218–219◦C) were obtained on
recrystallization from ethanol.

Other references related to the Emde degradation are cited in the literature.11
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A., J. Am. Chem. Soc., 1959, 81, 2256. (f) Conroy, H.; Brook, P. R.; Rout, M. K. and Silverman,
N., J. Am. Chem. Soc., 1958, 80, 5178. (g) Witkop, B. and Goodwin, S., J. Am. Chem. Soc.,



992 EMDE DEGRADATION

1953, 75, 3371. (h) Mosettig, E. and Krueger, J. W., J. Org. Chem., 1939, 4, 317. (i) Mosettig, E.
and Krueger, J. W., J. Am. Chem. Soc., 1936, 58, 1311. (j) Mosettig, E. and Robinson, R. A., J.
Am. Chem. Soc., 1935, 57, 902.

6. (a) Simanek, V.; Hruban, L.; Preininger, V.; Nemeckova, A. and Klasek, A., Coll. Czech. Chem.
Commun., 1975, 40, 705. (b) Simanek, V.; Klasek, A.; Hruban, L.; Preininger, V. and Santavy,
F., Tetrahedron Lett., 1974, 2171. (c) Simanek, V.; Klasek, A. and Santavy, F., Tetrahedron Lett.,
1973, 1779. (d) Sugasawa, S. and Matsuo, H., Chem. Pharm. Bull., 1958, 6, 601. (e) Irie, H.;
Tsuda, Y. and Uyeo, S., J. Chem. Soc., 1959, 1446. (f) Sugasawa, S. and Matsuo, H., Chem.
Pharm. Bull., 1956, 4, 142.

7. (a) Leete, E. and Bodem, G. B., J. Am. Chem. Soc., 1976, 98, 6321. (b) Kapadia, G. J.; Rao, G.
S.; Leete, E.; Fayez, M. B. E.; Vaishnav, Y. N. and Fales, H. M., J. Am. Chem. Soc., 1970, 92,
6943. (c) Robinson, B., Chem. Rev., 1969, 69, 785. (d) Leete, E., J. Am. Chem. Soc., 1966, 88,
4218. (e) Leete, E.; Ahmad, A. and Kompis, I., J. Am. Chem. Soc., 1965, 87, 4168. (f) Leete, E.
and Friedman, A. R., J. Am. Chem. Soc., 1964, 86, 1224. (g) Leete, E., J. Am. Chem. Soc., 1960,
82, 6338.

8. Wrobél, J. T.; Bién, A. S. and Pazdo, K. M., Chem. Ind. (London), 1966, 1759.

9. Wrobél, J. T.; Pazdo, K. M. and Bién, A. S., Chem. Ind. (London), 1966, 1760.

10. Partali, V.; Jolidon, S. and Hansen, H.-J., Helv. Chim. Acta, 1985, 68, 1952.

11. (a) Baudoin, O.; Guenard, D. and Gueritte, F., Mini-Rev. Org. Chem., 2004, 1, 333. (b) Lévy,
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Emmert Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Emmert and Asendorf in 1939.1 It is the formation
of pyridylalkyl or pyridyldialkyl carbinols by condensation of pyridine (or its analogues)
with aldehydes or ketones in the presence of aluminum or magnesium amalgam. Therefore,
it is generally known as the Emmert reaction.2 Pyridine and its analogues are assumed
nonreactive toward alkylation or acylation, due to the C N bond in pyridine ring.3 However,
the alkylation of pyridine can occur when aldehyes or ketones are treated with aluminum or
magnesium, mercuric chloride, and iodine4 or treated with very small amounts of mercuric
chloride with few drops of mercury.4 It was found that other metals with low reduction
potentials do not work in this reaction, and the metals of high reduction potentials and poor
coordinating power do not offer the alkylation product but the pinacols of ketones.2e It is
magnesium or aluminum that combines both characters of high reduction potential (2.4 V
and 1.7 V, respectively) and coordinating power functions well for this reaction.2e Beryllium
(1.69 V) functions similarly, but gives very poor yields.2e In this reaction, pyridine might
react with dialkyl, diaryl, alkyl aryl, and cyclic ketones, while steric effects from ortho
substituent on pyridine might inhibit the reaction between such pyridine and aryl ketones.2e

Although the exact function of the metal is not quite clear,2f it is assumed that the metal
supplies two electrons to the carbonyl compound, resulting in a carbanion that attacks
the pyridine ring.2e Therefore, the electron-donating group on ketones can increase the
negativity of a carbanion to facilitate the addition to the pyridine ring; likewise, ketone
gives a better yield than aldehyde as of the hyperconjugation of alkyl group on ketone.2e In
this reaction, moisture will inhibit the reaction, and solvents such as carboxylic acids and

993

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



994 EMMERT REACTION

alcohols that donate a proton through ionization are not feasible for this reaction either.2e

Under reductive conditions, no hydrogenated pyridines are formed, indicating that air is
the oxidizing agent.2e Other nitrogenous heterocycles, including picolines, can be similarly
alkylated.2f Although both magnesium and aluminum work for this reaction, there exist
some subtle differences between magnesium and aluminum. For example, when magnesium
is used in the absence of mercuric chloride, the reaction is very slow and any variation of
the reactants ratio gives a low yield of the desired product;4 however, when aluminum is
used, increasing the proportions of pyridine or aluminum increases the yields of the desired
product.4 In addition, aluminum may give 4-alkylated pyridyl carbinol, as larger aluminum
might form a transannular bridge between the nitrogen atom and the 4-position of pyridine.2e

Moreover, magnesium and aluminum can also be applied for the acylation of pyridine
derivatives with acid esters via a similar mechanism, involving a two-electron transfer
process, with the activity order of Al > Mg > Be.5 Other acid derivatives (e.g., N,N-
dialkylamides and nitriles) also react with pyridines in lower yields; however, the low-
boiling acid derivatives may give low yields too, as the reaction is normally carried out at
100◦C.5 In general, aromatic esters afford higher yields than aliphatic esters, because the
carbanion intermediates can be stabilized via resonance.5

B. GENERAL REACTION SCHEME

N R1 R2

O

HgCl2 N
OH

R1 R2

+
Mg or Al R1 = H, alkyl, aryl

R2 = alkyl, aryl

C. PROPOSED MECHANISMS

It is assumed that the metal donates two electrons at a time to form the carbanion, which
adds to pyridine ring,2e as illustrated by the reaction of Mg.

D. MODIFICATION

This reaction has been modified to form acylated pyridine derivatives.5
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E. APPLICATIONS

This reaction is very useful in the preparation of 2-alkylated or 2-acylated pyridine
derivatives as well as picoline and quinoline derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

Me O

HgCl2

Al

N
OH

Me Ph

Me

+

Reference 2e.

Granular (30-mesh) aluminum (27 g, l mol), 0.5 g mercuric chloride, and a few drops
of mercury were preheated together for 30 min at 100◦C in a 1-L, three-necked flask fitted
with a dropping funnel, condenser, and mercury sealed stirrer. A mixture of 25 g each 4-
picoline and acetophenone was added in one portion and stirred until the reaction began.
The beginning of the reaction was accompanied by an evolution of heat and a color change
to dark green. The remaining picoline (290 g, 3.5 mol total) was added in one portion, and
185 g acetophenone (1.75 mol total) was added dropwise under vigorous stirring within
5.5 h. The temperature was kept at 130◦C during the addition with the aid of a heating
mantle. After that, the mixture was stirred for additional 3.5 h at 130◦C, and then cooled
and decomposed by being poured into 1 L 3 N NaOH solution. The separating oil was
extracted successively with 200-mL portions of 6 N HCl. The acid extract was made basic
with a NaOH solution. The organic layer was dried over CaSO4 and distilled. The fraction
boiling at 130–135◦C (0.8 mmHg) was collected in a total amount of 85 g and in a yield of
30%; it was recrystallized from petroleum ether to yield a colorless solid, m.p. 69.5 −70◦C.

N
OEt

O

HgCl2

Al

N

O

Ph

N

PhO

+ +

Reference 5.

Granular (30-mesh) aluminum (27 g, l mol), 5 g mercuric chloride, and several drops of
mercury were preheated together for 2 h at 100◦C in a 1-L, three-necked flask fitted with
a dropping funnel, condenser, and stirrer. Ethyl benzoate (25 g) and 25 g pyridine were
added to the metallic mixture to initiate the reaction. A green color developed immediately
and turned to a muddy brown within a few minutes. Then 250 g pyridine (3.5 mol total)
was added dropwise over a period of 2 h during refluxing. At the end of this addition
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the reaction mixture was dark colored. Ethyl benzoate (425 g, 3.0 mol total) was added
dropwise to the reaction mixture over a period of 24 h at which time all of the aluminum
metal had reacted. The cooled reaction mixture was stripped of unreacted pyridine using an
aspirator and mild heating, and then the remaining viscous oil (350–400 mL) was poured
into 1500 mL petroleum ether (90–100◦C). This addition resulted in the precipitation of a
brown solid (286 g), which could be filtered, dried, and allowed to stand in the presence
of air without any noticeable decomposition. This complex was hydrolyzed with 6 N HCl,
the oil layer was distilled under vacuum through a 30-cm glass helix–packed column, and
the following fractions were collected: 2-benzoylpyridine (87.0 g, 32.5%, 124–126◦C at
1.5 mmHg), 4-benzoylpyridine (19.4 g, 7.1%, 126–146◦C at 1.9 mmHg, m.p.,72.5–73◦C),
and mixture of benzil and benzoin (26.7 g, 12.7%).

Other references related to the Emmert reaction are cited in the literature.6
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Erlenmeyer-Plöchl

Azlactone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

The condensation between aromatic aldehydes and hippuric acid in the presence of
acetic anhydride was initially reported by Plöchl in 18831 and was studied extensively by
Erlenmeyer in 1892.2 In addition, Erlenmeyer corrected the original assigned structure of
a product containing a three-membered ring and coined the word azlactone for the formed
product.3 Therefore, this reaction is known as the Plöchl-Erlenmeyer reaction,4 Erlenmeyer-
Plöchl reaction,5 Erlenmeyer-Plöchl synthesis,6 Erlenmeyer-Plöchl oxazolone synthesis,7

Erlenmeyer-Plöchl method,8 Erlenmeyer synthesis,9 and Erlenmeyer azlactone synthesis.10

In detail, the Erlenmeyer-Plöchl azlactone synthesis is the preparation of azlactones (also
called oxazolones11) in a Z configuration (originally assigned to the E configuration)10b by
condensation of aromatic aldehydes with hippuric acid (the benzoyl glycine derivatives12)
in the presence of acetic anhydride. The formed azlactones have found many applications in
organic synthesis, especially for α-ketos, α-amino acids2c,2d and peptides.13 This reaction
normally gives one product: the thermodynamically stable one;10b however, two products
are also formed in some cases.7 In addition, transacylation often occurs in this reaction,
especially when the reaction mixture is refluxed.5b,6 Thus the yields of desired products are
not very high, and extensive purification of crude azlactones should be avoided to generate
higher yields.5b
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B. GENERAL REACTION SCHEME

Ar CHO
Ar′ N

H
CO2H

O Ac2O
N

OAr′ O

Ar

H+

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to occur in polyphosphoric acid (PPA) to form the
azlactones in the E configuration.10b

E. APPLICATIONS

This reaction has been used for the synthesis of α-keto, α-amino acids,2c,2d and
peptides.13

F. RELATED REACTIONS

This reaction is related to the Bergmann-Stern Azlactone Synthesis, Claisen Condensa-
tion, and Perkin Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

Ph CHO N
H

CO2H

ONO2

NaOAc/Ac2O N

O O

Ar

HNO2

∆
+

Reference 4b.

To a flask equipped with a condenser, were added 1.07 mmol ortho-nitrobenzoylglycine,
0.96 mmol benzaldehyde, 0.96 mmol fused NaOAc, and 3 mmol acetic anhydride. The
mixture was heated in a boiling water bath for 1 h. After cooling, 2 mL 95% ethanol was
added to the flask, and the mixture was left at 5◦C for 4–6 h. The precipitate formed was
filtered and washed with cold ethanol, then with boiling water, and again with cold ethanol.
The dried precipitate was recrystallized to a constant melting point in acetic acid to give
57% product as yellow needles, m.p. 210◦C.

Ph CHO
N
H

CO2H

O

Ph ∆
PPA

N

O O

H

Ph

Ph

+

Reference 10b.

To a sample of polyphosphoric acid prepared from 20 mL phosphoric acid and 32 g
phosphoric anhydride was added 5.3 g benzaldehyde (50 mmol) and 8.95 g hippuric acid
(50 mmol). The mixture was then heated on a steam bath (80–95◦C) for 90 min and then
poured into water. The resultant solid product was collected and repeatedly washed with
water. Finally, 12.0 g 2-phenyl-4-phenylmethylene-2-oxazolin-5-one was recrystallized
from a mixture of benzene-Skellysolve B, in a yield of 90%, m.p. 146–147◦C.

Other references related to the Erlenmeyer-Plöchel azlactone synthesis are cited in the
literature.14
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Eschenmoser Coupling

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fischli and Eschenmoser in 1967 during the syn-
thesis of vitamin B12.1 It is the formation of vinylogous amides and urethanes by alkylation
of secondary or tertiary thioamides with an electrophilic reagent followed by the extru-
sion of sulfur. Therefore, it is known as the Eschenmoser coupling,2 Eschenmoser coupling
reaction,3 Eschenmoser’s method,4 Eschenmoser sulfide contraction,5 Eschenmoser sulfide
contraction methodology,6 or Eschenmoser sulfide reaction.7 Essentially, this reaction is
analogous to the aza Claisen-Schmidt Condensation;5c however, it is not well suited for
introducing the meso substituents.8

B. GENERAL REACTION SCHEME

R NR1R2

S

X R3

R NR1R2

R3

+
Base

Thiophile
X = halogen

C. PROPOSED MECHANISMS

Provided here is a tentative mechanism for the Eschenmoser coupling.
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D. MODIFICATION

This reaction has been modified to form vinyl thioether through peroxide initiation.5c

E. APPLICATIONS

This reaction has general application in the preparation of vinylogous amides, especially
for vitamin B12.

F. RELATED REACTIONS

This reaction is related to the Claisen-Schmidt Condensation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5c.

A solution of 1.74 g (2R,3S,4S)-2,3-dimethyl-5-thioxo-3-(2-(trityloxy)ethyl)-4-(3-
(trityloxy)propyl)pyrrolidine-2-carbonitrile (1.00 mmol) in 5 mL dry benzene was added
to freshly prepared (3S,4S)-4-methyl-5-methylene-4-(2-(trityloxy)ethyl)-3-(3-(trityloxy)-
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propyl)pyrrolidin-2-one (1.50 mmol, 1.047 g). At 0◦C, benzoyl peroxide (415 mg,
1.20 mmol) was added. The mixture was stirred in the dark and under argon for 24 h
and poured into a mixture of diethyl ether and saturated aqueous NaHCO3. The organic
layer was dried over MgSO4, filtered, and concentrated. Purification by silica gel
chromatography (linear gradient of 10–20% EtOAc/hexane) afforded 804 mg [2R,
3S,4S,5(2Z,3S,4S)]-2,3-dimethyl-5-[(3-methyl-5-oxo-3-(2-(trityloxy)-ethyl)-4-(3-(trity-
loxy)propyl)pyrrolidin-2-ylidene)methanesulfonyl]-3-(2-(trityloxy)ethyl)-4-(3-(tritylo-
xy)propyl)-3,4-dihydro-2H-pyrrole-2-carbonitrile, in a yield of 56%.

A solution of 200 mg sulfide (139 µmol) and 0.148 mL triethyl phosphite (142 mg,
850 µmol) in 2 mL dry benzene was degassed and heated to 120 ◦C for 72 h in a sealed tube.
The mixture was concentrated and chromatographed on aluminium oxide (activity III–IV,
linear gradient of 10–20% EtOAc/hexane) to give 177 mg [2R,3S,4S,5(2Z,3S,4S)]-2,
3-dimethyl-5-[(3-methyl-5-oxo-3-(2-(trityloxy)ethyl)-4-(3-(trityloxy)propyl)pyrrolidin-2-
ylidene)methyl]-3-(2-(trityloxy)ethyl)-4-(3-(trityloxy)-propyl)-3,4-dihydro-2H-pyrrole-2-
carbonitrile as a mixture of diastereoisomers (∼36:6:6:1), in a yield of 90%. Diastereomer-
ically pure material was obtained by HPLC (Nuc 50–10, 10:1:2 hexane/MeOAc/diethyl
ether, +20% hexane, 10 mL/min) to give 130 mg pure A-B-semicorrin as an amorphous
solid, in a yield of 67%.

N S

O
HH

TBDMSO

O

O O
O

H
N

O

SH

N

HH
TBDMSO

O

O O

O
H
N

O

S

1) Ph3P, NaH
2) (PhO)2POCl

3) i-Pr2NEt,

Reference 4.

To a stirred solution of 300 mg allyl (2S,5R,6S,7S)-7-[(1R)-1-[(tert-butyldimethyl-
silyl)-oxy]ethyl]-5-methyl-4,8-dioxo-1-aza-3-thiabicyclo[4.2.0]-octane-2-carboxylate
(0.726 mmol) and 186 mg Ph3P (0.726 mmol) in 6 mL DMF at −20◦C under nitrogen
was added 32 mg 60% NaH (0.798 mmol). After the reaction mixture was stirred for 2 h,
0.165 mL (PhO)2POCl (0.709 mmol) and 9 mg DMAP (0.07 mmol) were added to the
mixture, and the stirring was continued at 0◦C for 2 h. N-[(Allyloxy)carbonyl]cysteamine
(152 mg, 0.944 mmol) and 0.165 mL i-Pr2NEt (0.944 mmol) were added to the mix-
ture, which was allowed to stand at 0◦C in the refrigerator for 3 days. The reaction
mixture was poured into water and extracted with EtOAc. The organic layer was
washed with brine, dried, and evaporated. The residue was purified by silica gel column
chromatography (elution with n-hexane/EtOAc, 3:1) to afford 250 mg allyl (1R,5S,
6S)-6-[(1R)-1-[(tert-butyldimethylsilyl)-oxy]ethyl]-2-[[[2-[(allyloxy)-carbonyl]amino]-
ethyl]thio]-1-methylcarbapen-2-em-3-carboxylate as a yellowish syrup, in a yield of 66%.

Other references related to the Eschenmoser coupling are cited in the literature.9
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Eschenmoser Fragmentation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported concurrently by Eschenmoser1 and Tanabe2 in
1967. It is the cleavage of α,β-epoxyketones under mild conditions to acetylenic aldehydes
or ketones with p-toluenesulfonylhydrazine using pyridine, NaHCO3, or Na2CO3 as a
catalyst.3 Therefore, this reaction is generally known as the Eschenmoser fragmentation.4

Occasionally, it is also referred to as the Eschenmoser-Tanabe Fragmentation5 or α,β-epoxy
ketone cleavage reaction.3 It is interesting that more and more experimental evidence indi-
cates that p-toluenesulfonylhydrazine is not a satisfactory reagent for the cleavage of α,β-
epoxy ketones,3,4a thus alternative sulfonylhydrazines are applied to this reaction, including
p-nitrobenzenesulfonylhydrazine.4a This reaction provides an alternative and spectacular
type of ring expansion for the cyclic ketones.4c The driving force of this reaction arises
from both enthalpic and entropic contributions, due to the formation of toluene sulfinate
and the evolution of nitrogen gas, respectively. This reaction is assumed to proceed via a
concerted mechanism.5b
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

p-Nitrobenzenesulfonylhydrazine3 and mesitylene-sulfonylhydrazine4c have been sub-
stituted for p-toluenesulfonylhydrazine for the Eschenmoser fragmentation.

E. APPLICATIONS

This reaction has been used in the preparation of acetylenic aldehydes and ketones; in
addition, it has been used to synthesize middle-size cyclic ketones.

F. RELATED REACTIONS

This reaction is related to the Bamford-Stevens Reaction, Grob Fragmentation and
Wharton Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

H

H
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H
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H H
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H

H H
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p-NO2ArSO2NHNH2

Py, EtOH, THF, 76%

Reference 4a.

(4aSR,5SR,6aSR,7SR,7aRS,13RS,13aRS,13bRS)-1,2,3,4,4a,5,6,6a,7,7a,8,9,11,11a,12,
13,13a,13b–Octadecahydro-11,11a-epoxy-5,7-bismethoxymethoxy-7,13-methano-10H-
benzo[4,5]cyclohepta[1,2-a]-naphthalen-10-one(60 mg, 0.14 mmol) was dissolved in a
mixture of 2 mL THF and 5 mL ethanol, and the solution was cooled to −78◦C. 4-
Nitrobenzenesulfonyl hydrazide (34 mg, 0.16 mmol) was dissolved in 2 mL THF, and this
solution was added to the cooled solution. The resulting solution was placed in an ice bath
and stirred for 1 h. After which, 14 mg pyridine (0.18 mmol) was added, and the solution
was allowed to warm to room temperature and the stirring was continued for a further 8 h.
The resulting yellow solution was diluted with 10 mL 1 M NaOH and then extracted with
EtOAc (3 × 15 mL). The organic layers were combined and washed with water (2 × 25 mL)
and then brine (25 mL), and dried and evaporated in vacuo to give the crude alkynyl
ketone. The crude product was purified by column chromatography (EtOAc/petroleum
spirit, 1:3) to give 44 mg (4aSR,5SR,6aSR,7SR,8RS,11SR,11aRS,11bRS)-1,2,3,4,4a,
5,6,6a,7,8,10,11,11a,11b-tetradecahydro-8-(but-3′ -ynyl)-5,7-bismethoxymethoxy-7,11-
methano-9H-cyclohepta[a]naphthalen-9-one as a clear oil that solidified on standing, in a
yield of 76%, Rf = 0.50 (EtOAc/petroleum spirit 1:3).

Reference 3.

To a solution of 0.576 g 2,4-dinitrophenylsulfonylhydrazine (2.2 mmol) in 20 mL THF
cooled to −25◦C was added 0.224 g 2,3-epoxy cyclohexan-1-one (2 mmol). The reaction
mixture was kept at −25 to −30◦C for 30 min and then at −10◦C for 30 min. The mixture
was allowed to warm to 0◦C, dried at this temperature over anhydrous magnesium sulfate
for 20 min, and filtered below 0◦C. After being stirred for 1 min a drop of pyridine was
added and the stirring was continued. The mixture was taken out of the ice bath, and after
2 min another drop of pyridine was added. This caused an extensive effervescence, and the
mixture turned deep orange in color. After 2 min, more pyridine (a total of 0.16 g, 2 mmol)
was added, and the stirring was continued for 5 min. The mixture was filtered through Celite
545, and the filtrate was stirred with 1 g powdered CuSO4·5H2O for 25 min. It was filtered,
and the volatile substances from the filtrate were transferred under vacuum (0.03 mmHg) at
ambient temperature into a receiver containing 0.792 g 2,4-dinitrophenylhydrazine (4 mmol)
in 75 mL THF. The mixture was stored at 25–30◦C for 48 h. The solvent was removed by
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rotary evaporation, and the residue was purified by preparative TLC on silica gel (methylene
chloride, Rf = 0.8) to give 342 mg of the orange crystalline 2,4-dinitrophenylhydrazone
of 5-hexynal, in a yield of 62%, m.p. 90–9l◦C.

Other references related to the Eschenmoser fragmentation are cited in the literature.6
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Eschweiler-Clarke

Methylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Eschweiler in 1905,1 and subsequently by
Clarke and co-workers in 1933.2 It is the preparation of tertiary methylamines from
primary or secondary amines by means of the treatment of those amines with an
excess amount of aqueous formaldehyde and formic acid. Therefore, it is gener-
ally known as the Eschweiler-Clarke methylation.3 In addition, this reaction is also
referred to as the Eschweiler-Clarke condition,4 Eschweiler-Clarke N-methylation,5

Eschweiler-Clarke procedure,3j,6 Eschweiler-Clarke reaction,3d,3g,3j,7 Eschweiler-Clarke
reductive methylation,8 Eschweiler-Clarke reductive N-methylation,9 Clarke-Eschweiler
methylation,10 Clarke-Eschweiler reaction,10b,10c,11 or Clarke-Eschweiler procedure.11 In
this reaction, the formate anion donates its proton to reduce the imine or iminium salt, so that
carbon dioxide is evolved. Thus the whole process is a reductive amination of formaldehyde.
This reaction is very useful for the reductive amination, without the application of hydrogen
gas, catalyst (e.g., Pd/C), and high-pressure apparatus and has been widely applied to alka-
loid chemistry. A special case of such reductive amination that occurs on phenylethylamine
and results in the formation of tetrahydroisoquinolines is also referred to as the Clarke-
Eschweiler cyclization.7d,10b,10c In a few cases, the methylation also occurs on an aromatic
ring during the reductive amination.3j
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has wide application in the methylation of primary and secondary amines.

F. RELATED REACTIONS

This reaction is related to the Leuckart Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N
H

H
N HCOOH

CH2O

N

N

Reference 3a.

Formic acid (96% aqueous solution, 0.69 mL, 17.5 mmol, 5 eq.) was cooled to
0◦C in an ice water bath, and 0.99 g (1S,2S)-(+)-N,N ′-bis(3,3-dimethylbutyl)-1,2-
cyclohexanediamine (3.5 mmol, 1 eq.) was added slowly. A 37% aqueous formaldehyde
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solution (7.7 mmol) was then added in one portion, and the solution was heated until car-
bon dioxide evolution began, at which time heating was discontinued. Once the formation
of gas was no longer apparent, heating was resumed for 14–22 h. The cooled reaction
mixture was then poured onto ice-cooled 10% aqueous hydrochloric acid (3.85 mmol,
1.1 eq.) and washed with four portions of diethyl ether. The pH of the aqueous phase was
adjusted to 10 by the addition of solid NaOH pellets, and the solution was extracted with
two portions of diethyl ether. The combined organic portions were dried over a potassium
hydroxide-sodium sulfate mixture and concentrated by rotary evaporation. Rigorous drying
of the product by heating with sodium metal and subsequent Kugelrohr distillation from
fresh sodium provided 0.75 g (1S,2S)-(+)-N,N ′-bis(3,3-dimethylbutyl)-N,N ′-dimethyl-1,2-
diaminocyclohexane as a clear, colorless oil, in a yield of 68%, b.p., 140–145◦C (5 mmHg).

N
N NH

HCOOH

CH2O
N

N N

Reference 3d.

A mixture of 0.14 g 11-methylene-1,5,9-triazabicyclo[7.3.3]pentadecane (0.63 mmol),
78 µL 90% formic acid (1.5 mmol), and 54 µL 37% aqueous formaldehyde (0.66 mmol)
was heated in an oil bath at 120◦C for 16 h. The reaction mixture was basified with 10 M
aqueous KOH solution and extracted with CHCl3. The CHCl3 layer was dried over MgSO4
and filtered. The filtrate was concentrated by rotary evaporation and dried under vacuum.
The crude oily product was distilled from powdered KOH, yielding 65 mg 5-methyl-11-
methylene-1,5,9-triazabicyclo[7.3.3]pentadecane as a colorless oil, in a yield of 43%, b.p.
100–110◦C (0.3 mmHg).

Other references related to the Eschweiler-Clarke methylation are cited in the literature.12

H. REFERENCES

1. Eschweiler, W., Ber., 1905, 38, 880.

2. (a) Clarke, H. T.; Gillespie, H. B. and Weisshaus, S. Z., J. Am. Chem. Soc., 1933, 55, 4531.
(b) Clarke H. T.; Gillesoie H. B. and Weishauss S. Z.,J. Am. Chem. Soc., 1933, 55, 4571.

3. (a) Mealy, M. J.; Luderer, M. R.; Bailey, W. F. and Sommer, M. B., J. Org. Chem., 2004, 69, 6042.
(b) Chen, F.-L. and Sung, K. S., J. Heterocycl. Chem., 2004, 41, 697. (c) Kočovský, P.; Vyskočil,
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7. (a) Dollé, V.; Nguyen, C. H.; Legraverend, M.; Aubertin, A.-M.; Kirn, A.; Andreola, M. L.;
Ventura, M.; Tarrago-Litvak, L. and Bisagni, E., J. Med. Chem., 2000, 43, 3949. (b) Bernet, B.;
Piantini, U. and Vasella, A., Carbohydr. Res., 1990, 204, 11. (c) Lindeke, B.; Anderson, E. and
Jenden, D. J., Biomed. Mass Spectrom., 1976, 3, 257. (d) Castrillón, J. A., J. Am. Chem. Soc.,
1952, 74, 558.

8. Hurley, C. A.; Wong, J. B.; Hailes, H. C. and Tabor, A. B., J. Org. Chem., 2004, 69, 980.

9. Lee, S.-S.; Wu, W.-N.; Wilton, J. H.; Beal, J. L. and Doskotch, R. W., J. Nat. Prod., 1999, 62,
1410.

10. (a) Snider, B. B. and Gu, Y. H., Org. Lett., 2001, 3, 1761. (b) Cope, A. C. and Burrows, W. D.,
J. Org. Chem., 1966, 31, 3099. (c) Cope, A. C. and Burrows, W. D., J. Org. Chem., 1965, 30,
2163.

11. Baltzly, R., J. Am. Chem. Soc., 1953, 75, 6038.

12. (a) Kitbunnadaj, R.; Hashimoto, T.; Poli, E.; Zuiderveld, O. P.; Menozzi, A.; Hidaka, R.; de Esch,
I. J. P.; Bakker, R. A.; Menge, W. M. P. B.; Yamatodani, A.; Coruzzi, G.; Timmerman, H. and
Leurs, R., J. Med. Chem., 2005, 48, 2100. (b) Fraenkel, G. and Liu, H., J. Am. Chem. Soc., 2004,
126, 5202. (c) Wijtmans, M.; Pratt, D. A.; Brinkhorst, J.; Serwa, R.; Valgimigli, L.; Pedulli, G.
F. and Porter, N. A., J. Org. Chem., 2004, 69, 9215. (d) Boros, E. E.; Samano, V.; Ray, J. A.;
Thompson, J. B.; Jung, D. K.; Kaldor, I.; Koble, C. S.; Martin, M. T.; Styles, V. L.; Mook, R. A.;
Feldman, P. L.; Savarese, J. J.; Belmont, M. R.; Bigham, E. C.; Boswell, G. E.; Hashim, M. A.;
Patel, S. S.; Wisowaty, J. C.; Bowers, G. D.; Moseley, C. L.; Walsh, J. S.; Reese, M. J.; Rutkowske,
R. D.; Sefler, A. M. and Spitzer, T. D., J. Med. Chem., 2003, 46, 2502. (e) Selva, M.; Tundo,
P. and Perosa, A., J. Org. Chem., 2003, 68, 7374. (f) Debremaeker, D.; Visky, D.; Chepkwony,
H. K.; van Schepdael, A.; Roets, E. and Hoogmartens, J., Rapid Commun. Mass Spect., 2003,
17, 342. (g) Binet, J.; Thomas, D.; Benmbarek, A.; de Fornel, D. and Renaut, P., Chem. Pharm.
Bull., 2002, 50, 316. (h) Wikening, R. R.; Ratcliffe, R. W.; Doss, G. A.; Mosley, R. T. and Ball,
R. G., Tetrahedron, 1997, 53, 16923. (i) Xu, J. and Yadan, J. C., J. Org. Chem., 1995, 60, 6296.
(j) Casanova, J. and Devi, P., Synth. Commun., 1993, 23, 245. (k) Farkas, E. and Sunman, C. J.,
J. Org. Chem., 1985, 50, 1110. (l) Takemura, H.; Suenaga, M.; Sakai, K.; Kawachi, H.; Shinmyozu,
T.; Miyahara, Y. and Inazu, T., J. Incl. Phenom. Macrocycl. Chem., 1984, 2, 207. (m) Cannon,
J. G. and Milne, L. D., J. Heterocycl. Chem., 1976, 13, 685. (n) Tichy, M. and Vasickova, S.,
Coll. Czech. Chem. Commun., 1974, 39, 555. (o) Pine, S. H. and Sanchez, B. L., J. Org. Chem.,
1971, 36, 829. (p) Mathison, W.; Beasley, J. G.; Fowler, K. C. and Peters, E. R., J. Med. Chem.,
1969, 12, 928. (q) Kametani, T.; Noguchi, I. and Saito, K., J. Heterocycl. Chem., 1969, 6, 869.
(r) Nelson, W. L., J. Heterocycl. Chem., 1968, 5, 231. (s) Reinhold, V. N.; Ishikawa, Y. and
Melville, D. B., J. Med. Chem., 1968, 11, 258. (t) Newman, M. S. and Lloyd, H. A., J. Am. Chem.
Soc., 1952, 74, 2672. (u) Moore, M. L., “The Leuckart Reaction” in Organic Reactions, ed.
Adams, R., John Wiley & Sons, New York, 1949, 5, pp. 301–330. (v) Icke, R. N. and Wisegarver,
B. B., Org. Synth., 1946, 25, 89. (w) Icke, R. N. and Wisegarver, B. B., Org. Synth., 1946, 25,
89. (x) Wagner, E. C., J. Am. Chem. Soc., 1933, 55, 724. (y) Werner, E. A., J. Chem. Soc., 1917,
111, 844. (z) Decker, H. and Becker, P., Ann., 1913, 395, 343. (aa) Decker, H. and Becker, P.,
Ber., 1912, 45, 2404.



221
Ester Pyrolysis

A. GENERAL DESCRIPTION OF THE REACTION

It is said that this reaction was initially observed by Smith in 18421 or Heintz in 1854.2

It is the unimolecular thermal cleavage of esters that hold β-hydrogen(s) on the alcoholic
moiety via cis-elimination to form olefins without a carbon skeleton isomerization or double
bond shift.2b Carboxylic acids are the by-products in this reaction. This reaction is good
for esters containing volatile components of either acid or alcohol.1b It is assumed that
the major controlling factor in ester pyrolysis is the difficulty to form a p-π conjugation
between carbonyl oxygen and β-hydrogen in the ground state of the ester, that is, the stronger
the conjugation (in the manner of semipolar six-membered cyclic ring), the easier for the
pyrolysis to occur.3 Therefore, it is found that γ-lactones are stable at 600◦C, whereas larger
lactones that can form a transient six-membered ring decompose at 500◦C.4 Although this
reaction was thought to be concerted initially,5 more experimental evidence indicates that
it occurs via a semipolar six-membered transition state, with a partial negative charge on
the departing oxygen atom.6 It was found that the Hofmann Rule is followed in pyrolysis of
the esters with aliphatic alcohols, in which the olefinic mixtures show a similar ratio of avail-
able β-hydrogens in the alcoholic component.2b,7 As a result, the more primary protons, the
easier for the pyrolysis; to an extreme extent, even tert-butyl acetate pyrolyzes at 360◦C.5b

For the case of tert-butyl esters, the pyrolysis rate is linear to the pKa of the corresponding
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acids;8 in contrast, the pyrolysis rate of isopropyl α-haloacetates is on the order of I > Br
> Cl > F.8 It was reported that when the acyl portion is varied within a series of esters, the
pyrolysis temperature decreases in a zigzag fashion, by which the esters from acids with an
even number of carbon atoms are slightly more stable than their neighboring analogues.9

This reaction is especially important in thermal modification, recycling, and degradation of
polyesters (poly ε-caprolactone)10 and the synthesis of olefins that are difficult to obtain,2b

such as the highly unsaturated compounds (e.g., 2-vinylbutadiene).11 A few examples of
ester pyrolysis that give special products are the formation of methylenecyclobutenone from
the flash vacuum pyrolysis of furfuryl benzoate,12 alkyl or aryl phenyl 2-methylene-1,3-
diones from 3-phenylpropargyl esters,13 and cyclic ethers containing three- to six-membered
rings from cyclic carbonates with one or two hydroxyl groups.14

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

R1 O

O

R2 ∆
H

O
O

R1

R2

R1 OH

O

R2

+

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been widely applied to the synthesis of a variety of olefins and other
special compounds (e.g., cyclic ethers).

F. RELATED REACTIONS

This reaction is related to the Chugaev Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

O

CH3

O Ph

O

FVP

CH2O

CH3 O

O
+

16% 18%

Reference 12.

A 2.0 g 3-methylfurfuryl benzoate (9.25 mmol) was flash vacuum pyrolyzed at 630◦C
in the normal manner. A quantitative 1H NMR analysis of the pyrolysate indicated the
presence of 3-methyl-4-methylenecyclobutenone in a 21% yield and its dimmer in a
24% yield. Thick layer chromatography on silica gel plates (2000 µ) using two elu-
tions with 20% EtOAc in hexanes afforded two major bands. The upper band consisted of
0.313 g 4H,5H,9H,10H-cycloocta[1,2-b:6,5-b′]difuran, in a yield of 18%, m.p. 49–52◦C.
The lower band was concentrated to give 0.139 g 3-methyl-4-methylenecyclobutenone, in
a yield of 16%.

O

O

∆

OH

O

58%

Reference 15.

A pyrolysis tube packed with Vycor Raschig rings was used in the standard pyroly-
sis apparatus, and 7.59 g 11-hydroxyhendecanoic acid lactone (41.2 mmol) was dropped
through the pyrolysis tube at 520◦C at a rate of 0.95 g/min to yield 6.87 g pale yellow liquid
pyrolysate. A small amount of carbon was deposited in the pyrolysis tube. Titration at 0◦C
of a small portion of the pyrolysate dissolved in 95% ethanol indicated that the pyrolysate
contained 86% of hendecenoic acid. The acid was separated from the lactone by 0.5 N
sodium bicarbonate solution, then 0.5 N HCl and ether. The solvent was removed from the
final ether extracts by distillation under reduced pressure, and the residue was dried in a
vacuum desiccator to give 3.98 g 10-hendecenoic acid, in a yield of 58% (based on the
weight of the pyrolysate), m.p. 17–19.6◦C.

Other references related to the ester pyrolysis are cited in the literature.16
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Étard Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Étard in 1880.1 It is the oxidation of hydrocarbons
by hexavalent chromium compounds (chromyl chloride,2 i.e., chromatic acid chloride) to
form a mixture of alcohol, carbonyl compounds (aldehyde or ketones), chloro-ketones, or
aldehydes and the starting material.3 Therefore, this reaction is generally known as the Étard
reaction.2,4 In this reaction, a highly hygroscopic brown powder forms3b which is called
the Étard Complex3a,3b,5 and is a heterogenous, oligomeric material3a containing carbonyl
compounds and at least 2 equivences of chromium atom in a valence of IV and VI.4i,6 It was
found that the carbonyl compound functions as a ligand in the Étard complex3a,3b and can
be displaced by other coordinating solvents, such as acetonitrile, acetone, and water.3b The
wide distribution of products3 (alcohols, ketones, chloroketones, and even epoxides7) and
the lack of specificity8 at the reaction site reduce the yields of the desired compounds.9 As
a result, this reaction is almost useless for organic synthesis, and the corresponding reaction
mechanism is not clear either.8 However, the oxidation of methylated homologs of benzene
using chromyl chloride is an effective method for preparing aromatic aldehydes.6,9,10

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

It is assumed that chromium (VI) is reduced by hydrocarbons via the formation of a Cr-C
bond in the Étard reaction,8 as outlined below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare aromatic aldehydes.

F. RELATED REACTIONS

This reaction is related to the Corey-Schmidt Oxidation and Corey-Suggs Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

CrO2Cl2

Cl O O

Cl
+ +

Reference 3b.

The setup of thus reaction was done inside a glove box. To a greaseless Pyrex reaction
vessel with small stir bar sealed with a Teflon valve with a ground, glass joint attachment
was added 1 mL purified cyclohexane using a volumetric flask. Into the flask was syringed
20.0 ± 0.3 µL of CrO2Cl2 (0.247 mmol). The needle valve on the reaction flask was
quickly closed, and the reaction vessel was removed from the glove box. The flask was then
placed in a light-free, temperature-controlled circulating water bath at 80◦C, and the reaction
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mixture was set stirring. Over approximately 8 h, a brown solid formed on the bottom of the
reaction vessel, while the solution turned from clear red to colorless. The reaction vessel was
removed from the hot water and immediately frozen in a dry ice–acetone bath followed by
the addition of 1.5 mL 0.1 M Na2S2O3, yielding a clear green aqueous layer and a colorless
organic phase. Chloroform (4 mL) and 10.0 ± 0.3 µL of n-heptane standard were added.
After being stirred for 10–15 min, a 1 mL aliquot of the organic layer was pipetted into a vial
followed by 30 mL TMEDA. The resulting solution was analyzed by GC/FID and GC/MS,
indicating 10% chlorocyclohexane, 8.0% cyclohexanone, and 2.5% chlorocyclohexanone.

Other references related to the Étard reaction are cited in the literature.11
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Evans Aldol Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Evans and co-workers in 1979.1 It is the dia-
stereoselective addition of the dibutylboryl enolate of chiral N-acyl-oxazolidone to alde-
hydes. In this reaction, the chiral auxiliary will help the generated enolate from the acyl
part to take different conformations, depending on the presence or absence of oxophilic
metal, to form the chelated coordination between the metal cation and the oxygens of two
carbonyl groups.2 The chiral N-acyl-oxazolidone is called the Evans reagent.2 Because
this reaction provides the most reliable means for controlling the vicinal syn stereogenic
centers (especially for the case of propionate, with a diastereoselectivity of > 140:1 to
500:13), irrespective of the absolute configuration of α-branched aldehydes (i.e., a toler-
ance for a broad range of aldehydes, either alkyl or aryl, hindered or unhindered),4 it has
been successfully applied to the syntheses of many natural products (e.g., phyllanthocin,5

and tautomycin6), especially the macrolides (amphidinolide B1,7 tedanolide,8 (+)-rhizoxin
D,9 altohyrtin A,10 salicylihalamides,11 bafilomycin A1,12 aplyronine A,13 etc.). It has
been modified extensively to different variations, including the application of Lewis
acid,2,14 the modification of chiral auxiliaries (e.g., replacement of oxazolidone with
3,4,5,6-tetrahydro-2H-1,3,4-oxadiazin-2-ones (oxadiazinones)15 or thiazolidinethione14),
the application of different chelating metals.16 Because of these modifications, this reac-
tion gradually gained different names, including the Evans asymmetric aldol reaction,2,17

Evans aldol condensation,9,18 Evans aldol methodology,19 Evans aldol process,19 Evans
aldol reaction,4,5,9,11,13,20 Evans catalytic asymmetric aldol reaction,21 Evans syn-aldol
addition,14 Evans-Tischenko reaction,22 and Tischenko-Evans reaction.23 For the special
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case of an aldol reaction in the presence of a Lewis acid, both “non-Evans” syn- and anti-
aldol products can be generated, depending on the size of the applied Lewis acid (e.g., TiCl4
and Et2AlCl) or the experimental procedure (slow addition of SnCl4 or TiCl4).2 The non-
Evans anti-aldol product predominates if a large Lewis acid is used, such as Et2AlCl, or the
formation of a reactive 2:1 complex via the slow addition of TiCl4; the non-Evans syn-aldol
product will be formed favorably if a small Lewis acid such as SnCl4 is applied. Coupling
with the original Evans condition, three out of four aldol products can be produced selec-
tively. Although the diastereoselectivity is not perfect, a product with high enantiomeric
purity can be easily purified via crystallization.2

In addition, under the help of a chiral auxiliary group, the generated enolate can also
react with electrophiles to form α-alkylated ketones,4 and this specific reaction is called
Evans alkylation24 (such as in the case for the preparation of discodermolide4).

B. GENERAL REACTION SCHEME

N O

R

OO

N O

R

OO

R

OH

RCHO

LDA
(R = i-Pr, Bn, etc.)

N O

R

OO

N O

R

OO

R

OH
i-Pr2NEt/Bu2BOTf

TiCl4, RCHO

N O

R

OO

N O

R

OO

R

OH
i-Pr2NEt/Bu2BOTf

Et2AlCl, RCHO

C. PROPOSED MECHANISMS
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D. MODIFICATION

As for the characteristic controlling of stereochemistry during aldol reaction, the Evans
aldol reaction has been extensively modified through the application of Lewis acids,2,14

chiral auxiliaries (e.g., oxazolidone,1,2 oxadiazinones,15 thiazolidinethione14), chelating
metals,16 etc.

E. APPLICATIONS

This reaction is very useful for the preparation of the compounds with specific vicinal
stereogenic centers.

F. RELATED REACTIONS

This reaction is related to the Aldol Reaction, Mukaiyama Aldol Reaction, and Tischenko
Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N O

Bn

O

Bu2BO H
OBn

O OTBDMS

NO

Bn

O O

OBn

OH OTBDMS

+

Reference 12.

To a solution of 0.160 g propionyl (5S)-5-benzyl oxazolidinone (0.688 mmol) in 1.5 mL
CH2Cl2 at 0◦C were added dropwise 0.206 mL Bu2BOTf (0.812 mmol, 1.18 eq.) and
0.125 mL Et3N (0.908 mmol, 1.32 eq.). After 20 min, the reaction mixture was cooled
to −78◦C, and 0.246 g (-)-phenyl (2R,3R)-4-benzyloxy-3-(tert-butyldimethylsiloxy)-2-
methylbutyrate (0.764 mmol, 1.1 eq.) in 0.3 mL CH2Cl2 was added dropwise. After 1 h
at −78◦C and 2 h at 0◦C, 0.756 mL of a buffered phosphate solution (pH = 7) was added
followed by the addition of 2.27 mL MeOH and a mixture of 30% H2O2/MeOH (2:1 ratio).
After 1 h at 0◦C, the reaction mixture was concentrated under vacuum, and ether was added
followed by a saturated aqueous Na2S2O4 solution. The aqueous solution was extracted
with ether (four times), and the organic phases were washed with a saturated aqueous
NaHCO3 solution and then with brine. The resulting solution was dried over MgSO4,
filtered, and evaporated and the residue was purified by flash chromatography on silica gel
(petroleum ether/EtOAc, 4:1) to give 0.305 g (+)-(4S)-3-[(2S,3R,4S,5R)-6-benzyloxy-5-
(tert-butyldimethylsiloxy)-3-hydroxy-2,4-dimethyl-hexanoyl]-4-benzyloxalidin-2-one as a
colorless oil, in a yield of 80%, Rf = 0.33 (petroleum ether/EtOAc, 4:1).
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Reference 11.

To a stirred, cooled (0◦C) solution of 2.86 g (4S)-4-(phenylmethyl)-3-propanoyl-
1,3-oxazolidin-2-one (12.3 mmol) in 100 mL CH2Cl2 was added dropwise 1.42 mL
titanium(IV) chloride (2.44 g, 12.9 mmol); the mixture was allowed to stir for 5 min.
Subsequently, 7.04 mL (-)-sparteine (7.19 g, 30.7 mmol) was added to the yellow
slurry. The dark red enolate solution was stirred for 20 min at 0◦C before a solu-
tion of 4.76 g (3R)-3-{[tert-butyl(dimethyl)silyl]oxy}-5-[(4-methoxy-benzyl)oxy]pentanal
(13.5 mmol) in 50 mL CH2Cl2 was added dropwise, and the mixture was stirred for 1 h
at 0◦C. The reaction was quenched with 20 mL half-saturated ammonium chloride.
After separation of the layers, the organic layer was dried over Na2SO4, filtered, and
concentrated in vacuo. Purification of the residue by flash chromatography afforded
5.67 g (4R)-4-benzyl-3-{(2R,3R,5R)-5-{[tert-butyl(dimethyl)silyl]oxy}-3-hydroxy-7-[(4-
methoxybenzyl)oxy]-2-methylheptanoyl}-1,3-oxazolidin-2-one as a colorless oil, in a yield
of 79%. Rf = 0.33 (petroleum ether/Et2O, 2:3).

Other references related to the Evans aldol reaction are cited in the literature.25
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Favorskii Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Favorskii in 1894.1 It is a base-induced rear-
rangement of α-halo ketones to the corresponding carboxylic acid derivatives (e.g., acids,
esters, and amides) with the same number of carbon atoms in the skeletons; and the bases
can be hydroxide, alkoxide, or amines.2 Therefore, it is generally known as the Favorskii
rearrangement.3 Occasionally, it is also referred to as the Favorskii reaction.4

There have been at least six different mechanisms proposed for this rearrangement:
(a) the addition of alkoxide to the carbonyl group with the concomitant extrusion of a
halide ion to form a final product via the intermediate of epoxide;5 (b) the reaction of a
nucleophile with a ketene generated by the base-induced elimination of hydrogen halide;6

(c) the addition of alkoxide to the carbonyl group followed by the 1,2-migration of an
alkyl group (similar to the Benzilic Acid Rearrangement; therefore, it is also called the
semibenzilic acid mechanism7 or abnormal or quasi-Favorskii rearrangement8); (d) the
unimolecular dissociation of an α-halo ketone to a carbonium ion, which tautomerizes to
isomeric carbonium then rearranges to product;9 (e) the generation of a carbanion by depro-
tonation of α′-hydrogen followed by a nucleophilic substitution to form cyclopropanone,
which undergoes rearrangement to a final product during alkoxide attacks10 (this mech-
anism is also called the Loftfield mechanism11 or cyclopropanone mechanism12); and
(f ) the formation of an oxyallylic anion that undergoes [4+3] cycloaddition.13 Among
these mechanisms, the semibenzilic acid mechanism and cyclopropanone mechanisms are
most plausible.7b,12a When α′-hydrogens are available, the cyclopropanone mechanism is
preferred,10−12 whereas semibenzilic acid mechanism comes into play in the absence of
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α′-hydrogens (e.g., in nonenolizable ketones7b,14a) or when the formation of cyclo-
propanone is prevented.14 However, it has been reported that in the gas phase the
semibenzilic acid mechanism is more favorable,7b,12a and the oxyallylic mechanism can be
limited using a non-nucleophilic solvent such as trifluoroethanol.13a Similarly, many exper-
imental results have shown that the actual reaction mechanisms depend on the reaction
conditions.15 Even the cyclopropanone mechanism can be concerted or unconcerted.16 In
this reaction, the deprotonation is the rate-limiting step, followed by a quick halo extrusion.17

In the case of cyclic α-halo ketones, ring contraction occurs.13b,18 A similar reaction occurs
on β-halo ketones via the elimination of a hydrogen halide to cyclobutanone followed
by the scission of cyclobutanone, known as the homo-Favorskii rearrangement.11,19 This
reaction has been proved to be a useful tool for synthesizing the highly strained esters,
bicyclic esters,13b and some steroids,20 norsteriods,21 etc. In addition, this reaction has
been successfully applied to the synthesis of saturated pyrollidine derivatives.18a Similarly,
the base-induced rearrangement of ketimines will afford imidates or amides.12b More details
about this reaction are described in reviews.22

B. GENERAL REACTION SCHEME

R

O

X

R

O

X
R OH

O
or

Base

O

X
COOH

Base X = Cl, Br, etc.
Base = KOH, NaOH, NaOMe, etc.

C. PROPOSED MECHANISMS

Although several mechanisms have been proposed for this reaction, only cyclopropanone
mechanism (Scheme 1) and benzilic acid mechanism (Scheme 2) are displayed here.

SCHEME 1. Favorskii rearrangement via cyclopropanone mechanism.
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SCHEME 2. Favorskii rearrangement occurring a benzilic acid mechanism.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been successfully used to prepare bicyclic esters, steroids, norsteroids,
pyrollidine, etc.

F. RELATED REACTIONS

This reaction is related to Benzilic Acid Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Reference 13a.

To a solution of 50 mg 1,1-dichloro-7-furan-3′-yl-heptan-2-one (0.20 mmol) in 0.25 mL
1,1,1-trifluoroethanol (0.8 M) was added 60 µL triethylamine (0.44 mmol) at room temper-
ature. The reaction mixture was heated at 50◦C (oil bath) for 24 h before quenching with
water and extracting with CH2Cl2. The organic layer was dried over MgSO4 and concen-
trated to give a residue that was purified by column chromatography (5:1, hexane/EtOAc)
to give 31.3 mg an inseparable mixture of trifluoroethyl acrylic esters in a 4:1 ratio, in a
yield of 57%, Rf = 0.68 (hexane/EtOAc, 5:1).
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Br
O

MeO Li
OH

OMe
MeO

+
THF

(91%)

Reference 8a.

To a cooled solution of 100 mg bromoketone (0.44 mmol) in 4.4 mL THF at −78◦C was
added 2.2 eq. of 4-methoxyphenyl lithium solution dropwise. After being stirred at −78◦C
for 1 h, the reaction mixture was warmed to room temperature over 2 h and then stirred for
an additional 4 h. It was quenched with distilled water, extracted by ether (3 × 10 mL),
washed with brine (5 mL), dried over MgSO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography with 5% EtOAc in hexane to
yield 91% of bis(4-methoxyphenyl)tricyclo[4.2.1.02,5]non-7-en-2-ylmethanol as an oil.

Other references related to the Favorskii rearrangement are cited in the literature.23
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Favorskii-Babayan

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Favorskii in 19051 and subsequently extended
by Babayan in 1939.2 It is a base-promoted or -catalyzed ethynylation of aldehydes and
ketones to produce secondary or tertiary acetylenic alcohols or glycols using anhydrous
KOH or NaOH.3 Therefore, it is generally known as the Favorskii-Babayan reaction4 or
Favorskii reaction.5 Although it has been proposed that this reaction might involve a reaction
between acetylene and the adduct from the ketone and KOH1 or a coupling of potassium
acetylide with the carbonyl compounds,6 the most recent experimental results indicate that
potassium hydroxide and acetylene first form a complex, rather than potassium acetylide
in liquid ammonia, which then reacts with carbonyl compounds to form the acetylenic
alcohols, where ammonia functions as a co-catalyst.3 The experimental evidence includes
(a) the loss of acetylene by the thermal decomposition of the formed dry complex at 1 mmHg
and 100˚C within 4 h, whereas almost no decomposition occurs on potassium acetylide;
(b) no stretch peak of the carbon-carbon triple bond and C−H bond on infrared spectra,
indicating the contribution of the carbon-carbon triple bond and acetylic proton into the
complex; and (c) strong association of the complex with an electron-donating solvent, such
as ammonia or diisopropyl ether, and a part of the solvent remains after prolonged vacuum
drying for the solvent-associated complex. The formed acetylenic alcohols can be used as
nonionic surfactants.7 It has been reported that NaOH also works for this reaction, although
it is not as effective as KOH; moreover, LiOH is almost inert for this reaction.3 It should be
pointed out that the Favorskii-Babayan reaction also occurs in the presence of a catalytic
amount of KOH.8
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B. GENERAL REACTION SCHEME

R1 R2

O
HC CH KOH

R1

HO
CHR2+ +

C. PROPOSED MECHANISMS

Displayed below is the reaction mechanism modified from Tedschi’s work.3

D. MODIFICATION

This reaction has been modified by using a catalytic amount of KOH.8

E. APPLICATIONS

This reaction has been used in the preparation of acetylenic alcohols that are used for
nonionic surfactants.7

F. RELATED REACTIONS

This reaction is related to the Arens-van Dorp Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

O
HC CH

HO
CH

HO
CH KOH

+

Reference 3.

Note: The preparation of methylbutynol-KOH adduct is written according to the prepa-
ration of the corresponding sodium adduct. Into a 1-L stainless-steel autoclave liner, under
anhydrous conditions, was weighed 16.8 g finely ground potassium hydroxide (0.30 mol).
The tightly sealed liner was quickly transferred to a standard 1-L stirred autoclave under
a positive flow of dry nitrogen. To the sealed autoclave then was added 320 mL liquid
ammonia followed by 40 g methylbutynol (0.48 mol) at a temperature of 14–20◦C. The
reaction mixture was stirred for 3.5 h and isolated in the usual manner using hexane as the
inert diluent. The isolated adduct was dried under vacuum to constant weight.

To a 1-L stirred autoclave was added 0.10 mol methylbutynol-KOH adduct, 1.6 mol
acetylene, and 200 mL liquid ammonia. Then 1.6 mol acetone was introduced into the
autoclave within 30 min at 30–32◦C. The total pressure in the autoclave averaged 160–
185 psi. After 1.5 h, ammonia was vented, and dry CO2 gas was introduced into autoclave
to neutralize the catalyst complex to KHCO3 and methylbutynol. The total conversion to
methylbutynol before distillation was 97%, the catalytic conversion was 1170%, and the
conversion to pure methylbutynol was 88%, b.p., 103–104◦C.

Other references related to the Favorskii-Babayan reaction are cited in the literature.9
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Feist-Bénary Reaction

(Feist-Bénary Furan Synthesis,
Feist-Bénary Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

It was first reported by Feist in 19011 for preparing furan derivatives via the base-
promoted condensation of β-dicarbonyl compounds with α-haloketones, and subsequently
extended by Bénary in 1911 using 1,2-dichloroethyl ether and acetoacetic acid esters.2

Therefore, the synthesis of furan derivatives by treatment of an α-halo ketone and β-
dicarbonyl compound with a base is known as the Feist-Bénary condensation,3 Feist-Bénary
furan synthesis,4 Feist-Bénary cyclocondensation,5 or Feist-Bénary reaction.6 The bases
used are normally ammonia and pyridine, however, it was found advantageous to use aque-
ous pyridine to effect this reaction instead of ammonia, because the production of pyrrole
derivative is obviated and the yield of the furan derivative is increased.7 It was found
that the first step is an Aldol Condensation,6e and the regioselectivity could be inverted if
the alkylation of β-keto esters is carried out followed by the acid treatment.8 In addition,
the intermediate dihydrofuran can be isolated with good diastereoselectivity under mild
conditions, and normally cis isomer is yielded when moderately acidic nucleophiles are
used, whereas trans-isomers will be generated when highly acidic dicarbonyl compounds
are used as nucleophiles.5c,5d This reaction has been extended to prepare furan from α,β-
dichloroethyl ether and β-ketoester in aqueous pyridine solution to reduce the formation of
pyrrole.7,9
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B. GENERAL REACTION SCHEME

R1
Cl

O R2 R3

O O

O

R1

R2

O

R3

+
NH3 or pyridine

R1, R2 = alky
R3 = alkyl, alkoxyl)

C. PROPOSED MECHANISMS

Displayed below is the reaction mechanism using ammonia as the base.

D. MODIFICATION

This reaction has been modified by temporarily terminating the reaction to obtain the
dihydrofuran derivatives.6c,6d In addition, this reaction has been carried out under an acidic
conditions, such as in the presence of TFA,5e and by using 10% Et3N as the base.6d

Moreover, α,β-dichloroethyl ether has been used to substitute for the α-halo ketones.7,9

Other modifications include the reaction of dicarbonyl compounds with acetylenes10 and
aldehydes.11 Furthermore, a general preparation of five-membered heterocycles, including
furans—although not related to the Feist-Bénary reaction—is also considered as a relevant
modification.3a

E. APPLICATIONS

This reaction has general applications in the preparation of furan derivatives.
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F. RELATED REACTIONS

This reaction is related to the Hantzsch Pyrrole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Br

OButO2C

ButO2C H

CO2But

O

Et3N

CH2Cl2
O

CO2ButOH
ButO2C

ButO2C

+

cis:trans = 6.2:1
49%

Reference 6c.

To a solution of 6.59 g di-t-butyl oxalacetate (27.0 mmol) and 2.66 g NaOAc (27.0 mmol)
in 40 mL acetic acid at room temperature was added slowly a solution of 1.38 mL
Br2 (4.31g, 27.0 mmol) in 14 mL acetic acid by cannula over 10 min. After being stirred
at room temperature for 30 min, the reaction mixture was diluted with 150 mL water
and extracted with CH2Cl2 (100 mL, 50 mL, 50 mL). The combined organic layers were
washed with 150 mL saturated NaHCO3. The layers were separated and the aqueous layer
was extracted with CH2Cl2 (2 × 50 mL). The organic layers were combined, dried over
Na2SO4, filtered, and concentrated in vacuo to afford 8.64 g unpurified α-bromo di-t-butyl
oxalacetate as a yellow oil, in a yield of 99%. This product was used directly for the next
step reaction without further purification.

To a solution 6.61 g formyl Meldrum’s acids (38.4 mmol) in 77 mL benzene was added
3.62 mL (2.85g, 38.4 mmol) of tert-butanol. The reaction mixture was refluxed for 30 min
and then cooled to room temperature. The resulting unpurified tert-butyl formylacetate
solution was transferred via cannula to 8.63 g of the prepared α-bromo di-t-butyl oxalac-
etate (26.7 mmol). The resulting solution was cooled to 0◦C, and then treated with 3.72 mL
(2.70 g, 26.7 mmol) of Et3N. After being stirred at 0◦C for 14 h, the reaction was quenched
by the addition of 80 mL Et2O and 40 mL brine. The layers were separated, and the
aqueous layer was extracted with Et2O (2 × 80 mL). The organic layers were combined,
dried over Na2SO4, filtered, and concentrated in vacuo. Purification of the residue by
column chromatography (9:1 then 6:1 hexane/EtOAc) gave 5.08 g [2S*,3R*]-2,3-dihydro-
3-hydroxy-2,3,4-furantricarboxylic acid tri-t-butyl ester as a mixture of two diastereomers
in ratio of 6.2:1. The mixture was a pale yellow oil; crystallization from hexane at −20◦C
afforded 2.72 g of such product as a white powder, m.p. 97–98.5◦C.

NaOEt, EtOH, ∆
S Br S+

Br–

O

COCH3

+
Acetoacetone

Reference 10.

Caution! These reactions should be performed in a hood because of the noxious odors.
A mixture of 6.2 g dimethyl sulfide (0.10 mol), 11.9 g 3-bromopropyne (0.10 mol), and
10 mL acetonitrile was stirred magnetically for 20 h in a darkened, 100-mL round-bottomed
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flask fitted with a calcium chloride drying tube. The resulting white, crystalline mass was
filtered with suction and washed with three 50-mL portions of dry diethyl ether, giving
16.4 g sulfonium salt (in a yield of 90%, m.p. 105–106◦C). This material may be used in
the next step without purification but, if desired, it may be recrystallized from ethanol-ether
with minimal loss, m.p. 109–110◦C.

To a solution of 8.7 g acetylacetone (0.087 mol) in 175 mL 0.5 M ethanolic sodium
ethoxide (0.087 mol), contained in a 500-mL, round-bottomed flask fitted with a condenser
topped with a calcium chloride drying tube, was added a solution of 15.75 g dimethyl-2-
propynylsulfonium bromide (0.087 mol) in 150 mL ethanol. The mixture was refluxed until
the odor of dimethyl sulfide was no longer appreciable. The reaction flask was then fitted
with a 30-cm, helix-packed column; by heating the flask with a water bath, ethanol was
distilled through the column. The residue was treated with 200 mL ether, and the suspension
was filtered. Ether was distilled from the filtrate at atmospheric pressure, and the residue
was distilled, giving 9.7 g 3-acetyl-2,4-dimethylfuran, in a yield of 81%, b.p., 90–95◦C
(12 mmHg).

Other references related to the Feist-Bénary reaction are cited in the literature.12
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Fenton Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fenton in 1893.1 It is the generation of a hydroxyl
radical by the decomposition of hydrogen peroxide in the presence of ferrous salt and
is generally known as the Fenton reaction.2 Although the Fenton reaction itself cannot
be considered as a real organic reaction, it has found a wide application in organic, bio-
organic, and environmental chemistry. It was found that the hydroxyl radical can be quickly
generated3 at the initial stage of the reaction,4 which is very reactive5 with a high oxidation
potential.5c Many organic molecules can be oxidized using the hydroxyl radicals–for exam-
ple, oxidation of α-hydroxy acids to α-keto acids and benzene to phenol and biphenyl,6 the
formation of methane and ethane by proton abstraction from DMSO,3 and the degradation of
single-stranded and double-stranded DNA.7 Especially important is the application of this
reaction in the degradation of organic pollutants (including Orange II,8 2,4,6-trinitrotoluene
(TNT),9 pentachlorophenol (PCP),5a and aniline5c,10) in groundwater and soils. In addition,
the photo induced reaction called the photo-Fenton reaction11 has been reported to enhance
the iron cycling and degradation of contaminants.11b It was found that the oxidation of
malachite green can be catalyzed by various aromatic additives, which can be transformed
into hydroquinone-like structures; the reaction order follows hydroquinone > salicyclic
acid > p-hydroxybenzoic acid > m-hydroxybenzoic acid > p-benzoquinone > carboxylic
aromatics > amindo aromatics.12 In addition, it was also found that other additives can
also enhance such reactions—for example, the strong bidentate or tridentate ligands, such
as bis(picolinate), ethylenediamine-N,N ′-diacetate, and nitrilotriacetate.13 Even the substi-
tution of phosphate buffer by sodium trifluoroacetate will increase the amount of trapped
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hydroxyl radical ∼ 300 times.14 Similarly, ADP and ATP show a similar effect on this
reaction.15 It was found that the metallic Fenton reaction was more effective than the
classical one,5a and other metal ions that function in the same manner are called Fenton-
like reagents, including V4+, Ti3+, and Cr2+.16 This reaction is sometimes called the
Haber-Weiss Reaction.5b,17

B. GENERAL REACTION SCHEME

Fe2+ H2O2 Fe3+ OH OH–+ + +

C. PROPOSED MECHANISMS

It has been proved that this reaction involves both hydroxyl and hydroperoxyl radicals,18

with a pH usually less than 3.9 Displayed below is the reaction mechanism.

D. MODIFICATION

This reaction has been modified to occur at a neutral pH using chelating agents.9 Other
modifications include the photo-Fenton reaction11 and the initiation by other metal cations
(e.g., Cr2+ and V4+).16

E. APPLICATIONS

This reaction has wide application in the degradation of organic waste in soil and
groundwater.

F. RELATED REACTIONS

This reaction is related to the Haber-Weiss Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 19.

To 30 mL CH3CN solution containing 1 mmol 5-cyclodecynone was added 3 mmol
persulfate dissolved in 10 mL water. To this heterogeneous reaction mixture, 3 mmol
Fe(EDTA)(SO4)2·4H2O in 30 mL water was quickly added under vigorous stirring through
a dropping funnel. The reaction completed after ∼ 15 min (monitored by TLC), and the mix-
ture was dilutes with water and extracted with EtOAc. The combined organic fractions were
dried and evaporated. The residue was purified by chromatography (diethyl ether/pentane,
1:2) to afford 52% α,β-epoxy ketones in a ratio of 1.2:1. (Note: The molecular formula of
Fe(EDTA)(SO4)2·4H2O cannot be balanced by charge).

OH
H2O2/FeSO4

H2SO4/CuSO4

38–98.9%

Reference 6.

Into a 100-mL Erlenmeyer flask with a rubber stopper equipped with four glass tubings
was placed 25 mL of a solution that contained 50 mM H2SO4, 10 mM FeSO4, and 30 mM
CuSO4. After air was purged from the flask with nitrogen through two glass tubings fitted to
the rubber stopper, 0.75 mL benzene (8.4 mmol) was added through the third tubing using
a microfeeder. Under magnetic stirring, a solution containing 100 mM H2O2 and 50 mM
H2SO4 was added dropwise using another microfeeder at a rate of 0.2759 mL/min. After
the addition of the precalculated amount of H2O2 at 25◦C, the reaction mixture was allowed
to stand for 30 min with stirring. After the remaining benzene was evaporated with a stream
of nitrogen, 5 mL of the reaction mixture was diluted to 50 mL with 25 mM EDTA, and the
yield of phenol, which varied from 38% to 98.9%, was analyzed using HPLC.

Other references related to the Fenton reaction are cited in the literature.20
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Ferrier Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Ferrier and co-workers in 1962.1 It is an acid-
catalyzed or induced rearrangement of glycals2 in the presence of different nucleophiles (or
aglycons).3 The acids used in this reaction include the protic acids4 such as methano-
lic hydrochloric acid,5 sulfuric acid,6 and Lewis acids such as SnBr4,4,7 EtAlCl2,4,8

SnCl4,9 Pd(CH3CN)2Cl2,10 NbCl5,11 ZnCl2,12 InCl3,13 Er(OTf)3,14 Bi(OTf)3,15 ZrCl4,16

Sc(OTf)3,17 LiBF4,18 iodine,4,19 and the most often used BF3·Et2O.2a,4,20 As for the
acidic nature of this reaction, substrates sensitive to acidic conditions are precluded;21

therefore, some neutral catalysts have been developed for this reaction, including iodo-
nium dicollidinium perchlorate,22 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ),23 and
montmorillonite K-10 (a clay catalyst).24 Among these catalysts, it has been found that InCl3
has a superior catalytic activity relative to many other Lewis acid catalysts9 and can be recov-
ered without loss of any activity;13a however, InCl3 should be used in combination with
TMSCl, otherwise a stoichiometric amount of InCl3 is needed.13a The nucleophiles in this
reaction could be alcohols (to form alkyl glycosides),2a thio-alcohols (for thio-glycosides),25

amino acids (for O- or S-glycopeptides),3 monosaccharides (for disaccharide)9 and even
carbo-nucleophiles (to form allylic C-glycosides).13b,26 Overall, this reaction has become
an important synthetic tool,27 which predominantly produces α-anomer3,13a in good to
excellent yield.9,13a Although the mechanism of this reaction is still unclear,4 an allylic iso-
merization of the glycal to a 2,3-dideoxy sugar followed by a SN1-type reaction4 through
a cyclic allylic oxocarbenium ion in quasi-axial orientation is proposed.28 Similarly, the
Allylic Rearrangement also occurs on exo-rings,29 and even works for 1,2-cyclopropanated
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sugars.10b This reaction is most commonly cited as the Ferrier rearrangement,2,4,10b,13a,21,30

Ferrier-type rearrangement,2a,4,10b or Ferrier reaction,2a,3,26b,27,30d,31 but is called the
Ferrier reaction in this book to differentiate it from another type of rearrangement also
developed by Ferrier and co-workers.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that this reaction occurs via the intermediacy of a cyclic allylic oxocarbe-
nium ion, as outlined here.

D. MODIFICATION

This reaction has been modified extensively by using different acids as catalyst, as
described earlier. In addition, this reaction has been extended to the preparation of
C-glycosides.

E. APPLICATIONS

This reaction has general applications in carbohydrate transformation.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

OBn

BnO

OBn

OBn

OAc

OH BF3 · Et2O

CH2Cl2

O

OBn

BnO
BnO

OBn

O

+

95%

Reference 29.

To a stirred solution of an exo-glycal (1.0 eq.) and allyl alcohol (2.0 eq.) in anhydrous
CH2Cl2 at 0◦C was added 1.0 eq. BF3·Et2O dropwise in the presence of 4-Å molecular
sieves. The reaction was usually complete within 1 h. The reaction mixture was quenched by
the addition of saturated NaHCO3 and extracted with CH2Cl2 (three times). The collected
organic layers were washed with brine, dried over MgSO4, and evaporated in vacuo. The
resulting residue was subjected to silica gel chromatography (with hexanes and EtOAc) to
afford 95% of the listed product.

O
OTIPS

OTIPS

OTBS

HO
CH2Cl2

OTIPS
O

OTIPSO

49%

CSA

Reference 32.

A solution of 60 mg 1,5-anhydro-2-deoxy-1-C-(1-hydroxycyclopentyl)-3,4,6-tris-O-
(triisopropylsilyl)-d-arabino-hex-1-enitol (0.09 mmol) in 40 mL dry CH2Cl2 was stirred in
the presence of a catalytic quantity of camphorsulfonic acid for 1 h. Following the addition
of 25 mL saturated NaHCO3 solution, the aqueous phase was extracted with CH2Cl2 (3 ×
50 mL), and the combined organic layers were dried and evaporated. The crude product
was purified by flash chromatography on silica gel (elution with 2% EtOAc in hexanes) to
give 22 mg of the listed product as a colorless oil, in a yield of 49%.

O

OBn

BnO
BnO

O
BnO

BnO

Me

OBn

OBn

3.7% [Pt(C2H4)Cl2]2, BnOH

CH2Cl2, r.t., 95%

Reference 10b.

Zeise’s dimmer ([Pt(C2H4)Cl2]2 (21.5 mg, 0.0366 mmol) was dissolved in 5 mL CH2Cl2
under an atmosphere of nitrogen. The solution was then transferred by syringe to a flask
containing 1.0 mmol cyclopropane ring-fused sugar and 2.0 mmol benzyl alcohol. The



REFERENCES 1049

mixture was stirred under nitrogen at room temperature for 15 h. After removal of the solvent
in vacuo, the crude mixture was purified by flash chromatography to give 95% benzyl
3,4,6-tri-O-benzyl-2-deoxy-2-C-methyl-D-mannopyranoside with α:β anomeric ratio of
12:1.

Other references related to the Ferrier reaction are cited in the literature.33
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Ferrier-II Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Ferrier in 1979.1 It is a mercury (II) salt2-induced
or promoted conversion of 5-enopyranosides into cyclohexanones3 with stereochemical
control, by which substituents at positions 3 and 5 are predominantly in a trans rela-
tionship. To differentiate from another reaction also discovered by Ferrier (called the
Ferrier Reaction), this reaction is known as the Ferrier-II rearrangement,3,4 Ferrier-II
carbocyclization,3,5 Ferrier carbocyclization,6 or Ferrier-II reaction.7 Occasionally, it is also
referred to as the Ferrier Reaction.8 Therefore, it is called the Ferrier-II rearrangement in
this book. It is useful in the conversion of carbohydrates into carbosugars,2a myo-inositols,9

and other natural products.10

B. GENERAL REACTION SCHEME

O
R4O

R3O
R2O

OR1

HgCl2

R1, R2, R3, R4 = alkyl, benzyl, etc.

R4O
R3O

R2O

O

OHor PdCl2
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C. PROPOSED MECHANISMS

A simple mechanism is illustrated here.11

D. MODIFICATION

This reaction has been modified to occur under microwave irradiation2a and using
palladium dichloride as a catalyst.2a,3,4

E. APPLICATIONS

This reaction has wide and important applications in the preparation of carbosugars and
inositols.

F. RELATED REACTIONS

This reaction is related to the Petasis-Ferrier Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

O
BnO

BnO
BnO

OCH3

PdCl2 BnO
BnO

BnO

O

OH

BnO
BnO

BnO

O

OH+
Dioxane/H2O

4:1
93%

Reference 2a.

To a solution of 2.3 g methyl-6-deoxy-2,3,4-tri-O-benzyl-α-D-hex-5-enopyranose
(5.2 mmol) in 20 mL 1,4-dioxane and 10 mL water was added 0.37 g PdCl2 (2.0 mmol) at
room temperature. The mixture was stirred at 60◦C with 300-W power in the microwave
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for 5 min. The mixture was diluted with 60 mL EtOAc and washed with saturated aque-
ous NaHCO3 (2 × 50 mL) and water (2 × 50 mL). The organic solvent was removed
under reduced pressure. The product was purified by silica gel column chromatography
(EtOAc/hexane, 2:3) to afford a 93% yield of α/β mixtures of 2,3,4-tri-O-benzyl-d-
cyclohexanones, where the α-anomer is 1.7 g [3.8 mmol, 80% of the mixture, white solid,
Rf = 0.27 (EtOAc/hexane, 3:7)] and the β-anomer is 0.41 g (0.95 mmol, 20% of the mixture).

O
MeOBnO

MeOBnO
BnO

OCH3

OAc

PdCl2 MeOBnO
MeOBnO

BnO

O

OH

OAc

Dioxane/H2O
53%

Reference 3.

A mixture of 96.5 mg (E)-methyl 6-O-acetyl-2-O-benzyl-3,4-O-di-methoxy-
benzyl-α-d-gluco-hex-5-enopyranoside and (Z)-methyl 6-O-acetyl-2-O-benzyl-3,4-O-
dimethoxybenzyl-α-d-gluco-hex-5-enopyranoside (0.171 mmol) and 3.0 mg PdCl2
(0.017 mmol) in 3.3 mL of a dioxane-water mixture (2:1) was stirred at 60◦C for 8 h. After
the reaction was finished, water was added, and the mixture was extracted with EtOAc. The
organic layer was dried over Na2SO4 and evaporated to dryness. Chromatography using
EtOAc/hexane (1:2) gave 49.9 mg (1R,2R,3S,4R,5S)-3-benzyloxy-2-hydroxy-4,5-bis(4-
methoxybenzyloxy)-6-oxocyclohexyl acetate as a solid (0.091 mmol), in a yield of 53.0%,
Rf = 0.33 (EtOAc/hexane, 1:1).

Other references related to the Ferrier Rearrangement are cited in the literature.12
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Fétizon Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fétizon and Golfier in 1968.1 It is a mild oxidation
of alcohols into carbonyl compounds in refluxing benzene using silver carbonate absorbed
on Celite as the oxidant. Therefore, it is known as the Fétizon oxidation,2 and the silver
carbonate on Celite is often called Fétizon’s reagent.2c,3 Fétizon’s reagent is a very mild
oxidant (e.g., even milder than Ag2O),4 and usually oxidizes the 1,4-diols,5 1,5-diols2b,3c,6

and lactols2c,3b,3d,6a,7 into lactone. Thus this reaction is also called Fétizon cyclization.2b

In addition, the Fetizon’s reagent also oxidizes geminal diols into α-hydroxyl ketones (or
aldehydes),3m and sometimes cleaves the diols.8 In the cases of 1,4-hydroquinones3j,9 and
catechols,3i,10 they are oxidized into quinone by the Fétizon’s reagent. Other applications
of the Fétizon’s reagent include the deprotection of the benzyl group on carbohydrate
along with sodium sulfate,11 conversion of halide into alcohol,3g generation of an aromatic
radical,3i,10b coupling of indole to chloroquinone,3a one-pot synthesis of medium to large
ring-fused furans from 1,3-dicarbonyl compounds and vinyl sulfides,3f and quinoxaline
derivatives from catechol and α-amino anilines or naphthalenes.4 The advantage of this
reaction is that the reagent can be simply removed by filtration.3a,3f

B. GENERAL REACTION SCHEME

HO
R

OH
O

O

R

n

Ag2CO3/Celite

Benzene, ∆ n

n = 0, 1

1055

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.
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C. PROPOSED MECHANISMS

Displayed here is the reaction mechanism modified from the one reported by Fétizon.13

D. MODIFICATION

This reaction has been modified to remove water via azeotropic distillation with toluene.

E. APPLICATIONS

This reaction has wide application in the preparation of aldehydes, ketones, lactones,
quinones, and quinoxalines.

F. RELATED REACTIONS

This reaction is related to the Adkins Catalyst.

G. CITED EXPERIMENTAL EXAMPLES

O
O

OMe

OMe

HO

HO

O
O

OMe

OMe

O

O

O
O

OMe

OMe

O

O

Ag2CO3/Celite

Benzene, ∆

+

13% 79%

Reference 5a.
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A stirred suspension of 115 mg 1-(3,4-methylenedioxyphenyl)-6,7-dimethoxy-
naphthalene-2,3-diyldimethanol (0.312 mmol) and 3.12 g Fétizon’s reagent (Ag2CO3-
Celite) in 50 mL benzene was refluxed for 1.5 h with azeotropic removal of water using a
Dean-Stark apparatus. After cooling to room temperature, the mixture was concentrated.
The obtained crude product was purified by SiO2-column chromatography (CHCl3/EtOAc,
30:1) to give 15 mg justicidin B as a colorless crystal (m.p. 240–242◦C), in a yield of 13%,
and 90 mg retrojusticidin B as a colorless crystal (m.p. 217–219◦C), in a yield of 79%.

O

OMe

OMeMeO

OH

HO

HO
O

NH2

NH2

Cl

Cl

O

OMe

OMeMeO

OH

N

N
O

Cl

Cl

+
Ag2CO3/Celite

EtOH, r.t., 4 h
45%

Reference 4.

Commercially available 4,5-dichloro-1,2-phenylenediamine (44 mg, 0.25 mmol) and
50 mg 7-O,O-demethylenepodophyllotoxin (0.12 mmol) were dissolved in 5 mL dry
ethanol. To this solution was added 357 mg freshly prepared Ag2CO3/Celite reagent
(0.62 mmol). The reaction mixture was stirred for 4 h at room temperature. The reaction
mixture was filtered, and the filtrate was evaporated under reduced pressure. The desired
product was purified by silica gel column chromatography (CHCl3:MeOH, 60:1) to give
30 mg 2′′,3′′-dichloropodophenazine as yellow granules crystallized from methanol, in a
yield of 45%, m.p. 270◦C (dec.).

Other references related to the Fétizon oxidation are cited in the literature.14
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Finkelstein Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Finkelstein in 1910.1 It is a preparation of alkyl
iodide from alkyl bromide or chloride with potassium or sodium iodide in acetone. There-
fore, this reaction is generally known as the Finkelstein reaction.2,3 Occasionally, it is
also referred to as the Finkelstein halide exchange,4 Finkelstein displacement,5 or Conant-
Finkelstein reaction.6 Mechanistically, this reaction is a simple nucleophilic substitution
(often via SN2), as iodide is a stronger nucleophile than bromide or chloride. The yield
of this reaction is very high and can be quantitative if occurs in DMF.2a It was found that
the trifluoromethyl group retards the displacement of bromide when it presents as an α- or
β-substituent but accelerates the reaction as a substituent in an allylic chloride.2h Under
normal conditions, this type of halide displacement does not occur for aryl halides.7 For
dihalides, unsaturated or cyclic compounds may form via carbocation intermediates, which
form transient covalent iodides or are reduced directly by iodide to free radicals.2g,7 How-
ever, the aromatic halide exchange reacts smoothly when 10% CuI is present in the reaction
mixture as a catalyst,2d and such halide substitution can even occur at −40◦C.2b

B. GENERAL REACTION SCHEME

R X MI R I+
Acetone

+    MX X = Cl, Br
M = Na, K
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to occur in DMF;2a in addition, CuI has been used to
catalyze this reaction for aromatic halides.2d

E. APPLICATIONS

This reaction has general applications in the preparation of alkyl and aryl iodides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NN

O
Br

NN

O
INaI/CuI/diamine

96%

Reference 2d.

A Schlenk tube charged with 9.6 mg CuI (0.050 mmol, 5.0 mol%), 352 mg 2-(3-
bromophenyl)-5-(2-naphthyl)-1,3,4-oxadiazole (1.00 mmol), and 300 mg NaI (2.00 mmol),
was briefly evacuated and backfilled with argon. Then 16 µL racemic trans-N,N ′-dimethyl-
1,2-cyclohexanediamine (0.10 mmol, 10 mol %) and 1.0 mL dioxane were added under
argon. The Schlenk tube was sealed with a Teflon valve, and the reaction mixture was
stirred at 110◦C for 24 h. The resulting light green-gray suspension was allowed to reach
room temperature and then was diluted with 5 mL 30% aqueous ammonia, poured into
20 mL water, and extracted with dichloromethane (3 × 15 mL). The combined organic
phases were dried over Na2SO4 and concentrated to ∼ 2 mL volume. The product was
allowed to crystallize at room temperature. After 15 min, 20 mL hexane was added; the
mixture was kept at room temperature for 15 h and finally filtered to provide 382 mg
2-(3-iodophenyl)-5-(2-naphthyl)-1,3,4-oxadiazole as white, fine needles, in a yield of 96%,
m.p., 156–158◦C.



1062 FINKELSTEIN REACTION

NaI/TFA/butanone

–50 to –40°C
73%

N

N N

N

Cl

O

OO

O

N

N N

N

I

O

OO

O

Reference 2b.

A mixture of 0.50 g 6-chloro-9-[2,3,5-tri-O-(2,4,6-trimethylbenzoyl)-β-d-
ribofuranosyl]purine (0.7 mmol), 0.57 g trifluoroacetic acid (5 mmol), and 3.0 g
sodium iodide (20 mmol) in 20 mL butanone was stirred at –40 to –50◦C for 5 h. The
reaction mixture was poured into a saturated NaHCO3 solution and extracted with 50 mL
CH2Cl2. The organic layer was washed with NaHSO3 solution, H2O, and brine and dried
over Na2SO4. Volatiles were evaporated, and the residue was recrystallized from EtOH to
afford 0.41 g 6-iodo-9-[2,3,5-tri-O-(2,4,6-trimethylbenzoyl)-β-d-ribofuranosyl]purine, in
a yield of 73%, m.p. 143–145◦C.

Other references related to the Finkelstein reaction are cited in the literature.8
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Fischer Carbene Complexes

A. GENERAL DESCRIPTION OF THE REACTION

These types of complexes were first reported by Fischer and Maasböl in 1964.1 The
complexes contain a low-valent transition metal (often group VIB), an organic moiety
(e.g., alkenyl,2 alkynyl,3 and aryl), several strong electron-withdrawing ligands (e.g., CO)
and an electron-donating group (OR or NRR′). The combination of these characteristics
enhances the stability of the complexes, which are stable even in aqueous solution.4 In
addition, these types of complexes also have metal-carbon multiple bonds, of which the
electron configuration of carbon attaching to metal is similar to that of a carbene structure;
therefore, these complexes are called Fischer carbene complexes5 or Fischer-type carbene
complexes.6 Gradually, the Fischer carbene complexes, consisting of a few functionalities,
found enormous applications in organic synthesis, as listed below.

� Participation in [2+1] cycloaddition to form cyclopropane derivatives;5v,7 Diels-Alder
Cycloaddition;8 1,3-Dipolar Cycloaddition;9 [3+2+1] cycloaddition (i.e., the Dötz Ben-
zannulation to form functionalized phenol derivatives5u,10), [3+2+2+1] cycloaddition
to give cyclopenta[b]-pyrans;11 and [3+1+1],12 [3+2+2],13 [3+2+2+2],14 and [4+1]
cycloaddition.15

� Insertion of carbonyl (CO) to form esters or amides upon extrusion of metal.5v,16

� Substitution of an alkoxy group by other substituents to generate more derivatives.4,5r

� Substitution of metal by nucleophiles (e.g., alkyl anion to form allyl sulfoxide).17

� Hegedus photochemical ketene synthesis.5u,18

1064

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



CITED EXPERIMENTAL EXAMPLES 1065

� Transmetallation of a group VI element to other transition metal.19

� Reaction of an olefinic or alkynyl group bound to metal.5v,5x,7b,10b

More information on the reactivities of such types of complexes are provided in
reviews.5s,18,19a,20

B. GENERAL REACTION SCHEME

R1

R2

(CO)5M
M = Fe, Cr, W, etc.
R1 = OMe, NMe2, etc.
R2 = alkyl, aryl, vinyl, alkynyl, etc.

C. PROPOSED MECHANISMS

No mechanism is necessary for the Fischer carbene complexes.

D. MODIFICATION

N/A

E. APPLICATIONS

These types of complexes have found wide application in organic synthesis as summa-
rized in Section A.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OMe
(CO)5W

OMe

Li S
Me

O
MeO

S
Me

O
+

1. THF, –78°C

2. SiO2

63%

Reference 17.

To a solution of 0.195 g DMSO (2.5 mmol) in 15 mL THF cooled at −20◦C was
added 1.7 mL 1.5 M MeLi in pentane. The resulting mixture was allowed to warm to
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room temperature and was added dropwise to a solution of carbene complexe (1 mmol) in
20 mL THF at −78◦C. The mixture was stirred at −78◦C for 30 min and then warmed to
room temperature. Silica gel was added and the solvents were evaporated under reduced
pressure. The remaining material was loaded onto a column for chromatography, and 63% 2-
(4-methoxyphenyl)allyl methyl sulfoxide was obtained as a yellow oil, Rf = 0.15 (EtOAc).

O

W(CO)5

O

OBu4NF, air

1,2-DME
63%

Reference 5w.

Tetrabutylammonium fluoride (1.5 mmol) was added at room temperature to a
solution of 1.0 mmol pentacarbonyl[1-(1R*,3R*,4S*)-menthyloxy-trans-3-phenyl-2-
propenylidene]tungsten(0) in 30 mL 1,2-DME at room temperature. The reaction mixture
was stirred at the same temperature and monitored by TLC. When disappearance of the
starting material was observed, 1 g silica gel was added. Upon evaporation of solvent under
vacuum, the residue adsorbed on silica gel was purified by flash chromatography to afford
63% trans-cinnamic acid menthyl ester.

Other references related to the Fischer carbene complexes are cited in the literature.21
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L.; Vega, J. L.; Miranda, R.; Herrera, R.; Jiménez-Vázquez, H. A.; Tamariz, J. and Delgado, F.,
Organometallics, 2004, 23, 1918. (e) Barluenga, J.; Vicente, R.; López, L. A.; Rubio, E.; Tomás,
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Fischer Indole Synthesis

(Fischer Indolization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Fischer and Jourdan in 1883.1 It is a synthesis of
indole derivatives by the treatment of aryl hydrazones coupled from aromatic hydrazines
and ketones or aldehydes with either a mineral or Lewis acid. Therefore, it is generally known
as the Fischer indole synthesis.2 In addition, it is also referred to as Fischer cyclization,3

Fischer indole cyclization,4 Fischer indole reaction,5 Fischer indolization,6 Fischer
reaction,7 and Fischer indole annulation.8 Although the mechanism has been extensively
studied,5e,9 the one formulated by Robinson and Robinson is now generally accepted.10

It involves the following steps: (a) initial acid-catalyzed tautomerization of an aromatic
hydrazone to an ene-hydrazine, (b) a [3,3]-sigmatropic rearrangement of ene-hydrazine to
a bis-imine intermediate, (c) re-aromatization to aniline, (d) intramolecular nucleophilic
attack to form aminal, and (e) extrusion of an ammonia to afford the indole.

This reaction is often catalyzed by acids, including mineral acids (e.g., PPA3b) and Lewis
acids. ZnCl2 is found to be a very effective Lewis acid catalyst,11 and the special case of
indole synthesis using 1% ZnCl2 as catalyst is known as the Fischer-Arbuzov reaction.2z

However, much experimental evidence also indicates that an acidic catalyst is not neces-
sary for this reaction;2t,2bb,12 in addition, the formation of indole from aromatic hydrazone
can occur at high temperatures (e.g., 222◦C).2t These reaction conditions are called non-
catalytic Fischer indole syntheses.2ac Even though the Fischer indole synthesis is one of
the most common methods for indole, it also has some potential problems. For example,
indole isomers13 and even quinolone2bb derivatives will form if unsymmetrical ketones are
used to form the aromatic hydrazones. Furthermore, because the Fischer indole synthe-
sis involves a [3,3]-sigmatropic rearrangement and nucleophilic attack, if both the 2 and
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6 positions of the aromatic hydrazines are blocked by substituents, then non-indole product
(e.g., carbazole4b,14) or abnormal indole product (via 1,4-migration) is obtained,7,9b,15

usually in poor to fair yield.16 To overcome this problem, thioether is often used to
direct the regiochemistry and is then removed at a later stage;17 in addition, it was found
that Eaton’s reagent (P2O5/MeSO3H)13 and diethylaluminum 2,2,6,6-tetramethylpiperidide
(DATMP)18 can facilitate the regioselectivity. As the formed indole is subjected to degrada-
tion under acidic conditions, a two-phase reaction was designed for the indole synthesis.6e

Moreover, a solid-phase supported synthesis of indole has also been developed,2n,19 and
the traceless synthesis of indole is probably the most advanced technique for solid-phase
synthesis.2m,2q,20 Furthermore, as ketones and aldehydes tautomerize under acidic condi-
tions, the dialkyl acetals are used for the indole preparation.21 It is interesting that a new
preparation of aromatic hydrazones with substituted benzaldehydes have been developed
from aromatic halides and hydrazines.6d Further modifications of this reaction include the
reaction in gas phase2w and in ionic liquid,2p the application of organoaluminium amide
as a catalyst,18 and the generation of hydrazone from aldehydes by hydroformylation of
olefins with carbon monoxide.21a Because of the importance of indole moiety in alkaloids,
this reaction has been extensively investigated and widely applied to pharmaceutical and
medicinal chemistry as well as in organic synthesis.

B. GENERAL REACTION SCHEME

NHNH2

R1

O

R2

N
H

R1

R2

+
(Acid)

C. PROPOSED MECHANISMS

The detailed mechanism in the absence of an acid is illustrated here.
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D. MODIFICATION

This reaction has been extensively modified to various conditions, including a
reaction without a catalyst,2t,2cc,12c the generation of aldehydes by hydroformylation
of olefin,21aa two-phase reaction,6e and—more important—the solid phase-supported
reactions.2m,2n,2q,19,20

E. APPLICATIONS

This reaction has wide application in the synthesis of indole derivatives.

F. RELATED REACTIONS

This reaction is related to the Borsche-Drechsel Reaction, Madelung Indole Synthesis,
and Piloty-Robinson Pyrrole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2n.

Procedure for Hydrazone Formation

The aldehyde resin (0.5 g, 0.55 mmol) was dried in high vacuum overnight and suspended
in 5 mL dichloroethane. To this suspension, 2.75 mmol (5 eq.) p-methoxybenzenehydrazine
hydrochloride and 194 µL triethylamine (6 eq.) were added under argon atmosphere. The
mixture was shaken at 45◦C overnight. After cooling, the resin was filtered and washed
three times each with 5 mL N,N-dimethylformamide, DMF/H2O (v/v = 90/10), DMF,
dichloromethane, ethyl acetate, and methanol.
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Procedure for Hydrazone Acylation

The hydrazone resin (0.5 g, 0.45 mmol) was dried in high vacuum overnight and sus-
pended in 5 mL pyridine. To this suspension was added 1.35 mmol p-bromobenzoyl chloride
(3 eq.) under argon. The mixture was shaken at 80◦C overnight. After cooling, the resin was
filtered and washed three times with DMF, DMF/H2O (v/v = 90/10), DMF, dichloromethane,
ethyl acetate, and methanol.

Procedure for Cleavage and Indole Rearrangement

The benzoylated hydrazone resin (150 mg, 0.11 mmol) was suspended in 6 mL
dichloroethane/trifluoroacetic acid (1/1). Then 10 eq. laevulinic acid was added, and the
mixture was heated for 15 min to 2 h at 70◦C. After cooling, the mixture was quenched with
methanol, and the resin was filtered and washed with 5 mL dichloromethane, methanol,
ethyl acetate, and methanol. The filtrate was evaporated to dryness, and the crude product
was purified by preparative HPLC. Finally, [1-(4-bromobenzoyl)-5-methoxy-2-methyl-1H-
indol-3-yl]acetic acid was obtained as white solid, in a yield of 57% with a purity of > 99%
(HPLC), m.p. 151◦C.

Ph Ph

H
N

NH2

N
H

Ph
[Rh(cod)Cl]2/CO/H2

TsOH/dioxane
+

67%

Reference 21a.

To an autoclave were added 0.60 g α-methylstyrene (5.1 mmol), 0.58 g phenylhydrazine
(5.3 mmol), 10 mg [Rh(cod)Cl]2 (0.5 mol %), 0.95 g p-toluenesulfonic acid (5.0 mmol),
and 30 mL anhydrous dioxane. Then the autoclave was pressurized with 50 bar CO and
20 bar H2. After being stirred for 2 days at 120◦C, the mixture was filtered over alumina.
The solvent was evaporated, and the residue was purified by flash chromatography on silica
to yield 0.74 g 3-(1-phenylethyl)-indole, in a yield of 67%.

Reference 2r.

To an oven-dried test tube were added 112 mg cyclohexanone hydrazone (1.0 mmol),
0.5 mL toluene, 233 mg 4-bromobiphenyl (1.0 mmol), 11 mg Pd(OAc)2 (0.05 mmol),
and 31 mg (±) BINAP (0.05 mmol), followed by an additional 0.5 mL of toluene. The
test tube was capped with a septum, purged briefly with argon, and heated to 100◦C for
2 min (the reaction mixture turned green and then black during this period). The reaction
mixture was cooled to room temperature, the septum was removed, and 134 mg sodium
tert-butoxide (1.4 mmol) was added, followed by 1 mL toluene. The test tube was recapped
with the septum and purged briefly with argon; the resulting purple solution was heated



REFERENCES 1073

at 100◦C for 8 h (Caution! Hydrazine may be evolved during this reaction). The reaction
mixture was cooled to room temperature, diluted with 10 mL Et2O, and filtered through
a short pad of Celite. The filter cake was rinsed with 20 mL Et2O. The filtrate was then
concentrated to afford the crude product. The crude product was then refluxed with 380 mg
p-toluenesulfonic acid monohydrate (p-TsOH·H2O) (2.0 mmol) in 5 mL EtOH for 48 h.
The reaction mixture was then cooled to room temperature, the septum was removed, and
the reaction mixture was diluted with 15 mL Et2O. The resulting heterogeneous mixture
was then filtered through a pad of silica gel (1 inch), and the silica gel was rinsed with
an additional portion of Et2O (20–50 mL). The filtrate was concentrated, and the crude
product was purified by flash chromatography (5 → 10% EtOAc/hexanes) to afford 98 mg
6-phenyl-1,2,3,4,-tetrahydrocarbazole, in a yield of 40%, m.p. 142–143◦C.

Other references related to the Fischer indole synthesis are cited in the literature.23
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Fischer Oxazole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Fischer in 1896.1 It is a synthesis of oxazole derivatives
by treatment of equimolar amounts of aldehyde cyanohydrin and aromatic aldehyde in anhy-
drous ether with dry hydrochloride. Therefore, it is known as the Fischer oxazole synthesis2

or Fischer synthesis.3 This method is good for the preparation of 2,5-diaryloxazoles4 and
is usually carried out in dry ether by dissolving aromatic aldehydes and aldehyde cyanohy-
drins and passing in dry HCl gas.4 The synthesized oxazole precipitates as its hydrochloride
salt, which can be converted into free oxazoles by the addition of water5 or by boiling with
alcohol.1,6 However, some minor byproducts also form in this reaction, including 4-chloro-
oxazoles,7 oxazolidinone,7 arylenemandeloamide,8 and diazine.8 This reaction has been
further modified by using aroyl cyanide and aromatic aldehyde in the presence of dry HCl
or HBr gas to give 4-chloro- or 4-bromo-oxazoles;3 another modification is to add SOCl2
to the reaction mixture of nitrile, aromatic aldehyde, and HCl gas to form oxazoles in one
step9 instead of preparing cyanohydrin before reacting with aldehyde.

B. GENERAL REACTION SCHEME

Ar O
Ar′ CN

OH

N

OAr′ Ar
+

Dry HCl

Dry Et2O
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C. PROPOSED MECHANISMS

A mechanism similar to that of Ingham8a but with much more detail is given here.

D. MODIFICATION

The modifications of this reaction include the reaction between aroyl cyanide and aro-
matic aldehyde in the presence of HCl gas8 and the reaction of nitrile with aromatic aldehyde,
HCl and SOCl2.3

E. APPLICATIONS

This reaction has a general application in the preparation of 2,5-diaryl-oxazoles.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

HO

CN

OH

HO

NHCl

N

O

N

O

NHO

Dry HCl

SOCl2/Et2O Dry HCl

Reference 9b.
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The solution of 0.94 g freshly prepared p-hydroxymandelonitrile in 45 mL anhydrous
ether was saturated with HCl by bubbling the dry HCl gas into the solution. After an addition
of 1.12 g SOCl2, the reaction mixture was stirred for 10 min with external cooling. Then an
addition of 0.75 g nicotinaldehyde was followed, and the reaction mixture was saturated with
dry HCl once again. After standing at room temperature for 2 days, the reaction solution was
poured into water, and the separated organic layer was further washed with aqueous HCl.
Neutralization of the combined aqueous layers with Na2CO3 resulted in the precipitation of
halfordinol, which was collected on a filter and recrystallized from methanol to fine cream
needles, in amount of 248 mg (16.5%), m.p. 254–255◦C.

O

CN

Et2O O

NHCl

PhCHO
N

O

N

Cl

Dry HCl

60%

Reference 3.

Benzoyl cyanide was prepared by heating a mixture of benzoyl chloride and cuprous
cyanide, then 13.1 g purified benzoyl cyanide (0.10 mol), 11.67 g benzaldehyde (0.11 mol),
and 100 mL dry ether were cooled in an ice bath and saturated with dry hydrogen chlo-
ride. The mixture was kept at 0◦C overnight, then transferred onto 300 g crushed ice and
extracted with ether (2 × 100 mL). The combined organic layers were washed with water,
saturated NaHSO3, and water and dried over Na2SO4. Upon removal of the solvent, the
residue was recrystallized from acetone or an acetone/methanol mixture to give 15.34 g
2,5-diphenyl-4-chloro-oxazole, in a yield of 60%, m.p. 71–72◦C.

Other references related to the Fischer oxazole synthesis are cited in the literature.10
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(b) Cornforth, J. W. and Cornforth, R. H., J. Chem. Soc., 1949, 1028.

3. Davis, M.; Lakhan, R. and Ternal, B., J. Heterocycl. Chem., 1977, 14, 317.

4. Wiley, R. H., Chem. Rev., 1945, 37, 401.

5. Minovici, S.; Nenitzescu, C. D. and Angelescu, B., Bull. Soc. Chim. Roumania, 1928, 10, 149
[Chem. Abstr., 1929, 23, 2716].
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87, 701.
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Fischer Phenylhydrazine

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fischer in 1875.1 It is a synthesis of phenylhy-
drazine involving the diazotization of aniline, the reduction of the resulting diazonium salt
with an excess amount of sodium sulfite, and the hydrolysis of phenylhydrazine sulfonic
acid salt with hydrochloric acid. In addition, the diazonium salt can also be reduced by
zinc dust in acetic acid.2 This process has become a standard industrial method for the
production of arylhydrazines.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is assumed that sodium sulfite adds to the diazonium salt to form an azo group, which
is further reduced to hydrazine by sulfite as outlined here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is the general method for preparing arylhydrazines, from a small scale to
an industrial scale.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2
H
N

NH2

1) NaNO2/HCl
2) Na2SO3

3) Zn/AcOH
4) HCl

Reference 3.

The p-sec-butyl aniline was first treated with concentrated hydrochloric acid followed
by the slow addition of a NaNO2 solution to maintain the temperature below 0◦C. The
diazonium salt solution was poured at once into a cold solution of sodium sulfite, giving a
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rich red solution, a sample of which was only slightly cloudy after having been boiled for
1 min. This solution was then reduced in the usual way by the Fischer method with zinc
dust and acetic acid. The reaction mixture was heated nearly to the boiling point during
the reduction to secure completeness of the reduction. From the cooled solution, the solid
sulfonate was separated by filtration. The p-sec-butyl-phenylhydrazine sodium sulfonate
crystallized from a water solution in beautiful white plates with a pearly luster. These are
stable in the air for ∼ 2 h when they darkened slightly. After one crystallization from 95%
alcohol, the crystals were well dried in a vacuum desiccator over sulfuric acid. To obtain the
hydrochloride of the hydrazine, the sulfonate was covered with concentrated hydrochloric
acid, and the mixture was boiled for 8 h, during which time fresh acid was supplied as
needed. The solid hydrochloride was obtained as a mass of white crystals from the cooled
solution. These were treated with sodium hydroxide and so on, to give the hydrazine. The
pure p-sec-butyl-phenylhydrazine can be obtained by vacuum distillation in the atmosphere
of hydrogen.

Other references related to the Fischer phenylhydrazine synthesis are cited in the
literature.4

H. REFERENCES

1. Fischer, E., Ber., 1875, 8, 589.

2. Fischer, E., Ann., 1877, 190, 67.

3. Glattfeld, J. W. E. and Wertheim, E., J. Am. Chem. Soc., 1922, 44, 2682.

4. (a) Huisgen, R. and Lux, R., Ber., 1960, 93, 540. (b) Colemann, G. H., Org. Syn. Coll. 1932, 1,
432. (c) Pechmann, H. V., Ber., 1895, 28, 863.
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Fischer Phenylhydrazone

and Osazone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

The formation of phenylhydrazone was initially reported by Fischer in 1875.1 It is a con-
densation between phenylhydrazine and a carbonyl compound (aldehyde or ketone) to form
phenylhydrazone. The compounds condensed from carbohydrates and 2 eq. of phenylhy-
drazine are generally known as osazones2 or specifically referred to as glycosazones.3 Both
the phenylhydrazones of carbonyl compounds and glycosazones from carbohydrates often
readily crystallize4 and show sharp melting points; therefore, formation of phenylhydrazone
derivatives from carbonyl compounds was a routine method in traditional structure analysis
before modern instruments (MS and NMR) came into play. Similarly, the glycosazones
were employed by Fischer to elucidate the configuration of sugars.3a However, it was found
that the phenylhydrazones of aliphatic ketones and aldehydes rapidly tautomerize to the
more stable azo isomers in solution;5 in addition, the glycosazones of carbohydrates also
exist as chelated acyclic forms.6 The phenylhydrazones have been applied as ligand for
the coupling reaction,7 to generate nitrones along with nitrosobenzene,8 and to prepare N-
phenylphthalimidine along with carbon monoxide in the presence of a cobalt catalyst.9 In
addition, the acetyl glycosazones can be reduced to amino sugar with zinc dust and acetic
acid,10 or converted into multifunctional hexane via the elimination of acetic acid.11
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B. GENERAL REACTION SCHEME

R1 R2

O H2N
N
H

Ar

CHO

OHH

HHO

OHH

OHH

CH2OH

O

HO
HO N

NHNHPh

HO

NHPh

H2N
N
H

Ar
N

HHO

OHH

OHH

CH2OH

N

H
N

N
H

Ar

Ar

+ R1 = alkyl, aryl
R2 = H, alkyl, aryl

+

Acyclic form

and/or

Cyclic form

R1 R2

N

H
N

Ar

C. PROPOSED MECHANISMS

The mechanism for the formation of arylhydrazone is simply outlined in Scheme 1, and
the mechanism for the formation of acyclic osazone12 is shown in Scheme 2.

SCHEME 1. Formation of arylhydrazone with ketones or aldehydes.

SCHEME 2. Formation of an acyclic osazone.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of phenylhydrazones of carbonyl
compounds and osazone derivatives of carbohydrates.

F. RELATED REACTIONS

This reaction is related to the Bamford-Stevens Reaction.

G. CITED EXPERIMENTAL EXAMPLES

NO2 H
N

NH2 O CO2H

NO2 H
N

N COOH+
AcOH/H2O

81%

Reference 13.

A hot solution of 7.65 g o-nitrophenylhydrazines (0.05 mol) in 150 mL 20% acetic acid
was added to 200 mL hot water containing 5.8 g levulinic acid (0.05 mol). The red-orange
oil that precipitated crystallized on cooling, affording 10.2 g hydrazone in a yield of 81%.
The solid was recrystallized from ethanol with the addition of water, m.p. 150–150.5◦C.

Reference 14.
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To a deep green solution of 0.190 g [η5-MeC(O)C5H4]4Cr4Se4 (0.20 mmol) in 20 mL
CHCl3 was added 9.6 mL 2,4-dinitrophenylhydrazine solution (∼ 1.60 mmol, prepared
by dissolving 1.0 g 2,4-dinitrophenylhydrazine in 5 mL 98% H2SO4, 10 mL H2O, and
35 mL 95% EtOH). The mixture was stirred at reflux for 2 h, then 30 mL water was added
after cooling to room temperature. The organic layer was separated, dried over Na2SO4,
concentrated, and purified by preparative TLC with acetone/petroleum ether/CH2Cl2 (1:2:3)
as the eluent to give 0.174 g [η5-2,4-(NO2)2C6H3NHNC(Me)-C5H4]4Cr4Se4 as a brown
solid, in a yield of 52%, m.p. > 280◦C.

O
HO

HO O
OH

OH

O
HO

HO OH
OH

PhNHNH2

O
HO

HO O
OH

OH

O
HO

HO
H
N

N NHPh

NHPh

AcOH/H2O

Reference 15.

A suspension of 7.2 g β-gentiobiose octa-acetate in 50 mL absolute methyl alcohol
was saponified by adding a solution of 0.36 g metallic sodium in 10 mL absolute methyl
alcohol; the mixture was allowed to stand for 15 min with occasional shaking. Then 25 mL
water, 4.0 g glacial acetic acid, and 6.0 g phenylhydrazine were added, and the mixture was
heated on a water bath for 1.5 h. On cooling, the solution deposited crystals of gentiobiose
phenylosazone, which were filtered off, washed with cold water, and dried in a vacuum
desiccator over sulfuric acid at room temperature to a constant weight (2.1 g). On the
addition of water to the filtrate, 0.8 g more of the osazone separated. The total amount
of osazone was 2.9 g, in a yield of 52.5%, m.p. 156–158◦C. After recrystallization from
hydrous ethyl acetate, the osazone, consisting of long needles, melted at 179–181◦C.

Other references related to the Fischer phenylhydrazone and osazone synthesis are cited
in the literature.16

H. REFERENCES

1. Fischer, E., Ber., 1875, 8, 579.
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(c) Vaidya, R. and Gangotri, K. M., J. Indian Chem. Soc., 2004, 81, 707. (d) Vaidya, V. K.,
J. Photochem. Photobio., A: Chem., 1994, 81, 135. (e) El Khadem, H. S.; Shalaby, M. A.; Coxon,
B. and Fatiadi, A. J., Carbohydr. Res., 1993, 239, 85. (f) Catsoulacos, P., J. Heterocycl. Chem.,
1985, 22, 1671. (g) Garcia, F. J.; Pons, A.; Alemany, M. and Palou, A., Anal. Biochem.,
1982, 120, 249. (h) Garcia-Castineiras, S.; Bonnet, V. D.; Figueroa, R. and Miranda, M.,
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Fischer-Helferich

Glycosylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fischer in 18931 and modified subsequently by
his student Helferich.2 It is a preparation of O- or S-alkyl glycosides from unprotected
carbohydrates and alcohols or thiols using mineral acid (H2SO4, HCl, etc.) as a promoter or
catalyst. Therefore, this reaction is generally known as the Fischer-Helferich glycosylation.3

Occasionally, it is referred to as the Fischer-Helferich procedure.4 This reaction involves
the formation of oxocarbenium ion or its reactive equivalent.5 A variety of simple O-
or S-glycosides have been prepared by this method, including methyl, benzyl, and allyl
glycosides.6 In addition, urea and alkyl-substituted urea also react with carbohydrate in the
presence of sulfuric acid.7 It was found that “solid” alcohol or sugar derivatives are not
suitable for this particular glycosylation reaction.5 This reaction has been modified to use
different acids, including Lewis acids, as promoters.8 Unfortunately, this reaction always
gives a mixture of both pyranosides and furanosides, along with their anomeric mixtures.

B. GENERAL REACTION SCHEME

O OH
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C. PROPOSED MECHANISMS

A mechanism to form alkyl β-d-glycoside using mineral acid as a promoter is illustrated
below.

O
OH

OH

HO
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OH

HO H2O
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ROH O
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D. MODIFICATION

This reaction has been modified using a Lewis acid as the catalyst or promoter.

E. APPLICATIONS

This reaction has been used in the preparation of alkyl O- or S- glycosides.

F. RELATED REACTIONS

This reaction is related to the Koenigs-Knorr Glycosylation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

A mixture of 22.8 g dodecylurea (0.1 mol), 19.8 g galactose (0.11 mol), 2.5 g concentrated
hydrochloric acid, and 200 mL 95% ethanol was stirred and heated at 50◦C for 100 h, it
was then cooled and filtered. Washing with water and hot benzene gave 15.6 g dodecylurea
N-galactoside as a white solid, in a yield of 40%, m.p. 165–188◦C.

CHO

OHH

HHO

OHH

CH2OH

OH
O

O Ph

HOHO
HO

+
1) HCl

2) BaCO3

Reference 9.

A mixture of 50.0 g d-xylose in 250 mL benzyl alcohol was cooled in an ice salt bath
and saturated with dry hydrogen chloride gas. The mixture was shaken for 24 h at room
temperature, after which a dark solution was obtained. This was poured into 500 mL water,
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and solid barium carbonate was added to neutralize the acid. The solid material was removed
by filtration, and the excess benzyl alcohol in the filtrate was separated from the water layer
by ether extraction. The water layer was concentrated to dryness in vacuo at 50◦C, and the
mixture of salt and syrup was extracted three times with absolute ethanol. The alcohol layer
was then concentrated to a thick syrup, which was dissolved in 40 mL absolute ethanol
and left at 5◦C in the refrigerator. Crystals formed readily to give 10.0 g benzyl α-d-
xylopyranoside after filtration and being washed with ether. The product was recrystallized
by dissolving it in a warm absolute ethanol and adding ether to turbidity to form needles
with a constant melting point of 127–128.5◦C.

Other references related to the Fischer-Helferich glycosylation are cited in the
literature.10
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5. Hanessian, S. and Lou, B. L., Chem. Rev., 2000, 100, 4443.

6. Toshima, K. and Tatsuta, K., Chem. Rev., 1993, 93, 1503.

7. Erickson, J. G. and Keps, J. S., J. Am. Chem. Soc., 1953, 75, 4339.

8. (a) Ferrieres, V.; Bertho, J.-N. and Plusquellec, D., Tetrahedron Lett., 1995, 36, 2749.
(b) Bertho, J.-N.; Ferrieres, V. and Plusquellec, D., J. Chem. Soc., Chem. Commun., 1995, 1391.
(c) Lubineau, A. and Fischer, J.-C., Synth. Commun., 1991, 21, 815. (d) Horito, S.; Tada,
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Fischer-Hepp

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fischer and Hepp in 1886.1 It is a conversion of
N-nitroso aromatic amines into p-nitroso aromatic amines in the presence of HCl or HBr
and is generally known as the Fischer-Hepp rearrangement.2 Originally, the Fischer-Hepp
rearrangement was thought to be intramolecular;3 however, much experimental evidence
indicates that this rearrangement is actually intermolecular. For example, the nitroso group
has been found to migrate onto a more reactive aromatic compound,4 but no rearrangement
occurs in the presence of urea.5 It should be pointed out that the rearrangement is much
less effective when sulfuric acid is used rather than HCl or HBr,2y because HCl or HBr
can easily form a nitroso halide that quickly replaces the proton at the para-position of the
amino group by electrophilic substitution.2y

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Illustrated here is the rearrangement of N-alkyl-N-nitroso aniline with HCl.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used in the preparation of p-nitroso arylamines.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

MeO

HN NEt2
N

MeO

HN NEt2

NO

NaNO2/HCl

50%

Reference 6.

A solution of 17.3 g sodium nitrite (0.25 mol) in 40 mL water was added dropwise with
stirring to 72 g 6-methoxy-8-(3-diethylaminopropylamino)-quinoline in 37 mL concen-
trated HCl and 100 g ice at 3◦C. After 1.5 h, the reaction mixture was made slightly basic,
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and extracted with warm benzene. Green felt-like lustrous needles (17.5 g) crystallized from
the dried, concentrated benzene extract. The dark, oily residue (50 g) that could not be crys-
tallized was recovered as starting material; b.p. 170–180◦C (0.2 mmHg); hydrochloride:
m.p. 191–192◦C. This was reworked to give a total of 41 g nitroso plasmocid, in a yield of
50%.

Reference 2bb.

To a cooled solution of 2.25 g 1-isopropyl-4-methylcarbazole in 45 mL glacial acetic
acid (distilled from phosphorus pentoxide) was added 2.5 g sodium nitrite in 4 mL water
while the reaction flask was cooled in ice water. A yellow solid separated after 10 min; pre-
cipitation was completed by addition of 50 mL water. The solid was separated by filtration,
thoroughly washed with water, and pressed dry. Recrystallization from petroleum ether
gave 1-isopropyl-4-methyl-9-nitrosocarbazole, m.p. 97–98◦C. Attempted recrystallization
from petroleum ether containing residual acetic acid yielded a solid with melting point of
158–160◦C. Chromatography of this solid on alumina afforded two fractions: 1-isopropyl-
4-methyl-6 (or 7)-nitrocarbazole, eluted by benzene, m.p. 204–205◦C, and 1-isopropyl-2(or
3)-nitro-4-methylcarbazole, m.p. 210◦C (no yield was given in the original paper).

Other references related to the Fischer-Hepp rearrangement are cited in the literature.7
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D.; Strepikheev, Y. A. and Naumova, I. I., Zh. Obsh. Khim., 1984, 54, 1375. (e) Shevchuk, A. S.;
Pavelko, N. V.; Shein, V. D. and Kurapin, A. V., Osnov. Organ. Sintez Neftekhimiya, Yaroslavl,
1983, 53. (f) Williams, D. L. H., J. Chem. Soc., Perkin Trans. II, 1982, 801. (g) Nikitenkova,
L. P.; Karakotov, S. D.; Strepikheev, Y. A.; Kashemirov, B. A. and Naumova, I. I., Zh. Obsh.
Khim., 1981, 51, 1633. (h) Nikitenko, L. P.; Karakotov, S. D.; Naumova, I. I. and Strepikheev,
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Williams, D. L. H., J. Chem. Soc., Perkin Trans. II, 1977, 44. (n) Kampel, L. P.; Strepikheev, Y.
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Fischer-Speier Esterification

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fischer and Speier in 1895.1 It is the synthesis of
ester by refluxing carboxylic acid with an excess amount of alcohol in the presence of an
acidic catalyst (e.g., HCl), and is known as the Fischer-Speier esterification.2 It is known
that the formation of ester from alcohol and carboxylic acid is reversible, and an equilibrium
always exists between the ester and carboxylic acid. To drive the equilibrium toward ester
side, azeotropic refluxing is always applied to remove the newly formed water.3 At the same
time, an acidic catalyst is added to accelerate the esterification, often by passing dry HCl
gas into the solution.1 Compared to the sulfuric acid–promoted esterification, the reaction
promoted by HCl does not produce olefin (from alcohol), and does not undergo electrophilic
substitution with benzene either. For the special case of preparing methyl esters, it was found
that the methyl esters can be synthesized in almost quantitative yield with acetone dimethyl
acetal, which functions as a water scavenger, resulting in a self-accelerating reaction. This
is because whenever a water molecule is formed after the esterification, two more methanol
molecules will be generated by hydrolysis of acetone dimethyl acetal.3

B. GENERAL REACTION SCHEME

R1 OH

O
HO R2
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HCl

R1 O
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C. PROPOSED MECHANISMS

D. MODIFICATION

More convenient p-toluenesulfonic acid (TsOH) is often used when dry HCl is not
available.

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

HO

O

O

OH MeOH
MeO OMe

Me Me

TsOH MeO

O

O

OMe+ +
98.8%

Reference 3.

Adipic acid (585 g, 4 mol) was added to 200 mL methanol containing 5 g
p-toluenesulfonic acid. This mixture was stirred in a 2-L flask and maintained at 40–60◦C.
As the reaction progressed, acetone dimethyl acetal was added in increments. By the end
of 30 min, 200 mL had been added, by the end of 1 h, 600 mL total had been added (at this
point, all adipic acid was in solution), and by the end of 1.5 h, a total of 1 L of the acetone
dimethyl acetal (8 mol) had been added. At the end of 2 h, only 10% of the acid remained
unreacted. After 4 h, the reaction was 99% complete. One half of the crude solution was
then distilled at a rate such that by the end of 3 h, all of the acetone and methanol had been
removed. This left a 98.8% yield of crude, straw-colored dimethyl adipate. On further dis-
tillation, a 94% yield of pure dimethyl adipate with a boiling point of 109◦C was recovered.
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A similar experiment in which all of the reactants were mixed at one time and left overnight
at room temperature (with stirring) resulted in 100% conversion of the adipic acid.

OH

HO

O

MeOH
∆

H2SO4
OMe

HO

O

+

Reference 2a.

The mixture of 1.1 g 3-(p-hydroxyphenyl) propionic acid, 5 mL concentrated H2SO4,
and 100 mL MeOH was refluxed for 4 h. Then the mixture was poured into 200 mL cold
CHCl3 and washed with 300 mL 5% NaHCO3 three times and water two times. The organic
layer was dried and evaporated, and the residue was distilled under vacuum to give 0.9 g
methyl 3-(p-hydroxyphenyl) propinate.

Other references related to the Fischer-Speier esterification are cited in the literature.4
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Fischer-Tropsch Synthesis

(Fischer-Tropsch Technology,
Fischer-Tropsch Process)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fischer and Tropsch at the Kaiser Wilhelm Institute
in Germany in 1923.1 It is the conversion of synthesis gas, a mixture of hydrogen and carbon
monoxide, into a mixture of high-value hydrocarbons and their derivatives (e.g., aliphatic
alcohols, olefins, aldehydes, and ketones) and some by-products such as water and CO2.
Therefore, this reaction is generally known as the Fischer-Tropsch synthesis,2,3 Fischer-
Tropsch technology,4 or Fischer-Tropsch process.5 Occasionally, it is also referred to as
the Fischer-Tropsch reaction.6 In this reaction, the synthesis gas is passed through a reactor
containing a solid supported metal catalyst, such as, Ru/SiO2,7 Co/Nb2O5,8 Co/TiO2,9

Co/Al2O3,10 Co/SiO2,11 Co-CeO2/SiO2,12 and Fe/SiO2,13 at 200–350◦C and a pressure
of 15–40 bar. Although the metals with catalytic activity for this reaction are ruthenium,
cobalt, and iron,14 cobalt and iron are the most used ones due to the high cost of ruthenium.
However, the cheapest iron-based catalysts also suffer from a low wax selectivity14 and are
deactivated about as high as 4.8% per week15 and are good for ∼ 8 weeks;16 in contrast,
cobalt-based catalysts “are stable and allow high syn-gas conversions,”14 which can produce
heavy wax (∼ C100)17 and can be used up to 5 years.18 It was found that the rate of CO
conversion increases linearly with cobalt’s dispersion rate, regardless of solid support.2g

This reaction has been practically used for making odorless, colorless, clean diesel fuel
containing low levels of sulfur and other impurities.4i,19 The application of this reaction in
the fuel industry is so important that it might solve the energy crisis after we run out of
crude oil, because this reaction uses much more enriched coal and sustainable biomass as
starting materials.
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B. GENERAL REACTION SCHEME

CO   +   H2
Co or Fe

200–350°C
CH3(CH2)n-H n = 0, ... > 100

C. PROPOSED MECHANISMS

The mechanism is very complicated, as more than 36 reactions have been proposed.2m

Illustrated here is a simple demonstration of this reaction, where iron is used to indicate
the catalytic center only, no other bonds are shown except for the necessary ones. This
mechanism is similar to the one in Brady and Pettit.20

D. MODIFICATION

This reaction has been modified using a variety of catalysts and different reactors.

E. APPLICATIONS

This reaction has a very important application in industry to produce clean fuels.

F. RELATED REACTIONS

This reaction is related to the Bergius Process.
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G. CITED EXPERIMENTAL EXAMPLES

No experimental details are given here, because the cited papers provide only the pro-
cedures for preparing a particular catalyst and the analysis of product distribution.

Other references related to the Fischer-Tropsch synthesis are cited in the literature.21
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Fleming-Tamao Oxidation

(Tamao Oxidation, Tamao-Fleming
Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Tamao and co-workers in 19831 and Fleming and
co-workers in 1984.2 It is the conversion of a silyl group into a hydroxyl group by means of an
oxidative desilylation using either hydrogen peroxide or peracetic acid as an oxidant and KF
or KHF2 as an additivie (Tamao’s procedure for di-isopropyl-methylalkylsilanes) or using a
peroxy acid as an oxidant under acidic conditions (Fleming’s procedure for phenyldimethyl-
alkylsilanes). Therefore, this reaction is known as the Fleming-Tamao oxidation3 but more
commonly as the Tamao oxidation4 or Tamao-Fleming oxidation.4b,5 For the cases of
dialkylsilanes, two alcohols can be generated from oxidative desilylation; therefore, this is an
important method for the preparation of diols from cyclic silanes.3b,3d,5c,5g,6 This oxidation
has shown its versatility and importance in modern organic synthesis, beacuse organosilicon
molecules can be easily prepared from the hydrosilylation of alkenes and alkynes with cis7

or trans8 stereochemistry, and alcohols or other derivatives can be obtained by the oxidative
desilylation of the introduced silyl groups. It was found that the phenyldimethylsilyl group
can be converted into an hydroxyl group with retention of stereochemistry,3d,5d except for
cases when allylsilanes are present in the reaction solution.3d Unfortunately, this reaction
is not feasible for removing the trimethylsilyl group.3b
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B. GENERAL REACTION SCHEME

R1 R2

Si
Me Me

Ph

R1 R2

OH

R Si
O-i-Pr

Me O-i-Pr
R OH

Hg(TFA)2, TFA, AcOOH

H2O2/KF

C. PROPOSED MECHANISMS

Listed here is a demonstration of the mechanism using H2O2 as an oxidant to yield the
alcohol. It is known that fluoride is silicon philic, which can liberate the isopropanol anion
and deprotonate the hydrogen peroxide.

D. MODIFICATION

This reaction has been modified by the addition of KHCO3 to further facilitate the
reaction.3d

E. APPLICATIONS

This reaction has wide application in the removal of silyl groups and alcohol preparations.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

SiMe2Ph

OBn

OBn

OHHO

HO

Hg(OAc)2

OBn

OBn

OHHO

HO

OH

AcOOH, AcOH
23°C, 1 h

75%

Reference 3a.

To a solution of 16 mg (1S,2S,3S,4R,5S,6R)-5,6-dibenzyloxy-3-(dimethylphenyl-
silanyl)-cyclohexane-1,2,4-triol (0.03 mmol) in 0.3 mL AcOH were added 12 mg Hg(OAc)2
(0.04 mmol) and 0.2 mL 32% AcOOH (1.0 mmol) at 23◦C. After 1 h, the mixture was cooled
to 0◦C and quenched with 2 mL saturated aqueous Na2S2O3 and 3 mL EtOAc. The mixture
was stirred for 30 min and the two phases were separated. The aqueous layer was extracted
with EtOAc (2 × 5 mL) and the combined organic extracts were washed with saturated
aqueous NaHCO3, dried over MgSO4, filtered, and concentrated in vacuo. The residue was
purified by gradient flash chromatography (10 g SiO2, 5% MeOH/CH2Cl2) to yield 9 mg
(1S,2S,3S,4R,5S,6R)-5,6-dibenzyloxy-cyclohexane-1,2,3,4-tetrol, in a yield of 75%.

SiMe2Ph OH

AcOOH, KBr, NaOAc

AcOH, 0°C, 18 h
86%

Reference 5f.

Peracetic acid (Aldrich, 32% solution in acetic acid, 5 mL) was added dropwise at 0◦C
to a stirred mixture of 3 mmol cis-1-(phenyldimethylsilyl)-2-methyl cyclohexane, 500 mg
potassium bromide, and 1.2 g anhydrous sodium acetate in 15 mL glacial acetic acid. The
mixture was allowed to warm to room temperature and stirred for an additional 18 h. Then
the reaction mixture was diluted with ether and carefully neutralized with saturated aqueous
NaHCO3 solution. The ethereal layer was washed with saturated aqueous Na2SO3 and brine
and dried over MgSO4. Ether was removed at ambient pressure, and the residue was purified
by preparative column chromatography (eluent hexane, then hexanes/ether, 5:1) to give
294 mg cis-2-methylcyclohexanol as a colorless oil, in a yield of 86%.

Other references related to the Fleming-Tamao oxidation are cited in the literature.9
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Y.-S.; Yoo, B. R.; Lee, G.-H. and Jung, I. N., Organometallics, 1999, 18, 3109. (c) Asao N.; Sudo,
T. and Yamamoto, Y., J. Org. Chem., 1996, 61, 7654. (d) Yamamoto, K. and Takemae, M., Synlett,
1990, 259. (e) Oertle, K. and Wetter, H., Tetrahedron Lett., 1985, 26, 5511.

9. (a) Sanganee, M. J.; Steel, P. G. and Whelligan, D. K., Org. Biomol. Chem., 2004, 2, 2393.
(b) Studer, A., Angew. Chem. Int. Ed., 1998, 37, 462. (c) Mader, M. M. and Edel, J. C., J.
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Flood Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Flood in 1933.1 It is a synthesis of trialkylsilyl
halide involving the treatment of the mixture of di-trialkylsilyl oxide and concentrated
sulfuric acid with sodium halide or ammonium halide.2 The resulting trialkylsilyl halide
can be extracted by petroleum ether and then purified via distillation.1 It was found that when
di-trimethylsilyl oxide is mixed with concentrated sulfuric acid, trimethylsilyl sulfate can be
isolated as a white crystalline (m.p., 56–58◦C), which forms trimethylsilyl halide when it
reacts with ammonium halide.3 The reaction has been improved by continuous extraction
of the reaction mixture with pentane to yield more and purer trialkylsilyl halide3 and by the
addition of ammonium bisulfate to the reaction mixture.3

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare trialkyl halides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Me
Si

Me
Me

O
Si

Me

Me
Me

H2SO4 Me
Si

Me
Me

F
NH4F+

75.5%

Reference 4.

To an ice-cold stirred solution of 32.4 g hexamethyldisiloxane (0.2 mol) in 60 mL con-
centrated sulfuric acid was added 24.2 g ammonium fluoride (0.7 mol) through a dropping
bottle within 1 h. Warming gave 31.0 g distillate of clear colorless liquid. Two fractions
were collected from fractional distillation: 3.2 g fraction 1, b.p. 15.4◦C; and 27.8 g fraction
2, b.p. 15.8◦C at 734 mmHg (the pure trimethylfluorosilane), in a yield of 75.5%.

H2SO4 Me
Si

Me
Me

Cl
NH4Cl

Me
Si

Me
Me

O
Si

Me

Me
Me +

85%

Reference 4.
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To a vigorous stirred solution of 324.0 g hexamethyldisiloxane (2 mol) and 1000 g
concentrated sulfuric acid cooled in an ice bath was added 321.0 g dry powdered ammonium
chloride (6 mol) within 3 h. Upon completion of the addition, the upper layer was separated
as quickly as possible. Fraction distillation gave 369.0 g trimethylchlorosilane (3.4 mol),
in a yield of 85%, b.p. 58◦C.

Other references related to the Flood reaction are cited in the literature.5

H. REFERENCES

1. Flood, E. A., J. Am. Chem. Soc., 1933, 55, 1735.

2. Sommer, L. H.; Pietrusza, E. W.; Kerr, G. T. and Whitmore, F. C., J. Am. Chem. Soc., 1946, 68,
156.

3. Sommer, L. H.; Kerr, G. G. and Whitmore, F. C., J. Am. Chem. Soc., 1948, 70, 445.

4. Pray, B. O.; Sommer, L. H.; Goldberg, G. M.; Kerr, G. T.; Giorgio, P. A. D. and Whitmore, F. C.,
J. Am. Chem. Soc., 1948, 70, 433.

5. (a) Birkofer, L and Stuhl, O., Top. Curr. Chem., 1980, 88, 33. (b) George, P. D.; Sommer, L. H.
and Whitmore, F. C., J. Am. Chem. Soc., 1955, 77, 6647. (c) Giorgio, P. A. D.; Strong, W. A.;
Sommer, L. H. and Whitmore, F. C., J. Am. Chem. Soc., 1946, 68, 1380.
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Forster Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Forster in 1915.1 It is the synthesis of diazoke-
tones, especially for the cyclic diazoketones2 from α-keto oximes by the reaction with
chloramines. Therefore, it is known as the Forster reaction.3 Although two mechanisms
have been proposed for this reaction,3c experimental evidence favors the one involving the
attack of NH2Cl by the lone-pair electrons of the oxime nitrogen.3c,4 This reaction has
been modified via the generation of chloramine in situ, which is used in the preparation of
2-diazo-1-indanones.2a

B. GENERAL REACTION SCHEME

O

NOH

NH2Cl

O

N2

+

C. PROPOSED MECHANISMS

It is believed that this reaction involves the attack of the nitrogen atom of oxime to
chloramine.3c,4
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D. MODIFICATION

This reaction has been modified to generate chloramine in situ via the reaction of
ammonia with sodium hypochlorite.2a

E. APPLICATIONS

This reaction is used to prepare diazoketones, especially for the cyclic diazoketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

To a solution of 0.08 M t-BuOK in 5.4 mL THF cooled to –78◦C in
dry ice–acetone bath was added dropwise a solution of 16 mg (1S,9R)-5,5,9-
trimethyltricyclo[7.2.1.01,6]dodecan-10-one (0.073 mmol) and 13 mg isoamyl nitrite
(0.11 mmol) in 1 mL THF. Shortly, a reddish color developed. After stirring at –78◦C for
1 h, the reaction was allowed to warm up slowly to room temperature over a 30 min period
and then was stirred at room temperature for another 30 min. The reaction mixture was
then diluted with 20 mL Et2O and quenched with 5 mL saturated NH4Cl. The two phases
were separated, and the aqueous phase was extracted with Et2O (3 × 5 mL). The combined
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organic phases were washed with 10 mL water, saturated aqueous NaHCO3, and brine and
dried over MgSO4. After filtration and concentration, the residue was purified through silica
gel column chromatography (EtOAc/hexanes, 1:4 to 1:2) to gave (1R,6S,9R,11Z)-5,5,9-
trimethyltricyclo[7.2.1.01,6]dodecane-10,11-dione 11-oxime in two isomeric forms: syn,
5 mg, anti, 11 mg (88.4% combined yield).

To a vigorously stirred solution of 6.6 mg anti-oxime (0.027 mmol) in 2 mL THF at
0◦C was added 0.37 mL 15 M NH3·H2O. The mixture was treated with 0.37 mL Clorox
(a commercial bleach) dropwise. After the addition, the reaction mixture was stirred for
5 min and then worked up by dilution with Et2O and water (10 mL each). The resulting two
layers were separated, and the aqueous layer was back extracted with ether (2 × 10 mL). The
combined organic layers were dried over MgSO4 and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (8:1 hexanes/EtOAc) to
afford 3.6 mg diazo ketone, in a yield of 55%.

Cl O

NOH
NH2Cl

Cl O

N2

Reference 2a.

In a 1 L, three-necked flask equipped with a mechanical stirrer, dropping funnel, and
thermometer and cooled in an ice bath was placed a solution of 6.3 g oximinoketone
(0.03 mol) in a mixture of 200 mL water and 30 mL 1 Nsodium hydroxide (0.03 mol). The
stirred solution was cooled to 2◦C, when a portion of the sodium salt of the oxime separated.
Then 4 mL 15 N ammonium hydroxide (0.60 mol) was added. Next, 100 mL 5.25% sodium
hypochlorite solution (0.071 mol) was added dropwise over a period of 20 min. At 1 h after
the completion of the addition of the hypochlorite, the ice bath was removed, and stirring was
continued for an additional 5 h. The precipitated brown solid was filtered, washed well with
water, and dissolved in methylene chloride. The resulting deep red solution was treated with
charcoal until orange in color; it was then filtered, concentrated, and chilled to give 3.9 g
diazoketone as fine yellow needles, in a yield of 63%, m.p. 173–180◦C (dec.).

Other references related to the Forster reaction are cited in the literature.5

H. REFERENCES

1. Forster, M. O. J., J. Chem. Soc., 1915, 107, 260.

2. (a) Cava, M. P.; Litle, R. L. and Napier, D. R., J. Am. Chem. Soc., 1958, 80, 2257. (b) Cava, M.
P. and Litle, R. L., Chem. Ind., 1957, 367.

3. (a) Huneck, S., Chem. Ber., 1965, 98, 3204. (b) Rundel, W., Angew. Chem., 1962, 74, 469. (c)
Meinwald, J.; Gassman, P. G. and Miller, E. G., J. Am. Chem. Soc., 1959, 81, 4751.

4. Zhang, L. M. and Koreeda, M., Org. Lett., 2004, 6, 537.

5. (a) Ye, T. and McKervey, M. A., Chem. Rev. 1994, 94, 1091. (b) Cava, M. P. and Vogt, B. R.,
J. Org. Chem., 1965, 30, 3776. (c) Overberger, C. G. and Anselme, J. P., Tetrahedron Lett., 1963,
1405. (d) Rundel, W., Angew. Chem., 1962, 74, 469. (e) Meinwald, J.; Curtis, G. G. and Gassman,
P. G., J. Am. Chem. Soc., 1962, 84, 116. (f) Cava, M. P. and Moroz, E., J. Am. Chem. Soc., 1962,
84, 115. (g) Weygand, F. and Bestmann, H. J., Angew. Chem., 1960, 72, 535.
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Franchimont Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Franchimont in 1872.1 It is a condensation of
two α-bromocarboxylic acids in absolute alcohol in the presence of sodium cyanide to give
1,2-dicarboxylic acids after hydrolysis and decarboxylation. In the case of α-bromoketones,
1,4-diketones are produced similarly after hydrolysis with phosphoric acid.2 It was found
that the bulky group at the ester end prevents condensation, as in the case of phenyl and
naphthyl esters.3 Although the substituent at β-position does not prevent such conden-
sation, it reduces the overall yield.3 In addition, a compound with two ester groups at
proper position will form cyclic diacid under such reaction conditions; and cyclobutane,3,4

cyclopentane5 and cyclohexane5 dicarboxylic acid have been prepared in such a way. In
the case of 1,4-dibromo-1,4-dibenzoylbutane, a derivative of cyclopentanone is produced
after acidic hydrolysis.2 It should be pointed out that other common solvents—including
acetone, ether, and acetonitrile– are not good for this reaction.3

B. GENERAL REACTION SCHEME

R
OR′

O

Br

NaCN

OR′
OR′

O

O

R

R
NC

OH

OH

O

R

R

O

Hydrolysis
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1114 FRANCHIMONT CONDENSATION

C. PROPOSED MECHANISMS

D. MODIFICATION

The original condensation of two α-bromocarboxylic acids has been extended to the
condensation of compounds with two α-bromocarbonyl groups.

E. APPLICATIONS

This reaction has been used in the synthesis of cyclobutane, cyclopentane, and cyclo-
hexane dicarboxylic acids.

F. RELATED REACTIONS

This reaction is related to the Acyloin Condensation and Benzoin Condensation.

G. CITED EXPERIMENTAL EXAMPLES

COPh

COPh

Br

Br

NaCN

O Ph
Ph

O

CN
H3PO4

O

Ph

Ph
O

40%

Reference 2.

To a mixture of 300 mL 85% phosphoric acid and 25 mL 95% ethanol was added
10.0 g cyano dihydropyran prepared from 1,4-dibromo-1,4-dibenzoylbutane and sodium
cyanide. The solution was stirred for 18 h at room temperature and then refluxed for 8 h.
When the solution was cooled down, it was diluted to a volume of 1800 mL in a 2-L
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beaker by the addition of water. The yellow solid was filtrated after a few hours, and 40%
2-phenyl-3-benzoylcyclopentanone was recrystallized from ethanol, m.p. 159.0–159.5◦C.

Br

CO2Et

CO2Et

Br
NaCN

EtOH

CO2Et

CO2Et

CN

CO2H

CO2H

Conc. HCl

Reference 5.

A mixture of 50.0 g ethyl α,α′-dibromopimelate, 25.0 g powdered sodium cyanide, and
30 mL absolute ethanol was refluxed for 60 h. Sodium bromide and excess sodium cyanide
were removed from the cooled mixture by filtration and washed with 10 mL ethanol. The
filtrate, when distilled in vacuo, gave a colorless distillate boiling at 125–130◦C at 2 mmHg.
Redistillation gave 25–29 g ethyl 1-cyano-1,2-cyclopentanedicarboxylate at 135–136◦C at
3.5 mmHg or 126–128◦C at 2 mmHg pressure, with a corresponding yield of 80–88%.

Ethyl 1-cyano-1,2-cyclopentanedicarboxylate (15.0 g) was hydrolyzed by refluxing with
75 mL concentrated HCl for 30 h. The ester dissolved completely, giving a light brown
solution that deposited, on cooling, 5 g crude trans-1,2-cyclopentanedicarboxylic acid with
a melting point at 155–158◦C. This was converted into the pure trans acid by being heated
to 160◦C with 1 mL concentrated HCl in a sealed tube for 1 h. The pure trans acid melted
at 161◦C.

Other references related to the Franchimont condensation are cited in the literature.6

H. REFERENCES

1. Franchimont, A. P. N., Ber., 1872, 5, 1048.

2. Fuson, R. C.; Lippert, A.; Young, R. V. and Hully, H. H., J. Am. Chem. Soc., 1936, 58, 2633.

3. Fuson, R. C.; Kreimeier, O. R. and Nimmo, G. L., J. Am. Chem. Soc., 1930, 52, 4074.

4. Fuson, R. C. and Kao, T. Y., J. Am. Chem. Soc., 1929, 51, 1536.

5. Fuson, R. C. and Cole, W., J. Am. Chem. Soc., 1938, 60, 1237.

6. (a) Rydon, H. N., J. Chem. Soc., 1936, 593. (b) Bone, W. A. and Perkin, W. H., J. Chem. Soc.,
Trans., 1896, 69, 253. (c) Poppe, O., Ber., 1890, 23, 113. (d) Zelinsky, N., Ber., 1888, 21, 3160.
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Frankland Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported in 1848 by Frankland,1 who tried to prepare ethyl
radical from zinc and ethyl iodide in a sealed tube.2 However, he obtained diethyl zinc. This
event is probably the origin of organometallic chemistry,2,3 because diethyl zinc was the
first synthetic organometallic compound.2,4 Therefore, the preparation of dialkyl zinc from
zinc and alkyl iodide is called the Frankland reaction.5 Currently, alkyl zinc has found many
applications in organic synthesis,6 because the addition of alkyl zinc to aldehydes in the pres-
ence of a chiral catalyst affords secondary alcohols with a high level of enantioselectivity;7

in addition, organic zinc reagents can tolerate a broad range of functionalities.8 It should be
pointed out that dialkyl zinc forms a complicated complex rather than a simple zinc alkoxide
when it is exposed to oxygen.9 Moreover, the direct preparation of dialkyl zinc from alkyl
iodide and zinc followed by distillation is best for compounds with a short hydrocarbon
chain (e.g., from C1 to C4).10 Besides the Frankland reaction, other methods for preparing
dialkyl zinc compounds have been developed, including the reactions between the activated
zinc and the alkyl halide,11 the reaction of zinc with a mixture of alkyl iodide and alkyl
bromide,8a the transmetalation of lithium11,12 or magnesium9 organometallics with zinc
salts, and the iodine-zinc exchange.6

B. GENERAL REACTION SCHEME

R I Zn R Zn R+
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C. PROPOSED MECHANISMS

It is suggested that the reaction between zinc and alkyl bromide involves an electron
transfer, but the details of the mechanism are not given.8a Therefore, it is reasonable to
assume that the reaction between zinc and alkyl iodide also involves electron transfer, as
outlined here.

D. MODIFICATION

A few modifications of this reaction are the reaction between alkyl iodide and copper-zinc
alloy,3c,11 the reaction between zinc and a mixture of alkyl iodide and alkyl bromide,8a the
transmetalation between zinc and lithium,11,12 magnesium,9 or tin,5d and the iodine-zinc
exchange.6

E. APPLICATIONS

The prepared organozinc reagents have wide application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Grignard Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 8a.

To a 50-mL centrifuge tube containing 584.1 mg 1,4-dibromo-1-phenylbutane
(2.0 mmol) in 10 mL anhydrous THF at 0◦C (equipped with a stirring bar and septum)
was added 1.5 mL active zinc suspension of THF (2.2 mmol, 10 g/100 mL) via a dispos-
able syringe under argon atmosphere. The mixture was stirred at 0◦C for 10 min, then the
organozinc reagent was centrifuged for 2 min at 2500 rpm, and the content of the tube was
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cannulated to a 100-mL, two-necked flask at –30◦C containing 17.9 mg copper (I) cyanide
(0.2 mmol) and 17.4 mg LiBr (0.4 mmol) in 10 mL THF. 2,3-Dichloropropene (222 mg,
2.0 mmol) was added immediately to the flask. After 3 h, the temperature was allowed
to rise to room temperature, and stirring was maintained for an additional 3 h. After this,
50 mL hexanes was added, the mixture was hydrolyzed with 1 M HBr and extracted with
hexanes (2 × 50 mL), the organic phases were dried over magnesium sulfate, and the sol-
vents were removed at 30◦C and a pressure of 15 mmHg. Kugelrohr distillation afforded
64% 7-bromo-2-chloro-4-phenyl-1-heptane.

Reference 3c.

To a 1-L round-bottomed flask equipped with a reflux condenser and a heavy stirrer
was placed 130.0 g fine turnings of a zinc-copper alloy containing 5–8% copper (∼2 mol),
0.5 mol n-butyl iodide, and 0.5 mol n-butyl bromide. The mixture was gently refluxed with
slow stirring. In case the reaction became too vigorous, the flask was cooled with ice water,
but only to the point at which the reaction was again under control. At the end of 30 min from
the time the heat was removed, the reaction was usually over. The flask was allowed to cool
and was connected with a distilling head and condenser; the di-n-butyl zinc was distilled
directly from the reaction flask at 9 mmHg at 81–82◦C. The apparatus need not be swept
out with an inert gas before starting the distillation, but at the end, when the vacuum was
released, dry carbon dioxide was admitted to the apparatus instead of air. Finally 78–79%
of di-n-butyl zinc was obtained, and an equal weight of the desired dry solvent was added
to the receiving flask. The resulting solution was ready for subsequent reaction of such zinc
reagent.

Other references related to the Frankland reaction are cited in the literature.14
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3. (a) Nicholson, J. W., J. Chem. Edu., 1989, 66, 621. (b) Rochow, E. G., J. Chem. Edu., 1966, 43,
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Fráter-Seebach Alkylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fráter in 19791 and subsequently by Seebach
and Wasmuth in 1980.2 It is a reaction between a lithium enolate of an enantiomerically
pure β-hydroxyl carboxylate and a alkyl halide to give α-alkyl-β-hydroxyl-carboxylate
with high diastereoselectivity (> 10:1 of anti- preference).3 Therefore, this special type
of alkylation is generally known as the Fráter-Seebach alkylation.3,4 Occasionally, it is
also referred to as the Fráter-Seebach protocol.5 The high diastereoselectivity is clearly
evidenced in one experimental condition, in which only the anti-diasteromer forms.4f,5

The resulting α-alkyl-β-hydroxy-carboxylate is often an important intermediate in natural
product synthesis;3,4d,4h in addition, it can also be reduced by lithium aluminum hydride
(LAH) to form diastereomerically pure 1,3-diol,4g which forms 1,3-dioxane with a carbonyl
compound (acetal or ketal),4b,4g an important intermediate in organic synthesis. It is assumed
that the high diastereoselectivity arises from the chelation.5

B. GENERAL REACTION SCHEME

R1 O
R2

OOH

R1 O
R2

OOH

R3

1) LDA, THF

2) R3X

X = Cl, Br, I
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C. PROPOSED MECHANISMS

D. MODIFICATION

This stereoselective alkylation has been extended to γ-hydroxyl-carboxylic acid that
exists as a lactone.4h

E. APPLICATIONS

This reaction has certain application in the preparation of multifunctional chiral
compounds.

F. RELATED REACTIONS

This reaction is related to the Aldol Reaction and Evans Aldol Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O
Me

OOH
O

Me

OOH

1) LDA, 10% DMPU

2) Iso-butenyl bromide

Reference 3.

LDA (2.1 eq.) was generated by the addition of 2.55 M n-BuLi in THF to a 1.0 M
solution of diisopropylamine (2.1 eq.) in THF at 0◦C. After 15 min, the LDA solution was
cooled to –78◦C and 1.0 eq. THF solution of β-hydroxy ester was added dropwise via
syringe such that the internal temperature was maintained at or below –65◦C. Then 1.1 eq.
iso-butenyl bromide was added via syringe followed by DMPU (10% v/v). The reaction
mixture was stirred at –78◦C for 5 min then allowed to come to 0◦C over 24–48 h until
the reaction was complete by TLC. The reaction mixture was then quenched with saturated
NH4Cl and extracted with ether, the organic layers were combined and washed with 1 N
HCl, 5% NaHCO3, and brine and dried over MgSO4. Removal of the solvent and silica gel
chromatography afford the product. (No yield was given for this reaction.)
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O
O

Me

O

Me

OH

Me

O

Ph

O
H O

O
Me

O

Me

OH

Me

O

Ph

O HNaN(TMS)2, THF

Prenyl bromide
80%

Reference 4f.

To 33.5 mL 1.0 M sodium hexamethyldisilazide in hexane (33.5 mmol) at
−78◦C was added 2.55 g 2,4,6-trideoxy-2,4-dimethyl-7,8-O-(1-methylethylidene)-5-O-
(phenylmethyl)-d-glycero-d-gluco-octanoic acid methyl ester (6.70 mmol) in 35 mL THF
dropwise via cannula. Once the addition of the ester was complete, the mixture was warmed
to –20◦C (internal thermometer) for 30 min and was then recooled to –78◦C. Prenyl bro-
mide (10 g, 70 mmol, 7.8 mL), freshly distilled from anhydrous K2CO3, was added, and
stirring was continued at –78◦C for 3 h. The reaction mixture was gradually warmed to
0◦C over 3 h and was maintained at that temperature for an additional 9 h. The reaction
was quenched by the addition of 50 mL saturated aqueous NH4Cl, followed by the addition
of 200 mL Et2O. The organic layer was washed with 75 mL water and 75 mL brine, and
the combined aqueous layers were back extracted with Et2O (2 × 50 mL). The ethereal
extracts were dried over MgSO4, filtered, and concentrated. Silica gel chromatography (23%
EtOAc/hexane) gave 2.41 g (2S)-2,4,6-trideoxy-2,4-dimethyl-2-(3-methyl-2-butenyl)-7,8-
O-(1-methylethylidene)-d-altro-octonic acid methyl ester as a viscous yellow oil, in a yield
of 80%, Rf = 0.48 (EtOAc/hexanes, 2:3).

Other references related to the Fráter-Seebach alkylation are cited in the literature.6
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Freund Reaction

(Hass Cyclopropane Process)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Freund in 1881.1 It is a preparation of cyclo-
propane derivatives from internal nucleophilic displacement of 1,3-dihalopropanes with
the treatment of sodium. The further modification of this reaction by treatment of 1,3-
dihalopropane with zinc dust is called the Gustavson reaction,2 whereas treatment with
zinc dust in aqueous alcohol in the presence of a catalytic amount of NaI is called the
Hass cyclopropane process.3 Although the Freund condition is challenged because of its
similarity to the Wurtz Reaction,4 the preparation of cyclopropane from 1,3-dihalopropane
is more often called the Freund reaction,4,5 including the condition of Gustavson.5e,6 Sim-
ilar to zinc, magnesium also reacts with 1,3-dihalopropane to give cyclopropane.6 In this
reaction, metal zinc or magnesium inserts into a carbon-halogen bond, and the resulting
carbanion attacks the nearby alkyl halide to form the cyclopropane ring. It has been reported
that 1,3-diiodopropane also cyclizes under radical conditions.7 Due to the steric effect, the
primary, primary 1,3-dibromides give high yields of cyclopropanes; primary, secondary
dibromides give fair yields of cyclopropanes; and secondary, secondary dibromides afford
poor yields.5e In some cases, olefin is produced as the principal or sole product.5e

B. GENERAL REACTION SCHEME

X X
Na (or Zn)

X = Cl, Br, I
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C. PROPOSED MECHANISMS

Illustrated here is the mechanism for the reaction between zinc and 1,3-dibromopropane.

X X
Zn X Zn

X

ZnX2

δ

δ–Insert

+

D. MODIFICATION

The Gustavson and Hass conditions are the further modifications of the original Freund
procedure.

E. APPLICATIONS

This reaction has general application in the preparation of cyclopropanes and probably
for cyclobutanes and cyclopentanes as well.

F. RELATED REACTIONS

This reaction is related to the Wurtz Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Br Br Zn

EtOH/H2O
∆

94.5%

Reference 4.

In a 2-L, three-necked flask equipped with a dropping funnel, mercury-sealed stirrer, and
reflux condenser (connected to a trap surrounded by a dry ice–acetone bath) were placed
900 mL 95% ethanol, 90 mL distilled water, and 628 g zinc dust (9.6 mol). It was necessary
to maintain vigorous stirring at all times to prevent caking of the zinc. The mixture was
brought to gentle reflux, and 562 g 1,3-dibromo-2,2-dimethylpropane (2.4 mol) was added
dropwise at this temperature. Heating and stirring were continued for 24 h after the last
of the dibromide had been added; the bulk of the hydrocarbon was collected in the trap
during this period. The remaining 1,1-dimethylcyclopropane (along with some alcohol)
was then distilled from the reaction flask and was collected in the trap. The crude 1,1-
dimethylcyclopropane (162 g) was washed with ice water and dried, in a crude yield of
94.5%.
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Br

Br

Zn

n-Propanol/H2O
86%

Reference 5e.

To a 1-L, three-necked flask fitted with a reflux condenser, thermometer, dropping funnel,
and mercury sealed stirrer was added 100 mL water, 300 mL n-propyl alcohol, and 196.0 g
oxygen-free zinc dust (3.0 mol, prepared from commercial grade zinc dust). The flask was
placed in an ice bath, and 214 g freshly distilled 2-methyl-2,4-dibromopentane (1 mol) was
added dropwise with efficient stirring over a period of ∼ 90 min. The ice bath was then
removed, and the mixture was stirred at room temperature for ∼ 32 h. After ∼10 h an
immiscible layer of hydrocarbon had formed. At the end of the reaction, the hydrocarbon
product was separated by distillation. 1,1,2-Trimethylcyclopropane was collected over a
temperature range of 49–51◦C and weighed 78.1 g, in a yield of 86%. The distillate contained
a small amount (2 or 3 mL) propyl alcohol and water; therefore, it was washed twice with
100-mL portions of ice water to remove the alcohol and cooled to freeze the aqueous layer.
The hydrocarbon was poured off. The crude 1,1,2-trimethylcyclopropane was purified by
distillation in a vertical surface column operating under conditions that gave an efficiency
of 100 theoretical plates calculated by the method of Calingaert and Beatty.

Other references related to the Freund reaction are cited in the literature.8
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Friedel-Crafts Acylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Friedel and Crafts in 1877.1 It is an electrophilic
aromatic substitution by an acyl group derived from carboxylic acid derivatives in the pres-
ence of a Lewis acid or Brønsted acid. Therefore, this reaction is generally known as the
Friedel-Crafts acylation.2 Generally speaking, this reaction involves four basic elements:
the aromatics, acylating agents, catalysts, and solvents. As of the electrophilic nature, the
more enriched the electron is on the aromatic ring, the easier the reaction occurs; therefore,
electron-donating groups on aromatic rings usually facilitate the reaction, whereas electron-
withdrawing groups normally impede the reaction. Nitrobenzene, with its strong electron-
withdrawing nitro group that usually inhibits acylation,3 is often used as the solvent for
Friedel-Crafts acylation.4 On the other hand, the acylating agents of carboxylic acid deriva-
tives also influence this acylation; the more the electrophilic the acylating agent, the faster
the acylation proceeds. Consequently, the commonly used acylating agents are acyl halides
(mostly acyl chloride) and acyl anhydrides, though other derivatives—including carboxylic
acids,5 esters,4,6 and lactams7—are also used in the direct acylation. In addition, to increase
the electrophilicity of acylating agents, at least 1 eq. of Lewis acid is used in this reaction.4

The Lewis acids used in the acylation with acyl halides include AlCl3, AlBr3, BeCl2,
CuCl2, FeBr3, HgCl2, MbCl5, SbBr3, SbCl5, TiCl4, UCl4, WCl6, and ZrCl4.4 When acyl
anhydrides are used as acylating agents, effective catalysts are AgClO4, BF3, CF3CO2H,
(CF3CO)2O, HClO4, HF, H3PO4, SnCl4, SOCl2, ZnCl2, etc.4 Although many compounds
that do not undergo the Friedel-Crafts acylation can be used as the solvent, the commonly
used solvents are nonpolar carbon disulfide for heterogeneous acylation and polar nitroben-
zene for homogenous acylation.4 It is known that the Lewis acid forms a complex with the
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acylating agent that is sufficiently electrophilic to react with an aromatic ring,8 resulting in a
ketone–Lewis acid complex as the actual reaction product, which prevents further reaction
(e.g., rearrangement) and gives high yields of pure product. Therefore, water or dilute HCl
is often used to decompose the ketone–Lewis acid complex. This is the reason at least 1 eq.
of Lewis acid is needed for the acylation with acyl halide. Other acylating agents might need
more than 1 eq. of Lewis acid.4 From this point of view, the Lewis acids are the promoters,
not the catalysts, although recent developments have made this acylation catalytic.6a,9

The Friedel-Craft acylation is usually considered irreversible; however, if the acyl group
is tilted out of the plane of the aromatic ring by a neighboring bulky group, isomers
form from the reversible acylation.10 The intermolecular acylation can provide the aro-
matics with long hydrocarbon chains without rearrangement after reduction of the carbonyl
groups, whereas intramolecular acylation can synthesize benzocyclic ketones including
1-indanones, 1-tetralones, and 1-benzosuberones.6a The direction of acylation follows the
Crum-Brown-Gibson Substitution Rule—that is, the acylation occurs often at the para-
position of the electron-donating group, and occurs much less at the ortho-position because
of steric hindrance. It was found that when both amino and thioether groups exist on the
same aromatic ring, the amino group is the determining group for acylation direction.11

Other developments for the Friedel-Crafts acylation include (a) application of ionic liq-
uids as recyclable catalyst and media for acylation;9b,12 (b) application of AgSbF6,13

Bi2O3,9b Bi(OTf)3,9b [(CuOTf)2PhH],14 Envirocats,15 EtAlCl2,16 Nafion-H,9a,17 zeolite,18

and ZnO19 as new catalysts; (c) application of acylals as acylating agents, giving different
products depending on the conditions and the amount of catalysts;20 and (d) acylation of
alkenes to make β,γ-unsaturated ketones.16 Further information about the Friedel-Crafts
acylation can be found in reviews.4,21

B. GENERAL REACTION SCHEME

R X

O R

O

+
(Lewis) acid

X = halogen, OC(O)R′, OR′, NHR′, OH, etc.

C. PROPOSED MECHANISMS

Demonstrated here is the mechanism of the acylation of benzene using acyl chloride as
the acylating agent and AlCl3 as an acylation promoter.
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D. MODIFICATION

Because of its importance in aromatic chemistry, the Friedel-Crafts acylation has been
extensively modified, including the use of different acylating agents and different acylation
promoters.

E. APPLICATIONS

This reaction has wide application in the preparation of aromatic derivatives.

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Alkylation, Darzens Olefin Acylation, Fries
Rearrangement, Haworth Phenanthrene Synthesis, and Nencki Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

O

O

MeO

O

MeO

MeO

MeO
O

Sc(OTf)3/CH3NO2

∆
59%

Reference 6a.

In a flame-dried, round bottomed flask equipped with a magnetic stir bar and a reflux
condenser and under inert atmosphere were placed 200 mg 5-(3,4-dimethoxybenzyl)-2,2-
dimethyl-1,3-dioxane-4,6-dione and 0.1 eq. Sc(OTf)3. Nitromethane was added in one
portion by syringe, and the resulting suspension was immediately placed into an oil bath
preheated to 100◦C. The reaction was maintained at this temperature and monitored by TLC
until complete consumption of the starting material was observed (∼ 45 min). The reaction
mixture was then concentrated under vacuum and directly subjected to flash chromatogra-
phy, using a small quantity of CH2Cl2 to assist column loading, using hexane/EtOAc (6:5)
as an eluent to afforded 59% 5,6-dimethoxy-1-indanone as a white solid, m.p. 116–118◦C
after crystallization from CH2Cl2.

OMeMeO

Cl

O

MeO

OMe

Ph

O

+
ZnO, 5 min

92%

Reference 18.

1,4-Dimethoxybenzene (1 mmol) was added to a mixture of 0.04 g ZnO powder
(0.5 mmol) and 1 mmol phenyl acetyl chloride at room temperature and stirred with a mag-
netic stirrer. Color (usually pink) developed immediately and darkened with the progress



REFERENCES 1129

of the reaction. The reaction mixture was kept at room temperature with occasional stirring
for 5 min as required to complete the reaction (monitored by TLC). The solid mass was
then eluted with 20 mL dichloromethane, and the dichloromethane extract was then washed
with an aqueous solution of sodium bicarbonate and dried over anhydrous sodium sulfate.
Evaporation of solvent furnished practically pure (phenyl)-acetyl-(2,5-dimethoxy)-benzene
in 92% of yield.

Other references related to the Friedel-Crafts acylation are cited in the literature.22
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Friedel-Crafts Alkylation

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was first discovered by Wurtz,1 it is generally known as the Friedel-
Craft alkylation2 after Friedel and Crafts reported their work in 1877.3 It is a special class of
electrophilic aromatic substitution in which the electrophile is a carbocation.4 Similar to the
Friedel-Crafts Acylation, the electron-donating groups facilitate the alkylation, whereas the
electron-withdrawing groups impede the alkylation. In addition, an acidic catalyst (either
a Brønsted acid or a Lewis acid) is needed to enhance the electrophilicity of the alkylating
agent. Often this alkylation is carried out between the aromatics and alkyl halides in the
presence of a Lewis acid.5 The Lewis acid generally polarizes the alkyl halide, making the
hydrocarbon part to bear a more positive charge and become more electrophilic, which then
saturates its electron deficiency from electron-rich aromatics by forming a π-complex that
further transforms into a σ-complex while sacrificing the aromaticity. Extrusion of proton
in such σ-complex will regain the aromaticity.

Besides the most common alkylating agents of alkyl halides, other types of organic
compounds—including alcohols,6 aldehydes,6b,7 esters,8 ethers,6b imines,9 hydrozones,10

olefins11—also react with the aromatics to give the alkylated products. Among these alky-
lating agents, the esters have shown their advantage over alkyl halides and have been
extensively explored. So far, the esters used in alkylation include alkyl sulfates, sulfites,
phosphates, orthosilicates, carbonates, borates, chloroformates, hypochlorites, halosulfates,
chlorosulfites, arenesulfonates, perchlorate, arenesulfinates, chloro- and fluorosulfates, tri-
flates, pentafluorobenzenesulfonates, trifluoroacetates, acetates, formates, oxalate, silicate,
and carboxylate.8 The solvents can be nitromethane, methylene chloride, carbon disulfide,
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1132 FRIEDEL-CRAFTS ALKYLATION

1,1,2-trichlorotrifluormethane, etc.8a,12 The generally used Lewis acid catalysts in alkyla-
tion are arranged in the following order of decreasing Lewis acidity: Al2Br6 > Al2Cl6 >

Al2I6 > Ga2Br6 > Ga2Cl6 > Fe2Cl6 > SbCl5 > ZrCl4, SnCl4 > BCl3, BF3, SbCl3.13

However, the Friedel-Crafts alkylation is also different from the Friedel-Crafts Acylation,
with its characteristic limitations such as disproportionation,14 isomerization,6d,6f,15 over
alkylation,16 sensitivity to trace amounts of water,17 and side reactions of alkylating agents.
All these disadvantages can be linked to the character of carbocation in this reaction. For
example, the disproportionation originates from the isomerization of a σ-complex to a
more stable σ-complex during the alkylation if more than one alkyl group exist on the
aromatic ring; the isomerization of an alkylated group comes from the rearrangement of a
carbocation to form a more stable carbocation, as shown in the preparation of t-butyl aro-
matics from sec-butyl halide;15a,15c in addition, the alkyl group on the alkylated aromatics
is normally an electron-donating group that enriches the electron density on the aromatics
and facilitates further alkylations; when olefins are used as the alkylating agents, they can
polymerize in the presence of a strong Lewis acid. Because of the acidic nature of this
alkylation, the acid-labile aromatics are not feasible for this reaction, such as many hete-
rocycles. Although nitrobenzene is known to be inert for the Friedel-Crafts Acylation, it
can undergo the alkylation with ethanol in sulfuric acid;18 similarly, many moderately inert
aromatics also undergo the alkylation with ethyl, n-propyl, isopropyl, and n-butyl alcohol
(except for methanol and t-butyl alcohol) when sulfuric acid, PPA, or 85% phosphoric acid
is used as the catalyst.6c Even the highly electron deficient pentafluorobenzene can react
with methylene chloride or chloroform.19 Recent advances in the Friedel-Crafts alkylation
include (a) development of new alkylating catalysts, such as zeolite,20 cation-exchanged
Montmorillonite,21 hetereobimetallic,6a and rare earth metal salts;6b (b) application of new
reaction media, such as supercritical CO2;22 (c) development of new alkylating agents, such
as vinyl chlorosilanes,16a,23 nitrosoamide,5 and benzyl N-sulfamoylcarbamates,24 (among
which the benzyl N-sulfamoylcarbamates can react with aromatics even in the absence of
an acidic catalyst); and (d) development of an unsymmetrical alkylation system using chiral
catalysts to form enantiomerically pure products.9,10,11a,11c,25 Further information about
the Friedel-Crafts alkylation are provided in reviews.26

B. GENERAL REACTION SCHEME

R X

R
+

Lewis acid

X = halogen, OH, OR, etc.

C. PROPOSED MECHANISMS

Demonstrated here is the mechanism for the alkylation of benzene with alkyl halide
using AlCl3 as the catalyst.
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D. MODIFICATION

This reaction has been extensively modified by the application of different catalysts,
reaction media, and alkylating agents.

E. APPLICATIONS

This reaction has wide application in the preparation of substituted aromatics.

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation and Baddeley Isomerization.

G. CITED EXPERIMENTAL EXAMPLES

Ph

O
OH

N

O
OH

N

Ph

+
CH2Cl2, r.t.

86%, 92% e.e.

N
Cu

N

OO

TfO OTf
t Bu But

Reference 11a.

2,2′-Isopropylidene bis[(4S)-4-tert-butyl-2-oxazoline] (0.06 mmol) was weighed in a
flame-dried flask and placed under nitrogen, followed by the addition of 18.0 mg Cu(OTf)2
(0.05 mmol) by rinsing with 1.0 mL dry CH2Cl2 from a weighing boat. After stirred at
room temperature for 3 h, 0.5 mmol hydroxy enone in 0.5 mL dry CH2Cl2 was cannulated
into the solution followed by a rinse using 0.5 mL CH2Cl2; the resulting mixture was stirred
for a further 10 min at room temperature. Then 109 mg N-methyl pyrrole (89 µL, 1 mmol)
was added dropwise by syringe directly into the reaction, and the mixture was stirred at
room temperature under nitrogen for 2 h. The resulting reaction mixture was diluted with
10 mL NH4Cl and extracted with CH2Cl2 (3 × 10 mL). The CH2Cl2 layers were combined,
dried over anhydrous MgSO4, and concentrated. The crude product was purified by column
chromatography on SiO2 (hexane/EtOAc, 9:1) to afford 129 mg 2-hydroxy-2-methyl-5-(1-
methyl-1H-pyrrol-2-yl)-7-phenyl-heptan-3-one as a thick yellow oil, in a yield of 86% with
92% e.e.
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Cl
Si Cl

Cl

Cl

AlCl3
SiCl3

SiCl3
SiCl3

Cl3Si

Cl3Si

SiCl3

+
72%

Reference 16a.

To a stirring suspension of 1.0 g benzene (12.8 mmol) and 1.0 g AlCl3 (7.5 mmol) was
added 16.7 g 2′-chloroethyl-trichlorosilane (84.4 mmol) at a pumping rate of 0.3 mL/min
using a syringe pump at 70◦C. A moderately exothermic reaction was observed. The reaction
mixture was stirred for additional 3 h at 70◦C. Dried hexane (100 mL) and 1.9 g NaCl
(32.5 mmol) were added to the reaction mixture, and the mixture was then stirred at the
reflux temperature of hexane for 2 h. Solid products and NaCl-AlCl3 complex insoluble
in hexane were filtered out, washed three times with hexane (20 mL × 3), and dissolved
in dried THF. The NaCl-AlCl3 complex insoluble in THF was filtered off. The filtrate was
concentrated by evaporation and cooled to −30◦C to afford yellowish white crystals. These
crystals were powdered and then kept under vacuum conditions (150◦C at 0.2 mmHg) for
24 h to give 9.7 g of a mixture of hexa-(trichlorosilylethyl) benzene and THF (∼ 10 mol %),
in a yield of 72% , m.p. 260◦C (dec. slowly).

Other references related to the Friedel-Crafts alkylation are cited in the literature.27
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Friedländer Condensation

(Friedländer Synthesis, Friedländer
Reaction, Friedländer Quinoline

Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Friedländer in 1882.1 It is a preparation of
nitrogen-containing heterocycle (mostly, 2,3-disubstituted quinolines) from an aromatic
ortho-aminoaldehyde (or ketone) and an aldehyde (or ketone) bearing an active α-methylene
functionality. This reaction is considered to be one of the most successful methods for prepar-
ing quinoline derivatives,2 often in high yield.2c,3 Therefore, it is generally known as the
Friedländer condensation,4 Friedländer synthesis,2b,4k,5 or Friedländer reaction.2a,2c,4i,4o,6

In addition, over the past 120 years, this reaction has been referred to as the Friedländer
annulation,2a,5m,7 Friedländer heteroannulation,5m,8 Friedländer methodology,4n,9 and
Friedländer quinoline synthesis.2a,5m,5t,10

This reaction often occurs in one pot4c and involves two distinct steps:6o (a) condensa-
tion between the amino group and the carbonyl group of the aldehyde or ketone to form
anil, and (b) an irreversible intramolecular condensation between the active methylene or
α-methyl group and the carbonyl group attached to the aromatic ring. Therefore, it
is assumed that aldol type condensation is involved at a certain stage of the overall
condensation.2a,2d Consequently, both acid and base can catalyze this reaction; HCl, H2SO4,
p-TsOH, and PPA were widely applied as acid catalysts,2a,4l,4o,5m and NaOH and NaOEt
were employed as base catalysts.2a,4m It has been suggested that an acid catalyst is better
than a base catalyst for this condensation.2d In addition, this reaction is usually carried out
in a polar solvent, such as CH3CN, THF, DMF, and DMSO;5m otherwise, the reaction
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1138 FRIEDLÄNDER CONDENSATION

will occur in drastic conditions (e.g., 150–220◦C) in the absence of a catalyst and
solvent.2d,5m Although the Friedländer condensation indeed has some limitations when
unsymmetrical ketones participate in the condensation with aromatic o-aminoaldehyde or
ketones,2a,2c,2d,5m it has been extended to occur under various conditions, including the
employment of microwaves,11 gold(III) compounds,12 NaF (in solid state),4e FeCl3·6H2O in
ionic liquids,6k FeCl3,5i Mg(ClO4)2,5i SnCl2·2H2O,5k sulfamic acid,10b Lewis acidic ionic
liquid,5l and pyrrolidine2a as promoters or catalysts. Other modifications involve traceless
solid phase synthesis5n and preparation of polymers containing quinoline moieties.3,4j,10d

The application of pyrrolidine in particular provides a mild, wide functionality tolerated
reaction that occurs even for the unactivated methyl ketone.2a So far, this reaction has
been used in the synthesis of quinolines, 1,8-naphthyridines,2a,4c,4i,13 huprines,6m and
chromeno[2,3-b]pyridines derivatives.2a

B. GENERAL REACTION SCHEME

X NH2

O

R2

R1 R4

R3

O
X N

R2

R3

R4

R1

+
Acid or base

(X = C, N)

C. PROPOSED MECHANISMS

Demonstrated here is the mechanism for an acid-catalyzed Friedländer condensation
between an aromatic o-aminoketone and a ketone.
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D. MODIFICATION

This reaction has been extensively modified to occur under various conditions as
described in Section A.

E. APPLICATIONS

This reaction has been used in the preparation of quinolines, naphthyridines, huprines,
and other polycyclic heterocycle derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2

O
O

OEt

O

N

CO2Et
+

[Hbim]BF4

∆
94%

Reference 5m.

A mixture of 1 mmol o-amino-acetophenone, 1 mmol ethyl acetoacetate, and 1 mmol
1-butylimidazolium tetrafluoroborate [Hbim]BF4 was heated at 100◦C with good stirring
for 3 h. The completion of reaction was monitored by TLC (EtOAc/petroleum ether, 1:4).
After completion of the reaction, the reaction mixture was diluted with 25 mL water. The
ethyl 2,4-dimethylquinoline-3-carboxylate was extracted with EtOAc (2 × 10 mL) and
dried over Na2SO4. After removal of solvent, the crude product was purified by column
chromatography (EtOAc/petroleum ether, 1:4), to afford 94% ethyl 2,4-dimethylquinoline-
3-carboxylate as oil. The aqueous layer consisting of the ionic liquid was distilled (80◦C at
10 mmHg) for 2 h to remove water and recycle 98% of the ionic liquid [Hbim]BF4.

Reference 5n.
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TentaGel resin containing aniline residue (0.25 mmol/g, 1 g, 0.25 mmol) and 211 mg
3,4-dimethoxy-6-nitrobenzaldehyde (1 mmol) were weighed into a 16 × 115 mm test tube.
After adding 20 mL ethanol, the test tube was equipped with an agitation magnet, topped
with a Teflon cap, and fitted with the parallel reflux bar (First Mate). The resulting mixture
was stirred at reflux for 3 h. After being cooled to room temperature, the beads were filtered,
successively washed with ethanol (2 × 30 mL) and CH2Cl2 (2 × 30 mL), and dried at room
temperature under vacuum overnight to afford 1.050 g of resin containing nitrobenzene.

The nitrobenzene-containing resin (0.25 mmol/g, 1 g, 0.25 mmol) and 240 mg Na2S·H2O
(2.5 mmol) were weighed into a 16 × 115 mm test tube. After the addition of 15 mL ethanol,
the reaction vessel was equipped with an agitation magnet, topped with a Teflon cap, and
fitted with the parallel reflux bar (First Mate). The resulting mixture was stirred at reflux
for 20 min. After the reaction vessel was cooled to 0◦C for 4 h, the beads were filtered;
successively washed with ethanol (2 × 30 mL), water (2 × 40 mL), ethanol (2 × 30 mL),
and CH2Cl2 (2 × 30 mL); and dried at room temperature under vacuum overnight to afford
1.00 g resin-containing aniline.

The reduced resin (300 mg, 0.25 mmol/g, 0.075 mmol) was placed in a 5-mL Teflon
vessel (Quest 210), followed by 1.1 eq. ethyl acetoacetate and 5 mL ethanol. The mix-
ture was heated at 75◦C under stirring for 12 h. The resin was filtrated and washed with
ethanol (2 × 5 mL), and the combined ethanol phases were concentrated. Column chro-
matography (EtOAc/cyclohexane, 1:5) and recrystallization from EtOAc afforded 60% ethyl
6,7-dimethoxy-2-methyl-3-quinolinecarboxylate as a beige solid.

Regeneration of Original Resin. The collected resin (3 g) was placed into a 10-mL
Teflon reaction vessel on the Quest 210. After adding 3 mL 2 M HCl and 3 mL 1:1
water/THF mixture, the resulting suspension was stirred for 12 h at room temperature.
The reaction vessel was drained using nitrogen pressure and subsequently washed in the
following order: ethanol, water, 2 M solution of triethylamine in ethanol, water, ethanol,
and dichloromethane. The resulting resin was dried under vacuum for 12 h at 40◦C before
the next use.

Other references related to the Friedländer condensation are cited in the literature.14
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Fries Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fries and co-workers in 1908.1 It is a Lewis
acid–promoted rearrangement of phenolic esters to ortho- and/or para-acyl phenols and
is generally known as the Fries rearrangement.2 On the basis of extensive investigations,
it is known that both Lewis acids3 (e.g., AlCl3, BCl3, BF3,4 Bi(OTf)3,5 FeCl3, HgCl2,
SnCl4, ZrCl4,6 and lanthanide triflates.7) and Brønsted acids (TsOH, H3PO4, HF, etc.)
work equally well for this reaction.3 Among these catalysts, the lanthanide triflates, having
high catalytic activity and low toxicity, are both air and moisture tolerant;5 but AlCl3 is the
most commonly used catalyst.3 During this rearrangement, a mixture of phenolic ester and
an equivalent amount of acidic promoter is heated either neat or in a solvent suitable for
Friedel-Crafts Acylation (e.g., nitrobenzene) to 80–180◦C, the subsequent decomposition
of the Lewis acid–acyl phenol complex leads to the rearranged product.3 Depending on the
structure of the starting material8 and the reaction conditions (e.g., reaction temperature9),
para- and/or ortho-acyl phenols and simple phenol can be obtained in various ratios. This
is because the para- and ortho-acyl phenols are generated in different reaction pathways.
For example, an ortho or 1,2-path of intramolecular rearrangement gives an ortho-acyl
phenol, whereas a para or 1,4-path of intermolecular rearrangement produces a para-acyl
phenol, and the migration of the oxocarbonium ion gives both isomers.10 Some inter-
esting Fries rearrangements include Bi(OTf)3-promoted direct acylation of phenol,5 the
BF3·OEt2-catalyzed rearrangement of diacyl hydroquinone to 4-ethoxy-2-acyl phenol,4

and the rearrangement of acyl p-phenyl phenol to 4′-acyl 4-hydroxy biphenyl.11 A simi-
lar rearrangement also occurs on acyloxyheteroarenes9a (e.g., N-acetylcarbazole), and this
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rearrangement is called the Fries-Rosenmund rearrangement.12 Unfortunately, thioesters
do not undergo such rearrangements even if they are treated under harsh conditions.13 As
for the limitation on regioselectivity, a metal-promoted Fries rearrangement13 or anionic
ortho-Fries rearrangement14 was developed by Snieckus in 1983,15 by which O-aryl carba-
mates are converted only into ortho-hydroxy aryl amides,11,15 and the N-aryl carbamates
are transformed into ortho-amino aryl amides. The latter transformation is called the anionic
N-Fries rearrangement.16 A similar migration of a phosphoryl group is referred to as the
anionic phospho-Fries rearrangement.17 Further modifications of this procedure include the
lithium-bromo or lithium-iodo exchange to facilitate the ortho-lithiation.13,18

It should be pointed out that arylsulfonates also undergo a similar rearrangement to
afford hydroxyaryl sulfones, and such rearrangement is known as the thia-Fries rearrange-
ment (promoted by Al2O3/MeSO3H19a or graphite/MeSO3H19b). It is surprising that such
rearrangement may involve an anionic intermediate, and the corresponding rearrangement
is referred to as the anionic thia-Fries rearrangement.20

Comparable rearrangement of aryl esters under photo-irradiation were developed in
1960 by Anderson and Reese,21 which are known as the Photo-Fries Rearrangement22

or Photo-Fries Reaction.23 Similarly, the photo-initiated rearrangement of aryl anilides
to amino acyl aromatics is called the photo-anilide rearrangement.22n In addition, aryl
sulfonanilides,24sulfonates,25carbamates,26 sulfamates27 and cinnamates28 all undergo a
similar rearrangement under photo-irradiation. It is known that the Photo-Fries Rearrange-
ment is intramolecular22k and occurs through either an excited singlet state22l,29 (because
quantaum yields are not affected by either triplet quenchers30 or sensitizers25b) or an upper
triplet state.27,28 After excitation, the homolytic cleavage of aryl ester leads to the radicals
being restrained by a solvent cage that combines to the rearrangement products and starting
material.22k In addition, the aryloxy radical might escape from the solvent cage and abstract
a hydrogen to form a phenol.22a,22k,23a It was found that the presence of oxygen22d,22h,31

or the addition of pentasil zeolite,22c Nafion membrane22c or β-cyclodextrin22h,30 all affect
the product distribution. Finally, the Photo-Fries Rearrangement has been extended to sim-
ple vinyl esters32 as well as 1,3-dienyl esters,33 by which both 1,3- and 1,5-acyl migration
occurs on 1,3-dienyl esters.

B. GENERAL REACTION SCHEME

O R
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OH
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O

OH

RO

OH

hν or Lewis acid
+ +

C. PROPOSED MECHANISMS

The mechanism of the Fries rearrangement catalyzed by a Lewis acid (e.g., AlCl3)
is demonstrated in Scheme 1, and the mechanism for a Photo-Fries Rearrangement is
displayed in Scheme 2.
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SCHEME 1. Mechanism for a Lewis acid–promoted Fries rearrangement.
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SCHEME 2. Mechanism for a photo-Fries rearrangement.

D. MODIFICATION

The original Fries procedure has been modified extensively to occur under either
UV irradiation (Photo-Fries Rearrangement) or anionic lithiation or lithium-bromo
exchange (anionic ortho-Fries rearrangement). Other modifications include the applica-
tion of microwaves,2b,2i,34 electron beam,2e,2g BF3-H2O,2a Y zeolite,35 zinc powder,2f

Bi(OTf)3,2h and solid acid catalyst2o as the promoters.
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E. APPLICATIONS

This reaction has general application in the preparation of hydroxyl acyl phenols or
heteroarenes (coumarin,8,9a carbazole,12 etc.)

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation.

G. CITED EXPERIMENTAL EXAMPLES

OEt

O O OH

OHHO

O

O

HO

OH

+
Microwave

96%

Reference 35.

A mixture of 384 mg ethyl benzoyl acetate (2 mmol) and 126 mg phloroglucinol
(1 mmol) was irradiated with microwaves (ETHOS D, Millestone, at 80% of a total output
of 1000 W or with the temperature control set to 240◦C) for 3 min. The crude product was
dissolved in 20 mL 10% aqueous NaOH and washed with diethyl ether (2 × 20 mL); the
product was precipitated by adding concentrated HCl. The product was filtered, washed
with water, and vacuum dried to give 243 mg chrysin, in a yield of 96%. Pure chrysin can
be obtained by crystallization from dichloromethane-methanol, m.p. 288–290◦C.

O

OMe O

Br

Br

OH O OH

Br Br

ZrCl4, PhCl

∆, 3 h
63%

Reference 6.

In a sealed tube, a solution of 200 mg anisic acid 3,5-dibromophenyl ester (0.52 mmol)
and 780 mg ZrCl4 (3.1 mmol) in 2 mL chlorobenzene was quickly heated at 160◦C
and stirred for 3 h. The reaction mixture was cooled to room temperature, hydrolyzed
with 5% HCl (which was added dropwise), and finally extracted with ether. The organic
layers were combined and washed with 5% HCl, water, and brine and then dried over
magnesium sulfate. Chromatography on silica gel (ether/hexane, 1/4) provided 120.9 mg
(2,4-dibromo-6-hydroxy-phenyl)-(2-hydroxy-phenyl)-methanone, in a yield of 63%. Rf =
0.25 (ether/hexane,1:9), m.p. 180–183◦C.
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OH

O

n-BuLi/THF

63%

Reference 19a.

Under argon, 269 mg 3-benzyloxy-1,6,8-trimethoxy-naphthalene-2-carboxylic acid
3-bromo-4,5,7-trimethoxy-naphthalen-2-yl methyl ester was dissolved in 1.59 mL THF
(0.25 M), from which residual water had been removed with n-butyllithium and
o-phenanthroline), and cooled to –45 to –55◦C. n-Butyllithium (203 µL, 0.437 mmol)
was then added dropwise. After the solution was stirred for 2 h, the reaction mixture
was quenched by the addition of saturated aqueous NH4Cl, allowed to warm to ambi-
ent temperature, and diluted with EtOAc. After the usual workup, the crude product was
purified by radial thin-layer chromatography (hexane/EtOAc, 9:1, 8:2, 7:3, and then 5:5)
to give 130 mg 1-(3-benzyloxy-1,6,8-trimethoxy-naphthalen-2-yl)-1-(3-hydroxymethyl-
1,6,8-trimethoxy-naphthalen-2-yl)-methanone as a white solid, in a yield of 55%. Further
purification was executed by crystallization from cyclohexane-dichloromethane, m.p.,
220–224◦C.

Other references related to the Fries rearrangement and the Photo-Fries Rearrangement
are cited in literature 37 and 38, respectively.
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Fritsch-Buttenberg-Wiechell

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fritsch1 and Buttenberg,2 coincidently with
Wiechell,3 in 1894. It is a strong base (e.g., NaOEt) promoted rearrangement of 2,2-
diaryl-1-halo-alkenes into diarylacetylenes.4 Therefore, it is generally known as the
Fritsch-Buttenberg-Wiechell rearrangement.5 This reaction has been found to occur via
a carbenoid intermediate4,5n,5q,5r rather than the α-elimination of metal halide;5j in addi-
tion, the electron-donating groups normally facilitate or accelerate the migration of aryl
moiety.5j It is the aryl moiety trans to the halide that undergoes the 1,2-migration,6 thus
this reaction is also called 1,2-Fritsch-Buttenberg-Weichell rearrangement.5c Currently, this
reaction has been extended to the rearrangement of aryl or alkyl olefinic halides,5l and the
most recent development for this reaction is the mild transformation of alkyl olefinic dibro-
mides or alkyl alkoxy olefinic halides into alkyne derivatives proceeding via zinc carbenoids
with broad tolerance of functionalities.5e For the reaction of alkyl alkoxy olefinic halides,
the alkoxyalkyl moiety migrates exclusively;5g,5l in addition, this rearrangement occurs
only when a hydrogen, alkoxy, or aryl moiety is involved in the migration step.5g This
reaction has been widely used in the synthesis of polyalkynes containing 2–10 acetylene
units.5a

B. GENERAL REACTION SCHEME

R

HR′

X
NaOEt

R R′ X = Cl, Br, I, etc.
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C. PROPOSED MECHANISMS

It is believed that a carbenoid intermediate is involved in this reaction, as displayed
below.

D. MODIFICATION

This reaction has been modified via the formation of zinc carbenoids, which undergo
a mild rearrangement,5e with the retention of the configuration of the migrating group.5m

In addition, this reaction has been extended to occur under electrochemical5n and pho-
tochemical conditions. The rearrangement occurs under photo irradiation is known as
photo-Fritsch-Buttenberg-Wiechell rearrangement.7

E. APPLICATIONS

This reaction has been used in the synthesis of polyalkynes that contain different acety-
lene units.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 5a.

A 0.010–0.016 M solution of the dibromoolefin in hexanes under nitrogen was cooled to
−78◦C, and 1.1–1.2 eq. n-BuLi per dibromoolefin moiety was slowly added over a period
of ∼2 min. Reactions were allowed to warm to −10 to −5◦C over a period of 30–60 min.
The reaction was quenched with 10 mL aqueous NH4Cl at about −5◦C. Diethyl ether was
added (20 mL), the organic layer was separated, and washed with aqueous NH4Cl solution
(2 × 20 mL), and dried over MgSO4. The solvent was removed in vacuo to give 70% 1,12-
bis(triisopropylsilyl)-1,3,5,7,9,11-dodecahexayne, m.p. 78–80◦C, Rf = 0.87 (hexanes).
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CH3

Br
Br n-BuLi CH3

Hexanes
48%

Reference 5d.

To 10 mL cooled dry hexanes (−78◦C) containing 0.131 g dibromoolefin (0.404 mmol)
was added dropwise 0.15 mL 2.5 M n-BuLi in hexane (0.38 mmol) over 10 min. The
mixture was warmed to −40◦C for 30 min, recooled to −78◦C, and quenched with a
saturated aqueous solution of NH4Cl. Et2O was added (50 mL), and the organic layer was
separated, washed with brine, and dried over magnesium sulfate. Solvent removal in vacuo
and by passing the residue through a short plug of silica gel gave 31.9 mg 2-non-1-en-
3,5,7-1-phenylhepta-1,3,5-triyne as a white solid, in a yield of 48%, m.p. 58◦C, Rf = 0.40
(hexanes).

Other references related to the Fritsch-Buttenberg-Wiechell rearrangement are cited in
the literature.8
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G., Angew. Chem. Int. Ed. Engl., 1972, 11, 473. (m) Köbrich, G. and Buck, P., “Synthests of
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Fujimoto-Belleau Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fujimoto1 coincidentally with Belleau in 1951.2

It is a synthesis of five- or six-membered α-substituted-α,β-enones by the addition of a
Grignard reagent prepared from a primary halide to an enol lactone followed by an Aldol
Reaction.3 Therefore, it is generally known as the Fujimoto-Belleau reaction.4 This reaction
is especially useful for the transformation of a steroid scaffold3,5 in which an isotopic
carbon can be imbedded using isotopic methyl iodide.5b,6 In addition, this reaction has been
extended to imbed isotopic carbon into the benzo ring, such as in benzazepine.3 Besides
the Grignard reagent, the comparable lithium reagent is also feasible for this reaction and
forms cyclic enones.7

B. GENERAL REACTION SCHEME

OO
MgBrR O

R

+
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been extended to occur with comparable lithium reagents.7

E. APPLICATIONS

This reaction is useful in steroid chemistry that imbeds an isotopic carbon into the cyclic
rings.

F. RELATED REACTIONS

This reaction is related to the Aldol Reaction and Grignard Reaction.

G. CITED EXPERIMENTAL EXAMPLES

OO

1) LiCH2P(O)(OMe)2/THF

2) AcOH
O

64%

Reference 7.

To a 60 mL THF solution containing 0.43 mL MePO(OMe)2 (4 mmol) was added
2.9 mL 1.4 M n-BuLi in hexanes (4.1 mmol) at −78◦C. After the solution was stirred for
1 h, 0.53 g (1R*,1′R*,7aR*)-1-(1,5-dimethylhexyl)-2,3,4,5,6,7-hexahydro-7aβ-methyl-4-
oxaindan-5-one (2 mmol) in 8 mL THF was added, and the solution was stirred for an
additional 30 min and warmed to −20◦C over 2.5 h. Then 0.11 mL AcOH (1.92 mmol)
was added dropwise. The mixture was heated at 55◦C for 3 h, then cooled to 0◦C; and
1 M HCl was added, followed by water. The aqueous solution was extracted with EtOAc and
dried; the solvent was removed. The residue was chromatographed on SiO2 (3% EtOAc in
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hexane) to give 335 mg (1R*,1′R*,7aR)-1-(1,5-dimethylhexyl)-7aβ-methyl-2,3,5,6,7,7a-
hexahydro-1H-inden-5-one, in a yield of 64%.

Reference 3.

To 6 mL ether solution containing 153 mg magnesium turnings was added 4.46 mmol
[14C] methyl iodide (250 mCi, 56 mCi/mmol) by static vacuum transfer, and the mix-
ture was stirred for 30 min to generate the Grignard reagent. Then the ethereal solution
was added dropwise by cannula over 5 min to a vigorously stirred solution of 1.15 g
7-benzyl-4,5,6,7,8,9-hexahydropyranol[2,3-d]azepin-2-(3H)-one (4.47 mmol) in 100 mL
ether maintained between −20◦ and −30◦C, resulting in the formation of a voluminous
white precipitate. The mixture was allowed to warm to near 0◦C over 30 min, then 15 mL
water was added. Volatile radioactivity was removed by static vacuum transfer. The organic
phase was separated from the aqueous phase, and the latter was extracted twice with ether.
The combined organic layers were dried over magnesium sulfate and evaporated in vacuo
to provide 1.15 g 1-benzyl-1,2,3,5,6,7-hexahydro-5-(3-oxo[4-14C]butyl)-4H-azepin-4-one
as a clear oil, containing 164 mCi radioactivity, in a yield of 66%.

This compound was dissolved in a solution of 517 mg KOH (10.8 mmol) in 4 mL water
and 10 mL methanol under an argon atmosphere. The solution was allowed to stand at
room temperature for 3 h. Then 25 mL water was added, and the mixture was extracted four
times with ether. The combined extracts were washed twice with brine, dried over MgSO4,
and evaporated in vacuo to give 760 mg 3-benzyl-1,2,3,4,5,8,9,9a-octahydro-[6-14C]-7H-
3-benzazepin-7-one as a pale yellow oil, containing 156 mCi of radioactivity, in a yield of
95%.

Other references related to the Fujimoto-Belleau reaction are cited in the literature.8
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Fukuyama Amine Synthesis

(Fukuyama-Mitsunobu
N-Alkylation,

Fukuyama-Mitsunobu Alkylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Fukuyama and co-workers in 1995.1

It is a two-step conversion of primary amines into secondary amines via ortho-
nitrobenzenesulfonation in conjunction with the Mitsunobu Reaction and subsequent
removal of the o-nitrobenzenesulfonyl group by thiophenol.2 Therefore, this reac-
tion is generally known as the Fukuyama amine synthesis.3 In addition, it is also
referred to as the Fukuyama-Mitsunobu N-alkylation,4 Fukuyama-Mitsunobu alkylation,5

Fukuyama-Mitsunobu condition,6 Fukuyama-Mitsunobu procedure,7 or Fukuyama-
Mitsunobu Reaction.2 In this reaction, the o-nitrobenzenesulfonyl-protected amine is
alkylated with alcohol in the presence of PPh3 and diethyl azodicarboxylate (DEAD)8

or diisopropyl azodicarboxylate (DIAD),2 and the deprotection occurs in a very mild
condition2,8a (almost neutral9). The o-nitrobenzenesulfonyl group is simply called the
Fukuyama sulfonamide protecting group.10 This reaction has become a versatile method
for the synthesis of secondary amines,11 polyamines,12 and even tertiary amines2,4a,13 via
a solid-support, in which DIAD is superior to DEAD.2
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified by using DIAD to improve the alkylation efficiency.

E. APPLICATIONS

This reaction is useful for the synthesis of secondary amines, especially via the solid-
supported synthesis.



CITED EXPERIMENTAL EXAMPLES 1161

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OMOM
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CO2Me
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CO2Me
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CO2Me

CO2Me
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H

N

O

Boc

1) Pb(OAc)4, MeOH/benzene

2) PhSH, Cs2CO3, CH3CN
TFA, Me2S, CH2Cl2

84% (two steps)

Reference 14.

To a stirred suspension of 663 mg tert-butyl 2-((methoxycarbonyl)((1R,4R)-2-
(hydroxymethyl)-4-(methoxymethoxy)-cyclohex-2-enyl)-methyl)-3-(2-hydroxyethyl)-1H-
indole-1-carboxylate (1.32 mmol), 692 mg PPh3 (2.64 mmol), and 534 mg NsNH2
(2.64 mmol) in 53 mL toluene at room temperature was added DEAD (40% in toluene,
1.20 mL, 2.65 mmol), and the mixture was stirred for 5 min, at which time the solvent was
removed under reduced pressure. Et2O was added to the residue, and the precipitate was
removed by filtration through a pad of Celite. The filter cake was rinsed with Et2O, and the
filtrate was concentrated under reduced pressure. The residue was purified by column chro-
matography on silica gel eluting with CH2Cl2-Et2O-hexane (40:30:30) to afford 837 mg
(3R,14aR)-13-tert-butyl 14-methyl 1,2,3,5,6,7,8,14,14a-nonahydro-3-(methoxymethoxy)-
6-(2-nitrobenzenesulfonyl)benzo-[7,8]azonino[5,4-b]indole-13,14(1H)-dicarboxylate as a
white foam, in a yield of 95%. The diastereomers could be separated by preparative TLC.

To a solution of 249 mg (14R,14aR)-13-tert-butyl 14-methyl 1,2,3,5,6,7,
8,14,14a-nonahydro-3-oxo-2-hydroxy-6-(2-nitrobenzenesulfonyl)benzo[7,8]azonino[5,4-
b]indole-13,14(1H)-dicarboxylate (0.389 mmol) in 4 mL MeOH and 4 mL benzene
at 0◦C was added 345 mg Pb(OAc)4 (0.778 mmol). After being stirred for 10 min,
the reaction mixture was quenched with saturated NaHCO3 and extracted with EtOAc.
The organic layer was washed with brine, dried over MgSO4, and concentrated under
reduced pressure. The residue was passed through a pad of silica gel eluting with
EtOAc/hexane (70:30). Removal of the solvent gave aldehyde, which was dissolved in
3.9 mL acetonitrile. To this solution at room temperature were added 190 mg Cs2CO3
(0.583 mmol) and 47.9 µL PhSH (0.484 mmol). The suspension was stirred for 30 min,
at which time 2.0 mL Me2S, 4.0 mL CH2Cl2, and 2.0 mL TFA were added. The mixture
was heated to 50◦C and stirred for 7 h. After being cooled to room temperature, it was
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diluted with EtOAc, washed with saturated NaHCO3 and brine, dried over Na2SO4, and
concentrated under reduced pressure. The residue was purified by column chromatography
on silica gel eluting with hexane/CH2Cl2/Et3N (60:40:5 then 0:100:5) to give 120 mg
(3aR,10R,11aS)-methyl 1,2,3,10,11,11a-hexahydro-13-(E)-[(methoxycarbonyl)methyl-
ene]-1,10-ethanopyrrolo[2,3-d]carbazole-9-carboxylate as a pale yellow oil, in an overall
yield of 84% in two steps.

Reference 2.

To an argon-agitated suspension of the peptide-bound resin (2.06 mmol) and N-
(allyloxycarbonyl) ethanolamine (5 eq.) in 80 mL THF were added carefully 5.0 eq. DIAD
and PPh3 each at 0◦C, and the reaction was agitated at room temperature for 12 h. After
successive washings with DMF, MeOH, and CH2Cl2 (three times), a solution of PhSiH3
(24 eq.) and a solution of Pd(PPh3)4 (0.1 eq.) in 20 mL CH2Cl2 were added to the resin
under argon. The resin was shaken for 10 min, the peptide resin was washed with DMF,
MeOH, and CH2Cl2 (three times); then the deprotection process was repeated once. The
deprotected peptide resin was suspended again in 15 mL DMF/CH2Cl2 (v/v = 1:1) and
treated with 3.0 eq. of HBTU, 3.0 eq. HOBt, and 4.0 eq. 2,6-lutidine for 12 h. After being
washed successively with DMF, MeOH, and CH2Cl2 (three times), the resin was dried in
vacuo to provide 5.67 g peptide resin (1.95 mmol), in a yield of 95%.

Other references related to the Fukuyama amine synthesis are cited in the literature.15
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Fukuyama Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Fukuyama in 1994.1 It is a unique synthesis of
3-substituted or 2,3-disubstituted indole derivatives from a tributyltin-based intramolec-
ular radical cyclization of o-alkenylphenylisocyanides2 (or isonitriles or 2-isocyanostyrene
derivatives1,3). Therefore, this reaction is generally referred to as the Fukuyama indole
synthesis.4

It should be pointed out that the Fukuyama indole synthesis has already been upgraded
to a second generation.3 The initial reaction protocol (Scheme 1) involves the treatment of
2-isocyanostyrene derivatives with tributyltin hydride in the presence of a radical initiator
(e.g., AIBN), giving a (2-alkenyl)phenylstannoimidoyl radical, which cyclizes intramolec-
ularly and tautomerizes subsequently to afford 3-substituted-2-tributylstannyl indoles.1

Acidic treatment of the indole tin derivatives will afford simple 3-alkyl-substituted indole
derivatives.1 Moreover, in conjunction with the Stille Coupling,5 2-alkenyl (or alkynyl,
aryl)-3-alkyl-indole derivatives can be obtained, and the Stille Coupling can be performed
in a one-pot manner.1 This version of the reaction allows for the preparation of indoles
with both acid- and base-sensitive functionalities at positions 2 and 3 from readily accessi-
ble phenylisonitriles; however, it would be very difficult to form 2-alkyl-substituted indoles
directly.1 In addition, the reaction from 2-isocyanostyrenes with a trans-β-alkyl group might
be complicated with the formation of tetrahydroquinolines, while 2-isocyanostyrenes with
a cis-β-alkyl group will give much less tetrahydroquinolines.1

The second generation of the Fukuyama indole synthesis (Scheme 2) generally involves
the intramolecular radical cyclization of 2-alkenylthioanilides, which can be readily
accessed in a modular fashion from at least three different methods.3 In the first method,
tetrahydropyran-protected o-(3-hydroxyallyl)thioanilides are prepared from quinolines by
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means of thiophsogene decomposition, NaBH4 reduction, tetrahydropyran protection, and
nucleophilic addition on the isothiocyanate moiety by a carbon nucleophile (e.g., enolate or
Grignard reagent).3 In the second modular reaction, quinolines are treated analogously with
thiophosgene followed by NaBH4 reduction; the resulting o-(3-hydroxyallyl)phenyl isoth-
iocyantes are converted into o-(3-hydroxyallyl)anilines, which are then acylated with acyl
chloride and subsequently treated with Lawesson’s Reagent.3 The third method involves a
Sonogashira Coupling of 2-iodoaniline, with terminal alkynes to afford 2-alkynylanilines,
which are reduced by activated zinc to give exclusively o-aminostyrenes with a β-substituent
in cis-configuration. Then the anilines are transformed into thioanilides by acylation and
subsequent treatment with the Lawesson’s Reagent.3 The thioanilides can be easily con-
verted into a variety of 2-substituted and 2,3-disubstituted indoles by tributyltin hydride,
followed by desulfurization with Raney nickel.4b

It was found that triethylborane (Et3B) is an effective radical initiator,5 from which a wide
range of both acid- and base-sensitive groups—such as ester, THP ether, and β-lactam—can
be implemented at indole’s 2- or 3-position.3 Under such radical reaction conditions, no
racemization has been detected for a thioanilide derived from a chiral α-amino acid.3 In
addition, hypophosphorus acid, being a radical reducing reagent, has also been used as a
substitute for tin hydride.3 Overall, the Fukuyama indole synthesis has been successfully
applied to the total synthesis of several natural alkaloids containing indole moieties, includ-
ing aspidophytine,6 haplophytine,6 catharanthine,7 vindoline8 and the antineoplastic agent
of (+)-vinblastine,8 as shown in Figure 1.
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FIGURE 1. Indole-containing alkaloids that are accessible by the Fukuyama indole synthesis.
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B. GENERAL REACTION SCHEME

∆
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SCHEME 1. First-generation Fukuyama indole synthesis.

2. R′COCl/pyridine
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SCHEME 2. Second-generation Fukuyama indole synthesis.

C. PROPOSED MECHANISMS

Because both the first and the second generations of Fukuyama indole synthesis involve
the intramolecular radical cyclization, only the mechanism for the first generation is pro-
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vided here.

D. MODIFICATION

The 2-isocyanostyrene derivatives have also been prepared by the Pudovik Reaction
with a variety of aldehydes.4b In addition, a variant of the 5-exo-dig radical cyclization of
2-alkynylphenylisonitriles using thiols as both radical initiators and nucleophiles has been
developed. Under these conditions, quinolines can be obtained by a potentially competitive
6-endo-dig radical cyclization.9

E. APPLICATIONS

This reaction has an important application in the preparation of indole-containing
alkaloids.

F. RELATED REACTIONS

This reaction is related to the Fürstner Indole Synthesis, both give the 2,3-disubstituted
indole derivatives.
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G. CITED EXPERIMENTAL EXAMPLES

THPO
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CO2Me
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CO2Bn

OTHP

CO2Me

MsOnBu3SnH/AIBN

Toluene, ∆
~ 80%

Reference 10.

A 3.0-L toluene solution containing 43.3 g 2-{5-methanesulfonyloxy-2-[(Z)-3-
(tetrahydropyran-2-yloxy)propenyl]-phenylthiocarbamoyl} malonic acid benzyl ester
methyl ester (75.0 mmol), 22.2 mL tri-n-butyltin hydride (82.5 mmol), and 1.23 g 2,2′-
azobisisobutyronitrile (7.50 mmol) was degassed at room temperature with argon for
10 min and then stirred at 110◦C for 10 min. After being cooled to room temperature,
to the resulting suspension was added 1.0 L half-saturated aqueous potassium fluoride. The
resulting two-phase mixture was stirred vigorously for 3 h. After removal of the organic
layer, the aqueous layer was extracted with EtOAc twice. The combined organic extracts
were dried over anhydrous MgSO4, filtered through a pad of Celite, and concentrated in
vacuo to give ∼75 g crude syrup, which was purified with flash chromatography using
20–40% EtOAc in hexane to afford 80% 2-{6-methanesulfonyloxy-3-[2-(tetrahydropyran-
2-yloxy)ethyl]-1H-indol-2-yl}malonic acid benzyl ester methyl ester as a slightly yellow
oil.

AcO
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H

S

CO2Me

Cbz

N
H

CO2Me

Cbz
AcO

AIBN/H3PO2/NEt3

1-PrOH/H2O, ∆
50%

Reference 9.

To 5 mL 1-propanol were added 414 mg thioanilide (0.74 mmol), 133 mg AIBN
(0.81 mmol), 1.4 mL 30% aqueous hypophosphorus acid (7.4 mmol), and 1.55 mL tri-
ethylamine (11.1 mmol) under argon. The mixture was first warmed slightly, and then
stirred at 90◦C under a reflux condenser with an argon balloon. After 45 min, TLC anal-
ysis indicated the completion of reaction. The reaction mixture was cooled down to room
temperature and diluted with 20 mL ether. The organic solution was then washed with 1 N

HCl, 1 N NaOH, and brine; dried and concentrated to give a yellow oil, which was purified
by flash column chromatography using hexanes/EtOAc (10:1 to 5:1) with 0.5% Et3N as the
eluent to afford 198 mg indole product as a clear, faintly yellow oil, in a yield of 50%.

Other references related to the Fukuyama indole synthesis are cited in the literature.11
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Fürstner Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Fürstner in 1991.1 It is a low-valent titanium-induced
or -mediated intramolecular reductive alkylidenation of alkyl (or aryl) 2-N-
acylamidophenyl ketones to afford 2,3-disubstituted indoles, also known as titanium-
induced intramolecular oxoamide coupling2 or the zipper reaction.3 Therefore, this reaction
is referred to as the Fürstner indole synthesis.3a,4

This reaction is best performed with highly reactive titanium on graphite5 that is prepared
from TiCl3 and 2 eq. of KC8

6,7 (or from TiCl3 and 3 eq. of KC8
8), which can produce the

corresponding indole derivatives in up to 93% yield in DME.6 In theory, the Fürstner indole
synthesis is an extension of the McMurry Coupling,9 which is usually performed in two
steps, involving the reduction of TiCl3 or TiCl4 with a strong reducing agent followed by the
addition of a carbonyl compound to the activated titanium slurry.2,9 In the regular McMurry
Coupling, the active titanium species vary, depending on the activation conditions, such
as [TiHCl·THF1/2]n from an LiAlH4 reduction or [TiCl(MgCl)·nTHF] or [Ti(MgCl)2) ·
nTHF] by magnesium reduction.10 However, the Fürstner indole synthesis is different from
the normal McMurry Coupling in both reaction scope and mechanism. For example, the
McMurry Coupling is assumed to proceed via a radical mechanism in general, whereas a
dianion mechanism fits most of the experimental aspects of the Fürstner indole synthesis.9

For a particular reaction condition, the activated titanium species prepared from TiCl3
with 2 eq. KC8 gives the most favorable results, whereas other titanium species in the
McMurry Coupling fail for this reaction.9 In fact, it was found that in the Fürstner indole
synthesis, a series of titanium species at different oxidation states (e.g., 0, +1, +2), such
as Cp2Ti(PMe3)2, Ti(arene)2 (arene = toluene, biphenyl), and a few non-titanium low-
valent metallic species (e.g., NbCl5/Zn), are also suitable coupling reagents.9 Moreover, the
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Fürstner indole synthesis is not necessarily performed in a two-step fashion, instead it can be
efficiently carried out via an “instant” method.2,3a,9 Under such conditions, TiCl3 is added
to form a complex with oxoamide substrates before the addition of an excess amount of zinc;
once TiCl3 is reduced to an active oxidation state, it immediately mediates the alkylidenation
of two adjacent carbonyl functionalities.9 Furthermore, unlike the McMurry Coupling, the
Fürstner indole synthesis is not restricted to THF or DME, it can also be performed in
solvents such as EtOAc, DMF, and CH3CN, although it does not work in toluene and
MeOH.9 What is more, a variety of reducible and acid or base-labile functionalities at
other sites of the substrates can sustain the Fürstner indole synthesis.9 For example, 2-N-
α-ketoacylamidophenyl ketone with a more electrophilic α-keto group cyclizes only to a
indole derivative.9 In addition, a pair of phenyl/mesityl or benzyl/tert-butyl groups at C-2
and C-3 in either possible arrangement does not affect the overall yield of indole derivatives
to a noticeable extent.9

Overall, the versatility of the Fürstner indole synthesis is probably due to the ready forma-
tion of a five-membered ring, the proximity of the two carbonyl groups, the high oxophilicity
of low-valent titanium species, and the generation of a new aromatic moiety.9 So far, the
Fürstner indole synthesis has been successfully used in the preparation of 2,3-disubstituted
indoles on a multigram scale5 as well as a series of indole-containing compounds, such
as camelexin, indolopyridocolin, flavopereirine, secofascaplysin, aristoleline, and lukianol
(Figure 1).11 However, the Fürstner indole synthesis is also problematic for substrates with
two branched alkyl groups at C-2 and C-3, and for the preparation of 3-unsubstituted indoles
from o-N-acylated benzaldehydes.9

N
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N

N
H

N

O

O

OMe

N
H

N
N
H

N

Et N

O

OH
HO

O

OH

Camalexin
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IndolopyridocolinFlavopereirine
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++
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FIGURE 1. Some indole and pyrrole derivatives accessible from the Fürstner indole synthesis.

B. GENERAL REACTION SCHEME

R1

NH

R2

O

O

N
H

R2

R1

TiCl3/KC8

Solvent
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C. PROPOSED MECHANISMS

Although the McMurry Coupling proceeds via a single-electron transfer (SET) mech-
anism involving ketal radical intermediates, the Fürstner indole synthesis does not occur
through SET process, due to a series of experimental facts as follows.9 (a) Diaryl ketones
react faster than aryl alkyl ketones, and only amido and ester groups in the vicinity of keto
group will undergo the reductive cyclization, indicating that the Fürstner indole synthesis
occurs initially at the keto group. (b) If the reaction occurs via SET, then solvents such as
DMF and EtOAc would be unsuitable for this reaction, because the amido or ester group
is an electron acceptor. (c) In addition, the C-2 and C-3 substituent with different electron
properties should greatly affect the reaction; however, all types of amides of a given parent
2-aminophenyl ketone (e.g., formamides, alkanoyl, aroyl, and heteroaroyl and fatty acid
amides) react at comparable rates. (d) Neither the dimerization product of the ketal anion
radical nor the ring-opening product of cyclopropyl group has been observed in the reaction.
On the other hand, although Tebbe reagent12 has been extensively applied to the conversion
of esters and amides into vinyl ethers and amines via a titanium carbene intermediate, the
Fürstner indole synthesis is not likely to involve a titanium carbene intermediate either,
owing to the observation of a substantial amount of Pinacol Rearrangement products and
the unsuccessful conversion of gem-dibromide into the expected indole with a variety of
titanium reagents.9

However, it is more promising that the Fürstner indole synthesis proceeds through
a dianion mechanism, according to the following experimental phenomena.9 (a) The
reaction initially takes place at keto group as shown earlier, and once the ketone dian-
ion forms, it attacks on the vicinal ester or amido group equally well by a common titanium
template, whereas other distal functionalities are intact. (b) N-Phenylbenzamide is electro-
chemically inactive, clearly showing the formation of a ketone dianion before any electron
transfer to an amido group. (c) The electrochemically generated dianion of diphenyl ketone
can be added to admixed acetic anhydride to give 1,1-diphenyl-1-acetoxy-2-propanone,
validating the dianion mechanism for the Fürstner indole synthesis. In addition, titanium
species have been proved to convert α-hydroxyketones into olefins. Therefore, the Fürstner
indole synthesis should involve the transfer of two electrons to keto group to give a titanium
alkoxide carbanion in which the carbanion nucleophilically adds to the vicinal carbonyl
group to give pinacol intermediate that is then cleaved to give 2,3-disubstituted indole
derivatives, as displayed here.
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KCl
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D. MODIFICATION

This reaction has been improved to a catalytic version by heating the mixture of zinc dust,
a catalytic amount of TiCl3, the oxoamides, and an excess amount of silane (such as R3SiCl
in MeCN or DME).2 The scope of such version of Fürstner indole synthesis depends on the
competition by uncatalyzed zinc-induced reduction. It is found that bis(chlorosilane)—Such
as (ClSi(Me)2CH2CH2Si(Me)2Cl—gives a better turnover number due to the intramolecular
siloxane formation.2 In addition, SmI2 has been successfully applied to the Fürstner indole
synthesis.13 Moreover, in terms of intramolecular cyclization, the Fürstner indole synthesis
has been extended to the preparation of benzofurans.8c

E. APPLICATIONS

This reaction has very broad applications in the preparation of the 2,3-disubstituted
indole derivatives as well as pyrrole and benzofuran derivatives.

F. RELATED REACTIONS

This reaction is related to the Fukuyama Indole Synthesis, both give 2,3-disubstituted
indole derivatives. In addition, this reaction is very closely related to McMurry Coupling in
mechanism.

G. CITED EXPERIMENTAL EXAMPLES

O
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Reference 5.
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Caution! KC8 is pyrophoric and must be handled under argon with care! To a mixture
of 2.85 g TiCl3 (18.5 mmol) and 4.96 g KC8 (36.7 mmol) at 0◦C under argon was added
40 mL dry DME (exothermic!), and the resulting suspension was refluxed for 1.5 h. After the
addition of 1.5 mL dry pyridine (18.5 mmol), the mixture was refluxed for another 15 min.
Then 2.49 g 2-N-[2-isopropoxy-6-({4-(4-methoxyphenyl)-1-[2-(4-methoxyphenyl)-
ethyl]-1H-pyrrol-3-yl}carbonyl)phenyl]-2-methoxy-3-(4-methoxyphenyl)-2-propenamide
(3.69 mmol) in 10 mL dry DME was introduced, and the mixture was refluxed until
the completion of the reaction as monitored by TLC (∼ 1.5 h). After being cooled
to ambient temperature, the mixture was filtered through a plug of Celite layered on
silica, which was carefully rinsed with 150 mL EtOAc/toluene (1:1); the combined
filtrates were concentrated in vacuo. The residue was purified by flash chromatogra-
phy using EtOAc/hexanes (1:6) with 1% 6 M NH3/MeOH added, to afford 1.68 g
7-isopropoxy-2-[methoxy-2-(4-methoxyphenyl)ethenyl]-3-{4-(4-methoxyphenyl)-1-[2-(4-
methoxyphenyl)-ethyl]-1H-pyrrol-3-yl}-1H-indole as a yellow oil, in a yield of 71%. The
yield was raised to 93% when this reaction was performed on a somewhat smaller scale
from 278 mg ketoamide.

Reference 13.

A mixture of 0.6 g pulverized samarium (4.0 mmol) and 1.0 g iodine (4.0 mmol) in
20 mL anhydrous THF was stirred at room temperature until the samarium disappeared. To
the resulting dark blue suspension of SmI2 was added 0.3 g benzoyl 2-N-benzoylphenone
(1.0 mmol). The mixture was stirred at 65◦C for 30 min and then poured into 10 mL H2O.
The aqueous solution was extracted with EtOAc (3 × 15 mL), and the combined extracts
were washed subsequently with 15 mL saturated aqueous Na2S2O3 solution and 15 mL brine
and then dried over anhydrous Na2SO4. Upon removal of solvent under reduced pressure,
the residue was purified by preparative TLC on silica gel using EtOAc/cyclohexane (1:7) as
the eluent, to afford 0.229 g 2,3-diphenylindole as a colorless crystal, in a yield of 85%, m.p.
121–123◦C.

Other references related to the Fürstner indole synthesis are cited in the literature.14
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Gabriel Primary Amine

Synthesis
(Gabriel Synthesis, Gabriel

Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gabriel in 1887.1 It is a two-step synthesis of
primary aliphatic amines involving the N-alkylation of phthalimide followed by acidic
or basic hydrolysis of N-alkyl-phthalimides. In this reaction, phthalimide can be easily
deprotonated by KOH or NaOH because of the two electron-withdrawing groups (i.e.,
carbonyl), resulting in a good nucleophile; after the N-alkylation, the N-alkyl phthalimide
can be decomposed to provide pure primary amines. Therefore, this reaction is known as
the Gabriel synthesis,2 Gabriel synthesis of primary amine,2a,3 or Gabriel reaction.4 The
major advantage of this reaction is to avoid over alkylation on the nitrogen atom; because the
primary or secondary amine is more nucleophilic than ammonia, the direct reaction between
ammonia and an alkyl halide would give the mixtures of primary amine, secondary amine,
tertiary amine, and even quaternary ammonium salt. It is found that under basic conditions
for the hydrolysis of N-alkyl phthalimide, the second step is the rate-limiting step, with
a t1/2 of 264 h in 0.1 M NaOH at 60◦C; in contrast, under acidic hydrolysis conditions,
the first step is the rate-determining step, with a t1/2 of 175 h in 0.1 M HCl at 60◦C.2a

Because the hydrolysis of N-alkyl phthalimide in the original protocol takes too much
time, the hydrolysis has been modified by using hydrazine to accelerate the hydrolysis,5

which is known as hydrazinolysis or the Ing-Manske procedure.2a,3a In addition, a two-step
procedure including a NaBH4/isopropanol reduction and acetic acid hydrolysis has been
developed for the generation of primary amines.6 On the basis of the known mechanism,
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it has been suggested that this reaction be run under a mild acid-base condition within a
shorter reaction time.2a

B. GENERAL REACTION SCHEME

NH

O

O
CO2H

CO2H

R NH2

1. KOH, R-X

2. H+
+ (X = Cl, Br, I, etc.)

C. PROPOSED MECHANISMS

The acidic hydrolysis of N-alkyl phthalimide is proposed here to illustrate the reaction
mechanism.

D. MODIFICATION

This reaction has been modified using hydrazinolysis5 or hydrolysis after the
NaBH4/isopropanol reduction.6 In addition, other amide,7 phosphoramidate,3b and
sulfonamide8 derivatives have been applied to the preparation of primary amines in a similar
manner.

E. APPLICATIONS

This reaction is generally used for the synthesis of aliphatic primary amines.

F. RELATED REACTIONS

This reaction is related to the Fukuyama Amine Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

N

O

O

Br
N
H

N
NH2

+
1. "Methyl Cellosolve"/KI

2. NH2NH2  H2O

Reference 9.

A mixture of 20 g 1,2,3,4-tetrahydroquinoline, 25 mL methyl Cellosolve, 2 g potas-
sium iodide, and 28.1 g 2-bromoethylphthalimide was heated overnight on a steam
bath. The solvent was evaporated in vacuo from the dark reaction product, and the
residue was dissolved in dilute hydrochloric acid, filtered from insoluble material,
and then made alkaline with a sodium carbonate solution. The resulting 2-(1′,2′,3′,4′-
tetrahydroquinolino)-ethylphthalimide that recrystallized from aqueous alcohol (m.p.
131–133◦C), was suspended in 50 mL absolute alcohol, and 2.4 g 85% hydrazine hydrate
was added. After the mixture was warmed gently for 5 h, an excess of dilute hydrochloric
acid was added, and the mixture was filtered after standing for 1 h. An excess of 12.5 N

NaOH was added to the filtrate, and a small amount of oily 2-(1′,2′,3′,4′-tetrahydroquino-
1ino)-ethylamine was taken up in methyl acetate.

MeO
OMe

O

Br

Br

O

NK

O

O

+
1. DMF, ∆, 90.2%

2. 48% HBr, HOAc, 91.2%

HO
OH

O

NH2

NH2

O

Reference 10.

A mixture of 69.0 g dimethyl α, δ-dibromoadipate (0.21 mol), 87.0 g potassium phthal-
imide, and 260 mL DMF was heated to 90◦C (a mild exothermic reaction starts at 50◦C) and
maintained at this temperature for 40 min. The cooled reaction mixture was diluted with
300 mL CHCl3 and poured into 1200 mL water. The chloroform layer was separated, and the
aqueous phase was extracted twice with 100 mL chloroform. The combined organic layers
were washed with 200 mL cold 0.1 N NaOH and 200 mL water and dried over Na2SO4.
The chloroform was removed by concentration under reduced pressure to the point of incip-
ient crystallization, the immediate addition of 300 mL ether induced a rapid crystallization.
The ether-washed product weighed 87.0 g, in a yield of 90.2%, with a wide melting point
(160–185◦C). After three recrystallizations from EtOAc and benzene, a pure stereoisomer
was obtained with a normal melting point (210.7–211.4◦C).

A mixture of 100 mL 48% HBr, 100 mL acetic acid, and 50.0 g dimethyl �,�-
diphthalimidoadipate was refluxed until a clear solution resulted (10 days). On cooling,
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the filtrate and water washes were concentrated under reduced pressure practically to dry-
ness. The residue was dissolved in 100 mL water, filtered, and neutralized with concentrated
ammonia. After crystallization at 0◦C for 12 h, 17.3 g α,δ-diaminoadipic acid was obtained,
in a yield of 91.2%.

Other references related to the Gabriel primary amine synthesis are cited in the
literature.11
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Gabriel Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gabriel in 18881 and subsequently by Marck-
wald in 1889.2 It is the synthesis of ethylenimines (now called aziridines) from aliphatic
α-haloamines. Therefore, it is known as the Gabriel reaction.3 The original Gabriel’s pro-
cedure is to treat α-bromoethylamine hydrobromide with silver oxide in water;1 however,
the commonly used method is to treat α-haloethylamine hydrohalide with NaOH or KOH
in water;4 and the most successful method is to treat α-aminoethyl hydrogen sulfate with
NaOH5 as α-aminoethyl hydrogen sulfate can be easily prepared from ethanolamine and
sulfuric acid.6 This reaction can be extended for preparing four- (azetidines),7 five-, and
six-membered cyclic amines. The aziridine and substituted aziridines are important inter-
mediates for complicated organic syntheses8 and monomers for polyamines.9

B. GENERAL REACTION SCHEME

X
NH2 H

NNaOH (or KOH) X = Cl, Br, I, OTs, OSO3H, etc.

C. PROPOSED MECHANISMS

It is known that alkyl amine is a stronger base than water; therefore, NaOH or KOH cannot
deprotonate the amino group. On the other hand, the amino group is a good nucleophile
that attacks the β-carbon to form an aziridinium cation and then quickly decomposes back
to the starting material in the absence of a base. A representative mechanism is illustrated
here using 2-bromoethylamine and KOH.
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D. MODIFICATION

A convenient method starting from α-aminoethyl sulfate has been adapted for the prepa-
ration of aziridines.5,6

E. APPLICATIONS

This reaction has general application in the preparation of cyclic amines, including
aziridines and azetidines.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Ph
CO2Me

NH2 LiAlH4

N

Ph

SO2

Ph

Ph

NH2

OH
1. PhSO2Cl/Py, 66%

2. 48% HBr
3. 5% NaOH, 66%

Reference 10.

The methyl ester of dl-phenylalanine was recovered from its hydrochloride salt and was
reduced with LiAlH4 to 3-phenyl-2-amino-1-hydroxypropane. Then 1.0 g such an alcohol
(6.6 mmol) was dissolved in 20 mL cold pyridine containing 2.9 g benzenesulfonyl chloride
(16.0 mmol); the solution was held at 5◦C overnight. Ice was added (50 g) followed by cold
4 N HCl. The resulting solid was collected and crystallized from 95% ethanol to give 1.9 g
3-phenyl-2-benzenesulfonamido-l-(benzene-sulfonyloxy)propane, in a yield of 66%, m.p.,
104.5–106.5◦C.

A mixture of 5.0 g dibenzenesulfonyl derivative (10 mmol), 30 mL 48% HBr, and
200 mL ethanol was refluxed for 3 h. The cooled reaction mixture, containing 3-phenyl-2-
benzenesulfonamido-1-bromopropane was neutralized with 5% NaOH diluted with 300 mL
cold water, and then treated with 185 mL 5% NaOH. After the alkaline mixture was stirred
for 15 min, the white precipitate was collected and crystallized from alcohol to furnish
2.2 g 1-benzenesulfonyl-2-benzylethylenimine as needles, in a yield of 66%, m.p.,
51–53◦C.
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H2N OSO3H
∆

H
NNaOH/H2O

78%

Reference 11.

A solution of 12.0 g trans-2-aminocycloheptyl hydrogen sulfate and 24.0 g NaOH in
30 mL water was heated in a distilling flask until the residue was nearly dry. The distillate was
collected in a cooled receiver containing a little ether and sodium hydroxide pellets. The ethe-
real solution was separated, and the aqueous solution was extracted with ether (3 × 15 mL).
The combined ether solution was dried over solid NaOH and distilled to give 5.0 g cyclo-
heptenimine as a colorless liquid, in a yield of 78%, b.p., 171–172◦C.

Other references related to the Gabriel reaction are cited in the literature.12
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Gabriel-Colman
Rearrangement

(Gabriel Isoquinoline Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gabriel and Colman in 1900.1 It is the rear-
rangement of alkyl phthalimidoacetate into isoquinoline derivatives by means of alkoxide
treatment. Therefore, it is generally known as the Gabriel-Colman rearrangement.2 In addi-
tion, this reaction is also referred to as Gabriel isoquinoline synthesis.3 However, this
reaction is limited to the phthalimido derivatives containing an enolizable carbon attached
to nitrogen.2e,4 In this reaction, the phthalimido ring is first cleaved and then closed at
the methylene carbon to give the ultimate 3-carboethoxy-4-hydroxyisocarbostyril.4 For
the phthalyl derivatives of amino acids other than glycine, the corresponding products are
3-alkyl (or aryl)-4-hydroxyisocarbostyrils.5 It has been reported that under acidic con-
ditions, the 3-carboethoxyl-4-hydroxyisocarbostyril predominates, whereas in neutral
conditions, the tetrahydroisoquinolinedione is the dominating structure of the product.6

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

It is assumed that this reaction involves an α-deprotonation, the formation of aziridine
ring, ring opening, and tautomerization to form an isoquinoline skeleton, as shown here in
Scheme 1.

SCHEME 1. Possible mechanism for the Gabriel-Colman rearrangement involving the formation of the
aziridine intermediate.

Alternatively, this reaction may involve the addition of methoxy to the amido group, the
opening of the five-membered ring to give an iminol intermediate, followed by the formation
of enolate and the final ring closure, as illustrated here in Scheme 2.

SCHEME 2. Possible mechanism for the Gabriel-Colman rearrangement involving the formation of an
iminol intermediate.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has relatively limited application in isoquinoline syntheses.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 6.

To a 1-L, three-neck, round-bottomed flask, fitted with a mercury-seal stirrer and a
Friedrichs condenser equipped with a drying tube with CaO were added 21.9 g methyl
phthalimidoacetate (0.1 mol), 21.6 g NaOMe, and 200 mL absolute methanol. Stirring and
heating were initiated, and the mixture became dark yellow. In ∼15 min, a yellow precipitate
began to form. At the end of 1 h, the heating was stopped, the mixture was cooled to
room temperature, and 100 mL 6 N HCl was added with stirring and cooling. The grayish
precipitate was filtered by suction and washed on the filter with 0.1 N HCl until the washings
were colorless, then with distilled water until the washings were neutral. The resulting mass
was extracted with 500 mL boiling water, and the mixture was filtered through a funnel
with a hot water jacket. After the solution cooled down, 13.8 g 3-carbomethoxy-1,2,3,4-
tetrahydroisoquinoline-1,4-dione was obtained by filtration, which at dryness melted at
219–220◦C (corrected).

Reference 2e.

A solution of N-phenacylphthalimide (4 mmol) was added to a flask containing
50 mL 2 M NaOMe in absolute methanol. The mixture was refluxed in the absence of
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moisture and carbon dioxide until homogeneous and then for an additional 2 h. After that,
the mixture was cooled, and neutralized with dilute HCl. The solid was filtered, washed with
water, and crystallized several times from glacial acetic acid to give p-methoxybenzoyl-4-
hydroisocarbostyril. (No yield was given.)

Other references related to the Gabriel-Colman rearrangement are cited in the literature.7
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Garner Aldehyde

A. GENERAL DESCRIPTION OF THE REACTION

The Garner aldehyde1—that is, 1,1-dimethylethyl 4-formyl-2,2-dimethyloxazolidine-3-
carboxylate2 or N-Boc D-serinal acetonide3—was initially reported by Garner in 1984,4

and is now commercially available.2 This compound, a versatile synthon, has wide appli-
cation in organic synthesis due to its chemical and optical stability, high enantiopurity,
and multifunctionality,5 in which the 4-formyl group can participate in most reactions that
occur on regular aldehydes (e.g., Aldol Reaction, Wittig Reaction), introducing the con-
tiguous amino-hydroxy functionality that exists in many natural products. In addition, this
aldehyde can be readily prepared in the laboratory in multigram quantities6 without par-
tial racemization.7 However, it has been reported that the aldehyde itself does epimerize
under Wittig Reaction conditions when BuLi is used as the base.3a To enhance the stabil-
ity under acidic conditions, the Garner aldehyde is protected by Cbz instead of Boc.8 It
has been reported that olefin predominating in either the Z-,9 or the E-configuration10 can
be prepared from this aldehyde, and the allylation with allylindium reagent gives a dia-
stereoselective product in anti-form.11 Some other applications of the Garner aldehyde
include the synthesis of glycosyl amino acids,3a,12 sphingosines,13 piperidine,14 and the
proteasome inhibitor TMC-95A.15 The corresponding ester of Garner aldehyde is called
the Garner ester.16
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B. GENERAL REACTION SCHEME

O N

CHO

Boc

C. PROPOSED MECHANISMS

N/A

D. MODIFICATION

This aldehyde has been protected by Cbz instead of Boc to improve the stability toward
acid.8

E. APPLICATIONS

This aldehyde has wide application in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O N

CHO

Boc

P
O

OEt

OEt

n-BuLi O
N

Boc
+ THF, 14 h

75%

Reference 10a.

A solution of 6.95 g diethyl benzylphosphonate (30.48 mmol) in 100 mL THF was treated
with 15.24 mL 1.6 M BuLi in hexane (24.38 mmol) at −78◦C. The resulting mixture was
stirred for 30 min at −78◦C, and then a 35 mL THF solution containing 3.49 g Garner alde-
hyde (15.24 mmol) was slowly added over 30 min. After the addition, the mixture was stirred
for 2 h at −78◦C and 12 h at room temperature. Then the mixture was quenched with water
and diluted with Et2O; the aqueous phase was extracted with Et2O three times. The com-
bined organic extracts were washed with brine, dried over MgSO4, filtered, and concentrated
under reduced pressure. Purification by flash chromatography (5% EtOAc in petroleum
ether) and crystallization in petroleum ether gave 3.46 g (4S,1E)-2,2-dimethyl-4-styryl-3-
tert-butyloxycarbonyloxazolidine as colorless crystals, in a yield of 75%, m.p., 85◦C.
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O CHO

N
Boc

O

OBn

Me

CH2PPh3I

BnO
OBn

n-BuLi
+

THF-HMPA

OBn

Me

BnO

O
OBn

O

N
Boc

75%

Reference 3a.

A mixture of 760 mg of phosphonium salt (0.92 mmol), 0.90 g activated 4-Å powdered
molecular sieves, 7.1 mL anhydrous THF, and 4.7 mL anhydrous HMPA was stirred
at room temperature for 10 min and then cooled to −20◦C. The stirred mixture was
treated with 580 µL 1.6 M n-BuLi in hexanes (0.92 mmol), warmed to 0◦C, stirred
for an additional 30 min, and then cooled to −20◦C. To the stirred mixture was added
336 mg Garner aldehyde in 7.1 mL anhydrous THF over a 15-min period. The mixture was
allowed to reach 0◦C in 2.5 h, stirred at 0◦C for an additional 1 h, and then diluted with
200 mL Et2O and filtered through a pad of Celite. The ethereal solution was washed with
1 M phosphate buffer at pH 7 (3 × 30 mL), dried over Na2SO4, and concentrated. The
residue was eluted from a column of silica gel with 5:1 cyclohexane/EtOAc to give 457 mg
6,10-anhydro-7,8,9-tri-O-benzyl-2-tert-butoxycarbonylamino-2,3,4,5,11-pentadeoxy-1,2-
N,O-isopropylidene-L-threo-d-ido-undec-4-(Z)-enitol as a syrup, in a yield of 75%.

Other references related to the reactions of the Garner aldehyde are cited in the
literature.17
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Gassman Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gassman and co-workers in 1973.1 It is a versatile
method used to prepare many types of substituted indoles via a sequential treatment of ani-
lines by tert-butyl chlorite, β-keto sulfide, triethylamine, and Raney nickel if desulfurization
is needed.1a Although this is a multistep reaction, it essentially is a one-pot reaction2 and
can be applied to synthesize either 1- or 2- substituted and 2,7-disubstituted indoles in good
yields.1a This method has a few demonstrated advantages over the most common methods
for the preparation of indoles, e.g., Fischer Indole Synthesis. These advantages include the
application of a cheap and readily available starting material; accessibility for 1-, 2-, 4-, 5-,
6-, or 7-substituted indoles; mild reaction conditions without involving a strong acid or base;
and higher yield than the average yields from the Fischer Indole Synthesis.1a In contrast, the
common Fischer Indole Synthesis needs the appropriately substituted phenylhydrazine or
1,1-disubstituted hydrazine to make the desired indole derivatives.3 A general mechanism
was provided in 1974,4 and the application of this reaction has been reviewed.5

B. GENERAL REACTION SCHEME

NH2

X
R1

S
R2

O

H
N

SR1

R2

X
N
H

R2

X+

1) t-BuOCl
2) Et3N Raney Ni
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C. PROPOSED MECHANISMS

This reaction is assumed to begin with the proton abstraction by a t-butoxy radical, as
shown here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has broad application in the preparation of a variety of substituted indoles.

F. RELATED REACTIONS

This reaction is closely related to the Gassman Reaction and Gassman Oxindole
Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

NH2

S
+

1) t-BuOCl
2) Et3N

H
N

SMe
O

69%

Reference 4.

To a vigorously stirred solution of 2.05 g aniline (0.022 mol) in 150 mL CH2Cl2 at −65◦C
was added dropwise 2.4 g tert-butyl hypochlorite (0.022 mol) in 20 mL CH2Cl2. After
5–10 min, 2.3 g methyl acetylmethylene sulfide (0.022 mol) in 20 mL CH2Cl2 was added,
causing an exotherm; and the mixture was stirred for an additional hour. Subsequently,
2.22 g triethylamine (0.022 mol) in 20 mL CH2Cl2 was added. After the addition was
completed, the cooling bath was removed and the solution was allowed to warm to room
temperature. Water (50 mL) was added, and the organic layer was separated, dried, filtrated,
and evaporated. The residue was then purified by column chromatography over silica gel
using methylene chloride. Recrystallization then gave 2.68 g 2-methyl-3-methylthioindole,
in a yield of 69%, m.p. 58–59◦C, b.p. 140–142◦C (0.85 mmHg).

Other references related to the Gassman indole synthesis are cited in the literature.6
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Gassman Oxindole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gassman and co-workers in 1973.1 It is a
multistep process (but a one-pot reaction2) for preparing oxindole with an electron-
withdrawing group involving sequential treatment of aniline with tert-butyl hypochlorite,
ethyl (methylthio)acetate, triethylamine, and hydrochloric acid and final treatment with
zinc or Raney nickel for the desulfurization.1,3 Therefore, this reaction is often known
as the Gassman oxindole synthesis.4 For the anilines with an electron-donating group,
the nucleophilic attack by a sulfur atom on the nitrogen atom is disfavored, thus an
alternative approach is used to prepare the corresponding oxindoles by treatment of the
anilines with chlorosulfonium salt.5 Further oxidation of the resulting oxindole by N-
chlorosuccinamide/HgO or by direct air oxidation gives relevant isatin.6 This reaction can
tolerate a variety of functional groups, which differ in electron character;1 in addition, N-
alkylanilines are also suitable for this reaction.7 It should be pointed out that when sulfide
with a substituent at the active methylene moiety is used, a 3-substituted oxindole will be
produced.1
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B. GENERAL REACTION SCHEME

NH2

X R1
S CO2Et

R2

R2

O
H
N

X

1) t-BuOCl
2) Et3N

+
3) H+

4) Raney Ni
(X = electron-withdrawing group)

N

O

O

Cl H
N

O

O

HgO
X

When R2 = H

C. PROPOSED MECHANISMS

The mechanism emphasizing the formation of oxindole is illustrated here.

D. MODIFICATION

This reaction has been modified to use a sulfoxide as a synthetic equivalent of a sulfenyl
halide.8 In addition, a procedure that involves the initial mixing of ethyl (methylthio)acetate
and sulfuryl chloride, followed by the addition of aniline with one equivalent of proton
sponge and final Et3N treatment can be used to prepare oxindole that is not accessible via
the initial Gassman protocol.2
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E. APPLICATIONS

This reaction has general application in the preparation of oxindoles and isatins.

F. RELATED REACTIONS

This reaction is closely related to the Gassman Reaction and Gassman Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

MeS
OEt

O

N

S NH2

N

S NH

MeS O

N

S NH

O

1) SO2Cl2/CH2Cl2

2) i-Pr2NEt,

3) Et3N

Zn/HOAc/THF

44%

49%

Reference 3.

Under a nitrogen atmosphere, a mixture of 121 g ethyl methylthioacetate (116 mL,
0.9 mol) and 1.33 L CH2Cl2 was cooled to −74◦C with a dry ice acetone bath. Sulfuryl
chloride (70.0 mL, 118 g, 0.870 mol) was added over a 5-min period, with the temperature
maintained between −70◦ and −74◦C, and the clear colorless solution was stirred at −70◦ to
−74◦C for 25 min. Then a mixture of 117 g N-ethyl-diisopropylamine (157 mL, 0.9 mol),
131 g 6-aminobenzothiazole (0.87 mol), and 1 L CH2Cl2 was added over a period of
100 min with the temperature maintained between −69◦ and −74◦C. An additional 0.9 L
CH2Cl2 was added to dissolve a cream-colored precipitate, and the solution was stirred
for 30 min. Triethylamine was added over a 2-min period, causing a temperature rise to
−48◦C. After 15 min the cooling bath was removed, and the brown-orange solution was
warmed to −30◦C over a 45-min period with a heat gun. The solution was concentrated
under vacuum at 20◦C, and the resulting dark orange oil was treated with 1.4 L 0.5-inch N
HCl and 1.3 L tert-butylmethyl ether. The mixture was stirred for 2.5 h at room temperature.
The golden precipitate was isolated by filtration and dried in a vacuum at room temperature
to furnish 92 g 8-(methylsulfanyl)-6,8-dihydro-7H-[1,3]thiazolo[5,4-e]-indol-7-one, in a
yield of 44%.

A mixture of 2.7 g 8-(methylsulfanyl)-6,8-dihydro-7H-[1,3]thiazolo[5,4-e]indol-7-one
(11 mmol), 3.0 g activated zinc, 41 mL acetic acid, and 41 mL THF was heated at 60–65◦C
for 3.5 h. The gray-green mixture was filtered through a sintered glass funnel containing a
0.5-inch pad of Celite, and the pad was washed with 40 mL hot THF/acetic acid (1:1). Water
(200 mL) was added to the filtrate, and the pale yellow mixture was stirred for 10 min. The
resulting solid was isolated by filtration, washed with 25 mL water, and dried under vacuum
at 70◦C to furnish 1.05 g 6,8-dihydro-7H-[1,3]thiazolo[5,4-e]indol-7-one as a pale yellow
solid, in a yield of 49%.
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1) KO-t-Bu

2) O2

32%

Reference 6.

A mixture of 0.48 g 3-methylthiooxindole and an equimolar amount of sublimed potas-
sium tert-butoxide was suspended in 200 mL dry ether at 0◦C. The solution immediately
became colored. The reaction mixture was then stirred and aerated at 0◦C for 4 h and then at
25◦C for 20 h. Acidification with diluted HCl prepared from 0.22 mL conc. HCl and 25 mL
water followed by extraction with ether, drying of the extracts over MgSO4, filtration, and
evaporation of the filtrate gave an orange solid. Recrystallization from chloroform gave
0.13 g pure isatin, in a yield of 32%, m.p., 199–200◦C.

Other references related to the Gassman oxindole synthesis are cited in the literature.9
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Gassman Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gassman in 1972.1 It is a multistep preparation of
ortho-alkylated anilines by sequential treatment of the anilines with tert-butyl hypochlorite,
dialkylsulfide, and triethylamine followed by Raney nickel desulfurization. Therefore, it is
known as the Gassman reaction.2 Although it is a multistep process, it is actually a one-pot
reaction.2 In addition, this reaction can be adapted to prepare anilines with vinyl, formyl,
and benzyl groups at the ortho-position.3 Furthermore, para-substituted anilines can be
prepared as well via a modified process by which N-t-butyl-N-chloro anilines, generated
from the chlorination of anilines from tert-butyl hypochlorite, are treated with silver salt
and a nucleophile such as methanol.4

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reaction involves the proton abstraction by a t-butoxy radical, followed by the
coupling between a SN2 reaction with thioether, as shown here.
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D. MODIFICATION

This reaction has been improved by using sulfuryl chloride as the chlorination reagent.2

E. APPLICATIONS

This reaction has been used for the preparation of anilines with alkyl, vinyl, formyl, and
benzyl groups at the ortho-position.

F. RELATED REACTIONS

This reaction is closely related to the Gassman Indole Synthesis and Gassman Oxindole
Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

NH2

+
Ph

S Ph
1. t-BuOCl, CH3CN/CH2Cl2 (3:1)

2. NaOH/Et3N

NH2

Ph

SPh

LiAlH4/ether

NH2

Ph
73%

89%

Reference 3.

To a rapidly stirred solution of 2.7 g p-tolulidine (0.025 mol) and 0.050–0.080 mol benzyl
phenyl sulfide in 300 mL dry acetonitrile and 100 mL methylene chloride under nitrogen at
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−40◦C was added dropwise 3.5 g tert-butyl hypochlorite (0.032 mol) in 25 mL methylene
chloride at −78◦C in diffuse light. The reaction mixture was stirred for 4 h at −40◦C, then
allowed to warm slowly to −20◦C over a 3-h period. Sodium methoxide (7.0 g, 0.13 mo1)
in 50 mL methanol at 25◦C was added, and the reaction mixture was stirred for 1 h, during
which the reaction mixture warmed to room temperature. The solution was concentrated in
vacuo; 250–500 mL dry toluene and 30–50 mL triethylamine were added, and the solution
was refluxed for 12 h. The solution was concentrated in vacuo, 100 mL water was added,
and the reaction mixture was extracted with CH2Cl2 (5 × 100 mL). The combined organic
phases were washed with 50 mL 5% aqueous sodium hydroxide and 100 mL brine, dried
over MgSO4, and filtered. The solvent was removed in vacuo, leaving an oil that was
chromatographed on 300–500 g Fisher basic alumina (activity I) using ether/pentane or
ether as the eluant to give 5.7 g 2-amino-5-methyldiphenylthiophenoxymethane as a yellow
oil, in a yield of 73%.

To a rapidly stirred suspension of 0.50 g LiAlH4(13.2 mmol) in 100 mL dry
ether under nitrogen at room temperature was added 2.0 g 2-amino-5-methyldiphenyl-
thiophenoxymethane (6.6 mmol) in 30 mL ether. The suspension was stirred for 12 h at
25◦C. Sulfuric acid (0.5 N, 100 mL) was added, and the product was extracted with ether
(5 × 100 mL). The combined organic phases were washed with 50 mL 5% aqueous sodium
hydroxide and 100 mL brine, dried over MgSO4, filtered, and concentrated. Distillation
of the residue gave 1.16 g 2-amino-5-methyldiphenylmethane, in a yield of 89%, b.p.,
124–127◦C (0.27 mmHg).

NH2

NH2

O

S
O-t-Bu

O

1. SO2Cl2
2. Proton sponge

3. NEt3

NH2

NH2

MeS

O

Raney-Ni

NH2

CO2-t-BuCO2-t-Bu

NH2

O

82%

Reference 2.

tert-Butyl (methy1thio)acetate (12.0 g, 74 mmol) in 800 mL methylene chloride at
−70◦C was treated dropwise with 5.9 mL sulfuryl chloride (73 mmol), and stirred for 30 min,
then treated dropwise with a solution of 16 g proton sponge (75 mmol) and 10.0 g anthranil-
amide (73 mmol) in 1000 mL methylene chloride over 1 h. The resulting pink slurry was
then treated with 12 mL triethylamine (86 mmol) and allowed to warm to room temperature.
The mixture was washed with water (3 × 250 mL) and brine, dried over Na2SO4, filtered,
and concentrated by rotary evaporation. Flash chromatography on 200 g silica gel, eluting
with EtOAc/hexane (1:1) gave 19.5 g t-butyl m-amido-o-amino-α-methylthiophenylacetate
as a pale yellow oil.

A solution of 14.5 g of the yellow oil (49 mmol) in 400 mL absolute ethanol was stirred
with 50 mL Raney nickel (washed to neutrality with water then with ethanol) at room
temperature for 30 minutes and filtered through Celite; the filter cake was washed with THF
(2 × 50 mL). The combined filtrates were concentrated in vacuo, and the resulting solid was
triturated with EtOAc/hexane (1:1) to give 10.0 g t-butyl m-amido-o-amino-phenylacetate,
in a yield of 82%.
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Other references related to the Gassman reaction are cited in the literature.5
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Gattermann Aldehyde

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gattermann in 1898.1 It is the preparation of aro-
matic aldehydes containing hydroxyl or alkyloxyl groups on the aromatic ring by treatment
of the aromatics with hydrogen cyanide and hydrogen chloride in anhydrous solvent (e.g.,
ether) with or without the presence of a Lewis acid (e.g., ZnCl2, AlCl3) as a catalyst,2 in
which aldimine hydrochloride functions as an intermediate.2,3 Therefore, it is generally
known as the Gattermann aldehyde synthesis3,4 or simply as the Gatterman synthesis.5

However, because the application of anhydrous hydrogen cyanide needs extensive precau-
tion and skill during the whole process,5c a new condition was adapted by Adams by treating
the aromatics in dry ether with zinc cyanide and then passing them in dry hydrogen chloride,
in which hydrogen cyanide forms in situ and the new formed zinc chloride functions as a
catalyst.5b,5c It is known that pure zinc cyanide is ineffective for this reaction, but it will
work properly in the presence of a trace amount of KCl or NaCl.2 Currently, this reac-
tion is probably still the only available process for preparing some phenolic aldehydes5c

and is even suitable for making aromatic aldehydes with multi-alkyl groups, such as
mesitaldehyde.6

B. GENERAL REACTION SCHEME

X
HCN HCl

X

CHO

+ +
Dry Et2O

Lewis acid
(R = OH, OR, or alkyl)
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X

Zn(CN)2
HCl

X

CHO

+
Dry Et2O

(R = OH, OR, or alkyl)

Adam-modified condition

C. PROPOSED MECHANISMS

Because no mechanistic details are available, a mechanism is proposed and illustrated
here.

D. MODIFICATION

This reaction has been modified by treating aromatic compounds with zinc cyanide and
anhydrous hydrogen chloride.5b,5c

E. APPLICATIONS

This reaction is useful in the preparation of aromatic aldehydes with hydroxyl, alkoxyl,
and even mutli-alkyl groups.

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation, Reimer-Tiemann Reaction,
Houben-Hoesch Acylation, and Vilsmeier-Haack Formylation.
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G. CITED EXPERIMENTAL EXAMPLES

Zn(CN)2
CHCl2CHCl2

66%

CHO

+
AlCl3/HCl

Reference 6.

A rapid stream of dry hydrogen chloride was passed into a mixture of 100 g 1,3,5-
triisopropylbenzene, 102 g zinc cyanide, and 400 mL tetrachloroethane until the cyanide
was decomposed. The mixture was cooled to 0◦C, and to it was added 134 g AlCl3 with
vigorous stirring. Introduction of hydrogen chloride was resumed and continued for 8 h
at 70◦C. The mixture was poured into a mixture of ice and hydrochloric acid and allowed
to stand for overnight. It was then heated under reflux for 3 h. Final distillation afforded
75.0 g 2,4,6-triisopropylbenzaldehyde, in a yield of 66%.

NaCN
AlCl3/HCl CHO

+
39%

Reference 3.

Dry hydrogen chloride was passed at a slow rate into a well-stirred mixture of 25 g
reagent sodium cyanide (0.4 mol), 100 g anhydrous aluminum chloride (0.77 mol), and
100 mL toluene (in excess amount) at room temperature for 15 min, after which the bath
temperature was brought up gradually to 100◦C, and the passage of dry hydrogen chloride
was maintained for 7 h. The reaction mixture was hydrolyzed by pouring it into 300 mL
ice–conc. HCl, and subjected to steam distillation. The distillate was extracted with ether,
neutralized, and dried. It was submitted to fractionation, whereby 35 g unreacted toluene
was recovered and 26 g p-tolualdehyde was obtained, in a yield of 39%, b.p. 204–207◦C. It
was noticed that the yield of p-tolualdehyde was appreciably lower when the reaction was
carried out below 100◦C.

Other references related to the Gattermann aldehyde synthesis are cited in the literature.7
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Gattermann Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gattermann in 1890.1 It is the preparation of
aromatic halides or aromatic cyanides by decomposition of corresponding diazo salts in
the presence of copper powder, in which copper powder is freshly obtained from a copper
(II) sulfate aqueous solution. Therefore, it is generally known as the Gattermann reaction.2

Occasionally, it is also referred to as the Gattermann method.3 It should be pointed out that
this reaction is almost equivalent to the Sandmeyer Reaction.2b It is believed that a radical
mechanism might be involved in this reaction,2c by which electron transfer occurs at the
surface of metallic copper.2b However, this reaction is not applicable for the preparation of
aromatic fluorides because HF exists as H2F2 and ionized as H+ and HF2

−.2e

B. GENERAL REACTION SCHEME

ArX
∆

Cu/HCl (aq.)
 (X= Cl, Br, I, CN, etc.)ArN2X

C. PROPOSED MECHANISMS

It is known that this reaction involves unstable aryl cupric halide,2h therefore, a tentative
mechanism involving a radical process is outlined here.
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D. MODIFICATION

This reaction has been modified for preparing aromatic mercuric halide.2h In
addition, a similar procedure for preparing aryl halides from dry arenediazonium
o-benzenedisulfonimides and quaternary ammonium halides in the presence of copper can
be considered a further modification of the Gattermann reaction.2a

E. APPLICATIONS

This reaction is useful for the preparation of aromatic halides and cyanides.

F. RELATED REACTIONS

This reaction is related to the Sandmeyer Reaction, Balz-Schiemann Reaction, and Bart
Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O2
S

N
S
O2

Ar N2
+ Bu4N+Br–

CH3CN
86%

Cu
Br

+–

Reference 2a.

To a suspension of 3.23 g dry benzenediazonium o−benzenedisulfonimide (10 mmol)
in 20 mL anhydrous CH3CN maintained at 20◦C was added 0.02 g copper powder and
8.06 g tetrabutylammonium bromide (25 mmol) in one portion under vigorous stirring. A
rapid evolution of nitrogen took place at once. The salt dissolved, and the solution became
red and then cleared to pale orange. The solution was stirred for an additional 45 min, the
reaction mixture was filtered to remove the copper, and the solution was then poured into
200 mL Et2O/water (1:1). The aqueous layer, containing CH3CN and a suspension of a fine
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white solid substance, was separated and extracted again with 80 mL Et2O. The combined
organic extracts were washed several times with water (4 × 50 mL) to eliminate all the
CH3CN, dried over Na2SO4, and evaporated under reduced pressure. The crude residue
was column chromatographed, eluting with petroleum ether/CH2Cl2 (9:1, v/v), to afford
1.35 g bromobenzene as a colorless oil, in a yield of 86%.

Other references related to the Gattermann reaction are cited in the literature.4
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(e) Cowdrey, W. A. and Davies, D. S., Quart. Rev., 1952, 6, 358. (f) Waters, W. A., J. Chem. Soc.,
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Gattermann-Koch

Formylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was originally reported by Gattermann and Koch in 1897.1 It is the prepa-
ration of aromatic aldehydes by the treatment of aromatic compounds with CO and HCl
in the presence of AlCl3 and cuprous chloride, by which CO and HCl behave like the hypo-
thetical formyl chloride and react in a fashion similar to other acyl chlorides. Therefore,
this reaction is generally known as the Gattermann-Koch formylation.2 Occasionally, it is
also referred to as the Gattermann-Koch aldehyde synthesis,3 Gattermann-Koch reaction,4

or Gattermann-Koch synthesis.5 It is known that this reaction can be carried out in two
major types of conditions: at atmospheric pressure of CO with Cu2Cl2 present and at
high-pressure in absence of Cu2Cl2,6 in which the optimal temperature for high-pressure
synthesis of benzaldehyde is 35◦C.7 It is found that the AlCl3-benzaldehyde complex can
reduce the induction period in the high pressure synthesis of benzaldehyde with AlCl3,8

although AlBr3 works better than AlCl3 for the synthesis of benzaldehyde.9 This reaction
is highly para-regioselective,10 as reflected both in the observed toluene/benzene rate ratio
(kT/kB = 155 ∼ 860) and in the high degree of para-substitution (88.7 ∼ 96%);10d however,
if the para-position has been blocked by another group, then migration of such substituent
might occur.11 Besides the system of HCl-AlCl3, the Gattermann-Koch formylation also
occurs in superacid conditions, such as HF-BF3,12 CF3SO3H,13 HSO3F-SbF5,10c,14 HF-
SbF5,3c,3d,10a,10b,10e CF3SO3H-SbF5,3a,3c,3e,13a and HF-CF3SO3H-BF3,10d,13a in which
both kinetic features and regioselectivity indicate a typical intra-complex reaction,3a,3c and
formylation occurs at atmospheric CO pressure and 0◦C in HSO3F-SbF5.10c However, this
reaction is not applicable for phenols or their alkyl ethers where Gattermann Aldehyde
Synthesis takes place.6
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B. GENERAL REACTION SCHEME

R

CO

R

CHO

+
AlCl3/HCl

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to occur in a variety of superacid systems as mentioned
earlier.

E. APPLICATIONS

This reaction has wide application in the preparation of aromatic aldehydes and is still
the major process used to synthesize aromatic aldehydes in industry.

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation, Reimer-Tiemann Reac-
tion, Houben-Hoesch Reaction, Gatterman Aldehyde Synthesis, and Vilsmeier-Haack
Formylation.

G. CITED EXPERIMENTAL EXAMPLES

CO

CHO

OHC

+
SbF5 (3.0 eq.)/HF

95% (92% purity)

Reference 2a.



REFERENCES 1211

Dibenzyl (1.82 g, 10 mmol) was added to a solution of Lewis acids with HF or CF3SO3H
in a Hastelloy autoclave (100 mL) equipped with a Hastelloy magnetic stir bar under temper-
ature control. The autoclave was sealed, and CO was introduced with vigorous stirring until
reaching the pressure of 20 atm. After the reaction was over, the autoclave was depressurized
and opened. The reaction was quenched with ice water and extracted with benzene. After
removal of the solvent, 95% aromatic aldehyde was obtained, where 92% of the aldehyde
was p,p′-bisformyl dibenzyl.

CO
AlCl3

CHO

+
Benzene, autoclave

60.3%

Reference 15.

To mixture of 210 g isopropylbenzene (1.75 mol) and 315 g benzene (4.05 mol) saturated
with hydrogen chloride in a lead-lined rocking autoclave was added 255 g aluminum chloride
(technical, 1.92 mol), which previously had been ground to pass a 20 mesh and exposed
in a 1-in. layer to air for 2 h with frequent stirring. The autoclave was then purged with
carbon monoxide (commercial) from a cylinder, and carbon monoxide was added to a
pressure of 500 psi at 25–30◦C. After the pressure dropped to 300 psi, it was again raised
to 500 psi. This was repeated until no drop occurred (∼ 2.5 h), whereafter the pressure was
maintained for 1 h longer. The reaction mixture was poured onto 2600 g ice acidified with
5 mL conc. HCl and separated. The oil layer was washed with 500-mL portions of water and
55 mL Na2CO3 solution and filtered to break the emulsion. After separation, the oil layer
was washed twice with 500-mL portions water. The oil was charged to a round-bottomed
flask headed by a 36-in. fractionating column packed with glass helices. Distillation was
continued under atmospheric pressure until the pot temperature reached 131◦C; the distillate
was benzene. Then, under a vacuum of 135 mmHg, 40.5 g isopropylbenzene (b.p. 95◦C)
was recovered. Distillation at 35 mmHg gave 11 g benzaldehyde (b.p., 83–88◦C at 35)
contaminated with a small amount of isopropylbenzene, 126 g p-isopropylbenzaldehyde
(b.p., 131–135◦C), and 25 g 2,4-diisopropylbenzaldehyde. There was ∼ 25 g of residue
left after the fractionation. The yield of p-isopropylbenzaldehyde was 60.3%, based on
the recovered isopropylbenzene.

Other references related to the Gattermann-Koch formylation are cited in the literature.16
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Y.; Ando, H. and Laali, K. K., J. Am. Chem. Soc., 1997, 119, 5100. (d) Tanaka, M.; Fujiwara, M.;
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Gewald Reaction

(Gewald Aminothiophene
Synthesis, Gewald Synthesis of

2-Aminothiophene)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gewald in 1965.1 It is the usual route for syn-
thesizing 2-aminothiophene involving a base-catalyzed condensation of a ketone having
an active CH2 group with α-ketonitrile to form an olefin that cyclizes with sulfur.2 There-
fore, this reaction is known as the Gewald reaction,3 Gewald synthesis,2a,3g,3l,4 Gewald
thiophene synthesis,3j Gewald aminothiophene synthesis,3g,3j,5 or Gewald synthesis of 2-
aminothiophene.4a,6 This reaction has two major types of variants: a two-step synthesis and
a one-pot synthesis. The two-step variant involves the isolation of the olefin intermediate
and is primarily used for large-scale synthesis, whereas most current syntheses use the
one-pot variant by adding all the reactants and catalyst at once.2b In this reaction, diethyl
amine is usually the catalyst,2b although a solid-phase catalyst has been reported for such
reaction.7 This reaction provides a route for thieno[2,3-d][1,3]-oxazin-4-ones,3j,3l a useful
moiety for the serine protease inhibitor.3l This reaction has been modified to synthesize 2-
aminothiophene with a substituent at the 3-, 4-, or 5-position.2a Unfortunately, this reaction
is limited to the preparation of 2-aminothiophenes with electron-withdrawing groups at the
3-position.3h In addition, it produces a significant amount of isomeric by-product if two
active CH2 groups are available.3g
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has recently been modified for preparing 2-aminothiophenes with a sub-
stituent at the 3-, 4-, or 5-position.2a

E. APPLICATIONS

This reaction is the usual method used to synthesize 2-aminothiophenes.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

O

Me

CN

O
EtO

S NH2

O
OEt

Me

+
1) TiCl4, Py

2) Et2NH, S8
83%

Reference 2a.

To 60 mL anhydrous THF at 0◦C was added 4.9 mL neat TiCl4 (45 mmol) dropwise,
followed by a THF solution of 4.33 g deoxybenzoin (22 mmol) and 30 mmol ethyl cyanoac-
etate. The ice bath was removed, and 1.5 mL dry pyridine was added. The dark blue solution
was stirred for 1 h, after the addition of an additional 4.5 mL pyridine, the reaction mixture
was stirred overnight at room temperature. The reaction mixture was neutralized with 10%
HCl and extracted with EtOAc. The combined organic layers were washed with 2 M NaOH
and dried over MgSO4. Evaporation of the solvent afforded a crude Knoevenagel product,
which was taken up in 20 mL THF and stirred at room temperature with 710 mg sulfur
(22.2 mmol) and 4 mL diethylamine for 1 h. The volatiles were removed in vacuo to afford
the crude ethyl 2-amino-4-(4-methylphenyl)-5-phenylthiophene-3-carboxylate, which was
recrystallized from hot ethanol in a yield of 83%.

O-t-Bu

O

O

CN

O
EtO

EtOH
74% S

Me

H2N

O
EtO

CO2-t-Bu

+
S8, morpholine

Reference 3j.

A mixture of 15.8 g tert-butyl acetoacetate (100 mmol), 11.3 g ethyl cyanoacetate
(100 mmol), 3.5 g sulfur (110 mmol), and 25 mL EtOH was stirred at 45◦C. Morpho-
line (10 g, 115 mmol) was added dropwise over 15 min. Then the mixture was stirred at
60◦C for 5 h and filtered. The filtrate was diluted with 50 mL water and cooled. The precip-
itate was collected by filtration, washed with 30% EtOH, and dried to obtain 21.2 g ethyl
2-amino-4-methyl-5-(tert-butoxycarbonyl)thiophene-3-carboxlate, in a yield of 74%, m.p.,
116–117◦C (cyclohexane/hexane).

Other references related to the Gewald reaction are cited in the literature.8
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K., J. Med. Chem., 1999, 42, 5437. (k) Sabnis, R. W.; Rangnekar, D. W. and Sonawane, N. D.,
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Ghosez Cyclization
(Ghosez Lactonization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Ghosez and co-workers in 1988.1 It is the synthe-
sis of α,β-unsaturated δ-lactone and the corresponding dihydropyran reduced from such
lactone derivative, involving the reaction of epoxide with the lithio derivative of methyl
3-(phenylsulfonyl)orthopropionate and subsequent acid hydrolysis and base-induced elim-
ination of phenylsulfinic acid. This reaction is thus known as the Ghosez cyclization2 or the
Ghosez lactonization.3

In this reaction, methyl 3-(phenylsulfonyl)orthopropionate functioning as a 1,3-dipole
equivalent, contains a potential carbanion center at C-3 that is stabilized by a phenylsulfonyl
group, and has a masked cationic character at C-1 in the form of an ortho-ester.4 Upon
treatment of the base, the carbanion is generated at C-3, which nucleophilically attacks the
epoxide ring via a SN2 reaction; the resulting alkoxide anion undergoes the second SN2
reaction by replacement of a methoxide to give the cyclic orthoester. Acidic hydrolysis
of the cyclic orthoester forms δ-lactone, and the subsequent base-induced elimination of
phenylsulfinic acid generates the α,β-unsaturated δ-lactone.

B. GENERAL REACTION SCHEME

O

R MeO S
Ph

OMe

MeO O O

O OR
+

1. n-BuLi
2. H2SO4

3. Et3N/DBU

(R = alkyl, aryl)
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C. PROPOSED MECHANISMS

A simple illustration of the reaction mechanism is provided here.

MeO S
Ph

OMe

MeO
O O

n-BuLi
MeO S

Ph

OMe

MeO O O

O

R

O
MeO

R

SO2Ph

MeO
MeO

OMeO

MeO
R

SO2Ph

H2O/H+

O R

SO2Ph

O

DBU

O R

S

O

H

O
O

Ph

DBU
OO R

–

–

MeO

PhSO2
–

–

D. MODIFICATION

A similar reaction involving 2,3-dibromo-1-phenylsulfonyl-1-propene and a carbanion
from acetoacetone or 3-methylacetoacetone to form the corresponding 2-methyl-4-
[(phenylsulfonyl)methyl]furan or 2-methyl-3-[(phenylsulfonyl)methyl]-2-cyclopenten-1-
one could be considered as an extension of this reaction.5

E. APPLICATIONS

This reaction has certain applications in organic synthesis, such as the preparation of
hydrindan,4 glycoside,3a and natural product swinholide A.2b,2c

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

SPh

O

SPh

OO
H

1. PhSO2(CH2)2C(OMe)3
    n-BuLi, THF, –78°C, then BF3 · Et2O

2. TFA/CH2Cl2 (9:1), r.t.
3. DBU, CH2Cl2, 0°C

88%

Reference 3b.
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To a solution of 3.29 g methyl 3-phenylsulfonyl orthopropionate (12.0 mmol) in 40 mL
THF cooled at –78◦C was added 7.76 mL 1.6 M n-BuLi (12.4 mmol) in hexanes dropwise.
After being stirred for 30 min, 1.54 mL BF3·Et2O (12.1 mmol) was added, followed by
888 mg (2R)-2-[(2R)-(2-methyl-4-phenylsulfanyl-butyl)]oxirane (4.0 mmol) in 6 mL dry
THF. After being stirred for 1.5 h at –78◦C, the reaction mixture was poured into a mixture
of cold saturated aqueous NaHCO3 (60 mL) and Et2O (160 mL) with vigorous stirring.
The phases were separated, and the aqueous layer was extracted with Et2O three times. The
combined organic phases were dried over MgSO4 and concentrated. The residue was stirred
with 40 mL 90% aqueous TFA at room temperature for 3 h and concentrated. The remaining
material was dried by repeated co-evaporation with toluene (3 × 50 mL), dissolved in
40 mL dry CH2Cl2, and cooled (0◦–5◦C). To this cold solution was added 2.0 mL DBU
(13.4 mmol) dropwise via syringe. The elimination of phenylsulfinic acid completed in
30 min as monitored by TLC (CH2Cl2/hexanes/EtOAc, 16:15:1, Rf = 0.39). The solution
was concentrated, and the residue was purified by flash chromatography to afford 973 mg
(6R)-6-[(2R)-(2-methyl-4-phenylsulfanyl-butyl)]-5,6-dihydro-2H-pyran-2-one as a bright
yellow oil, in a yield of 88%.

SO2Ph

Br

Br O O
NaOH

MeOH
44%

O

SO2Ph

+

Reference 5a.

In a 1-L, flame-dried, round-bottomed flask equipped with an addition funnel under
a nitrogen atmosphere were placed 20.0 g 2,3-dibromo-1-(phenylsulfonyl)-1-propene
(58.8 mmol) and 7.0 mL 3-methyl-2,4-pentanedione (60.0 mmol) in 300 mL methanol.
The flask was cooled in an ice water bath. To this mixture was added 140 mL 0.5 N NaOH
(70.0 mmol) in methanol dropwise over 30 min. The solution was then stirred at 25◦C for
5 h and cooled to 0◦C. Another 140 mL 0.5 N NaOH in methanol was added over 20 min.
After being stirred at 25◦C for 10 h, the reaction was quenched by 50 mL saturated NH4Cl
solution. The solvent was removed with a rotary evaporator at aspirator vacuum, and the
resulting residue was taken up in 100 mL water and 200 mL dichloromethane. The aqueous
layer was extracted with dichloromethane (2 × 200 mL). The combined organic layers
were washed with 100 mL water, 100 mL brine, and dried over anhydrous MgSO4. After
filtration and concentration, the residue was recrystallized from EtOAc to give 6.5 g 2-
methyl-3-[(phenylsulfonyl)methyl]-2-cyclopenten-1-one, in a yield of 44%. (Note: NaOH
was displayed as NaOMe in the original reaction scheme.)

Other references related to the Ghosez cyclization are cited in the literature.6
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Ghosez Keteniminium-Olefin

Cyclization
(Ghosez [2+2] Keteniminium-Olefin

Cycloaddition)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Ghosez as early as 1972.1 It is the synthesis of
cyclobutanones from the reaction of alkenes and keteniminium ions. The keteniminium ions
are usually generated from tertiary amides by reacting with triflic anhydride and a hindered
pyridine base2 or by the dechlorination of 1-chloro-N,N,2-trimethyl-1-propylenamine
with AgBF4

1,3 followed by the hydrolysis of the resulting iminium salts under biphasic
conditions. Therefore, this reaction is known as Ghosez keteniminium-olefin cyclization
or Ghosez [2+2] keteniminium-olefin cycloaddition;4 and 1-chloro-N,N,2-trimethyl-1-
propylenamine, generated by the treatment of N,N-dimethyl 2-methylpropionamide with
phosgene and triethylamine,3 is known as the Ghosez reagent.5

The keteniminium salt, being a ketene equivalent,6 is superior to ketene in [2+2]
cycloaddtion, due to the higher electrophilicity (with a positive charge) and the absence
of dimerization owing to charge-charge repulsion;7 in comparison, ketenes are known to
dimerize.8 As a result, the reaction conditions for keteniminium salt are very mild, and
the yields are often satisfactory.1 In addition, the keteniminium salt with a chiral inducer
on the carbon atom usually leads to the formation of cyclobutanone, with the configura-
tion following the known chirality of the inducer.6 Although the intermolecular reaction
of a keteniminium salt with 1,1-disubstituted alkenes gives very low yields of product,
the intramolecular cycloaddition occurs with three-, four-, five- and seven-atom tethers; in
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contrast, the corresponding reaction of ketenes normally proceed with three- or four-atom
tethers.7

It should be pointed out that the [2+2] Cycloaddition between keteniminium and imines
to form β-lactams was reported by Ghosez even earlier (1970),9 and azetidiniminium salts
are generated from this cycloaddition, which can be converted into many different molecules
besides β-lactams, including 2-acetidinethiones, azetidinimines, oxazolidin-2-ones, and 2-
amino-1-azetines as well as 1,2-amino alcohols and α-amino acids.10 In such modifications,
the keteniminium salts can be simply prepared from N,N-dialkyl amides by means of phos-
gene; the resulting N,N-dialkyl-2-chloroiminium chloride might take three different routes
to give azetidiniminium salts: (a) direct reaction with imine in the presence of triethylamine;
(b) formation of enamine in the presence of Et3N and coupling with imine; and (c) forma-
tion of enamine in the presence of Et3N, conversion of resulting enamine into keteniminium
salt by a Lewis acid (e.g., ZnCl2 or TiCl4), and subsequent reaction with imine.11 In this
reaction, path a is more practical; however, only path c affords 4-alkyl azetidiniminium
salts.11 Although chiral iminium salts usually give chiral azetidiniminium salts of high
optical purity, the large α-substituents on the carboxyl moiety play a decisive role on the
diastereoselectivity of the reaction, whereas the diastereoselectivity is rather independent
of the substituents on corresponding imines.11

Upon treatment with base (e.g., hydroxide) followed by acidic hydrolysis, either β-
lactams or β-amino amides are obtained from azetidiniminium salts via an exocyclic or
endocyclic C-N bond cleavage.11 It has been reported that the ratio of β-lactams to β-amino
amides depends on the relative rate of protonation on the exocyclic and endocyclic nitrogen
atom of the tetrahedral intermediate.11 Likewise, thiolysis or aminolysis by treatment of
azetidiniminium salts with sodium hydrosulfide or primary amines (including ammonia and
hydroxylamine) affords the corresponding azetidinethiones or azetidinimines (Figure 1).11

However, during the formation of azetidinimines, the azetidiniminium salts with hydro-
gen at the α-carbon give a much lower yield of product; in this case, the corresponding
azetidinimines can be prepared by the formation of azetidine-2-thione and further reaction
with amine in the presence of mercuric acetate.11 In addition, the Baeyer-Villiger Oxidation
of azetidiniminium salts give oxazolidinones; similarly, oxidation of azetidiniminium salts
with bis-trimethylsilyl peroxide in the presence of fluoride affords the five-membered
carbamates, which are then hydrolyzed to aminoalcohols (Scheme 1).11

B. GENERAL REACTION SCHEME

SCHEME 1. Extended Ghosez keteniminium-olefin cyclization.
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FIGURE 1. Some possible derivatives from Ghosez keteniminium-olefin cyclization.

C. PROPOSED MECHANISMS

This reaction proceeds stepwise via a cationic intermediate, as shown below.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction should have wide applications in heterocycle synthesis but has not yet been
extensively explored.

F. RELATED REACTIONS

This reaction is related to the Gilman-Speeter Reaction and Staudinger Cycloaddition.

G. CITED EXPERIMENTAL EXAMPLES

Reference 10.

To a mixture of 0.40 g N,N-dimethyl phenylacetamide (2.45 mmol) and 0.41 mL triflic
anhydride was added a solution of 0.5 g imine prepared from the corresponding acetalde-
hyde and benzhydrylamine (2.44 mmol) and 0.5 g 2,6-dimethylpyridine (DMP) in 6 mL
1,2-dichloroethane. The solution was stirred at –20◦C for 1 h and then at 25◦C for 2 h. After
conversion of the azetidiniminium triflate to the corresponding perchlorate, the residue was
purified by silica gel column chromatography using CH2Cl2/CH3CN (5:1) as the eluent
to afford 0.41 g cis-3-phenyl-4-methyl-1-benzhydrylazetidine-2-(N-dimethyliminium per-
chlorate), in a yield of 37%. This compound was then dissolved in 10 mL acetone/water
(1:2), and 10 mL 1 N NaOH aqueous solution was added. The resulting mixture was stirred
at 25◦C for 1 h. Acetone was removed under vacuum, and the product was extracted with
CH2Cl2. The organic layers were dried over Na2SO4 and concentrated. The residue was
purified by column chromatography using n-pentane/EtOAc (13:2) as the eluent to give
0.22 g cis-3-phenyl-4-methyl-1-benzydrylazetidin-2-one as an oil, in a yield of 76%.



REFERENCES 1225

Reference 2.

To a 0.1 M solution of 1-pyrrolidin-1-yl-2-[2-triethylsiloxy-2-isopropenylcyclohexyl]-
ethanone (95 mg, 0.26 mmol) in 2.6 mL 1,2-dichloroethane containing 66.7 mg 2,6-di-
tert-butyl-4-methylpyridine (DTBMP, 0.33 mmol, 1.25 eq.) cooled to –20◦C was added
92 mg trifluoromethanesulfonic anhydride (0.33 mmol, 1.25 eq.) dropwise. The mixture
was allowed to slowly warm to room temperature and then was stirred at 65◦C for 18 h. The
reaction mixture was cooled to room temperature and concentrated; the resulting residue
was dissolved in a mixture of 3 mL aqueous KHCO3 and 3 mL ether, and the mixture was
stirred vigorously at room temperature for 5 h. After extraction of the product with ether
(3 × 20 mL), the combined organic extracts were dried over Na2SO4, filtered, and concen-
trated. The residue was purified by silica gel flash chromatography using EtOAc/hexanes
(1:9 to 2:8) as the eluent to give 29 mg (3aR,5aR)-3a-(methyl)octahydroazulene-2,4-dione
as a colorless oil, in a yield of 61% and > 20:1 of diasteroselectivity.

Other references related to the Ghosez keteniminium-olefin cyclization are cited in the
literature.12
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Gibbs-Wohl Naphthalene

Oxidation
(Gibbs Phthalic Anhydride Process)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gibbs and Conover in 1918,1 based on a labo-
ratory process in 1917.2 It is a simple and direct vapor-phase oxidation of naphthalene to
phthalic anhydride in the presence of a catalyst made from Group VB or VIB transition met-
als. This process was highly supported by the U.S. government2 in 1910s because phthalic
anhydride was an important intermediate for dyes (e.g., indigo) and medicinal molecules.3

All phthalic anhydride was imported exclusively from Germany and was unfortunately cut
off due to World War I.2 This process is the modification of a German patent by Sapper at
Badische Anilin und Soda Fabrik in 1896,4 in which sulfuric acid was used to oxidize naph-
thalene with a mercury salt as the catalyst.3 It was obvious that many disadvantages were
associated with the 1896 process, which involves an expensive apparatus to convert SO2 to
SO3,5 though it was the primary method to produce phthalic anhydride at that time. The new
process uses air and naphthalene and produces phthalic anhydride as the only product,2 a
much more efficient way of carrying out chemical reactions, which has directed inventions
of other oxidation of aromatic compounds, such as the production of anthraquinone from
anthracene,6 and phenanthraquinone from phenanthrene.7 Therefore, this process is known
as Gibbs phthalic anhydride process. In the original patent, Gibbs and Conover tested the
catalytic efficiency of many metal oxides—including MgO, Al2O3, TiO2, ZrO2, CeO2,
Cb2O5, Cr2O3, WO3, UO3, Mn2O3, Fe2O3, NiO, MoO3, Co2O3, Cu2O, and V2O5—by
passing a mixture of naphthalene and air through the reaction tube; they found that V2O5
was the best catalyst, with 3.7% conversion and 7.5% yield,5 and MoO3 was the second best
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catalyst with a yield of phthalic anhydride at 31.1% and 10.2% conversion.5 (This should
indicate that MoO3 is the best catalyst!) It was found that the reaction temperature was
critical in this reaction, and it reacted at 275◦C for V2O5 and 325◦C for MoO3 when pure
oxygen was used; naphthalene started to combust at 300◦C and 350◦C, respectively. How-
ever, the reaction temperature could be raised to 500◦C without the ignition of naphthalene
when air was directly used, giving a higher yield of product.5 It was found that V2O5, fused
and then finely powdered, was a better catalyst than the light powder obtained from decom-
posing ammonium metavanadate at low temperature, of which the catalytic efficiency is
not effectively lowered by AsO3 or SO2 but is lowered by sodium compounds. In this case,
phthalic acid was the major product, and CO2 was the major gaseous product. Benzoic acid
and naphthols might exist as minor products, but no CO was detected.5 It is interesting that
Wohl in Germany invented the same synthesis 2–3 months earlier than Gibbs, and he was
finally granted the U.S. patent in the 1930s8 with a validation on August 28, 1951.2 There-
fore, this reaction is also referred to as Gibbs-Wohl oxidation of naphthalene. Unfortunately,
Andrews, who claimed an article of manufacturing “phthalic anhydride substantially chem-
ically pure and having a melting point above 130◦C., corrected” and “phthalic anhydride
in the form of colorless, needle-like crystals substantially chemically pure and having a
melting point above 130◦C., corrected,” was granted a U.S. patent9 that was later claimed
to be not patentable.10

B. GENERAL REACTION SCHEME

O

O

O

V2O5, air

300–500°C

C. PROPOSED MECHANISMS

This is a very complicated process, therefore, a tentative mechanism is proposed here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is the primary method for the production of phthalic anhydride in industry.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Because this is used in the industrial production of phthalic anhydride, no preparation
on a laboratory scale is available; thus no experimental details are collected here.

Other references related to the Gibbs-Wohl naphthalene oxidation are cited in the
literature.11

H. REFERENCES

1. (a) Gibbs, H. D. and Conover, C., U.S. Pat., 1918, Oct. 29, 1,283,117. (b) Gibbs, H. D. and
Conover, C., U.S. Pat., 1918, Nov. 17, 1,284,888.

2. Downs, C. R., J. Ind. Eng. Chem., 1940, 32, 1294.

3. Gibbs, H. D., J. Ind. Eng. Chem., 1919, 11, 1031.

4. (a) Sapper, E., Ger. Pat., 1896, March 9, 91,202. (b) Sapper, E., British Patent, 1896, 18,221.
(c) Sapper, E., J. Soc. Chem. Ind., 1897, 16, 676.

5. Conover, C. and Gibbs, H. D., J. Ind. Eng. Chem., 1922, 14, 120.

6. Conover, C. and Gibbs, H. D., U.S. Pat., 1919, May 6, 1,303,168.

7. Lewis, and Gibbs, H. D., U.S. Pat., 1918, Dec. 17, 1,288,431.

8. (a) Wohl, A., U.S. Pat., 1930, Dec. 30, 1,787,416. (b) Wohl, A., U.S. Pat., 1934, Aug. 28, 1,971,888.

9. Andrews, C. A., U.S. Pat., 1920, Apr. 6, 1,336,182 (filed Oct. 14, 1919).

10. Bebie, J., J. Ind. Eng. Chem., 1921, 13, 91.

11. (a) Shreve, R. N., Chem. Met. Eng., 1943, 52, 103. (b) Shreve, R. N., Chem. Met. Eng., 1943,
52, 117. (c) Parks, W. G. and Katz, J., J. Ind. Eng. Chem., 1936, 28, 319. (d) Andrews,
C. E., J. Ind. Eng. Chem., 1921, 13, 167. (e) Gibbs, H. D., J. Ind. Eng. Chem., 1920, 12, 1017.
(f) Monroe, K. P., J. Ind. Eng. Chem., 1919, 11, 1116.



271
Gilman-Cason Ketone

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gilman in 19361 and was later extensively explored
by Cason.2 It is the preparation of ketones from alkyl (or aryl) cadmium and acyl chloride or
anhydride, and is called the Gilman-Cason ketone synthesis. In this reaction, the cadmium
reagent is preferentially prepared from a lithium derivative rather than a Grignard reagent,1

although the aromatic Grignard reagents form cadmium derivatives readily and give good
yields of aromatic ketones.1,2b,3 For the scope of this reaction, it was found that in the
case of n-butyl halides the chloride is somewhat inferior to the bromide, although it is
much better than the corresponding iodide;2b in addition, reaction with anhydride seems
to be uniformly inferior to that obtained with acid chlorides.2b−2d,3b The order of relative
reactivity of acyl halides is ArCOI > ArCOBr > ArCOCl > ArCOF.4 Cadmium chloride
is at least as effective as cadmium bromide for preparing the cadmium reagents,1 and
secondary or tertiary alkylcadmium reagents are too unstable to allow their effective use
in synthesis, even at a temperature as low as 0◦C.5 It was reported that alkyl cadmium can
dissociate and form alkyl radical upon heating.5 For example, butenylcadmium reagents
rapidly dissociate at the boiling temperature of ether and results in the coupling products.5

B. GENERAL REACTION SCHEME

R′
Cd

R′R Cl

O

R O R

O O

R R′

O
+or
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C. PROPOSED MECHANISMS

Cadmium reagent is much milder than corresponding Grignard reagent, and it is believed
that cadmium reagent can dissociate into radicals,5 therefore, the mechanism is tentatively
proposed here.

If no radical is involved in this reaction, then the mechanism should be very similar to that
of the Grignard Reaction. However, as cadmium reagents are much milder than Grignard
reagents, they will not further attack the formed ketones.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be used in the synthesis of ketones with multifunctional groups,
including carbonyl and esters.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 6.

A Grignard reagent was prepared in 18 mL ether from 0.16 g magnesium turnings
and excess methyl bromide, which had been bubbled through sulfuric acid. This reagent
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was converted to the cadmium reagent in usual fashion7 with 0.60 g anhydrous cadmium
chloride. After distillation of ether and the addition of 15 mL benzene, a solution of 1.0 g
triphenylacetyl chloride in 5 mL benzene was added at 10◦C over ∼ 2 min. After the cooling
bath had been removed, there was no observable exothermic reaction as the mixture warmed
to room temperature.

The reaction was continued with stirring for 1 h at 43◦C, then caked solid was scraped
from the sides of the flask, and the mixture was heated to reflux for 1 h. As the temperature
was raised, sudden boiling occurred, and the mixture turned a bright yellow. The reaction
mixture was worked up in the usual fashion for cadmium reactions, and 0.54 g of a yellow oil
was obtained, from which no significant crystallization could be obtained in ethanol. Chro-
matography on alumina of activity III gave 18% triphenylmethane, 33% triphenylethane,
and 12% methyl trityl ketone. The melting point of methyl trityl ketone was 137.5–139◦C
after recrystallization.

C13H27MgBr
CdCl2

Cd(C13H27)2

C13H27
CO2Me

O

Cl CO2Me
O

C13H27Br   +   Mg

Reference 8.

A Grignard reagent was prepared in a nitrogen atmosphere in the usual manner from
4.9 g magnesium turnings (0.2 mol) and 52.7 g n-tridecyl bromide (0.2 mol). This was
converted to the cadmium reagent with 29.2 g anhydrous cadmium chloride (0.16 mol).
Ether was distilled until distillation on a steam bath became slow, then 65 mL benzene
was added immediately, and an additional 10 mL distillate was collected. This mixture
was cooled to 20◦C, and then to the stirred mixture in one portion was added a solu-
tion of 19.3 g γ-carbomethoxy-β,β-dimethylbutyryl chloride (0.1 mol) in 70 mL benzene.
The temperature of the mixture rose rapidly to 40◦C and was maintained at 38–40◦C
for 80 min, cooling being necessary during the first 20 min. The temperature was then
raised to 65◦C over 1 h, after which time the mixture was worked up as usual. On dis-
tillation, there was obtained 14.5 g of fore run consisting mostly of tridecane,b.p. 115◦C
(15.5 mmHg), and 30.1 g methyl-3,3-dimethyl-5-ketooctadecanoate (88%), b.p. 191–193◦C
(2.5 mmHg.)

Other references related to the Gilman-Cason ketone synthesis are cited in the
literature.9
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Gilman-Speeter Reaction
(Gilman-Speeter Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Gilman and Speeter in 1943.1 It is an efficient prepara-
tion of 3-alkyl-substituted or unsubstituted β-lactams by the condensation of a Reformatsky
reagent and an imine. Therefore, this reaction is generally known as the Gilman-Speeter
reaction2 or Gilman-Speeter condensation.2e In addition, the extended reactions between
lithium ester enolate or lithium thioester enolate and imine are also considered as the
Gilman-Speeter reaction.

This reaction usually works for nonenolizable imines (e.g., N-aryl aldimines)2g and has
the features of readily accessible starting materials, and simple preparation of 3-substituted
or unsubstituted 2-azetidinones (i.e., β-lactams) with direct control of stereoselectivities.2h

It has been reported that the yield of this reaction depends on the activation and the type
of zinc.3 The stereochemistry of β-lactams depends on the α-substituent of bromoacetates,
the solvent, and the alkyl portion of the esters.2g For example, when the α-substituent is an
alkyl group (e.g., Me, Et, i-Pr, cyclohexyl, t-Bu), the major product has cis geometry, such
a trend is especially prevailing for the reaction of acetate with a branched α-substituent
(e.g., i-Pr, cyclohexyl, t-Bu) in THF.2g For comparison, the reaction of isopropyl acetate in
toluene tends to form β-lactams of trans geometry. In addition, phenyl acetates favor the
trans isomers regardless of the solvents.2g

It was found that ultrasound can facilitate the reaction and increase the yields of β-
lactams.2g However, the Gilman-Speeter reaction has not yet been extensively explored,
probably due to the slow reaction rate and relatively low yields2h that usually appear at
20–50%.2h
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The Gilman-Speeter reaction involves the formation of a Reformatsky reagent from
α-haloester, nucleophilic addition of the Reformatsky reagent to an imine, and subsequent
intramolecular cyclization to form β-lactam, as displayed below.

D. MODIFICATION

The modifications of the Gilman-Speeter reaction include the activation of zinc by tri-
methylsilyl chloride (TMSCl)2h and the application of lithium ester enolate4 or lithium
thioester enolate5 as the substitute for the traditional Reformatsky reagent. In these modi-
fications, it was found that TMSCl-activated zinc is much more effective in promoting the
reaction between ethyl bromoacetate and Schiff bases.2h In addition, in the presence of a
chiral ether ligand, the reaction between lithium ester enolate and imines affords β-lactams
of high enantiomeric excess, probably due to the formation of a ternary complex reagent.2e,4

The enantioselectivity and reactivity of the ternary complex depend on the size and nature of
the lithium amide used. For example, the lithium amide from 2,2,6,6-tetramethylpiperidine
(LTMP) is unfavorable for this reaction.4

E. APPLICATIONS

This reaction has general application in the synthesis of β-lactams, but has not yet been
applied extensively.
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F. RELATED REACTIONS

This reaction is related to the Ghosez Keteniminium-Olefin Cyclization and Staudinger
Cycloaddition.

G. CITED EXPERIMENTAL EXAMPLES

O

O

PMP
N

OMeMeO

Ph Ph

N

PMPO

+
LDA, toluene

75%
82% e.e.

Reference 4.

To a preformed LDA solution (4.4 mmol) in 9 mL toluene at −78◦C was added a
solution of 0.31 g 3-pentyl isobutyrate (2.0 mmol) and 48 mg (1R,2R)-1,2-dimethoxy-1,2-
diphenylethane (0.2 mmol) in 3 mL toluene. The mixture was stirred at −25◦C for 1.5 h and
cooled to −78◦C, to this solution was then added a solution of 0.24 g imine (1.0 mmol) pre-
pared from 3-phenylpropinaldehyde and 4-methoxyaniline in 1.5 mL toluene. After being
stirred at −78◦C for 20 h, the solution was quenched with aqueous NH4Cl and extracted with
EtOAc. The combined organic layers were washed with brine and dried over MgSO4. Upon
removal of the solvent, the residue was purified by silica gel column chromatography using
EtOAc/hexanes (1:5) as the eluent to afford 75% of (S)-α,α-dimethyl-β-(2′-phenyl)ethyl-
N-(p-methoxy)phenyl-β-lactam in 82% e.e. The chiral ligand was recovered for reuse in
99% yield.

OEt

O

Br
N Ph

MeO

N

Ph

OMe

O
+

Zn/HgCl2

Toluene, ∆

80%
cis:trans = 1:4

Reference 2h.

A mixture of 2.51 g N-(α-methylcinnamy1idene)-p-anisidine (10 mmol), 0.78 g zinc
dust (12.0 mmol), 1.38 mL dl-methyl 2-bromobutyrate (12.0 mmol), and a catalytic amount
of HgCl2 in 20 mL toluene was refluxed under nitrogen for 8 h. The resulting mixture was
cooled to room temperature and poured into an aqueous solution prepared from 20 mL
saturated NH4Cl and 20 mL 25% NH4OH. The mixture was then extracted with CH2Cl2,
and the combined organic layers were washed with 20 mL 0.1 N HCl and 20 mL water,
and dried over MgSO4. Upon removal of the solvent, the residue was purified by column
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chromatography using CH2Cl2/hexanes (1:2) as the eluent to give 2.57 g 3-ethyl-4-(α-
methylstyryl)-l-(4-methoxyphenyl)azetidin-2-one as a 1:4 mixture of cis and trans-isomers,
in a yield of 80%. The cis-isomer was separated by trituration in hexane and further
crystallization from EtOH, m.p. 99–100◦C, and the trans-isomer was isolated as an oil.

Other references related to the Gilman-Speeter reaction are cited in the literature.6
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Gomberg Free Radical

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Free radical chemistry can be traced back to the initial preparation of a triphenyl-
methyl radical from Gomberg in 1900 by halogen abstraction of triphenylmethyl halide
with metals,1 when he stated that he wished to reserve the field for himself.1a,2 Thus the
generation of triphenylmethyl radical is referred to as the Gomberg reaction.3 This initial
work shifted people’s attention to trivalent carbon,4 the so-called free radical. Since then, the
generation of radicals and the reactions involving radicals have been extensively explored
and has become a part of free radical chemistry. It is known that the triarylmethyl radicals
demonstrate different colors while changing temperature,5 as in quinonoidation.6 It has been
reported that radicals might even be formed during the preparation of Grignard reagents at
the initial stage when iodine was used as a catalyst.7 Up to now, many efficient and conve-
nient methods have been developed to generate free radicals, such as reduction;8 oxidation;9

pyrolysis of peroxides, acyl peroxides, and azo compounds;10 photo irradiation;11 and
trialkylaluminium12 or trialkylboranes.12,13 The compounds, which easily decompose and
form free radical species, are used as free radical initiators, and the commonly used free
radical initiators are summarized in Table 1. On the other hand, compounds that contain one
weak bond linking to hydrogen are prepared as proton donors in radical chain reactions,
and these compounds are known as hydride transfer reagents; the most common ones are
silanes,14 germanes,15 and stannanes16 (Table 2). Because of their reactive nature, radicals
are normally transient intermediates in chemical transformations. The lifetime of other radi-
cals can be determined by careful analysis of the product distribution, if these radicals react
with the compound that undergoes an intramolecular radical rearrangement with known
lifetime. This is a new field in free radical chemistry developed since 1980—the so-called
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TABLE 1. Common Free Radical Initiators

Structure Name Structure Name

NC
N

N CN

OMe

OMe

2,2′-Azobis(2,4-
dimethyl-4-
methoxyvarelonitrile)
(V-70)10b

Ph O
O

O

O

Ph
Benzoyl peroxide10d

Ph O
O

O
tert-Butyl
peroxybenzoate10d O

O tert-Butyl peroxide10d

NC N
N CN

Azoisobutyronitrile
(AIBN)10a

Et B
Et

Et

Triethylborane12,13

TABLE 2. Common Hydrogen-Transfer Reagents in Free Radical Reactions

n-Bu3SnH16 n-Bu3GeH15b,15c (Me3Si)3GeH15a

(Me3Si)2Si(Me)H14a (Me3Si)3SiH14b Et3SiH14c

PhSiMe2H14c PhSiH3
14c Me3SiSiMe2H14c

radical-molecule reaction kinetics17—and the radicals with a known lifetime are called free
radical clocks.18 Although most of the radicals have short lifetimes, some radicals, like
Gomberg’s triphenylmethyl radical, with bulky substituents may have longer lifetimes, and
these radicals fall into two categories: persistent radicals and stable radicals. A persistent
radical has a relatively long lifetime (e.g., minutes) allowing its characterization under the
conditions it is generated,8a whereas a stable radical is inherently stable and can be isolated
without signs of decomposition under inert atmosphere at room temperature.8a,8b Some
radicals are extremely stable in air, with half-lives of decades, and can withstand typical
radical reagents (e.g., nitric oxide) and even highly reactive chemical species (e.g., halogens
and sodium hydroxide). In addition, these radicals even possess a very high thermal stability
(up to 300◦C).19 Therefore, these types of radicals are called inert free radicals.4,19,20 Some
representative long-living radicals are summarized in Table 3, including the persistent, sta-
ble, and inert radicals.9a,20,21 Overall, the radicals are involved in almost every aspect of
organic chemistry, as indicated in reviews about free radical chemistry.22

TABLE 3. Representative Persistent, Stable, and Inert Free Radicals

N
O

C6Cl5

Cl4Cl4

Cl5

Cl5 Cl5

Reference 21i Reference 20 Reference 20

(continued)
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TABLE 3. (Continued )

B. GENERAL REACTION SCHEME

Ph3C Cl Zn ZnCl2Ph3C+ +

C. PROPOSED MECHANISMS
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D. MODIFICATION

The original initiation of a free radical has been modified extensively, as mentioned
earlier.

E. APPLICATIONS

The free radical reaction has extremely broad applications in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Benkeser Reduction and Birch Reduction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 9a.

A mixture of 100 mg N-[(2,4-dichlorophenyl)thio]-4-formyl-2,6-diphenylaniline and
300 mg K2CO3 in 10 mL benzene was vigorously stirred. Within 30 min, 2.5 g PbO2 was
added in portions; after that, the mixture was further stirred for 1 min and filtered. After
the benzene was removed by freeze-drying, the residue was subjected to chromatography
on alumina. Elution of the green zone with benzene gave N-[(2,4-dichlorophenyl)thio]-
4-formyl-2,6-diphenylphenylaminyl in 56% yield in the form of dark green needles from
hexane/EtOAc, m.p., 128–130◦C. In addition, further elution of the orange zone with EtOAc
afforded 18% N-[(2,4-dichlorophenyl)thio]-2,6-diphenyl-p-benzoquinone monoimine in
the form of orange prisms from hexane/EtOAc, m.p., 185–186◦C.

Cl

Cl

NH

Cl

Cl

C6Cl5

C6Cl5

SnCl2

Et2O 
62%

Cl

Cl

NH2

Cl

Cl

C6Cl5

C6Cl5

Reference 23.
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Anhydrous SnCl2 (0.040 g) was added to a solution of 0.080 g crude fuchsonimine in
18 mL anhydrous diethyl ether, and the mixture was stirred in the dark under argon overnight.
The green solution was then filtered, washed with aqueous HCl and water, dried, and evap-
orated. The residue was purified by column flash chromatography (silica gel hexane/CCl4)
to give 0.050 g 4-aminotetradecachlorotriphenylmethyl radical as dark green needles, in a
yield of 62%.

Other references related to the Gomberg free radical reaction are cited in the literature.24
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Gomberg-Bachmann

Pinacol Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gomberg and Bachmann in 1927.1 It is the prepa-
ration of pinacols from aromatic aldehyde or ketones in the presence of magnesium and
magnesium iodide and is known as the Gomberg-Bachmann pinacol synthesis.2 It is known
that a radical mechanism is involved in this reaction as indicated by the green and brown
colors of the reaction solution, which disappear when the solution is exposed to air and
reappear when air is removed.1 During this reaction, the ketone was first reduced to a ketyl
radical, then the ketyl radicals combine to give pinacol after workup.1 This reaction pro-
duces pinacols in almost quantitative yields2 and is especially good for stable ketones, such
as xanthone and fluorenone, whose corresponding pinacols have not be prepared by alter-
native methods yet.2 It is known in the cases of pyridyl ketones, 2 eq. magnesium iodide is
needed for the completion of reduction, where one magnesium iodide complexes with the
nitrogen atom of the pyridyl ring, and the second magnesium iodide actually reduces the
ketone in combination with magnesium.2

B. GENERAL REACTION SCHEME

Ar R

O

HO

ArAr

OH
R R

Mg/MgI2
(R = alkyl, aryl)
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C. PROPOSED MECHANISMS

Illustrated here is the tentative mechanism, using acyl phenone as an example.

D. MODIFICATION

This reaction has been modified using 2 eq. magnesium iodide for heteroaromatic
ketones.2

E. APPLICATIONS

This reaction is very useful in the preparation of pinacols from aromatic aldehydes and
ketones.

F. RELATED REACTIONS

This reaction is related to the Pinacol Coupling Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N

O HO OH
Ph Ph

N N

Mg/MgI2

Ether/benzene
34%

Reference 2.
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To 5 g powdered magnesium (0.21 mol) in 35 mL ether and 50 mL benzene was added
with shaking 14 g iodine (0.055 mol) in portions to keep the solution boiling. After the
complete addition, the mixture was shaken until the liquid was practically colorless. To this
mixture was added 18.3 g phenyl 2-pyridyl ketone (0.1 mol) dissolved in 30 mL benzene. A
green precipitate separated, which on shaking slowly turned to a yellow solid. The mixture
was shaken and heated on a water bath for 1 h, but no visible change occurred. A small
portion of the mixture was withdrawn and hydrolyzed with water. The benzene-ether layer
was dried and then evaporated to dryness to give a pale yellow solid, m.p. < 40◦C. To the
mixture was added an additional quantity of magnesium and magnesium iodide (prepared
from 5 g magnesium and 14 g iodine) and on shaking, the yellow precipitate changed to a
green precipitate. The mixture was refluxed on a water bath for 4 h, and then allowed to
stand at room temperature for 1 week, after which time no visible change had taken place.
The mixture was added to water, and the benzene-ether layer separated. The water layer was
washed several times with ether, and the benzene-ether solution was combined with the ether
washings and dried over magnesium sulfate. Distillation of the solution yielded an orange
oily solid, which on washing with ethanol yielded 7.0 g α,α-di-2-pyridylhydrobenzoin, in
a yield of 38%, m.p., 141–142◦C, after recrystallization twice from EtOAc. The filtrate on
evaporation yielded 4.3 g phenyl 2-pyridyl ketone.

CHO

HO OH

Mg/MgI2

Reference 3.

To the mixture of 15 g magnesium turnings, 100 mL dry ether, 150 mL dry benzene,
and 60 g iodine, was added a solution of 67 g mesitaldehyde in 75 mL dry benzene over a
period of 1.5 h. The mixture was stirred vigorously and refluxed for 12 h. The product was
isolated in a usual manner. The solid was warmed with high-boiling petroleum ether, and
the undissolved material was separated and recrystallized from methanol. This yielded the
pinacol of mesitaldehyde, m.p. 214–215◦C.

Other references related to the Gomberg-Bachmann pinacol synthesis are cited in the
literature.4

H. REFERENCES

1. Gomberg, M. and Bachmann, W. E., J. Am. Chem. Soc., 1927, 49, 236.

2. Ebetino, F. F. and Amstutz, E. D., J. Org. Chem., 1963, 28, 3249.

3. Fuson, R. C.; Horning, E. C.; Ward, M. L.; Rowland, S. P. and Marsh, J. L., J. Am. Chem. Soc.,
1942, 64, 30.

4. (a) Micha-Screttas, M.; Heropoulos, G. A. and Steele, B. R., J. Chem. Soc., Perkin Trans. II,
1999, 2685. (b) Bachmann, W. E. and Shankland, R. V., J. Am. Chem. Soc., 1929, 51, 306.
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Gomberg-Bachmann

Reaction
(Gomberg-Bachmann-Hey

Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was initially discovered almost concurrently by Kühling1 and by
Bamberger2 in 1895, it is generally known as the Gomberg-Bachmann reaction3 after a con-
venient and much safer experimental procedure was developed by Gomberg and Bachmann
in 1924.4 It is the synthesis of diaryls (mostly unsymmetrical diaryls) by condensation of
aryl diazonium salts with aromatic or heterocyclic compounds in the presence of aqueous
NaOH. Therefore, this reaction is sometimes referred to as the Gomberg-Bachmann alka-
line reaction,3a Gomberg arylation,3a or Gomberg-Bachmann biaryl synthesis.5 Hey and
co-workers extensively studied the mechanism of this reaction, indicating the involvement
of free radicals in this reaction;6 thus this reaction is also called the Gomberg-Bachmann-
Hey reaction,7 Gomberg-Bachmann-Hey arylation,8 and Gomberg-Bachmann-Hey aryl
coupling.9 It is known that this reaction is rapid and easy to carry out, especially for the aro-
matic diazonium salts containing an electron-withdrawing group.4 However, this reaction
does have inherent drawbacks, such as the instability of diazonium salt3c and the accompa-
nying side reactions to form tar residue;3j therefore, this reaction has been modified to use
stable aromatic diazonium tetrafluoroborate under phase transfer conditions.3c
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B. GENERAL REACTION SCHEME

N2
+

R
NaOH

R
+

C. PROPOSED MECHANISMS

The mechanism is demonstrated by the coupling between phenyldiazonium salt and
benzene as displayed here.

D. MODIFICATION

This reaction has been modified using aryldiazonium tetrafluoroborate under phase
transfer conditions to enhance the stability of diazonium salt.3c

E. APPLICATIONS

This reaction has wide applications in the coupling of aryl compounds or aryl and
heteroaromatics.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 3c.

Potassium acetate (1.20 g, 12.2 mmol, 2 eq.) was added at ambient temperature to a mag-
netically stirred mixture of 1.28 g 3-fluorophenyldiazonium tetrafluoroborate (6.0 mmol)
and 5 mol % 18-crown-6 in 60 mL methyl benzoate. Stirring was continued for 90 min.
The red mixture was filtered, and the filtrate was washed with brine and water. The organic
layer was dried over Na2SO4 and evaporated, and the residue was chromatographed over
alumina (30–50 g) using 10% ether/hexane as the eluent, the collected fraction was further
distilled to afford 0.48 g methyl 3′-fluorobiphenyl-2-carboxylate as oil, in a yield of 34%.

NH2

D D

D

DD

1. NaNO2, HCl

2. NaOAc, benzene-d

Reference 3g.

p-Toluidine (0.58 g, 5.4 mmol) was dissolved in 2 mL concentrated hydrochloric acid
and diazotized at 0–5◦C with 0.6 g NaNO2 dissolved in 2 mL water. The solution of the
resulting diazonium salt was added slowly, with vigorous stirring, to a mixture of 30 g
benzene-d (97.02% isotopically pure by mass spectrometry at reduced ionizing voltage,
0.38 mol) and 7.0 mL NaOAc solution containing 3.0 g NaOAc maintained at 6–10◦C.
After completion of the addition, the mixture was stirred at 6–10◦C for 30 min and then at
room temperature for 6 h. The dark benzene layer was separated, washed three times with
aqueous NaHCO3 followed by water, dried over CaCl2, and concentrated on a steam bath.
The residue was dissolved in 5 mL ether, mixed with 2 g activated alumina, and dried in
a film evaporator. The residue, impregnated on alumina, was placed on top of an alumina
column (25 g) and was extracted repeatedly with petroleum ether (b.p. 60–90◦C). The first
100 mL of eluate on concentration gave 350 mg 4-methylbiphenyl, m.p. 42–44.5◦C, raised
to 46.5–47◦C by sublimation under reduced pressure and crystallization from methanol.

Other references related to the Gomberg-Bachmann reaction are cited in the literature.10

H. REFERENCES

1. Kühling, O., Ber., 1895, 28, 41.

2. Bamberger, E., Ber., 1895, 28, 403.

3. (a) Galli, C., Chem. Rev., 1988, 88, 765. (b) McKenzie, T. C. and Rolfes, S. M., J. Heterocycl.
Chem., 1987, 24, 859. (c) Beadle, J. R.; Korzeniowski, S. H.; Rosenberg, D. E.; Garcia-Slanga,
B. J. and Gokel, G. W., J. Org. Chem., 1984, 49, 1594. (d) Fukata, G.; Kawazoe, Y. and Taguchi,



REFERENCES 1251

T., Yakugaku Zasshi, 1974, 94, 36. (e) Fukata, G.; Kawazoe, Y. and Taguchi, T., J. Pharm. Soc.
Jpn., 1974, 94, 852. (f) Panaiotov, I. M.; Kasabova, N. and Kirova, P., Dokl. Bolgarskoi Akad.
Nauk, 1969, 22, 675. (g) Eliel, E. L.; Saha, I. G. and Meyerson, S., J. Org. Chem., 1965, 30, 2451.
(h) Ruechardt, C. and Merz, E., Tetrahedron Lett., 1964, 2431. ((i) Gragerov, I. P. and Turkina, M.
Y., Zh. Obsh. Khim., 1963, 33, 1907. (j) Detar, D. F. and Chu, C.-C., J. Am. Chem. Soc., 1960,
82, 4969. (k) DeTar, D. F. and Kazimi, A. A., J. Am. Chem. Soc., 1955, 77, 3842. (l) Detar, D. F.
and Relyea, D. I., J. Am. Chem. Soc., 1954, 76, 1680.

4. Gomberg, M. and Bachmann, W. E., J. Am. Chem. Soc., 1924, 46, 2339.

5. Smith, P. A. S. and Hall, J. H., J. Am. Chem. Soc., 1962, 84, 480.

6. (a) Hey, D. H., Adv. Free Radical Chem., 1966, 2, 47. (b) Dermer, O. C. and Edmison, M. T.,
Chem. Rev., 1957, 57, 77. (c) Elks, J.; Haworth, J. W. and Hey, D. H., J. Chem. Soc., 1940,
1284. (d) Grieve, W. S. M. and Hey, D. H., J. Chem. Soc., 1938, 108. (e) Hey, D. H. and Waters,
W. A., Chem. Rev., 1937, 21, 169. (f) Grieve, W. S. M. and Hey, D. H., J. Chem. Soc., 1934,
1797. (g) Grieve, W. S. M. and Hey, D. H., J. Chem. Soc., 1934, 1966.

7. (a) Nock, H. and Schottenberger, H., J. Org. Chem., 1993, 58, 7045. (b) Tarshits, D. L.;
Przhiyalgovskaya, N. M. and Suvorov, N. N., Chem. Heterocycl. Compd., 1988, 24, 1217.
(c) Abramovitch, R. A. and Saha, J. G., J. Chem. Soc., 1964, 2175.

8. Gurczynski, M. and Tomasik, T., Org. Prep. Proced. Int., 1991, 23, 438.

9. Press, J. B.; Eudy, N. H. and Morton, G. O., J. Org. Chem., 1983, 48, 4605.

10. (a) Rosenberg, D. E.; Beadle, J. R.; Korzeniowski, S. H. and Gokel, G. W., Tetrahedron Lett.,
1980, 21, 4141. (b) Mann, N.; Baak, W. and Mutscler, E., Arch. Pharm., 1973, 306, 625. (c) Gouki,
F.; Yuichi, K. and Tanezo, T., Tetrahedron Lett., 1973, 15, 1199. (d) Eliel, E. L.; Meyerson, S.;
Welvart, Z. and Wilen, S. H., J. Am. Chem. Soc., 1960, 82, 2936. (e) Dermer, O. C. and Edmison,
M. T., Chem. Rev., 1957, 57, 77. (f) Detar, D. F. and Scheifele, H. J., J. Am. Chem. Soc., 1951,
73, 1442. (g) Detar, D. F. and Sagmanli, S. V., J. Am. Chem. Soc., 1950, 72, 965. (h) Waters,
W.A. The Chemistry of Free Radicals, Oxford University Press, London, 1946, pp. 148, 165.
(i) Bachmann, W. E. and Hoffman, R. A., Org. React., 1944, 2, 224.



276
Gould-Jacobs Reaction

(Gould-Jacobs Quinoline Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gould and Jacobs in 1939.1 It is the synthesis
of 4-hydroxyquinolines from anilines and diethyl ethoxymethylenemalonate involving the
condensation to anilinomethylenemalonate, cyclo-acylation to quinolin-4-one nucleus, and
subsequent hydrolysis and decarboxylation. Therefore, this reaction is generally known
as the Gould-Jacobs reaction.2 Occasionally, it is also referred to as the Gould-Jacobs
cyclization,3 Gould-Jacobs quinoline synthesis,4 or Gould-Jacobs synthesis.5 This reaction
works well for anilines with electron-donating groups at the meta-position, whereas the
electron-withdrawing groups reduce the overall yield.2k This reaction can be applied to the
synthesis of piperazine and pyrrolidine analogues.2a

B. GENERAL REACTION SCHEME

NH2
R

EtO2C CO2Et

OEt N

OH

R

+

1. ∆
2. NaOH

3. HCl
4. ∆

C. PROPOSED MECHANISMS

Displayed here is the demonstration of the reaction mechanism using aniline as example.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is very useful for preparing 4-hydroxyquinoline derivatives. In addition,
N-alkyl-quinolin-4-one derivatives can also be prepared if an electrophile is added before
the hydrolysis and decarboxylation.2a

F. RELATED REACTIONS

This reaction is related to the Doebner-von Miller Quinoline Synthesis and Knorr
Quinoline Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

N
H

NH2
EtO2C

OEt

CO2Et

N
H

NH

O+

1. ∆
2. Ph2O, ∆
3. NaOH

4. AcOH
5. Ph2O, ∆

Reference 6.
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In a 50-mL round-bottomed flask were placed 0.265 g 4-aminoindole (2.0 mmol) and
0.405 mL diethyl ethoxymethylenemalonate (2.0 mmol, d = 1.07); the mixture was heated
at 130◦C for 3 h. Any unreacted diethyl ethoxymethylenemalonate was removed under
vacuum, leaving 0.50 g 2-[(1H-indol-4-ylamino)methylene]malonic acid diethyl ester as
a brown solid, in a yield of 83%, m.p., 122◦C (ethanol). Then 0.50 g of the solid diester
(1.7 mmol) was added to 50 mL boiling diphenyl ether in portions; after 20 min of refluxing,
the precipitate formed by cooling was collected by filtration, washed many times with
diethyl ether, and recrystallized from ethanol, yielding 0.360 g ethyl 4-oxo-4,7-dihydro-
1H-pyrrolo[2,3-h]quinolin-3-carboxylate, in a yield of 83%, m.p. 280◦C (dec.), Rf = 0.45
(EtOAc/MeOH, 8:2).

In a 100-mL round-bottomed flask were placed 0.260 g of the above ester (1.01 mmol)
and 30 mL 2 N NaOH; the suspension was heated to complete solution and was then refluxed
for 6 h, the reaction was monitored by TLC analysis (EtOAc/MeOH, 8:2). After cooling,
the reaction mixture was acidified to pH 5 by acetic acid/water (1:2). A brown precipitate
formed, which was collected, washed with water, and dried at 60◦C, affording 0.185 g
4-oxo-4,7-dihydro-1H-pyrrolo[2,3-h]quinolin-3-carboxylic acid as a crystalline solid, in a
yield of 80%, m.p., 320◦C (dec.), Rf = 0.71 (EtOAc/MeOH, 8:2).

In a two-necked, 100-mL round-bottomed flask, 50 mL diphenyl ether was heated to
the boiling temperature. After the portionwise addition of 0.185 g quinolin-3-carboxylic
acid (0.81 mmol), the solution was refluxed for 20 min. After cooling, the formed precip-
itate was collected, washed many times with diethyl ether and dried, providing 0.120 g
1H ,7H-pyrrolo[2,3-h]quinolin-4-one, in a yield of 80%, m.p., 351◦C (dec.), Rf = 0.38
(EtOAc/MeOH, 8:2).

Et

NH2

EtO2C

OEt

CO2Et

N
H

O

Et
+

1. 120°C/1 h
2. Dowtherm A, reflux

3. NaOH
4. Benzophenone, 275°C

Reference 4h.

Equimolar amounts of 4-ethylaniline and diethyl (ethoxymethylene)-malonate were
heated together at 120◦C for 1 h and then heated under reflux in Dowtherm A to effect
cyclization. The resulting crude ester was saponified to give 6-ethyl-4(1H)-quinolone-3-
carboxylic acid in an overall yield of 81%, m.p., (DMF) 257◦C (dec.). This acid was
decarboxylated in benzophenone at 275◦C to give 6-ethyl-4(1H)-quinolone, in a yield of
77%, m.p., (H2O) 197.5–198.5◦C.

Other references related to the Gould-Jacobs reaction are cited in the literature.7

H. REFERENCES
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Graebe-Ullmann Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Graebe and Ullmann in 1896.1 It is the preparation
of carbazoles involving the pyrolysis of 1-phenyl-1,2,3-benzotriazole prepared from ortho-
amino-diphenylamine and nitrous acid.2 Therefore, it is known as the Graebe-Ullmann
reaction,3 Graebe-Ullmann thermolysis,4 Graebe-Ullmann synthesis,5 or Graebe-Ullmann
carbazole synthesis.6 It is known that this reaction involves the cyclization of a diradical
or iminocarbene intermediate to 4aH-carbzole, which isomerizes to carbazole via a [1,3]
hydrogen shift.5b Besides the pyrolysis of benzotriazoles to carbazoles, the photolysis7

and microwave irradiation8 of triazoles also produce carbazoles accordingly. In addition,
some more complicated heterocycles containing pyrrole moiety can be prepared from this
reaction.9

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified using microwave irradiation.8

E. APPLICATIONS

This reaction has general application in the preparation of carbazole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

N

Triglyme, ∆

N

N

N
N

Reference 10.
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A suspension of 1.0 g 9-(1,2,3-benzotriazol-1-yl)acridine in 5 mL triglyme was boiled
for 4 h, and the cooled solution was diluted with excess water. The product was collected
and washed with water to yield 87% 8H-quino[4,3,2-kl]acridine.

N
H

N

N
H

N
H4P2O7 , ∆

+

28% 34%

N
N

N

N

Reference 8.

A mixture of 2 mmol 1-(2-methylpyridin-4-yl)-1H-benzotriazole and 6 mmol H4P2O7
was heated at 150◦C until the evolution of nitrogen ceased (1.5–2 h). The reaction mixture
was then triturated with water and basified with a 15% solution of NaOH. The precipi-
tate formed was filtered off and purified by column chromatography to give 102 mg
1-methyl-5H-pyrido[4,3-b]indole in a yield of 28% (CH2Cl2/acetone, 9.5:0.5), m.p.,
248–249◦C (CH3CN, cream-colored powder), and 124 mg 3-methyl-5H-pyrido[4,3-b]-
indole, in a yield of 34% (CH2Cl2/acetone, 7:3), m.p., 226–227◦C (EtOAc, orange prisms).

Other references related to the Graebe-Ullmann synthesis are cited in the literature.11
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Gränacher Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gränacher in 1922.1 It is the preparation of thionic
acid by the treatment of Aldol Condensation product from an aldehyde and rhodanine with
a base (e.g., NaOH).2 Therefore, this reaction is known as the Gränacher synthesis3 or
Gränacher reaction.4 The prepared thionic acid in this reaction can be further converted into
a variety of derivatives under different conditions.3,5 For example, it can be transformed
into α-thiol acid under a basic sodium amalgam reduction, whereas aliphatic acid is formed
under an acidic zinc amalgam reduction. In addition, when the thionic acid is treated with
ammonia, α-keto acid is generated, and the thionic acid can be converted into α-carboxyl
oxime in reaction with hydroxylamine, from which either α-amino acid or aliphatic nitrile
forms via the treatment of sodium amalgam reduction6 or acetic anhydride, respectively.

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The possible reaction pathway for the conversion of rhodanine and aldehyde into thionic
acid is displayed here. The further transformations of thionic acid into other derivatives,
including α-amino acid, aliphatic nitrile, and aliphatic acid, are not provided.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of α-keto acids, nitriles, α-amino
acids, etc.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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Reference 7.

A stirred mixture of 3.67 g 5-(5-benzyloxyindole-3-methylene)rhodanine (10 mmol) and
112 mL 10% KOH was refluxed under nitrogen for 1 h. The reaction was cooled to room
temperature, and 0.82 g 5-benzyloxy-3-indolecarboxaldehyde was removed by filtration.
The stirred filtrate was cooled to 0◦C and acidified with 2.5 N HCl. The yellow product
that separated was filtered, washed with water (2 × 20 mL), and then dried to afford 2.05 g
β-(5-benzyloxy-3-indolyl)-α-sulfhydrylacrylic acid.

A stirred slurry of 2.93 g β-(5-benzyloxy-3-indolyl)-α-sulfhydrylacrylic acid (9 mmol)
in 10 mL absolute ethanol was treated with 2.4 mL 99–100% hydrazine hydrate (0.048 mol),
and the mixture was heated under nitrogen. Reaction occurred at 60◦C, accompanied by
vigorous evolution of H2S. After the mixture was refluxed for 2 h, the liberation of H2S
had ceased (no black precipitate when a stream of nitrogen was passed through the reaction
solution and exited into aqueous lead acetate), and the flask was allowed to cool to room tem-
perature. The crystalline product, the hydrazine salt of β-(5-benzyloxy-3-indolyl)pyruvic
acid hydrazone, was filtered, washed with cold ethanol (3 × 8 mL), and then dried. It
weighed 2.35 g and was found to be analytically pure.

To a well-stirred suspension of 1.07 g hydrazine salt (3 mmol) in 15 mL water was
added 14 g pulverized 3% NaHg. The system was purged and stirred under nitrogen for
2 days. The aqueous phase was then decanted from the pool of mercury, filtered through
Supercel, and treated dropwise with 1.5 mL acetic acid. The zwitterions precipitated
voluminously and was filtered, washed with water (2 × 4 mL), and then dried to give
0.75 g β-(5-benzyloxy-3-indolyl)-α-hydrazinopropionic acid, m.p. 217◦C (dec.).

A dry flask containing 7.50 g β-(5-benzyloxy-3-indolyl)-α-hydrazinopropionic acid
(0.023 mol) was cooled to −75◦C in a dry ice–acetone bath, and anhydrous HBr was
passed in until 50 mL had condensed. The mixture was stirred at −75◦C for 1 h, then all
volatile liquid was evaporated via a stream of dry nitrogen (1 h) after the cold bath had
been removed. When the flask had warmed to room temperature, the HBr salt was stirred
with 50 mL dry ether, filtered, and washed well with ether (5 × 10 mL) to remove traces of
HBr and benzyl bromide. The hygroscopic tan powder so obtained was dissolved in 50 mL
alcohol and filtered; the pH of the filtrate was adjusted to 3.5 by the addition of 7–8 mL of
tri-n-butylamine. The precipitated zwitterion was collected, washed with 5 mL cold ethanol,
and then dried to yield 3.60 g dl-β-(5-hydroxy-3-indolyl)-α-hydrazinopropionic acid, m.p.,
227–231◦C (dec.). This off-white powder was purified by dissolving it in 15 mL 2.5 N HCl
and diluting the solution with 25 mL ethanol. After being stirred with 0.36 g charcoal, the
mixture was filtered, and the pH of the filtrate was adjusted to 5.5 by the slow addition
of tri-n-butylamine. The white microcrystalline product was filtered, washed with 7 mL
ethanol, and then dried to give 3.00 g pure product.
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More experimental details are available in literature,8 and other references related to the
Gränacher synthesis are cited in the literature.9
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Gribble Reductive

Amination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gribble and co-workers in 1974.1 It is the synthesis
of indolines or N-alkylated indolines from the direct acidic reduction of indoles using
NaBH4 or NaBH3CN in acetic acid or trifluoroacetic acid. Therefore, it is known as the
Gribble reductive amination.2 Under these conditions, an indole derivative can be purely
reduced to indoline or further to N-ethyl indoline1 without polymerization that exists in
other methods of reduction.3 It is found that the reduction by NaBH4 in formic acid affords
an indole dimmer and other side products besides the normal indoline, whereas the same
reduction in trifluoroacetic acid (TFA) gives only the indoline without N-alkylation.1 It
has been proven that this reaction involves the protonation at 3-position followed by the
reduction of the formed indolenium interemdiate.1 This reducing method has been extended
to reduce primary and secondary aromatic amines and to synthesize unsymmetrical tertiary
amines directly from primary amines.1 In addition, other heterocycles can be reduced by
this reduction, such as the conversion of quinoxaline to 1,2,3,4-tetrahydroquinoxaline,4

quinazoline to 1,2-dihydroquinazoline,4 and pyrazine to piperazine.5 Moreover, even some
aryl alcohols can be directly converted into their corresponding arylalkanes.6

B. GENERAL REACTION SCHEME

N
H

AcOH N

Et

NaBH4 or NaBH3CN
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the reduction of indoles and other nitrogenous
heterocycles and the selective preparation of unsymmetrical tertiary amines.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

SO2Ph

NaBH3CN

TFA
N

SO2Ph

Reference 7.
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To 10 mL magnetically stirred TFA at room temperature was added 0.45 g NaBH3CN
(7.25 mmol) slowly and in portions. (Caution! NaBH3CN reacts with TFA with vigorous
evolution of hydrogen, so that minor explosions are possible.) The resulting mixture was
stirred for an additional 15 min, and 0.50 g N-phenylsulfonylpyrrole (2.41 mmol) was added
slowly as a solid. After 1 h, an additional 0.45 g NaBH3CN (7.25 mmol) was added. The
mixture was stirred overnight, quenched with water, and extracted with methylene chloride.
The combined organic layers were washed with saturated NaHCO3 and water, dried over
Na2SO4, filtered, and evaporated in vacuo. Chromatography on silica gel using hexanes/
CH2Cl2 provided 0.45 g 1-phenylsulfonyl-3-pyrroline, which slowly crystallized in vacuo.
Recrystallization from methanol provided 0.38 g pure product, m.p., 120–121◦C.

N

N

N
H

H
NNaBH4/TFA

Reference 4.

To 10 mL THF solution containing 1.0 g quinoxaline was added 1.0 g NaBH4, then 10 mL
TFA was added over 15 min without cooling, and the mixture was stirred an additional
45 min. Water (5 mL) was added, and the pH was adjusted with a 50% NaOH to pH 7.
Dichloroethane (50 mL) was added to the solution, and vigorous stirring was begun. The
organic layer was separated, dried over Na2SO4, and concentrated at reduced pressure,
yielding an oil that solidified when cooled. The formed solid was recrystallized from EtOAc
to afford 910 mg 1,2,3,4-tetrahydroquinoxaline as colorless crystals, m.p., 95–96◦C.

Other references related to the Gribble reductive amination are cited in the literature.8
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Griess Diazotization

(Knoevenagel Method, Witt
Method)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Griess in 1858.1 It is the preparation of aromatic
diazonium salts from primary aromatic amines, N2O3, and nitric acid and is generally
known as the Griess diazotization2 or Griess reaction.3 Subsequently, the preparation of
diazonium salt was extended by Knoevenagel in 1890 using organic nitrite as diazotization
agent under acidic conditions,4 by Witt in 1909 using Na2S2O5 and nitric acid as the
diazotization agents5 (known as Witt method6), and by Houston and Johnson in 1925 using
N2O4 as the diazotization agent.7 Recently, other reagents have also been developed for
the purpose of diazotization: NOCl,8 NaNO2/HBF4,9 NaNO2/CuCl2,10 and NO+BF4

−11

(or NO+PF6
−,11b NO+SbF6

−,11b etc.). However, the most popular method of forming
diazonium salt is to use nitrous acid generated in situ from sodium nitrite and an acid
(HCl,12 H2SO4,13 HCO2H,14 AcOH,15 etc.), although the Knoevenagel’s method is also
quite popular.16 The generated diazonium salt is useful for many other reactions, including
the Gatterman Reaction and Balz-Schiemann Reaction.

B. GENERAL REACTION SCHEME

Griess Diazotization
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Knoevenagel Modification

Witt Modification

Houston-Johnson Modification

C. PROPOSED MECHANISMS

The mechanism of diazotization from sodium nitrite and hydrochloric acid is given here.

D. MODIFICATION

The original Griess diazotization has been modified to use different diazotization reagents
as noted in Section A.4,5,7–11

E. APPLICATIONS

This reaction is very useful in the preparation of aromatic diazonium salts.

F. RELATED REACTIONS

This reaction is related to the Gatterman Reaction and Balz-Schiemann Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 12a.
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To a mixture of 12.5 mL concentrated HCl and 12.5 mL water was added 5.0 g substituted
4-amino-2-fluorobenzoic acid (32 mmol) under stirring, and the suspension was warmed
to 70◦C. After this, the solution was cooled to 0◦C and diazotized with 2.2 g NaNO2 (32
mmol) over 20 min. This solution was then added dropwise over 1 h to a solution of 19.0
g potassium xanthogenate (117 mmol) at 80◦C, after which the oil that separated was
extracted with diethyl ether, dried over MgSO4 for 2 hours, and then evaporated under low
pressure to give a brownish oil. This oil was then dissolved in 50 mL ethanol to which 10 g
KOH in ethanol was added slowly over 30 min. The solution was heated at 80◦C for 8 h.
The ethanol was removed under reduced pressure. The residue was dissolved in water and
slowly neutralized with concentrated HCl at 0◦C to pH 5 and then extracted with EtOAc;
dried over MgSO4 and removed under low pressure to give the aryl thiol as a solid with
strong thiol odor. The thiol obtained was suspended in ethanol. To this suspension was
added 3.8 mL 30% H2O2, and the mixture was stirred at room temperature under nitrogen
for 24 h. The solvent was then removed, and the residue was chromatographed on silica gel
with 1–3% MeOH in CHCl3 to give 1.95 g 2,2′-difluoro-4,4′-dithiobis(benzoic acid) as a
light cream solid, in a yield of 35%, m.p., > 245◦C (dec.), Rf = 0.76 (CHCl3/MeOH, 5:1).

Reference 17.

A solution of 5.91 g 4,6-dibromo-2-nitroaniline in 15 mL quinoline was diazotized with
a mixture of 3 g NaNO2 in 40 mL conc. H2SO4 and 15 mL water. Coupling took place when
to the clear diazonium salt solution was added a solution of 2.88 g β-naphthol in 10 mL
quinoline. The coupled product was filtered, washed, and digested with 25% alcohol. The
yield was quantitative. Recrystallization of the 4,6-dibromo-2-nitrobenzene-azo-β-naphthol
from toluene gave red crystals, m.p., 250◦C.

Other references related to the Griess diazotization are cited in the literature.18
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Grignard Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Steinkopf in 1934.1 It is the dehalogenation of
polyhalo-compounds via the treatment of the corresponding Grignard reagents with water to
produce compounds with one less halogen atom. This reaction primarily works for aromatic
compounds.2 In addition, the dehalogenation of aromatic halides also occurs when the
halides are treated with other Grignard reagents in the presence of catalytic amounts of
cobaltous chloride3 or Et2TiCl2.2a

B. GENERAL REACTION SCHEME

S

Br Br

BrBr S

Br Br

MgBrBr

H2O

S

Br Br

HBr

Mg/Et2O

C. PROPOSED MECHANISMS
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D. MODIFICATION

This reaction has been modified using other Grignard reagents to dehalogenate the
aromatic halides in the presence of cobaltous chloride3 or Et2TiCl2.2a

E. APPLICATIONS

This reaction can be applied to the dehalogenation of aryl or alkyl halides.

F. RELATED REACTIONS

This reaction is related to the Grignard Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Br

n-BuMgBr+
Et2O, ∆

5% CoCl2

62%

Reference 3.

To an ether solution containing 0.05 mol n-butylmagnesium bromide (n-BuMgBr)
was added 5% cobaltous chloride at low temperature; then a solution of 0.05 mol
1-bromonaphthalene in ether was added at a rate sufficient to maintain a gentle reflux-
ing of the ether solution. The mixture was thoroughly agitated throughout the addition.
After the addition was complete, the reaction mixture was refluxed for 2 h on a water bath;
it was allowed to stand overnight and was poured onto ice. The product was extracted by
ether, washed, and dried over MgSO4. Upon removal of solvent via evaporation, the residue
was purified to give 62% naphthalene.

Other references related to the Grignard degradation are cited in the literature.4
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Grignard Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Grignard in 1900.1 Traditionally, it is the
preparation of alkyl or aryl magnesium halides (RMgX or ArMgX) from corresponding
organohalides and magnesium in ethereal solvents (Et2O or THF) and their nucleophilic
addition to carbonyl compounds to form alcohols. Thus the organomagnesium halides are
generally known as the Grignard reagents; however, the updated broad meaning of Grignard
reaction refers to the reaction of Grignard reagents with many kinds of electrophiles, includ-
ing CO2 to form carboxylic acid and nitriles or acyl halides to form ketones, carbonyl
compounds to form alcohols (primary alchol from formaldehyde, secondary alcohols from
other aldehydes, and tertiary alcohols from ketones). Because the Grignard reagent is equiv-
alent to a carbanion, the preparation of Grignard reagent must be carried out in an anhydrous
solvent that can dissolve but not react with the generated carbanion species. Only the ethe-
real solvents (Et2O, THF, etc.) that can complex with the Grignard reagent are good for
this reaction, and among these ethereal solvents, Et2O is the best one. On the other hand,
as the formation of the Grignard reagents is heterogeneous, a catalytic amount of iodine
and 1,2-dibromoethane are often added to the reaction system to initiate the generation of
Grignard reagents. It is reported that the reaction rate for the formation of Grignard reagent
is proportional to the concentration of organic halide and the surface area of magnesium,
and all organic iodides and many secondary alkyl bromides react at a mass transport or
diffusion-controlled rate in Et2O; other less reactive organic bromides (neopentyl, phenyl,
etc.) and most organic chlorides react at lower rates.2 However, since the 1920s,3 more and
more experimental results have indicated that the formation of Grignard reagents involves a
free radical4 or single-electron transfer (SET) process,5 such as the formation of pinacol via
a ketyl radical during the addition of the Grignard reagent to ketone.5a–5c The concept that

1273

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



1274 GRIGNARD REACTION

the radicals diffuse freely in solutiuon at all times is called the D-Model,6 which is consis-
tent with the formation of Grignard reagents from primary alkyl halides.7 In addition, it is
known that the Grignard reagents form an equilibrium with dialkyl (or diaryl) magnesium
and magnesium halide,8 and such an equilibrium is called the Schlenk equilibrium,9 in
which the dialkyl (or diaryl) magnesium is considered to be more reactive.10 During the
addition of a Grignard reagent to ketones, the resulting tertiary alkoxy magnesium halides
are often worked up by aqueous ammonium chloride if at least one alkyl groups is present.
Other alkoxy magnesium halides from aldehydes can be hydrolyzed using a strong acid,
as the tertiary alcohols are easy to dehydrate under acidic conditions. It is interesting that
the reaction of benzyl or 1-naphthylmethyl magnesium bromide with ketone form both
the normal alcohol and ortho alcohol11 and PhMgBr with highly hindered cyclobutanones
gives both 1,3-butadiene and allene instead of alcohol.12 For the reaction with acyl halides
to form ketones, a reversed order of reactivity of halide displacement applies: acyl fluoride
> chloride > bromide.13 However, in the reaction between CH3MgI and mesitoyl chlo-
ride, mesitil and ethane were found to be the products.14 Although the reaction between
Grignard reagents and esters normally produce tertiary alcohols, different products might
form in the special case of allyl esters if the steric effect is strong enough to inhibit the
addition of RMgX to the carbonyl group,15 such as the formation of pure n-crotylbenzene
from the reaction of PhMgBr with n-crotyl mesitoate.16 On the other hand, in the presence
of some transition metal salts, the reaction course and mechanism of Grignard reagents
with alkyl (or aryl) halides might be altered, as shown by the addition of a silver complex17

(AgBr works even in a trace amount, e.g., 10−5M17a), manganous salts,18 nickel chloride19

(NiCl2 + 1,3-butadiene20), iron salt,21 or cobaltous chloride (CoCl2)22 to the Grignard
reaction. Kharasch has elaborated the details of Grignard reaction by addition of cobaltous
chloride.22 It was found that the reaction between Grignard reagent and terminal propar-
gylic chloride leads to the formation of 1,3-butadiene.23 Finally, the carbenoid homologation
of Grignard reagents generated by an iodine/magnesium exchange from the diiodoalkane
opens the opportunity to generate secondary Grignard reagents that avoid free radicals as
intermediates.9a

B. GENERAL REACTION SCHEME

R1

R3

XR2

R1

R3

MgXR2

R4 R5

O

R1

R3

R2

R4

R5

OH+  Mg
Et2O (or THF)

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl
R4 = H, alkyl, aryl
R5 = H, alkyl, aryl
 X  = Cl, Br, I.

C. PROPOSED MECHANISMS

The mechanism is represented by the reaction between ethyl magnesium bromide and
acetone as shown here.
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D. MODIFICATION

The original procedure has been extensively modified and improved by the addition of
different transition metal salts17–22 and additives (e.g., 1,3-butadiene).20

E. APPLICATIONS

This reaction has wide application in organic synthesis and is one of the most popular
reactions to form carbon-carbon bonds.

F. RELATED REACTIONS

This reaction is related to the Grignard Degradation and Barbier Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Cl Cl
THF

Cl C8H17+ n-Oct-MgBr
Fe(acac)3

58%

Reference 21.

A solution of 120 mL 0.4 M octylmagnesium bromide in THF was added over 15 min
to a solution of 4.67 g 1,4-dichlorobenzene (31.8 mmol) and 1.13 g Fe(acac)3 (3.2 mmol)
in 200 mL THF and 15 mL NMP, causing an immediate color change from red to dark
brown/black and a slight increase in temperature (∼40◦C). After the mixture was stirred
for 30 min, an additional 22 mL 0.4 M octylmagnesium bromide in THF and 565 mg
Fe(acac)3 (1.6 mmol) were introduced, and stirring was continued for 30 min. The reaction
was quenched with dilute HCl, the aqueous phase was repeatedly extracted with tert-butyl
methyl ether, the combined organic layers were dried over Na2SO4 and evaporated, and the
residue was purified by vacuum distillation to give 4.34 g 1-chloro-4-octylbenzene (b.p.,
65◦C, 10–4 mmHg) as a colorless liquid, in a yield of 58% with 95% GC purity (remainder
is hexadecane).
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Ph
I

I
ClMg

Ph

MgCl
Ph

MgCl

Br
CO2Et

Ph

CO2Et

Ph
CO2Et

+

+

Reference 9a.

A solution of 254 mg ethyl 3-bromo-2-methylenepropanoate (1.32 mmol) in 0.7 mL
THF was cooled to −90◦C. A Grignard solution of 236 mg 1,1-diiodo-2-phenylethane
(0.66 mmol) in ∼ 2.7 mL THF at −20◦C (prepared by the addition of such a compound into
a stirred solution of 1.1 mL 1.80 M isopropylmagnesium chloride in Et2O [2.04 mmol] in
1.5 mL of THF) was added via cannula. The flask of the Grignard reagent was rinsed twice
with 0.5 mL THF. The washings were again transferred via cannula into the reagent solution.
The latter was allowed to reach −78◦C over 30 min. Saturated aqueous NH4Cl solution
(2 mL) was added. The layers were separated, and the aqueous layer was extracted with Et2O
(3 × 4 mL). The combined organic layers were dried over MgSO4 and concentrated. Volatile
coproducts were removed by bulb to bulb distillation at 4 mmHg from a bath at 100◦C. The
residue was then subjected to flash chromatography with pentane/tert-butyl methyl ether
(30:1) to furnish 136 mg ethyl 4-benzyl-5-methyl-2-methylenehexanoate (79%) and 21 mg
ethyl 4,4-dimethyl-2-methylene-6-phenylhexanoate (12%).

Other references related to the Grignard reaction are cited in the literature.24
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Grob Fragmentation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Grob and Baumann in 1955.1 It is the cleavage of
an amine of a suitable β-leaving group in the presence of a base, where the leaving group
is a halogen or tosyl group. Therefore, it is generally known as the Grob fragmentation.2

Occasionally, it is also referred to as the Grob reaction.3 In this reaction, the halogen or tosyl
group is called a “nucleofuge,” and the moiety of the amino group together with the carbon
attached to the nitrogen is referred to as an “electrofuge.”4 The difference of the cleavage
rate between β-halo (or tosyl) amines and the halides (or tosylate) without a β-amino group
results from the frangiomeric acceleration, which can be quantified as the frangiomeric
effect, and the largest one recorded so far is as big as 105.5 This reaction occurs via either a
concerted6 or stepwise mechanism,5 depending on the stereochemical and stereoelectronic
factors,7 but primarily through the concerted one. However, an example of a two-step con-
certed mechanism with zero activation energy for the second step has also been reported.4b

Under basic conditions, this reaction has been challenged by nucleophilic substitution, elim-
ination, and cyclization; therefore, some modifications have been developed to carry out such
fragmentation under milder conditions, such as to initiate the fragmentation by fluoride,8

cuprous ion,9 samarium iodide,10 and oxidative electron transfer from photo irradiation.11

In addition, the first example of gas phase fragmentation has recently been reported.12 The
intramolecular version of this reaction has been extensively applied to the synthesis of
compounds with medium-size rings.10a,13 In addition to substituted amines, other types of
structures can also undergo fragmentation in a similar manner, such as the oxidative cleavage
of β-tributylstannyl alcohol,6 decomposition of dioxirane and α-peroxy lactone by pyridine
N-oxide,14 acid-promoted cleavage of acetonide,7 and removal of the ether-protecting group
(e.g., methoxyethoxymethyl, [trimethylsilyl]ethoxymethyl, benzyloxymethyl).15 When the
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central carbon atom is replaced by a nitrogen atom, the comparable cleavage is called
aza-Grob fragmentation.16 It has been found that the fragmentation of N-halo-α-amino
acid is independent of pH.4b

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Because this reaction occurs via different mechanisms, depending on the stereochemical
and stereoelectronic factors, only the one that results in the enlargement of the ring using
SmI2 is illustrated here.10

D. MODIFICATION

This reaction has been modified to different variants, including the initiation from
fluoride,8 cuprous ion,9 samarium iodide,10 and oxidative electron transfer11 and the cleav-
age of acetonide,7 β-tributylstannyl alcohol,6 and different ether protecting groups.15

E. APPLICATIONS

This reaction has wide application in natural product synthesis and in the preparation of
cyclic compounds with medium-size rings.

F. RELATED REACTIONS

This reaction is related to the Eschenmoser Fragmentation and Wharton Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

To a solution of 163 mg acetonide (0.5 mmol) in 5 mL dried CH2Cl2 cooled at
−15◦C was added 12 mL 0.017 M BF3·OEt2 in CH2Cl2 (0.2 mmol) under nitrogen. After
10 min, the reaction completed as monitored by TLC. The reaction was quenched at the
same temperature with 10 mL saturated NaHCO3 solution. The mixture was extracted
with CH2Cl2 (2 × 10 mL), and the combined organic layers were washed with saturated
NaHCO3 solution (2 × 10 mL) and dried over anhydrous sodium sulfate. Upon removal of
the solvent under vacuum, the residue was purified by silica gel flash chromatography
(hexane/diethyl ether) to afford 120 mg 2-{(1S,3R)-2,2-dimethyl-3-[(E,E)-1-methyl-4-
phenyl-1,3-butadienyl]cyclobutyl}ethanal as a colorless liquid, in a yield of 90%, Rf =
0.26 (hexane/diethyl ether, 6:1).

O
OH

MsO

NaOMe/MeOH, ∆
88%

Reference 10a.

To a solution of 11 mg NaOMe (0.2 mmol) in 3 mL MeOH was added 60 mg alcohol
(0.2 mmol), and the solution was refluxed for 1 h. After evaporation of MeOH, 3 mL
water was added, and the aqueous phase was extracted with EtOAc. The combined organic
phases were washed with brine and dried over MgSO4. After evaporation of the solvent,
the resulting solid was recrystallized from Et2O/petroleum ether to yield 34 mg (Z)-10-
methyl-5,7,8,11-tetrahydrobenzocyclononen-6-one as colorless crystals, in a yield of 88%,
m.p., 118–120◦C.

Other references related to the Grob fragmentation are cited in the literature.17
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Grosheintz-Fischer-Reissert

Aldehyde Synthesis
(Reissert Aldehyde Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Reissert in 19051 and extended by Grosheintz and
Fischer in 1941.2 It is the synthesis of aldehyde involving the formation of 1-acyl-2-cyano-
1,2-dihydroquinoline derivatives from acyl chlorides, quinoline, and potassium cyanide and
the subsequent hydrolysis of said dihydroquinoline derivatives under acidic conditions to
produce quinaldic acid and aldehydes.3 The original procedure occurs smoothly for aroyl
or cinnamoyl chloride in liquid SO2 but not in benzonitrile, ether, dioxane, acetone, or
CHCl3.4 However, the modification from Grosheintz and Fischer using hydrogen cyanide
and 2 eq. quinoline in absolute benzene is also adaptable for aliphatic acid chlorides.2

This is one of the methods that converts acyl chlorides into aldehydes and is found to be
superior to the normal Rosenmund Reduction. For example, o-nitrobenzoyl chloride has
been converted into o-nitrobenzaldehyde in 60% yield by the current reaction, whereas
the Rosenmund Reduction is not suitable for such conversion.5 Therefore, this reaction
is referred to as the Grosheintz-Fischer-Reissert aldehyde synthesis or Reissert aldehyde
synthesis.6
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B. GENERAL REACTION SCHEME

R Cl

O

R H

O

Quinoline, KCN

C. PROPOSED MECHANISMS

Many mechanisms have been proposed for this reaction, however, shown here is likely
to be correct, according to the literature.3a

D. MODIFICATION

This reaction has been modified to improve the yield in a two-phase system.6

E. APPLICATIONS

This reaction has general application in the synthesis of aldehydes, especially the aro-
matic aldehydes.

F. RELATED REACTIONS

This reaction is related to the Reissert Compound.
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G. CITED EXPERIMENTAL EXAMPLES

MeO

MeO

MeO

O

Cl

MeO

MeO

MeO

O

N
NC

Cl–

∆ MeO

MeO

MeO

O

H

NaCN/H2O

Quinoline/CH2Cl2

30% H2SO4

95%

95%

+

–

Reference 6.

To a 250-mL, three-necked round-bottomed flask equipped with mechanical stirrer, baf-
fle, addition funnel, and nitrogen inlet (vented through a safety bubbler) was added 8.3 g
NaCN (160 mmol) and 25 mL water. The suspension was stirred to dissolve the salt. Then
22.0 g quinoline (170 mmol) in 50 mL CH2Cl2 was added. As the mixture was briskly
stirred, 38.6 g 3,4,5-trimethoxybenzoyl chloride (167 mmol) in 75 mL CH2Cl2 was added
via the addition funnel over 2.5 h. Initially the mixture became orange and then turned
yellow. TLC showed that only trace amounts of the acid chloride remained (Et2O/hexane).
After being stirred for an additional 2 h, the mixture was poured into a separatory fun-
nel, and the CH2Cl2 layer was withdrawn. The aqueous layer was extracted with CH2Cl2
(2 × 100 mL) and discarded. The combined CH2Cl2 layers were extracted first with satu-
rated Na2CO3 solution (2 × 100 mL), then with 10% HCl (2 × 100 mL), and finally with
H2O (2 × 100 mL). The CH2Cl2 solution was dried over K2CO3 and placed in a 500-mL
distillation flask with 250 mL EtOH. The solvent was distilled through a Vigreux column
to a temperature of 80◦C. Crystallization began, and after cooling to 0◦C, the crystals were
collected, washed with 50 mL EtOH, and vacuum dried at 80◦C to give 35.0 g white crystals,
m.p. 184–187◦C. A second crop of crystals (17.8 g) was obtained from the mother liquors,
m.p. 159–161◦C. The combined weight (52.8 g) represents a 95% yield of the Reissert
Compound.

Then 10.5 g Reissert Compound was added to a 500-mL three-necked, round-bottomed
flask equipped with a thermometer, mechanical stirrer, condenser, baffle, and nitrogen
inlet (vented through a safety bubbler); afterwards, 400 mL 30% H2SO4 was added. The
suspension was heated to 107◦C (reflux) with rapid stirring until the mixture became a
homogeneous orange solution (∼1 h). Then 1.0 g SG extra charcoal was added, and the
mixture was heated at reflux for 15 min, filtered over Celite, and then cooled to room tem-
perature, whereupon the organic product was extracted into CH2Cl2 (3 × 100 mL). This
CH2Cl2 solution was extracted first with a 10% Na2CO3 solution (2 × 25 mL) and then
with H2O (2 × 25 mL) and dried over K2CO3. The dried solution was placed in a 500-mL
distillation flask with 100 mL hexane. Atmospheric distillation of ∼ 350 mL solvent, fol-
lowed by cooling to 0◦C, produced crude solid 3,4,5-trimethoxybenzaldehyde. The crude
solid was dissolved in boiling hexane. Insolubles (0.5 g) were filtered and identified as
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the Reissert Compound (accounting for ∼ %5). The filtered hexane solution was cooled,
producing 5.6 g white 3,4,5-trimethoxybenzaldehyde, in a yield of 95%, m.p., 75–77◦C.

Other references related to the Grosheintz-Fischer-Reissert aldehyde synthesis are cited
in the literature.7
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1905, 38, 3415. (d) Reissert, A., Ber., 1905, 38, 3427.

2. Grosheintz, J. M. and Fischer, H. O. L., J. Am. Chem. Soc., 1941, 63, 2021.

3. (a) Cobb, R. L. and McEwen, W. E., J. Am. Chem. Soc., 1955, 77, 5042. (b) McEwen, W. E. and
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5. McEwen, W. E. and Cobb, R. L. Chem. Rev., 1955, 55, 511.

6. Schwartz, A., J. Org. Chem., 1982, 47, 2213.

7. (a) Popp, F. D., Bull. Soc. Chim. Belg., 1981, 90, 609. (b) Popp, F. D., Adv. Heterocycl. Chem.,
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Grundmann Aldehyde

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Grundmann in 1936.1 It is the conversion of acyl
chloride into aldehyde with the exact same carbon skeleton via the following consecutive
steps: (a) treatment of acyl chloride with diazomethane to form a ketone, (b) conversion
of such a ketone into ketol acetate with acetic acid, (c) reduction of ketol acetate with
aluminum isopropylate, and (d) hydrolysis and oxidation with lead tetraacetate. This method
is especially useful in the preparation of aliphatic aldehydes with methylene-interrupted
double bond(s).2 Although polymers might form in the preparation of highly unsaturated
aldehydes during the reduction with aluminum isopropylate, the reduction from lithium
aluminum hydride can eliminate such drawbacks.2

B. GENERAL REACTION SCHEME

R Cl

O

Al(O-i-Pr)3

CH2N2

R

OH

OH

R CHN2

O

AcOH

Pb(OAc)4

H2O

R H

O

R

O

OAc
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to reduce the ketol acetate from LiAlH4.2

E. APPLICATIONS

This reaction has general application in the conversion of acyl chloride into aldehyde,
especially for the unsaturated and isotopic labeled aldehydes.

F. RELATED REACTIONS

This reaction is related to the Sonn-Müller Reaction and Stephen Aldehyde Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Cl

O

H

O

1. CH2N2, ether
2. AcOH

3. LiAlH4, ether
4. Pb(OAc)4, benzene

Reference 2.

Preparation of Glycols

Oleoyl chloride (0.1 mol, 30 g) in 100 mL ether was added during a period of 10 min to a
stirred solution of 0.25 mol diazomethane in 590 mL ether kept at 0–5◦C. After the mixture
warmed to room temperature and stood for 2–4 h, the excess diazomethane and most of
the solvent were removed by a stream of nitrogen. The remaining yellow oil was added
slowly to 50 mL acetic acid at 50–60◦C. After 2 h at this temperature, the decomposition
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of the diazo ketone was completed by refluxing for 10 min. The slightly yellow solution
was poured into water and the ketol acetate was extracted with ether. The product was
washed with water to neutrality and then dried over sodium sulfate. The ether was removed,
first by evaporation and finally by heating the residual oil to 50◦C under high vacuum.
The crude ketol acetate contained ∼ 10% chloroketone. The crude ketol acetate in 200 mL
ether was treated with an unfiltered solution of 4.0 g LiAlH4 (0.1 mol) in 350 mL ether.
The mixture was refluxed for 1 h; after the addition of a little EtOAc, it was poured over
200 g crushed ice. The milky suspension was acidified with dilute H2SO4 and extracted
several times with ether. The product can be checked for complete reduction by warming
a few milligrams with several drops of 50% KOH bath. Residual ketol is indicated by
a yellow or brown color. Paper chromatography indicated that these crude preparations
contained 10–15% of primary C18 alcohol and ∼ 5% secondary C19 alcohol and/or free
acid. The mono alcohols and glycols have boiling points of ∼170◦C and 190–195◦C at
2 mmHg respectively, which can be separated by distillation. A pear-shaped Claisen flask
with a modified Pyros-Glover type receiver was used for this purpose. To keep the length
of exposure to heat at a minimum, the products were distilled in portions of 0.1 mol or
smaller from a bath preheated to 180◦C. Additional amounts of pure glycol were obtained
by chromatographing the intermediate distilled fractions (6.5 g in 15 mL petroleum ether,
35–60◦C) on alumina (40 g, activated, Harshaw) in a tube (2 × 30 cm). The chromatogram
was developed successively with 100 mL methylene chloride, 100 mL ether, and 200 mL
ethanol. A total of 24 fractions (15 mL each) were collected, and each was spot tested
on paper. The first peak of the column chromatogram represented primary and secondary
alcohols, which were not separated from each other, and 1.5–2 g pure glycol was recovered
from the second peak.

Preparation of Aldehydes

Pb(OAc)4 (0.1 mol, 40–45 g), and 0.5 mL acetic acid were added to a solution of 15 g
nonadecene-10-diol-1,2 (0.05 mol) in 100 mL benzene and kept at 60◦C for 3 h. Excess
of Pb(OAc)4 was destroyed by the addition of ethylene glycol. The solution was cooled to
room temperature, poured into 500 mL 20% acetic acid in water, and extracted several times
with benzene. The combined extracts were washed first with dilute acetic acid to remove
the lead salts and finally with water to neutrality. Such preparations contain small amounts
of free acids, which are removed by extracting the benzene solution with 1% Na2CO3. The
aldehydes obtained in this manner are chromatographically pure and remain as liquid at
–20◦C, and can be distillated between 150 and 160◦C at 2 mmHg.

Other references related to the Grundmann aldehyde synthesis are cited in the literature.3

H. REFERENCES

1. Grundmann, C., Ann., 1936, 524, 31.

2. Mangold, H. K., J. Org. Chem., 1959, 24, 405.

3. (a) Morimoto, K.; Kurata, Y.; Hoshita, N. and Okuda, K., Hiroshima J. Med. Sci., 1968, 17, 1.
(b) Hoshita, T. and Okuda, K., J. Biochem., 1967, 62, 655. (c) Mosetting, E., Org. React., 1954,
8, 225.
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Gryszkiewicz-Trochimowski

and McCombie Fluorination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported almost concurrently by McCombie and co-workers
in 19461 and Gryszkiewicz-Trochimowski and co-workers in 1947.2 It is the preparation
of methyl fluoroacetate by the treatment of methyl chloroacetate with potassium fluoride at
high temperatures (e.g., 190◦C) for 10–15 h, with a yield of 60%3 to 90%.2 This method
has been used to prepare other fluoroacetates4 and ω-fluoro-alcohols;5 however, sodium
fluoride is not suitable for this reaction because of a very low yield.4 The best conditions
for this reaction require a vigorous agitation of completely dried starting materials at high
temperature with potassium fluoride in large excess.4 This reaction has been scaled up in a
pilot plant to prepare methyl fluoroacetate in the United States.6

B. GENERAL REACTION SCHEME

O
Cl

O
KF

O
F

O
+

∆, 10–15 h

C. PROPOSED MECHANISMS

It is believed that there is more ionic character in KF than that in KCl, and the dissociation
constant of KCl is smaller than that of KF, according to the electronegativities and sizes of
ions. This reaction might occur via a SN2 mechanism.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used in the preparation of some alkyl fluoroacetates, ω-fluoro-
alcohols, etc.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Cl
KF, ∆

HO
OH F

66%

Reference 7.

A mixture of 15.0 g anhydrous KF (0.26 mol), 80.0 g diethylene glycol and 34.0 g
1-chloroundecane (0.18 mol) was heated at 135◦C for 23 h with vigorous stirring. The
period of heating may be reduced, with slight diminution of yield. The mixture was cooled
and diluted with an equal volume of water. The organic layer was separated, and the aqueous
layer was extracted with ether. The combined organic layer and extracts were treated with
bromine in ether until a faint orange color persisted, and then were washed successively
with water, aqueous sodium carbonate and water again. The product, after being dried
over sodium sulfate and removal of the ether, was fractionally distilled, yielding 15.0 g
1-fluoroundecane, b.p. 102–102.5◦C at 23 mmHg and 9.0 g unchanged 1-chloroundecane.
The yield was 66%, based on the consumed 1-chloroundecane.

Cl O
Cl

Cl
F

F F

F O
Cl

Cl
F

F F

KF, N-methyl pyrrolidone

200°C

Reference 8.

KF (100 g) was added to 500 mL N-methylpyrrolidone, and the mixture was dried by
distilling out 50 mL solvent. Then 100 g chloromethyl 1,1,2-trifluoro-2,2-dichloroethyl
ether was added slowly with stirring while keeping the reaction temperature at 200◦C. A
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mixture of product and starting material was distilled out from the reaction mixture, and the
distillate was washed with water, dried, and purified by fractional distillation or preparative
gas chromatography to give 5–10% fluoromethyl 1,1,2-trifluoro-2,2-dichloroethyl ether.

Other references related to the Gryszkiewicz-Trochimowski and McCombie fluorination
are cited in the literature.9

H. REFERENCES
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J.; Schneider, J. C. and Walker, J. F., J. Org. Chem., 1956, 21, 739. (g) Pattison, F. L. M. and
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Guareschi Reaction

(Guareschi-Thorpe Pyridine
Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Guareschi in 18961 and fully extended by Thorpe
beginning in 1911.2 It is the preparation of pyridine derivatives by condensation of ace-
toacetic esters and cyanoacetic acids (or its esters and amides) in the presence of ammonia.
The formed cyclic dicyano-imides are called the Guareschi products3 or Guareschi imides,4

and this reaction is known as the Guareschi reaction.3,4a It was found that ketones can also
condense with cyanoacetic esters or amides in aqueous solution in the presence of piperi-
dine or alkali,5 but this condensation is limited to methyl alkyl ketones only, including
acetone.6 Ketones with carbonyl group adjacent to a ring junction do not condense with
cyanoacetic acid.2b,2d,5b Unlike cyanoacetic acid, malonic acid and its esters do not undergo
this reaction.3 This reaction has been adopted to prepare β-alkyl glutaric acid from aldehydes
and cyanoacetamide.7

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

A two-step process has been adopted to replace the one-pot synthesis from other ketones
that do not regularly undergo this reaction.4a

E. APPLICATIONS

This reaction has been used for the synthesis of pyridine derivatives and β-alkyl glutaric
acid.

F. RELATED REACTIONS

This reaction is related to the Hantzsch Dihydropyridine Synthesis and Kröhnke Pyridine
Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

O
NC

OEt

O OEt

O

CN

+
AcOH/NH4OAc

84%
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NC
NH2

O

N
H

EtEt
CNNC

OONa/EtOH

91.7%

Reference 4a.

To a 500-mL round-bottomed flask were added 34.45 g 3-pentanone (0.41 mol), 66.31 g
ethyl cyanoacetate (0.59 mol), 8.51 g ammonium acetate (0.11 mol), 28.40 g acetic acid
(0.47 mol), and 105 mL benzene. The flask was equipped with a Dean-Stark tube fitted to an
efficient condenser attached to a CaCl2 drying tube. The solution was refluxed for 45 h while
17.5 mL water was separated (> 100%). The cooled benzene solution was washed three
times with 75 mL water, dried over CaCl2, filtered, and concentrated by rotary evaporation
to an orange-red oil. Distillation through a 10-cm Vigreux column afforded 60.51 g ethyl
2-cyano-3-ethyl-2-ene-pentate in a yield of 84%.

To a 500-mL, three-necked, round-bottomed flask equipped with overhead stirrer, water-
cooled reflux condenser fitted with a CaCl2 tube, and dropping funnel were added 180 mL
absolute ethanol and 10.29 g clean sodium (0.45 mol). After the sodium had disappeared,
84.08 g cyanoacetamide (0.45 mol) was added, and the resulting slurry was refluxed for
15 min while another 20 mL ethanol was added. The mixture was cooled, and a solution
of 40.54 g ethyl 2-cyano-3-ethyl-2-ene-pentate (0.224 mol) in 40 mL ethanol was added as
a thin stream. The reaction was mildly exothermic, resulting a very thick, yellow-orange
mixture. Stirring was continued overnight, and then the slurry was poured into 950 mL water,
forming a homogeneous orange solution. With cooling, 47 mL concentrated hydrochloric
acid was added, forcing out a heavy precipitate. After cooling thoroughly in an ice water
bath, the solid was collected by suction filtration, washed with cold water, air dried for 12 h,
and further dried at 100◦C for 2 h to afford 44.96 g 2,4-dicyano-3,3-diethylpentanimide as
a white fluffy solid, in a yield of 91.7%.

O NC
OEt

O
NH

NC

NC

O

O

+
1. NH3

2. HCl

40%

Reference 4b.

Spiro[5.5]undecan-3-one (33.2 g, 0.2 mol) and 47.5 g ethyl cyanoacetate (0.42 mol)
were placed in a 500-mL thick-walled flask. The mixture was cooled to 0◦C, and 100 mL
ethanol saturated with anhydrous ammonia at 0◦C was added. A stopper was wedged and the
mixture was stored at 0–5◦C for 1 week. The precipitated ammonium salt of the Guareschi
imide was filtered, dissolved in boiling water, filtered, and acidified with HCl. The Guareschi
imide was filtered, washed with water, and dried. It melted at 230–233◦C and 232–233◦C
after recrystallization from alcohol-water. 1,5-Dicyano-3-azadispiro[5.2.5.2] hexadecane-
2,4-dione (24 g) was obtained, in a yield of 40%.

Other references related to the Guareschi-Thorpe pyridine synthesis are cited in the
literature.8
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Guerbet Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Guerbet in 1899.1 It is the condensation of primary
or secondary alcohols at high temperature and pressure in the presence of alkali metal
hydroxide or alkoxide. It was reported that this reaction occurs via dehydrogenation to
form aldehyde that condenses with a second molecule of aldehyde to give the aldol product,
which subsequently is reduced by alcohol to form a higher order of alcohol,2 known as the
Guerbet alcohol.3 Therefore, this reaction is referred to as the Guerbet condensation,2a,4

Guerbet dimerization3 or Guerbet reaction.2b,4e,5 In this reaction, acid is formed in a yield
comparable to alcohol,2a so that different reagents have been tried to improve the reaction
conditions. Tripotassium phosphate was found to be the best condensation reagent for this
reaction.2a It was found that 0.225 mol potassium alkoxide is the best ratio for the reaction.4f

The surfactant made from Guerbet alcohol is known as the Guerbet surfactant.3,6 Recent
developments of this reaction have used solid-state catalysts7 and copper-supported NaOMe
as catalyst.5a It is interesting that the primary amines are also found to condense under similar
conditions.4e

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

It is assumed that under these reaction conditions (e.g., high pressure, high temperature),
metal alkoxide is strong enough to deprotonate the α-hydrogen. Because no mechanistic
details are available, a tentative mechanism, consisting of dehydrogenation to form an
aldehyde and subsequent Aldol Reaction, is outlined here.

D. MODIFICATION

This reaction has been modified using solid-state catalysts.5a,7

E. APPLICATIONS

This reaction has general application in the preparation of higher-order alcohols from
cheap alcohols.

F. RELATED REACTIONS

This reaction is related to the Lebedev Process and Ostromislensky Process.

G. CITED EXPERIMENTAL EXAMPLES

OH

OH

Ph

OH
+

K/Ni catalyst

31%

Reference 4f.

Total alcohols (benzyl alcohol and 4-methyl-pentanol-2 in ratio of 2:1, 1 mol) was
placed in a 500-mL three-necked flask fitted with a stirrer, a thermometer, and a Dean-Stark
water trap surmounted by a reflux condenser. The trap was wrapped with asbestos cord for
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insulation. After sweeping out the reaction system with a nitrogen flow for several min-
utes (to reduce the chance of explosion), potassium was added in small portions with slow
stirring. Upon the disappearance of potassium, 0.5 g U.O.P nickel catalyst was added, the
stirrer was set at a more rapid rate, and the mixture was heated to reflux (143–187◦C) with
a hemispherical mantle. The temperature and volume of water collected were read at fre-
quent intervals. After 4 h, the reaction mixture was cooled < 100◦C and quenched with
∼150 mL water. The catalyst was filtered off, and the layers were separated. The alcohol
layer was washed with 10% NaOH, and the combined aqueous layers were extracted with
ether. The combined non-aqueous layers were dried over sodium sulfate. After ether was
removed at the water aspirator, the product was isolated by vacuum distillation through an
8-in. Vigreux column to give 31% 1-phenyl-5-methyl hexanol-3. The by-product acid was
recovered from the combined aqueous layers by acidification with dilute hydrochloric acid,
extraction into benzene, and distillation.

OH ∆
OHK3PO4, CaO, Cu

41.5% conversion
75.6% yield

Reference 2a.

To a stainless-steel autoclave was added 544.0 g n-butanol-1, 53.0 g potassium phos-
phate, 84.0 g calcium oxide, and 20.0 g activated copper. The autoclave was sealed and
tested for leaks with 1000 psi nitrogen. When the autoclave was secure, the nitrogen pres-
sure was slowly bled off through the vent. When the vent valve was closed, the heat was
applied with stirring. The reaction attained the desired temperature within 1 h and was main-
tained at 293–295◦C for 4.5 h. The maximum pressure developed during the reaction was
2250 psi. After the reaction was cooled to room temperature, the residual pressure (93 psi)
was vented, and the autoclave was emptied. The contents were filtered, and the filtrate
was washed with water to remove salts and extracted with benzene. The benzene extracts
were combined with the organic materials and dried over MgSO4. Distillation of the mix-
ture yielded 45.5 g n-butyl alcohol-water azeotrope, 185.0 g n-butyl alcohol, and 162.0 g
2-ethylhexanol distilling at 181–185◦C. A residue of 24.5 g remained after distillation. The
conversion to 2-ethylhexanol was 41.5%, and the yield was 75.6%.

Other references related to the Guerbet condensation are cited in the literature.8
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Gutknecht Condensation

(Gutknecht Pyrazine Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Gutknecht in 1879.1 It is a synthesis of pyrazine
involving the treatment of a ketone with nitrous acid to form an oximino ketone2

followed by reduction to an α-amino ketone that dimerizes to dihydropyrazine via a
pinacol-like process.3 The formed dihydropyrazine is then converted into the pyrazine
from the dehydrogenation (or oxidation) with mercury (I) oxide, copper (II) sulfate, or
atmospheric oxygen.4 This reaction is thus known as the Gutknecht condensation5 or
Gutknecht pyrazine synthesis.6 For example, the α-amino acetone in ammonia solution
is converted into dimethylpyrazine by the oxidation of mercuric chloride;4b likewise,
p-methyl-α-aminoacetophenone7 and α-aminopropiophenone8 are converted into 2,5-di-
p-toylypyrazine and 3,6-diphenyl-2,5-dimethylpyrazine, respectively. It should be pointed
out that pyrazines were once named ketines, as suggested by Treadwell to indicate their
origin, but the structures were falsely presented.2

B. GENERAL REACTION SCHEME

R
R′

O

N

NR

R

R′

R′

1) HNO2
2) H2

3) Oxidation
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified by the treatment of an α-amino ketone with a base (e.g.,
NH3,4a Grignard reagent9) to afford the pyrazine derivative.

E. APPLICATIONS

This reaction has a general application in the preparation of pyrazine derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 9.

To an ethereal solution of t-butylmagnesium chloride prepared from 78.7 g t-butyl chlo-
ride (0.850 mol) and 20.8 g magnesium (0.855 mol) was added, in portions and with stirring,
30 g of the mixed hydrobromide-hydrochloride salt of α-aminoacetophenone (∼ 0.14 mol).
After the mixture was boiled under reflux with stirring for 7 h, it was allowed to stand
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overnight under a nitrogen atmosphere and then poured into 50 mL saturated, aqueous
solution of ammonium chloride. The mixture was filtered, and the two-phase filtrate was
made alkaline with aqueous sodium hydroxide solution, heated to boil, cooled and extracted
with ether (5 × 200 mL). The combined extracts were dried over MgSO4 and concentrated.
An ethanolic solution of the residue deposited 0.46 g crude 2,5-diphenylpyrazine, in a yield
of 2.8%, m.p. 191–194◦C. Two additional crystallizations from ether afforded the pure
pyrazine as colorless plates, m.p. 197.3–198◦C.

Ph

H2N
O

NH3 · H2O

N

N
Ph

Ph

Reference 4a.

To a solution of 1.0 g α-benzyl-α-aminoacetone hydrochloride in 5 mL water was added
5 mL concentrated aqueous ammonia. The mixture was allowed to stand in an open dish
overnight to afford 2,5-dibenzyl-3,6-dimethylpyrazine. Oily droplets separated out, which
later changed to long silky needles. The crystals were dissolved in an excess of hydrochloric
acid, filtered from a little oily impurity, and then extracted with ether. The acid extract was
disregarded, and the solution again was extracted with ether after being made alkaline with
sodium hydroxide. The ether on evaporation left a mass of crystals, which melted in a crude
condition at ∼ 85◦C. After being dried on a porous plate and recrystallized from a few drops
of alcohol, a small yield of good crystals, both plates and needles, melting at 92–94◦C, was
obtained.

Other references related to the Gutknecht condensation are cited in the literature.10
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7. Rüdenburg, K., Ber., 1913, 46, 3555.

8. Eberhardt, A., Arch. Pharm., 1920, 258, 97.

9. House, H. O. and Grubbs, E. J., J. Am. Chem. Soc., 1959, 81, 4733.

10. (a) Brown, D. J., in The Pyrazines, ed. Taylor, E. C. and Wipf, P., John Wiley & Sons, New York,
2002. (b) Newbold, G. T.; Spring, F. S. and Sweeny, W., J. Chem. Soc., 1948, 1855. (c) Hartung,
W. H. and Munch, J. C., J. Am. Chem. Soc., 1929, 51, 2262. (d) Dakin, H. D. and West, R., J.
Biol. Chem., 1928, 78, 91. (e) Gabriel, S., Ber., 1908, 41, 1127. (f) Gutknecht, H., Ber., 1880, 13,
1116.



290
Hajos-Parrish-Eder-Sauer-

Wiechert Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was independently reported by two groups in 1971: the group of Hajos and
Parrish1 and the group of Eder, Sauer, and Wiechert.2 It is an enantioselective Aldol Reaction
catalyzed by (S)-proline, one of the earliest enantioselectively catalyzed reactions of practi-
cal use in synthetic organic chemistry. Owing to its wide application in organic synthesis, it
has been extensively explored and extended to asymmetric Aldol Reaction,3 α-alkylation,4

Mannich Reaction,5 Michael Addition,6 and α-amination7 of carbonyl compounds. In the
literature, this reaction has been referred to by different names: Hajos-Parrish-Eder-Sauer-
Wiechert reaction,8 Hajos-Eder-Sauer-Wiechert reaction,9 Hajos-Wiechert reaction,10 and
Hajos-Parrish-Wiechert reaction.11 The asymmetric version of the Robinson Annulation
catalyzed by (S)-proline is known as the Hajos-Parrish reaction,12 Hajos-Parrish-
Robinson annulation,13 or Hajos-Wiechert aldol reaction.14 The resulting cyclic aldol
product is called the Hajos-Parrish ketol.15 In addition, the cyclic (S)-enedione—(7aS)-
2,3,7,7a-tetrahydro-7a-methyl-1H-indene-1(5,6H)-dione16—is referred to as Hajos-Parrish
ketone,17 Hajos-Parrish diketone,18 or Hajos-Wiechert ketone.19 Initially, this reaction was
assumed to “involve the formation of a carbinolamine intermediate followed by the dis-
placement of the proline moiety by nucleophilic attack of the enol from ketone,”8d,20 but
more experimental and theoretical evidence indicate that this reaction involves “nucleophilic
addition of the neutral enamine to the carbonyl group together with hydrogen transfer from
the proline carboxylic acid moiety to the developing alkoxide”.8d
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Illustrated here is the mechanism involved in the nucleophilic addition of the neutral
enamine to carbonyl group.8d

D. MODIFICATION

This reaction has been extended to other reactions, including α-alkylation,4 Mannich
Reaction,5 Michael Addition,6 and α-amination7 of ketones.

E. APPLICATIONS

This reaction has wide use in the synthesis of enantiomerically pure molecules involving
ketones.



REFERENCES 1307

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 5a.

A suspension of 40 mg (S)-proline (0.35 mmol), 135 mg p-anisidine (1.1 mmol), and
0.86 g isovaleraldehyde (1.0 mmol) in 10 mL acetone was stirred at room temperature
for 48 h. The mixture was filtered to recover ∼ 35 mg (S)-proline. Concentration of
the filtrate followed by column chromatography (15% EtOAc in hexanes) gave 224 mg
(R)-4-(4-methoxy-phenylamino)-6-methyl-heptan-2-one (0.9 mmol), in a yield of 90% and
93% e.e.

O O

O

O-i-Pr

O-i-Pr

H
N C

ORb

O

O

CH(CO2-i-Pr)2

+
CHCl3, r.t., 9 h

20 mol %

91%, 59% e.e.

Reference 10b.

Under an argon atmosphere, a mixture of 1.30 mL diisopropyl malonate (6.72 mmol),
0.50 mL 2-cycloheptenone (4.48 mmol), and 46 mg l-proline rubidium salt (0.22 mmol)
in 5 mL chloroform was stirred for 59 h at 25◦C. The reaction was quenched with 2 M
HCl, and organic materials were extracted twice with EtOAc. The combined extracts were
washed with brine, dried over Na2SO4, filtered, concentrated, and flash chromatographed
over silica gel to give 1.21 g diisopropyl (R)-(+)-(3-oxocycloheptyl)malonate, in a yield of
91%, and 59% e.e.

Other references related to the Hajos-Parrish-Eder-Sauer-Wiechert reaction are cited in
the literature.21
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Haller-Bauer Cleavage

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Haller and Bauer in 1909.1 It is the base-
induced cleavage of a carbon-carbon bond of a nonenolizable ketone to give a carboxylic
acid derivative (i.e., an amide) and a neutral fragment in which the carbonyl group is
replaced by hydrogen. Therefore, it is generally known as the Haller-Bauer cleavage.2,3

In addition, this reaction is also referred to as the Haller-Bauer reaction,2g,2j,2n,4 Haller-
Bauer fragmentation,5 Haller-Bauer decarboxylation,2j or Haller-Bauer process.2f,4c,6 The
nonenolizable ketones studied include biaryl ketones, and aryl cyclopropyl ketones, and
aryl trifluoromethyl ketones. It was found that this reaction overwhelmingly involves a
carbanion, with only minor incursions of a competing free-radical pathway,6a and the
mode of cleavage depends on the relative stability of the carbanions involved.2n Therefore,
the cleavage is particularly effective when the incipient carbanion is stabilized;2j other-
wise, the cleavage might fail if at least one of the groups cannot assist in stabilization of
the carbanion.2h Exceptions are the cleavage of 1-methyl-2,2-diphenylcyclopropyl phenyl
ketone2o,7 and Z-2-phenylcyclopropyl phenyl ketone,2n which result in reverse cleavage
because of the steric interaction between the phenyl group on 2-position and the carbonyl
group.2m In addition, this reaction occurs with retention of configuration, not only in the
cyclopropyl anion2o,6b,7,8 where the inversion of configuration is impossible2j but also in
the open chain.2j,9 Silane has a higher ability to stabilize the anion than normal alkyl groups,
thus higher retention of stereochemistry is found during the preparation of chiral tertiary
silanes.2a,2g,2h On the other hand, the metal cation of used bases also affects this reaction,
and it was found that reaction with potassium amide is faster than that with sodium amide.2g

When other strong bases such as alkoxides are used for this reaction, the LiO-t-Bu does not
induce this reaction, showing the reactivity trend of KO-t-Bu > NaO-t-Bu > LiO-t-Bu.4d
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In addition, solvents affect the reaction. Traditionally, this reaction is carried out in boiling
benzene with excess amounts of sodium or potassium amide.9 Substitution of benzene by
t-BuOH results in the kinetic retardation and modest lowering of stereoselectivity of proton
transfer.4e It is interesting that a case of cleavage for biaryl ketone is successfully triggered
by KO-t-Bu but fails when NaNH2 is used.9 This reaction is useful for preparing chiral
compounds2e,2h,6a and tertiary carboxamides.9 Recent modification of this reaction is to
induce the cleavage with N-alkylamines and N,N-dialkylamines,9 and extend the reaction
to cyclobutyl ketone.10

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Shown below is the mechanism according to Paquette and Maynard,6a and Ishihara and
Yano.9

D. MODIFICATION

This reaction has been extended to use potassium t-butoxide11 or N-alkylamines and
N,N-dialkylamines9 to induce the cleavage.

E. APPLICATIONS

This reaction has wide use in the preparation of tertiary carboxamides, tertiary alcohols,
and debenzoylation.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

Ph
THF

CONHC6H13-n

Ph

+ n-C6H13NH2
10% LDA

86%

Reference 9.

To 2 mL THF containing 2.2 mmol hexamine and 28 mL N,N-diisopropylamine
(0.2 mmol) at 0◦C under nitrogen atmosphere was added 1.51 mL 1.58 M BuLi in hex-
ane solution (2.4 mmol) dropwise. After being stirred for 15 min, a solution of 2.0 mmol
2-phenyl cyclohexanone in 2.0 mL THF was added, and the mixture was stirred for 30 min
at 0◦C and at room temperature for 5 h. The reaction was then quenched with 25 mL 1 M
HCl, and the mixture was extracted with EtOAc (3 × 20 mL). The organic layer was dried
over Na2SO4 and concentrated. The residue was purified by column chromatography on
silica gel to give 86% N-hexyl-6-phenylhexanamide.

O O

NaOH

O

CO2H
MeO-CH2CH2OH, ∆

80%

Reference 10.

A mixture of 250 mg cyclobutabenzofuranone, 4 mL 15% NaOH, and 10 mL 2-
methoxyethanol was refluxed for 10 h. It was then cooled and extracted once with ether.
The ethereal layer left no residue. The aqueous portion was acidified with cold 6 N HCl and
extracted with ether. The ethereal extracts were washed with water, dried, and concentrated
to afford 220 mg of an acid that crystallized from ether-petroleum ether, m.p. 104–105◦C,
in a yield of 80%.

Other references related to the Haller-Bauer cleavage are cited in the literature .12
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Hammick Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hammick and co-workers in 1937.1 It is the syn-
thesis of α-pyridylcarbinols by the decarboxylation of picolinic acid with excess amount
of carbonyl compounds (aldehydes or ketones). Therefore, it is generally known as the
Hammick reaction.2 Occasionally, it is also referred to as the Hammick coupling.2j It was
found that four types of molecules—picolinic acids,1 quinaldinic acids,2k isoquinaldinic
acids,2k and isonicotinic acids2k—all undergo this reaction. In addition, quaternization
(e.g., alkylation3 or formation of N-oxide4) of the nitrogen atom in these compounds lead
to molecules that decarboxylate especially easily.5 The solvents feasible for this reaction
can be either acidic, basic, or neutral. The acidic solvents include phenol and p-nitrophenol,
and the basic solvents are aniline, p-nitroaniline, N,N-diethylaniline, quinoline, and trib-
utylamine. The neutral solvents include o-, m- and p-dimethoxybenzene, and o-, m-, and
p-nitrotoluene and p-cymene.2h Therefore, this reaction is not affected strongly by the acid-
ity or basicity of the solvent,6 and it was found that p-cymene is the best solvent for this
reaction.2i The carbonyl compounds, including benzaldehyde, benzophenone, acetophe-
none, m-nitrobenzaldehyde, and m-nitroacetophenone, all couple with the heterocyclic
moiety upon decarboxylation; however, p-nitrobenzaldehyde, 2,4-dinitrobenzaldehyde,
cinnamaldehyde, and p-dimethylaminobenzaldehyde do not react in the presence or absence
of solvents.2i This reaction has been proposed to involve three kinds of intermediates: the
cyclic form,2h,4 zwitterions form,2h,5 and carbene form.5,7 Each intermediate is favored
by certain experimental results, as shown in the cited literature. In addition, the intermedi-
ate can also react with other electrophiles instead of carbonyl compounds.8 Similar to the
structure of picolinic acid, the Schiff bases of α-keto acids also decarboxylate accordingly.5
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B. GENERAL REACTION SCHEME

N CO2H R1 R2

O

∆ N
R1

OH
R2

+

with or 
without solvent R1 = H, alkyl, aryl

R2 = alkyl, aryl

C. PROPOSED MECHANISMS

Shown below is the mechanism involving a carbene intermediate, which then couples
with carbonyl compounds.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of pyridylcarbinols.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 2g.
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A solution of 10 g 6-methylpicolinic acid (73 mmol) and 10.0 g n-heptaldehyde
(87 mmol) in 60 mL p-cymene was refluxed for 25 h, after which carbon dioxide evo-
lution ceased (90% of theoretical). The cooled solution was extracted with 2 M HCl (2 ×
50 mL), the combined acid extracts were alkalinized and extracted with ether, and the
ether extract was dried and distilled to give 24% 1-(6′-methyl-2′-pyridy1)-1-heptanol, b.p.
122–124◦C (2 mmHg).

N CO2H

O

Ph

O

∆ N

OH
Ph

O

+

30%

Reference 4.

A solution of 5.0 g 2-carboxypyridine N-oxide in 60 mL acetophenone was heated at
150◦C until carbon dioxide evolution ceased (1 h). The cold solution was then extracted with
50 mL 2 N HCl; the aqueous layer was made basic and extracted with ether. Concentration
of the dried ether extract gave a yellow oil that, on treatment with a mixture of ether-
chloroform-petroleum ether, crystallized to give 2.32 g N-oxide pyridylcarbinol as white
needles, in a yield of 30%, m.p. 112–113◦C.

Other references related to the Hammick reaction are cited in the literature.9
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Hansley-Prelog Acyloin

Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction, originating from the preparation of open-chain α-ketols,1 was first reported
by Hansley in 1935,2 and subsequently extended by Prelog in the 1940s–1950s.3 It is the
preparation of cyclic acyloins of 8 or more carbon atoms (e.g., more than 20 carbon atoms)
from the reaction of colloidal sodium with esters of saturated or unsaturated dicarboxylic
acids in high dilution.1 The resulting cyclic acyloins can be further converted into cyclic
ketones with the same carbon numbers by the reduction of zinc and hydrochloric acid
in acetic acid.4 This reaction is normally carried out above the melting point of sodium2

while maintaining sodium in colloidal dispersion and then adding the esters of dicarboxylic
acid in very diluted concentrations.5 Toluene and xylene are equally good solvents for this
reaction.2 For the esters of dicarboxylic acids with fewer carbon, the corresponding t-butyl
or sec-butyl esters are preferred, which give higher yields than the methyl esters per unit
volume of solvents.2

B. GENERAL REACTION SCHEME

OR

OR

O

O

Na
O

OH

n

Xylene, ∆
n > 5
R = Me, Et, Pr, But, etc.

n-2
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C. PROPOSED MECHANISMS

A radical mechanism is involved in this reaction as shown below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of medium to large cyclic ketones.

F. RELATED REACTIONS

This reaction is related to the Dieckmann Condensation and Acyloin Condensation.

G. CITED EXPERIMENTAL EXAMPLES

O

OH

NaMeO
OMe

O

O

Xylene, ∆ 
37%

Reference 6.

A 250 mL Morton flask was equipped with a high-speed, stainless-steel stirrer and a high-
speed (20,000 rpm) stirrer motor. In one of the necks of the flask was placed a Claissen
adapter holding a West condenser directly over the flask and a 250-mL Hershberg dropping
funnel in the outer arm. In the other neck of the flask was placed a second Claissen adapter,
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one arm of which was stoppered and one arm of which held a gas inlet. A gas outlet attached
to a U-tube with a small head of mercury was placed in the top of the reflux condenser.
The Claissen adapters were wired securely to the necks of the Morton flask. To remove
the last traces of moisture, the entire system was heated with a flame while flushing with
argon. Then 125 mL xylene, dried over sodium, was placed in the Morton flask, and the last
traces of moisture were removed from the solvent by distilling a small amount through the
condenser, which was temporarily placed in distilling position; during the distillation, the
air in the flask was replaced by argon. The condenser was replaced in reflux position, and
4.9 g freshly cut sodium metal (0.21 mol) was added through the top of the reflux condenser
under a stream of argon. After reheating the xylene to reflux, the stirrer was started, and
the molten sodium was dispersed by stirring at an estimated rate of 2000 rpm for 15 min.
Addition of a solution of 13.9 g cis-1,3-bis-(ethoxycarbonyl)ethyl cyclopentane (0.052 mol)
in 25 mL dry xylene to the sodium dispersion was completed in 45 h. The reaction mixture
was heated with continued stirring for an additional 3 h. After cooling in an ice bath, 14 g
glacial acetic acid (0.24 mol) was added dropwise to decompose excess sodium. During
the addition of acetic acid, it was necessary to add an additional 50 mL xylene to suspend
the sodium acetate formed. Sodium acetate was removed by vacuum filtration and returned
to the reaction flask with 50 mL fresh xylene. After being stirred vigorously for several
minutes, the solid was again filtered, and the xylene filtrates were combined. The xylene
solution was washed with water and dilute sodium bicarbonate solution and dried over anhy-
drous magnesium sulfate. Xylene was removed by distillation through a 10-cm Vigreux
column. Additional product was recovered by dissolving the sodium acetate in 200 mL
water and extracting with ether several times. The washed and dried ethereal extract
afforded a residue upon evaporation of the solvent. The two samples were combined (4.1 g
total) and chromatographed on a 14 × 1.5 cm column of activity grade V Woelm neutral
alumina. Evaporation of the benzene eluate gave 0.9 g crude acyloin product, in a yield of
10%.

CO2Et

CO2Et

Na
O

OH
Xylene, ∆

10%

Reference 7.

A 5-L three-necked flask was equipped with mercury-sealed Hershberg stirrer and a
simple high dilution apparatus, to which was attached a reflux condenser and a Hershberg
dropping funnel. Sodium (46 g, 2 mol) was powdered by stirring under 1 L refluxing xylene,
and a solution of 101 g dimethyl suberate (0.5 mol) in 80 mL xylene was added through
the dilution apparatus over a period of 8 h in an atmosphere of dry nitrogen, with stirring
and refluxing during that period plus an additional 2 h. The mixture was allowed to stand
overnight, and then was cooled with an ice bath. Absolute ethanol (50 mL) was added to
destroy any remaining sodium followed by a solution of 120 g glacial acetic acid (2 mol)
in 800 mL dry ether, added slowly with stirring to neutralize the mixture. The nitrogen
atmosphere was maintained to this point. Sodium acetate was separated by filtration and
washed well with ether, and the filtrate was concentrated under reduced pressure in a nitrogen
atmosphere. The residue was distilled from a Hickman molecular-type pot still at 60–133◦C
(0.5 mmHg), and the distillate was fractionated through a 15 × 1-cm Vigreux column under
nitrogen, yielding 26 g suberoin, in a yield of 37%, b.p., 66–71◦C (1.3 mmHg). The nearly
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colorless product crystallized and was purified by redistillation and crystallization from a
mixture of ether and pentane, b.p., 64◦C (0.3 mmHg), m.p., 37–38.5◦C.

Other references related to the Hansley-Prelog acyloin condensation are cited in the
literature.8
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Hantzsch Dihydropyridine

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hantzsch in 1882.1 It is the synthesis of dihy-
dropyridine dicarboxylate by condensation of an aldehyde with 2 eq. β-ketoester in
the presence of ammonia. Therefore, this reaction is generally known as the Hantzsch
dihydropyridine synthesis.2 In addition, this reaction is also referred to as Hantzsch
condensation2f,3 or Hantzsch reaction;4 and the formed dihydropyridine dicarboxylate is
called the Hantzsch ester.3a,5 Subsequent oxidation (or dehydrogenation) of the Hantzsch
ester gives pyridine-3,5-dicarboxylates, which may also be decarboxylated to yield the
corresponding pyridines.2f,4a,5b,6 The Hantzsch ester, as a calcium antagonist,3a,7 has
important applications in drug design;8 in addition, it can also be used as a hydrogen
source.9 This reaction has been modified to take place under microwave irradiation with
high reaction rate and overall yields.2b Other modifications on this reaction include (a)
the condensation of alkylidene or arylidene 1,3-dicarbonyl compounds with a β-amino-
α,β-unsaturated carbonyl compound to form unsymmetrical 1,4-dihydropyridines10 and
(b) condensation of aminocrotonic ester with aldehyde under acidic conditions.11 The latter
modification is a useful process for the synthesis of 3,5-dicyanodihydropyidines.4f It should
be pointed out that the special synthesis of 2,4,6-trimethylpyridine (collidine) is referred to
as Hantzsch collidine synthesis.12
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reaction involves the condensation of two important intermediates: the α-alkylidene
or α-arylidene β-keto ester condensed from the β-keto ester and aldehyde, and the ester
enamine originated from the β-keto ester and amine, as shown below.
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D. MODIFICATION

This reaction has been modified to prepare unsymmetrical 1,4-dihydropyridine10 and
3,5-dicyanodihydropyridine.4f In addition, this reaction has been adapted to occur under
microwave irradiation.2b

E. APPLICATIONS

This reaction has wide application in the synthesis of substituted 1,4-dihydropyridines
and corresponding pyridines.

F. RELATED REACTIONS

This reaction is related to the Guareschi-Thorpe Pyridine Synthesis, Chichibabin
Pyridine Synthesis, Kröhnke Pyridine Synthesis, and Petrenko-Kritschenko Piperidone Syn-
thesis.

G. CITED EXPERIMENTAL EXAMPLES

CH3EtO

OO

CH3O NH3 HN CH3

CO2Et

CO2EtH3C

H3C

+ +
88%

Reference 9.

The mixture of 26.0 g ethyl acetoacetate (0.2 mol), 4.4 g acetaldehyde (0.1 mol), and
1.7 g ammonia (0.1 mol) in 20 mL ethanol was refluxed for 2 h. The reaction was monitored
by TLC. After the completion of the reaction, the mixture was cooled to room temperature;
the yellow solid was isolated by filtration and recrystallized from 95% ethanol to give
23.0 g diethyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-dicarboxylate, in a yield of 88%.

N

O

H

Me
Me O

NH2 O

NO2

O

N
H

CO2-i-PrO2N

Me Me

N

Me

+ +
53%

EtOH, ∆

Reference 4c.

A mixture of 1 mmol 3-methyl-2-formyl-pyridine, 1 mmol isopropyl
3-aminocrotonate, and 103 mg nitroacetone (1 mmol) in 5 mL ethanol was stirred
at 25◦C for 1 h and then refluxed for 16 h. After that, the solvent was removed
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in vacuo, and the residue was purified by silica gel column chromatography using
EtOAc/hexane (70:30, v/v) to give 53% isopropyl 1,4-dihydro-2,6-dimethyl-3-nitro-
4-(6-methyl-2-pyridyl)-5-pyridinecarboxylate, m.p. 189–190◦C (recrystallized from
EtOAc/hexane).

Other references related to the Hantzsch dihydropyridine synthesis are cited in the
literature.13
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5. (a) Garden, S. J.; Guimarães, C. R. W.; Corréa, M. B.; de Oliveira, C. A. F.; Pinto, A. C. and de
Alencastro, R. B., J. Org. Chem., 2003, 68, 8815. (b) Cheng, J.-P.; Lu, Y.; Zhu, X.-Q.; Sun, Y. K.;
Bi, F. and He, J. Q., J. Org. Chem., 2000, 65, 3853.

6. (a) Mao, Y.-Z.; Jin, M.-Z.; Liu, Z.-L. and Wu, L.-M., Org. Lett., 2000, 2, 741. (b) Zhu, X. Q.;
Zhao, B.-J. and Cheng, J.-P., J. Org. Chem., 2000, 65, 8158. (c) Itoh, T.; Nagata, K.; Matsuya, Y.;
Miyazaki, M. and Ohsawa, A., J. Org. Chem., 1997, 62, 3582.

7. Bossert, F.; Meyer, H. and Wehinger, E., Angew. Chem. Int. Ed. Engl., 1981, 20, 762.

8. (a) Mager, P.; Coburn, R. A.; Solo, A. J.; Triggle, D. J. and Rothe, H., Drug Design Discovery,
1992, 8, 273. (b) Langs, D. A.; Kwon, Y. W.; Strong, P. D. and Triggle, D. J., J. Comput.-Aided
Mol. Des., 1991, 5, 95. (c) Langs, D. A. and Triggle, D., J. Mol. Pharmacol., 1985, 27, 544.

9. Zhang, D.; Wu, L.-Z.; Zhou, L.; Han, X.; Yang, Q.-Z.; Zhang, L.-P. and Tung, C.-H., J. Am. Chem.
Soc., 2004, 126, 3440.

10. (a) Visentin, S.; Amiel, P.; Fruttero, R.; Boschi, D.; roussel, C.; Giusta, L.; Barbone, E. and Gasco,
A., J. Med. Chem., 1999, 42, 1422. (b) Berson, J. A. and Brown, E., J. Am. Chem. Soc., 1955, 77,
444. (c) Knoevenagel, E. and Ruschhaupt, W., Ber., 1898, 31, 1025. (d) Beyer, C., Ber., 1891, 24,
1662.

11. Collie, J. N., Ann., 1884, 226, 294.

12. (a) Mann, F. G. and Saunders, B. C., Practical Organic Chemistry, Longman, London, 1960.
pp. 295–297. (b) Bergstrom, F. W., Chem. Rev., 1944, 35, 77.



REFERENCES 1325

13. (a) Litvic, M.; Cepanec, I. and Vinkovic, V., Heterocycl. Commun., 2003, 9, 385. (b) Anniyappan,
M.; Muralidharan, D. and Perumal, P. T., Synth. Commun., 2002, 32, 659. (c) Sambongi, Y.; Nitta,
H.; Ichihashi, K.; Futai, M. and Ueda, I., J. Org. Chem., 2002, 67, 3499. (d) Zhu, X.-Q.; Wang,
H.-Y.; Wang, J.-S. and Liu, Y.-C., J. Org. Chem., 2001, 66, 344. (e) Chiu, C. F.; Tang, Z. L. and
Ellingboe, J. W., J. Comb. Chem., 1999, 1, 73. (f) Iqbal, N.; Vo, D.; McEwen, C.-A.; Wolowyk,
M. W. and Knaus, E. E., Chirality, 1994, 6, 515. (g) Katritzky, A. R.; Ostercamp, D. L. and
Yousaf, T. I., Tetrahedron, 1987, 43, 5171. (h) Katritzky, A. R.; Ostercamp, D. L. and Yousaf,
T. I., Tetrahedron, 1986, 42, 5729. (i) Kuss, L. and Karrer, P., Helv. Chim. Acta, 1957, 40, 740.
(j) Philips, A. P., J. Am. Chem. Soc., 1951, 73, 2248. (k) Philips, A. P., J. Am. Chem. Soc., 1949,
71, 4003. (l) Knoevenagel, E. and Cremer, W., Ber., 1902, 35, 390. (m) Knoevenagel, E. and Fries,
A., Ber., 1898, 31, 761. (n) Hantzsch, A., Ber., 1886, 19, 289. (o) Hantzsch, A., Ber., 1885, 18,
1744. (p) Hantzsch, A., Ber., 1884, 17, 1515.



295
Hantzsch Pyrrole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hantzsch in 1890.1 It is the preparation of 2,5-dialkyl
or 2,4,5-trialkylpyrrole derivatives from the condensation of α-halo-ketones, β-ketoesters
and ammonia or amines. Therefore, it is often known as the Hantzsch pyrrole synthesis2

or simply the Hantzsch synthesis.3 During this synthesis, ammonia or amine reacts quickly
with β-keto esters to form enamine esters or 3-amino crotonates that cyclize with α-halo-
ketones to form pyrrole derivatives upon heating, and the regioselectivity strongly depends
on the substituents on the starting materials.4 Thus, this reaction can directly start from 3-
amino crotonates1,5 or enamines of β-keto esters.6 Further extension of this reaction from
aromatic amines results in the formation of indole derivatives,7 or carbazole derivatives if
cyclized with α-halo-cyclohexanones.8 The synthesized pyrroles have wide application in
medicinal chemistry,9 conducting polymers,10 molecular optics,11 sensors,12 etc.

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to the direct reaction between enamine of β-keto ester6

or 3-amino crotonate1,5 and α-halo-ketones; in addition, this reaction has been extended to
prepare indole7 and carbazole8 derivatives.

E. APPLICATIONS

This reaction has general applications in the preparation of 2,5-dialkyl- or 2,4,5-trialkyl-
substituted pyrrole derivatives.

F. RELATED REACTIONS

This reaction is related to the Paal-Knorr Pyrrole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

CH3

NH2

O O

Cl

N
H

CH3

COPh

+
DMF, ∆

69%

Reference 7g.
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The mixture of 2.7 g o-amino acetophenone (0.02 mol) and 3.08 g α-chloro-acetophenone
(0.02 mol) in 50 mL anhydrous DMF was heated in an oil bath (80–90◦C) for 16 h. The
reaction mixture was then poured over 1500 mL ice water, and the crystalline 2-benzoyl-3-
methyl-indole was isolated by filtration and was further purified by recrystallization from
methanol, giving 69% yield, m.p., 138–139◦C.

Other references related to the Hantzsch pyrrole synthesis are cited in the literature.13
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A.; Pérez, V.; Salas, R.; Valdés, D.; Ackrell, J.; Cho, D.; Gallergra, P.; Halpern, O.; Koehler, R.;
Maddox, M. L.; Muchowski, J. M.; Prince, A.; Tegg, D.; Thurber, T. C.; van Horn, A. R. and
Wren, D., Can. J. Chem. 1982, 60, 2296.

7. (a) Zav’yalov, S. I.; Zavozin, A. G.; Dorofeeva, O. V. and Rumyantseva, E. E., Izv. Akad. Nauk.
SSSR, Ser. Khim. 1991, 509 [Chem. Abstr. 1991, 115, 8493]. (b) Basanagoudar, L. D.; Maha-
janshetti, C. S. and Dambal, S. B., Ind. J. Chem. 1991, 30B, 1018. (c) Sanchez-Yiesca, F. and
Gomez, R., Rev. Latioam. Quim., 1984, 14, 106 [Chem. Abstr. 1984, 101, 38297]. (d) Goerlitzer,
K. and Engler, E., Arch. Pharm., 1980, 313, 405. (e) Fujiwara, R.; Nitta, K. and Susumu, I., Japan
Kokai, 1975, 75 58,059 [Chem. Abstr. 1975, 83, 193076]. (f) Walter, L. A., U.S. Pat., 1973, Feb
20, 717,644 [Chem. Abstr. 1973, 78, 136092]. (g) Jones, C. D. and Suárez, T., J. Org. Chem.,
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Hantzsch Thiazole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hantzsch and Weber in 1887.1 It is the formation
of thiazole derivatives by means of condensation of α-haloketones (or aldehydes) and
thioamides. Therefore, it is generally known as the Hantzsch thiazole synthesis.2 In addition,
other names, including the Hantzsch synthesis,2k,3 Hantzsch reaction,2m,3a,4 and Hantzsch
thiazole reaction5 are also used from time to time. Besides thioamides, other thio-ketone
derivatives such as thiourea,3b,4a,6 dithiocarbamates,2k and ketone thiosemicarbazone2k can
also condense with α-halo ketones (or aldehydes) to form thiazoles. This reaction occurs
because of the strong nucleophilicity of the sulfur atom in thioamides or thioureas,6 and
normally gives excellent yields for simple thiazoles but low yields for some substituted
thiazoles, as of dehalogenation.7 This reaction has been proven to be a multistep reaction,
and the intermediates have been isolated at low temperatures,3c in which the dehydration of
cyclic intermediates seems to be the slow step.2k It is found that a variety of reaction condi-
tions might result in the racemized thiazoles that contain an enolizable proton at their chiral
center, and it is the intermediate not the final product that is involved in the racemization.2k

Therefore, some modifications have been made to reduce or even eliminate the epimeriza-
tion upon thiazole formation.8 In addition, this reaction has been modified using α-tosyloxy
ketones to replace α-haloketones.9
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B. GENERAL REACTION SCHEME

R1
X

O

R2
R3 NH2

S

N

S

R3

R2

R1
KHCO3

+
R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = alkyl, aryl, NH2, etc.

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to reduce the epimerization upon the formation of
thiazole.8 In addition, α-tosyloxy ketones have been used to replace α-haloketones for such
reactions.9

E. APPLICATIONS

This reaction, the classic method for thiazoles, has wide application in the preparation
of thiazole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O NH2

S

p-Tol-O

p-Tol-O

Cl

O

H

Br
OEt

OEt
O

NS

p-Tol-O

p-Tol-O
THF-EtOH (2:1)

HCl/dioxane
Acetone

(42%)

(70%)

or

Reference 10.
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Method A

2,5-Anhydro-3-deoxy-4,6-di-O-p-toluoyl-D-ribo-hexonthioamide (1.16 g, 3.0 mmol)
was dissolved in a mixture of 33 mL THF and 16 mL EtOH. Then 50% chloroacetalde-
hyde solution (3.18 mL, 25 mmol) was added, and the reaction mixture was refluxed
for 24 h. Another equivalent of chloroacetaldehyde solution (3.18 mL, 25 mmol) was
added, and the reaction mixture was refluxed for another 24 h. The solvents were
evaporated, and the residue was dissolved in EtOAc, washed with saturated NaHCO3
and brine, and dried over MgSO4. Silica gel column chromotography (EtOAc/hexanes)
yielded 42% 2-(2′-deoxy-3′,5′-di-O-p-toluoyl-β-d-ribofuranosyl)thiazole as a light yellow
solid.

Method B

2,5-Anhydro-3-deoxy-4,6-di-O-p-toluoyl-d-ribo-hexonthioamide (0.50 g, 1.21 mmol)
was dissolved in 7.1 mL dry acetone and 0.9 mL bromoacetaldehyde diethyl acetal (0.69 g,
3.5 mmol); then 13 mL of a 4 M HCl/dioxane solution was added. The resulting clear
solution was refluxed under argon for 24 h. The brown-colored solution was evaporated to
a dark oil, then dissolved in 100 mL EtOAc and washed with 100 mL saturated aqueous
NaHCO3 and 100 mL brine. The organic layer was dried over Na2SO4, filtered, and evap-
orated to a dark brown liquid. Purification by silica gel chromatography (EtOAc/hexanes)
provided 0.370 g 2-(2′-deoxy-3′,5′-di-O-p-toluoyl-β-d-ribofuranosyl)thiazole as a light
brown gum, in a yield of 70%. Crystallization from ethanol converted the compound as a
solid.

Reference 4b.

A solution of Boc-d-alanine thioamide (1.17 g, 5.74 mmol) in 35 mL DME was cooled
to −13◦C, followed by the addition of 4.97 g KHCO3 (49.7 mmol) under a nitrogen atmo-
sphere. The suspension was vigorously stirred for 15 min, followed by the addition of 2.4
mL ethyl bromopyruvate (19.1 mmol) under the inert atmosphere at −13◦C. The reaction
mixture was further incubated at −13◦C for 0.5 h, and then at room temperature for 0.5 h.
After the reactants were cooled to −13◦C again, a solution of 3.6 mL trifluoroacetic anhy-
dride (25.5 mmol) and 6.2 mL lutidine (53.2 mmol) in 10 mL DME was added dropwise.
The reaction mixture was allowed to warm from 0◦C to room temperature and incubated for
12 h. After removal of the volatile components in vacuo and the addition of 100 mL water, the
solution was extracted with CHCl3 (3 × 50 mL). The CHCl3 phase was dried over Na2SO4,
and after the removal of the solvent, the residue was chromatographed on a silica gel
column (CHCl3/EtOAc, 2:1) to afford 1.64 g ethyl (R)-2-(1-N-Boc-amino)ethylthiazole-
4-carboxylate as a yellow semisolid, in a yield of 95%, Rf = 0.53 (CHCl3/EtOAc, 2:1).

Other references related to the Hantzsch thiazole synthesis are cited in the literature.11
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Hass-Bender Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Hass and Bender in 1949.1 It is the synthesis of
aromatic aldehydes by treatment of substituted benzyl halides with sodium nitropropane salt
(also called sodium propane-nitronate2). Therefore, this reaction is called the Hass-Bender
reaction3 or Hass-Bender oxidation.4 This reaction also takes place on aromatic polycyclic
compounds.5

B. GENERAL REACTION SCHEME

X
NO2 NaOH

O

H+ (X = Cl, Br, I, etc.)+

C. PROPOSED MECHANISMS
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the conversion of the α-halomethylene group on an aromatic
nucleus into a formyl group (i.e., in the synthesis of aromatic aldehydes.)

F. RELATED REACTIONS

This reaction is related to Sommelet Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Br

Br NO2 NaOEt

Br

H

O

+ +
EtOH
72%

Reference 4.

2-Nitropropane (350 µL, 3.9 mmol) was added to a solution of NaOEt (3.8 mmol)
in 8 mL EtOH. A colorless precipitate was formed immediately. Then 1.13 g 1-bromo-
7-bromomethylnaphthalene (3.8 mmol) was added to the mixture and stirred for 65 h at
room temperature. The reaction mixture was filtered, and the liquid was concentrated on an
evaporator. To the residue were added 100 mL Et2O and 15 mL water. The organic phase
was washed with 10% aqueous NaOH solution (2 × 10 mL) and 10 mL water, dried and
evaporated. Column chromatography of the residue gave 640 mg 8-bromonaphthalene-2-
carbaldehyde as colorless crystal, in a yield of 72%, m.p. 83–84◦C.

Me3Si

Br
NO2 NaOEt

Me3Si

H

O

+ +
EtOH
87%

Reference 3b.
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Under a nitrogen atmosphere, 2.3 g sodium (0.1 mol) was dissolved in 100 mL abso-
lute ethanol. After the sodium had dissolved, 11.6 g 2-nitropropane (0.13 mol) was added
followed by 24.3 g p-trimethylsilylbenzyl bromide (0.1 mol). After thorough mixing, the
reaction mixture was allowed to stand at room temperature under a nitrogen atmosphere
for 15 h. The precipitated sodium bromide was removed by filtration, and the filtrate was
concentrated by evaporation (Note: The original procedure was to remove the ethanol at
atmospheric pressure). During this process, additional sodium bromide precipitated. The
residue was mixed with ether and the water. The ethereal solution was washed with 10%
sodium hydroxide, followed by water, and was then dried over Drierite. The ether was
removed by distillation, and the residue was fractionally distilled through a small Vigreux
column, giving 13.87 g p-trimethylsilylbenzaldehyde, in a yield of 87%, b.p. 118–119◦C
(16 mmHg).

Other references related to the Hass-Bender oxidation are cited in the literature.6
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Haworth Methylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Denham and Woodhouse in 1913,1a and extended
by Haworth in 1915.1b−1d It is the preparation of the methylated methyl glycoside from
methyl glycosides with dimethyl sulfate and 30% sodium hydroxide. The glycosidic methyl
group of the methylated glycosides can be removed via hydrolysis in hydrochloric acid.
This reaction is very useful at earlier stages of carbohydrate chemistry to elucidate the
sugar structures, including the linkages between monosaccharide units in disaccharides or
oligosaccharides and the ring structures. This reaction was optimized by West and Holden
by means of the treatment of concentrated sugar or a methyl glycosides solution and carbon
tetrachloride solution of methyl sulfate with 60% sodium hydroxide for 8–10 h. Then the
crude or isolated methylated glycosides were hydrolyzed with 2 N HCl through steam
distillation to give pure crystalline tetramethyl-monosaccharides.2

B. GENERAL REACTION SCHEME

O
HO

HO
HO

OMe

OH
O

MeO
MeO

MeO
OMe

OMe
HCl

O
MeO

MeO
MeO OH

OMe

Me2SO4, NaOH
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C. PROPOSED MECHANISMS

Under these conditions, the sodium hydroxide is strong enough to deprotonate the
hydroxyl groups on glycosides. It should be pointed out that such deprotonation should
be stepwise; however, only one step of deprotonation is provided here to illustrate the
methylation process.

D. MODIFICATION

This reaction has been modified by West and Holden by means of the treatment
of glycosides with carbon tetrachloride solution of methyl sulfate and 60% sodium
hydroxide.2

E. APPLICATIONS

This reaction has wide application at earlier stages of carbohydrate chemistry, for the
sake of structural analysis of carbohydrates.

F. RELATED REACTIONS

This reaction is related to Irvine-Purdie Methylation.
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G. CITED EXPERIMENTAL EXAMPLES

O
HO

HO
HO

OH

OH

CCl4

O
MeO

MeO
MeO OMe

OMe

O
MeO

MeO
MeO OH

OMe

2N HClMe2SO4, 60% NaOH

71.9%

76.3–84.7%

Reference 2.

Glucose (25 g) and 15 mL water were placed in a methylating flask in a water bath
at 55◦C under rapid stirring, which was maintained throughout the reaction. Then 90 mL
methyl sulfate in 125 mL carbon tetrachloride was added quickly through the dropping
tube, followed by the addition of 400 mL 60% NaOH at the rate of 1 drop in 2 seconds for
5 min, then 1 drop for 5 min, and then 3 drops until the distillation of carbon tetrachloride
slackened or ceased, which was usually accomplished in 20 min, and after the addition of
70–90 mL NaOH solution. The heat of reaction generally maintained the proper temperature
of 50–55◦C throughout this stage, and it was not necessary to heat the bath externally. The
remainder of the alkali was added to the flask as quickly as possible, and the bath temperature
was raised rapidly to and maintained at 70–75◦C. Then 160 mL methyl sulfate was placed
in the reservoir and added at 3–4 drops/second (slower if the mixture foamed seriously).
After the addition of all the methyl sulfate, the bath was heated to boil for 30 min (stirring
continued), after which the contents of the flask were cooled, diluted with sufficient water to
dissolve most of the separated sodium sulfate, and extracted with chloroform (4 × 150 mL).
The combined chloroform extracts were dried with sodium sulfate and filtered; the chlo-
roform was distilled off. The syrup distilled at 88–90◦C at 0.15 mmHg to give 25 g
α,β-tetramethylmethylglucose, in a yield of 71.9%

The undried, filtered chloroform solution of α,β-tetramethylmethylglucoside (or the
isolated syrup) obtained in the direct methylation of glucose was placed in a 2–3 L distilling
flask with 400 mL 2 N hydrochloric acid, and the chloroform was distilled off. A vigorous
current of steam was then passed through the solution for 1 h, care being taken to maintain
the volume of solution approximately constant by heating the flask. Norit (5 g) was added to
the hot solution, which was then cooled and filtered. The filtrate was saturated with sodium
sulfate and extracted with CHCl3 (4 × 150 mL). The combined chloroform extracts were
dried with sodium sulfate; 1 g Norit was added and filtered. Chloroform was distilled off as
much as possible without vacuum and then in a boiling water bath at the water pump. The
syrup was treated with 40–50 mL petroleum ether (30–60◦C) and shaken for a short time,
whereupon it set to a mass of crystals. After cooling in an ice bath for 30 min, the crystals
were filtered off, washed with a little cold petroleum ether, and dried over calcium chloride
in a vacuum, yielding 18–20 g tetramethylglucose, in a yield of 76.3% to 84.7%.

Other references related to the Haworth methylation are cited in the literature.3
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Haworth Synthesis

(Haworth Phenanthrene Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Haworth in 1932.1 It is a multistep preparation of
phenanthrenes from naphthalenes by means of the Friedel-Crafts Acylation with succinic
anhydride, followed by a Clemmensen Reduction or Wolff-Kishner Reduction, cycliza-
tion, reduction, and dehydrogenation. Therefore, it is generally known as the Haworth
synthesis.2 Occasionally, it is also referred to as the Haworth phenanthrene synthesis.3 In
addition, the same procedure used for the preparation of naphthalenes2b,4 from benzenes is
called the Haworth reaction.4a It is known that naphthalene also reacts with mono or sym-
metrical dialkyl derivatives of succinic anhydride.3 Substituted naphthalenes often give
only one naphthoylpropionic acid derivative, as of the directive effect of the substituent.3

The cyclization is often executed by the direct reaction of naphthalene-butyric acid with
sulfuric acid,4b,5 HF,6 or polyphosphoric acid (PPA)2b or by intramolecular Friedel-
Crafts Acylation from the corresponding acyl chloride. The dehydrogenation reagents
used include 2,3-dichloro-5,6-dicyano-benzoquinone (DDQ),4a 3,4,5,6-tetrachloro-1,2-
benzoquinone (TCQ),2b triphenylmethanol (TPM),2b sulfur,2b and SeO2.7 This reaction
has been modified by alkylation with 4-pentenoic acid ester in the presence of HCl, from
which the phenanthrenes with alkyl substituents can be synthesized directly.8 In addition,
the first step of the Friedel-Crafts Acylation with succinic anhydride has been substituted by
the Grignard Reaction between succinic anhydride and the naphthalene Grignard reagent.6

This reaction has been used for the synthesis of optically active polysubstituted naphthalene
derivatives2b and the isotopic-labeled naphthalene and phenanthrene derivatives.4a
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B. GENERAL REACTION SCHEME

O

O

O

+

1. AlCl3
2. Zn/HCl

3. H2SO4
4. Zn/HCl
5. SeO2

C. PROPOSED MECHANISMS

CO2H

O

AlCl3 CO2H

H2SO4

O O
H

O

H2O

O

O

O

H+
+

+

Zn/HCl

Zn/HCl

Dehydrogenation

+

D. MODIFICATION

This reaction has been modified to react with 4-pentenoic acid ester to form alkyl-
substituted phenanthrenes directly.8 In addition, the first step of acylation has alternatively
been carried out by the reaction of succinic anhydride with an aryl Grignard reagent.6

E. APPLICATIONS

This reaction has general application in the preparation of fused aromatics, including
naphthalenes and phenanthrenes.

F. RELATED REACTIONS

This reaction is related to Friedel-Crafts Acylation.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2b.

To a filtered solution prepared from 35.6 g AlCl3 (0.266 mol) and 27.2 g
3-(carbomethoxy)propionyl chloride (0.180 mol) in 150 mL dry CH2Cl2 was added 27.5 g
(S)-isobutyl-benzene (0.205 mol) in 70 mL dry CH2Cl2 at 0◦C. The mixture was stirred
at 0◦C for 1 h and hydrolyzed with ice and 10% HCl. Then the organic layer was dried
and evaporated, and the residue was distilled to give 36.6 g 99% pure methyl (S)-3-[4-(1-
methylpropyl)benzoyl]propionate in 82% yield with respect to the acyl chloride, besides
4.1 g 99% pure (S)-isobutyl-benzene.

A mixture of 36.5 g methyl (S)-3-[4-(1-methylpropyl)benzoyl]propionate (0.147 mol)
dissolved in 600 mL glacial acetic acid and 725 mL 36% HCl was heated at 70◦C for
8 h. After the mixture was cooled, 10 L of water was added; the organic product was
extracted with ether, washed by water and dried; evaporation gave 33.6 g (S)-3-[4-(1-
methylpropyl)benzoyl]propionic acid, in a yield of 97%, m.p. 94–95◦C.

A mixture of 34.5 g (S)-3-[4-(1-methylpropyl)benzoyl]propionic acid (0.147 mol) and
30.0 g KOH (0.535 mol) in 200 mL diethylene glycol was heated at 50◦C for 30 min;
after cooling, 21.7 g 85% hydrazine hydrate (0.434 mol) was added. After the mixture was
refluxed for 15 h, the water and the excess of hydrazine were removed under reduced pressure
(18 mmHg), and the residue was heated at 180◦C for 6 h. The reaction mixture was diluted
with 2 L water, neutralized with HC1, and extracted with ether. The solvent was removed, and
the residue was distilled to give 27.0 g 99% pure (S)-4-[4-(1-methylpropyl)phenyl]butanoic
acid, in a yield of 83%, b.p. 138◦C (0.3 mmHg).
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To a hot solution (90–100◦C) of PPA, obtained from 672.5 g P2O5 (4.75 mol) and
727.0 g 85% H3PO4 (7.42 mol) was added 26.0 g (S)-4-[4-(1-methylpropyl)phenyl]butanoic
acid (0.118 mol). After 2 h, the mixture was cooled, diluted with ice water, and extracted
with ether. The ethereal extracts were washed with 10% NaOH and water and dried over
Na2SO4. The solvent was removed, and 21.5 g 99% pure 7-(1-methylpropyl)-1-tetralone
was obtained, in a yield of 90%, b.p. 111◦C (0.3 mmHg).

To a solution of 16.0 g 7-(1-methylpropyl)-1-tetralone (79.1 mmol) in 40 mL diethylene
glycol was added 11.6 g 85% hydrazine hydrate (0.231 mol) at 0◦C. After the mixture
had been refluxed for 1 h, 7.1 g KOH (0.126 mol) dissolved in 25 mL diethylene gly-
col was added; then the mixture was refluxed for an additional hour. The water and
excess of hydrazine were removed under reduced pressure (18 mmHg), and the residue
was heated at 180◦C for 4 h. The mixture was worked up as usual to give 14.0 g 99%
pure (S)-1,2,3,4-tetrahydro-6-(1-methylpropyl)naphthalene, in a yield of 94%, b.p. 83◦C
(0.5 mmHg).

A mixture of 0.62 g sulfur (19.3 mmol) and 1.4 g (S)-1,2,3,4-tetrahydro-6-(1-
methylpropyl)naphthalene was heated at 250◦C for 2 h. By distillation under reduced
pressure, 0.6 g 98% of (S)-2-(1-methylpropyl)naphthalene was obtained.

The aromatization of tetralin can also be completed by the following two methods. (a)
aromatization with TCQ. To a solution of 12.0 g TCQ (51.4 mmol) in 25 mL dry benzene,
was added at 80◦C 4.0 g (S)-1,2,3,4-tetrahydro-6-(1-methylpropyl)naphthalene (21.2 mmol)
dissolved in 15 mL dry benzene. After being refluxed for 4 h, the mixture was diluted with
water and extracted with pentane. The organic phase was washed with 30% NaOH and
water and dried over Na2SO4. The solvent was removed, and the crude product was distilled
to give 2.7 g of a 2.2:1 mixture of (S)-1,2,3,4-tetrahydro-6-(1-methylpropyl)naphthalene
and (S)-2-(1-methylpropyl)naphthalene. By GLC purification (2-m column, BDS; 140◦C),
0.43 g 98% pure (S)-2-(1-methylpropyl)naphthalene was obtained, b.p. 90◦C (0.8 mmHg).

(b) Aromatization with triphenylmethanol. A solution of 1.5 g (S)-1,2,3,4-tetrahydro-
6-(1-methylpropyl)naphthalene (8.0 mmol) and 4.6 g triphenylmethanol (17.7 mmol) in
20 mL trifluoroacetic acid was refluxed under nitrogen for 18 h. The reaction mixture was
cooled, diluted with ice water, and extracted with ether. The ethereal solution was washed
with 10% NaOH and water, and dried over Na2SO4. In the crude product, no trace of the
starting material was detected. After accurate distillation to remove the triphenylmethane,
0.6 g 99% pure (S)-2-(1-methylpropyl)naphthalene was obtained, in a yield of 40%.

Other references related to the Haworth synthesis are cited in the literature.9
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Hayashi Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hayashi in 1927.1 It is the rearrangement of substi-
tuted o-benzoylbenzoic acids in the presence of sulfuric acid or phosphorous pentoxide.
Therefore, it is referred to as the Hayashi rearrangement.2 Under normal conditions, the o-
benzoylbenzoic acid cyclizes to form anthraquinones in the presence of acylating reagents,
including sulfuric acid;2b however, when the aryl group is activated2b through conjugation
or hyperconjugation,2c 1,4-aryl migration involving an acyl carbonium ion occurs.2b It has
been found that the direction of carbonium center transfer is determined by sulfuric acid
concentration and reaction temperature.2a Catalysts such as trifluoroacetic acid, methane-
sulfonic acid, and PPA have no effect on this rearrangement.2a Similar reactions also occur
in other aromatic compounds, such as naphthalenes3 and benzhydryls.2b

B. GENERAL REACTION SCHEME

Me

OH

Cl

O CO2H

H2SO4

OH

Cl

O CO2H

Me
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction occurs in a limited number of cases as reported, and is good only for the
preparation of the reported derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O CO2H

OMe

MeO

H2SO4

O

MeO OMe

CO2H

90%

Reference 2c.
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2-(4′-Methoxybenzoyl)-4-methoxybenzoic acid (0.5 g) in 3 mL conc. H2SO4 was heated
at 65◦C for 6 h; then the mixture was cooled and diluted with ice and water. The reaction
mixture was made basic with NaOH, and any cyclized material was separated. The filtrate
was acidified to yield unchanged or rearranged keto acid. It was found that 0.5 g keto acid
was obtained, m.p. 170–172◦C; after crystallization from dilute alcohol, 0.45 g pure keto
acid was obtained, m.p. 173–175◦C.

Reference 2b.

8-Benzhydryl-1-naphthoic acid (0.50 g) was heated on a steam bath for 2 h with 16 mL
H2SO4 and 4 mL H2O (not all of the solid went into solution). The orange mixture was then
cooled and poured onto crushed ice; the precipitate was taken up in ether. After extraction
with 10% Na2CO3 solution, it was acidified with HCl to give 0.3 g starting material (60%
recovery). After the ether layer was washed and treated with petroleum ether (b.p. 60–70◦C),
the residue solid was recrystallized from CHCl3-petroleum ether to give 0.10 g colorless,
crystalline 1-phenylhydroxymethyl-8-benzoylnaphthanlene, m.p. 136.5–137◦C.

Other references related to the Hayashi rearrangement are cited in the literature.4
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Heck Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Heck in 1968.1 It is the palladium-catalyzed coupling
between an aryl (or vinyl) halide and an alkene without an allylic hydrogen. Accordingly,
this reaction is generally known as the Heck reaction.2 Occasionally, this reaction is also
referred to as the Heck arylation,3 Heck coupling,4 Heck ethylenation,5 Heck insertion,6

Heck olefination,7 and Heck vinylation.8 In addition, the intramolecular version of this
reaction to form cyclic olefin is called the Heck cyclization.9 Unfortunately, the terms
Heck-Mizoroki reaction,7 Mizoroki-Heck reaction,10 and Mizoroki-Heck arylation11 are
also used for this reaction, because people have mistakenly cited Mizoroki’s 1971 work12

and Heck’s 1972 paper.13 The Heck reaction is a powerful tool for constructing a C-C bond
in a single transformation employing a variety of aryl or vinyl halides and alkenes, which
tolerate almost any sensitive functionalities, including amino, hydroxy, aldehyde, ketone,
carboxy, ester, cyano, and nitro groups.14 The traditional Heck reaction uses 1–5 mol %
of a palladium catalyst along with a phosphine ligand (PPh3) in the presence of a suitable
base (soluble as Et3N or insoluble as K2CO3, Ag2CO3), which scavenges the generated
hydrogen halide in the β-elimination step of the catalytic cycle. Although it is known
that this reaction involves a Pd(0)/Pd(II) catalytic cycle, in which Pd(II) is reduced by a
phophsine to Pd(0), a few cases that involve the catalytic cycle of Pd(II)/Pd(IV) also exist
with some ligands.15 The palladium complex in the former case is known as a neutral
palladium complex, in which regiochemistry is controlled by steric effect; whereas in the
latter Pd(II)/Pd(IV) catalytic cycle, it is known as the cationic palladium complex, in which
regiochemistry is influenced by an electric effect and the cationic Pd complex increases the
polarization of the alkene in favor of the transfer of the vinyl or aryl group to the site of least
electron density. In addition, the Heck reaction catalyzed by a neutral palladium complex
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FIGURE 1. Possible Heck-tandem product under various conditions.

or cationic palladium complex can give different stereochemical outcomes.16 The reaction
mechanism is illustrated by a catalytic cycle, in which the palladium complex is reduced
to a Pd(0) complex with a 14-electron—that is the active species, which inserts into aryl
halide via oxidative addition—and the resulting palladium complex then adds to the C=C
bond of an alkene on the same face; the addition product then rotates to have the β-hydride
and the palladium in syn-coplanar geometry to undergo elimination and complete the cat-
alytic cycle. Reversible β-hydride elimination can lead to alkene isomerization, which is
minimized in the presence of silver salt.17 If the addition product does not (or cannot)
decompose via elimination, the tandem reaction occurs (Figure 1). Likewise, alkyl halides
having hydrogen at the β-position to halide atom are not suitable for the Heck reaction due
to the β-hydride elimination.2u,18 The palladium complex is so efficient in this reaction and
with high turnover number that only a small amount of palladium is required to complete the
coupling. For active aryl halide (aryl iodide), the concentration of the palladium complex
can be down to the ppm level;19 and in aqueous solution under microwave radiation, the
concentration of Pd can be even lowered to 500 ppb.4b The ligands suitable for this reaction
include triaryl phosphine,5 N,N-bis(2,6-diisopropyl-phenyl)dihydroimidazolium,10e N-
acyl-substituted dipyridyl,20 N-acyl-substituted dipyrimidylamines,21 Pfaltz ligand,2w,22

and ketopinic acid–based ligands.2w In addition, the palladium has been enclosed in silica10b

or NaY-zeolite23 as a heterogeneous catalyst or bound to a fluoros tail.11 Some representative
palladium complexes used for the Heck reaction are listed in Figure 2.

On the other hand, it is known that the combination of a phase transfer reagent (e.g.,
tetraalkylammonium salt) and an insoluble base can accelerate the reaction rate, which
lowers the reaction temperature.24

Besides the traditional coupling between alkenes and aryl (vinyl) halides, other func-
tionalized aryl derivatives can also couple with alkenes in the Heck reaction, including
aryl silanes,10c,10g,25 stannanes,26 bismuth,27 antimony,28 triflates,4a,9b,29 boric acid,30

phosphonic acid,31 carboxylic acid,32 and diazonium salt.33

Furthermore, the Heck reaction also takes place under some unconventional conditions,
such as superheated water (e.g., 260◦C),4e aqueous solution,6 ionic liquid,34 and even
without the presence of ligand .10b,23 On the other hand, some other transition metals also
catalyze the Heck reaction, such as cobalt,18 copper,34a and rhodium.10g

This reaction has been extensively reviewed.35
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FIGURE 2. Representative palladium catalysts and ligands in the Heck reaction. Numbers below the
respective structures refer to the corresponding citations.
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B. GENERAL REACTION SCHEME

X

R

R
+

Pd-catalyst

Ligand, base

X = I, Br, Cl, SiR3, SnR3, CO2H, P(O)(OH)2, B(OH)2, 
OTf, N2BF4, etc.

C. PROPOSED MECHANISMS

The mechanism of the Heck reaction catalyzed by a neutral palladium complex is
illustrated below.

D. MODIFICATION

This reaction has extensively been modified, including the modification of ligands and
the substitution of transition metals (Cu, Rh, Co).

E. APPLICATIONS

This reaction has wide applications in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Stille Coupling, Suzuki Coupling, Hiyama Coupling, and
Sonogashira Coupling.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 38.

Under an atmosphere of argon, a solution of 0.035 mmol PdCl2, 0.035 mmol N,N ′-
(1,1-cyclopentylidene-dimethylidyne)bis(2,6-bis-(1-methylethyl)benzenamine) in 3 mL
1-methyl-2-pyrrolidinone was stirred at 140◦C for 30 min. Then 1.0 mmol iodobenzene,
1.2 mmol methyl acrylate, and 1.4 mmol Et3N were added, and the mixture was stirred at
140◦C. After completion of coupling (2 h), 10 mL saturated NH4Cl solution was added, and
the mixture was extracted with CH2Cl2 (3 ×10 mL). The combined organic layers were
washed with 2 M HCl (5 × 10 mL), water (1 × 10 mL), and saturated NaCl solution
(2 × 10 mL), dried over Na2SO4, and filtered. The solvent was evaporated, and the
crude product was purified by flash chromatography to give 99% of methyl 2-trans-phenyl
acrylate.

Br

MeO
MeO

+
Pd, H2O, Bu4NBr, K2CO3

Microwave

90%

Reference 4b.

In a 10-mL glass tube were placed 187 mg 4-bromoanisole (0.125 mL, 1.0 mmol), 208 mg
styrene (0.230 mL, 2.0 mmol), 511 mg K2CO3 (3.7 mmol), 322 mg tetrabutylammonium
bromide (1.0 mmol), 0.4 mL palladium stock solution (a 1000 ppm solution in water), and
1.6 mL water to give a total volume of water to 2 mL and a total palladium concentration
of 200 ppm. The vessel was sealed with a septum, shaken and placed into the microwave
cavity. Initial microwave irradiation of 70 W was used, the temperature being ramped
from room temperature to the desired temperature of 170◦C. Once this was reached, the
reaction mixture was held at this temperature for 10 min. After allowing the mixture to
cool to room temperature, the reaction vessel was opened, and the contents were poured
into a separating funnel. Water (30 mL) and 30 mL EtOAc were added, and the organic
material was extracted and removed. After further extraction of the aqueous layer with
EtOAc, combining the organic washings and drying them over MgSO4, the ethyl acetate
was removed in vacuo to give a crude product that was purified via chromatography, in a
yield of 90%.

Other references related to the Heck reaction are cited in the literature.39
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Hegedus Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

The Hegedus indole synthesis,1 also known as the Hegedus reaction,1b,1d Hegedus-Mori-
Heck indole synthesis,1b,2 and Hegedus-Mori-Heck reaction,1b,3 in general contains at least
two types of reactions for indole derivatives. They are the palladium (II) complex–catalyzed
oxidative N-heterocyclization of o-allylaniline (developed in 1976)4 or o-aminostyrenes
(reported in 1978)5 and the palladium-catalyzed intramolecular cyclization of o-halo N-
allylaniline (reported in 1980);6 the latter preparation is also referred to as the Hegedus
cyclization.7

A simple procedure for the Hegedus indole synthesis would be as follows: the addition of
o-allylaniline to the THF solution of PdCl2(CH3CN)2 affords a yellow-brown precipitate,
which dissolves again on addition of triethylamine; the resulting cherry red solution starts
to deposit metallic palladium. After the completion of palladium deposition, the solution is
filtered, and the filtrate is concentrated to give 2-methylindole, which may be contaminated
with a small amount of Et3N·HCl.4 It is apparent that stoichiometric amounts of palladium
dichloride are needed for this reaction,8 which is reduced to metallic palladium. However,
the Hegedus indole synthesis can be performed catalytically in the presence of an oxidant,
which can convert Pd(0) to Pd(II). It has been found that benzoquinone is the oxidant
of choice to reoxidize Pd(0) to Pd(II),5 and in some cases, higher yields of indoles are
obtained under catalytic conditions than those using a stoichiometric amount of catalyst.8

In this reaction Pd(OAc)2 and lithium chloropalladate are not effective catalysts.8

The Hegedus indole synthesis is not only compatible with a wide range of functional
groups on the aromatic ring but is also tolerable for the alkyl groups at the 2 or 3 position
of the allyl side chain.4 Other features of this reaction include (a) general accessibility
for the intramolecular amination of mono-olefin from primary amines and weakly basic
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amines, such as aniline; (b) unnecessary removal of amine to form the olefin-palladium
complex; and (c) intramolecular amination of cyclohexene and 2-methylbutene moiety.4

All these reactions are generally unfeasible under other reaction conditions, and the failure
for the amination of mono-olefin from primary amines is probably due to the strong linkage
between nitrogen and palladium that eliminates the amine as an effective nucleophile.1c In
addition, the reaction is not restricted to nitrogen nucleophiles; it works for oxygen nucle-
ophiles as well. As an example, treatment of o-allylbenzoic acid with PdCl2 and Na2CO3
in THF affords 3-methylisocoumarin in good yield.4 Although p-toluenesulfonamides are
not considered good nucleophiles, they are effective for the attack on Pd(II)-coordinated
olefins. Indeed, the N-tosyl o-allylanilines cyclize much faster and more efficiently to give
N-tosylindole derivatives.9

On the other hand, for the preparation of an indole from o-halo N-allylaniline, the iodo
aromatics usually give good yields of indole in the presence of Pd(OAc)2 and Et3N in
CH3CN at 110◦C for 72 h. However, due to the deactivation of the palladium catalyst, it is
necessary to add fresh catalyst periodically.6 For instance, during 72 h of reaction, better
results are obtained by adding one third of the catalyst each day than the reactions using
same amount of catalyst in one portion. However, for the less reactive bromo aromatics,
2 equivalents of tris(o-tolyl)phosphine per Pd is necessary for an acceptable yield.6

B. GENERAL REACTION SCHEME

NHR1

R2

PdCl2(CH3CN)2

N

R1

Me

R2

N
H

X
Pd(OAc)2

N
H

NH2

PdCl2(CH3CN)2

N
H

R1 = H, Me, Ac, Ts
R2 = H, 5-Me, 5-CO2Et, 6-OMe, etc.

Et3N, CH3CN, ∆

X = I, Br
When X = Br, 2 eq. P(o-Tolyl)3 required

Benzoquinone
LiCl, THF, ∆

Benzoquinone
LiCl, THF, ∆

C. PROPOSED MECHANISMS

The formation of indole from o-allylaniline with PdCl2 is believed to involve the for-
mation of palladium complex in which both the amino group and the olefinic moiety are
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coordinated in a chelating fashion. Subsequently added triethylamine displaces the basic aro-
matic amine to form another complex in which the aromatic amine obtains a trans-geometry
required for the amination of coordinated olefin. Attacking the coordinated olefin by the
aromatic amines gives a σ-alkylpalladium complex, which upon elimination of HCl and
β-elimination of “Pd-H”, undergoes the spontaneous rearrangement to 2-methylindole via
a [1,3]-H shift.4,8 An illustrative scheme of the reaction course is provided below.

D. MODIFICATION

This reaction has been extended to form 3-methylindole in higher yields and under
milder conditions without using a phosphine ligand.10 In addition, the cyclization of o-
halo-N-allylanilines has been performed in a homogeneous water/CH3CN medium in the
presence of a water soluble tris(3-sulfonatophenyl)phosphine sodium salt (TPPTS) ligand,11

and in supercritical CO2 in the presence of Pd(OAc)2 and a fluorinated phosphine ligand,
e.g., phenyl bis(2-perfluorohexyl)-ethylphosphine.12

E. APPLICATIONS

The cyclization of o-halo N-allylaniline has been applied to the preparation of
cycloprop[c]indol-5-ones,7 indole-3-acetic acids and hetero analogs,13 indole-3-pyruvic
acid oxime ether,14 5-(sulfamoylmethyl)indoles,15 the anti-migraine agent CP-122,288,16

and the protected A-unit of CC-1065.17 In addition, the cyclization of o-vinylaniline
has been applied to o-vinyl-N-tosylanilines,9,18o-vinylacetanilides,19 and o-vinyl-N-
alkylanilines.20

F. RELATED REACTIONS

This reaction is related to the Larock Indole Synthesis, and mechanistically is relevant
to the Wacker Oxidation.
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G. CITED EXPERIMENTAL EXAMPLES

N
H

I

CO2Me

N
H

CO2Me

Pd(PPh3)2Cl2, Bu4NCl, Et3N

DMF-H2O (9:1), 80°C
80%

Reference 21.

To a 2 mL DMF-H2O solution (9:1) containing 22 mg 4-[(2-iodophenyl)amino]but-
2-enoic acid methyl ester (0.069 mmol), 29 mg tetrabutylammonium chloride
(0.10 mmol), and 40 mg triethylamine (0.40 mmol) was added 5.0 mg bis(triphenyl-
phosphine)palladium(II) chloride (0.007 mmol). The resulting mixture was stirred under
nitrogen at 80◦C for 2 days; the volatiles were then removed under vacuum. The residue
was separated by preparative TLC using hexane/EtOAc (2:1) as the eluent to afford 10.5 mg
indole-3-acetic acid methyl ester as a colorless viscous solid, in a yield of 80%. (Note: The
yield has been given as 20% in reaction scheme but 80% in the experimental section.)

Reference 9.

A mixture of 0.606 g crude 3-bromo-2-ethenylaniline (3.06 mmol), 0.496 g
p-benzoquinone (4.59 mmol), 0.616 g LiCl (15.0 mmol), 39 mg PdCl2(CH3CN)2
(0.15 mmol), and 15 mL THF was purged with argon and then heated in a sealed tube
at 100◦C for 22 h. After cooling to room temperature, the solvent was removed in vacuo.
The residue was chromatographed on silica gel by using hexanes as eluent to afford 0.277 g
4-bromoindole as a yellow oil, in a yield of 46.3%.

Other references related to the Hegedus indole synthesis are cited in the literature.22
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Helferich Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Helferich and Schmitz-Hillebrecht in 1933.1 It is the
direct synthesis of acetylated phenyl glycosides from the fusion of monosaccharide pentaac-
etate and phenol in the presence of an acidic catalyst. Therefore, this reaction is known as
the Helferich condensation,2 Helferich and Schmitz-Hillebrecht fusion,3 or Helferich and
Schmitz-Hillebrecht synthesis.4 In the presence of fused ZnCl2, the α-anomer is produced
from the condensation, whereas in the presence of p-toluenesulfuric acid, the β-anomer is
formed.1 This reaction has been improved by carrying out the condensation under vacuum
where released acetic acid is removed immediately from the reaction system;5 however, in
the presence of acetic acid and acetic anhydride, even higher yields are obtainable compared
to the original procedure.6 It should be pointed out that this reaction is not suitable for the
less common or harder to obtain phenols, such as tetrahydrocannabinol; in such cases, a
high yield of glycosylation occurs in benzene solution in the presence of moist phosphorus
oxychloride.7

B. GENERAL REACTION SCHEME

O

AcO
AcO AcO

OAc

AcO OH

TsOH

O

AcO
AcO AcO OPh

AcO

O

AcO
AcO AcO

OPh

AcO

ZnCl2
+
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C. PROPOSED MECHANISMS

Although no mechanistic study is reported about this reaction, it is possible that ZnCl2
chelates with the oxygen from the carbohydrate ring and 1-acetyl group, favoring the attack
of phenol from the bottom of the carbohydrate ring and resulting in a phenyl α-glycoside.
In the presence of TsOH, the 1-acetyl group directly evolves from the ring, giving a cation
associated with tosylate. When coupling with phenol, the hydrogen bond between the phenol
and the sulfonic group favors the geometry to give phenol β-glycoside. The said mechanism
is illustrated here.

D. MODIFICATION

This reaction has been modified to take place under vacuum to remove acetic acid,5 or
in the presence of acetic acid and acetic anhydride.6 Furthermore, phosphorus oxychloride
is used to condense the carbohydrate with difficultly attainable phenols.7

E. APPLICATIONS

This reaction has been used to prepare aryl glycosides.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O
AcO

OAc

OAc

OAc

OAc

OAc

OH O
AcO

OAc

OAc

O

OAc

OAc+
ZnCl2, ∆

AcOH/Ac2O
Vacuum

84%

Reference 8.

A mixture of 4.0 g sedoheptulose hexaacetate, 8.0 g phenol, 2.0 g fused zinc chloride,
7.2 mL acetic acid, and 0.8 mL acetic anhydride was warmed until homogeneous and then
heated in vacuo (water pump) for 2 h at 75–80◦C. The residue was dissolved in 125 mL
CHCl3, and the extract was washed with water, twice with 3% aqueous NaOH and water.
The washed extract was dried over Na2SO4, filtered through decolorizing carbon, and
concentrated in a current of air. The crystalline residue was filtered and washed with pentane
to yield 3.6 g phenyl α-d-altro-heptulopyranoside pentaacetate, in a yield of 84%. After
two recrystallizations from aqueous acetone, the clusters of prismatic needles melted at
148–150◦C.

O

AcO
AcO AcO OAc

AcO OH
ZnCl2

O

AcO
AcO AcO OPh

AcO O

AcO
AcO AcO

OPh
AcO

+
AcOH/Ac2O, ∆

64%

+

26%

Reference 6.

To a melt mass in a Claisen distilling flask from 25 g α-pentaacetylglucose (0.064 mol)
and 24 g phenol (0.255 mol) was added 6.3 g fused ZnCl2 dissolved in 20 mL of a 95:5
AcOH/Ac2O mixture. This homogeneous reaction mixture was heated in a bath at 120–
125◦C for 2 h. The acetic acid formed in the reaction, as well as that added with the
zinc chloride, was removed by evacuating the flask with a water pump during the heat-
ing. The resulting red syrup was dissolved in 300 mL ethylene dichloride, and the zinc
chloride and phenol were removed by washing with water and aqueous sodium hydrox-
ide, respectively. The solution was dried with granular calcium chloride, concentrated in
vacuo,and the product crystallized at 0◦C from 150 mL ethanol. A dense mass of isomeric
acetates was obtained, with a total yield of 92%. Separation of the α-form was effected
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by allowing this mixture to crystallize slowly from 350 mL ethanol. After four recrystal-
lizations, pure crystalline tetraacetyl-α-phenyl-d-glucoside, was isolated as shining needles
with a total yield of 64%, m.p. 115◦C. From the mother liquor was obtained the anomeric
tetraacetyl-β-phenyl-d-glucoside in a yield of 26%.

Other references related the Helferich condensation are cited in the literature.9
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8. Zissis, E. and Richtmyer, N. K., J. Org. Chem., 1965, 30, 462.
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Carbohydr. Res., 1972, 21, 45. (f) Gasman, R. C. and Johnson, D. C., J. Org. Chem., 1966, 31,
1830. (g) Conchie, J. and Levvy, G. A., Methods Carbohydr. Chem., 1963, 2, 345. (h) Bollenback,
G. N.; Long, J. W.; Benjamin, D. G. and Lindquist, J. A., J. Am. Chem. Soc., 1955, 77, 3310.
(i) Jermyn, M. A., Aust. J. Chem., 1955, 8, 403. (j) Jermyn, M. A., Aust. J. Chem., 1954, 7, 202.
(k) Dyfverman, A. and Lindberg, B., Acta Chem. Scand., 1950, 4, 878. (l) Hurd, C. D. and Zelinski,
R. P., J. Am. Chem. Soc., 1947, 69, 243. (m) Hurd, C. D. and Bonner, W. A., J. Org. Chem., 1945,
10, 603. (n) Montgomery, E. M.; Richtmyer, N. K. and Hudson, C. S., J. Am. Chem. Soc., 1943,
65, 1848. (o) Bambry, T. H. and Powell, G., J. Am. Chem. Soc., 1942, 64, 2419. (p) Williams, R.
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E. and Tyray, E., Ber., 1939, 72B, 2089. (s) Richtmyer, N. K., J. Am. Chem. Soc., 1934, 56, 1633.
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Helferich Glycosylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Helferich and Weiss in 1956.1 It is the synthesis
of O-glycosides from protected glycosyl bromide and alcohol (or another carbohydrate)
in the presence of mercuric cyanide. Therefore, it is generally known as the Helferich
glycosylation.2 Occasionally, it is also referred to as the Helferich condition.3 This reaction
is especially suitable for the glycosylation of hindered secondary alcohols of allocyathin.4

According to the anomeric effect, glycosyl bromide is primarily an α-anomer, so that the
resulting glycoside is a β-glycoside2a,2b,4b via a SN2 mechanism.

B. GENERAL REACTION SCHEME

O

AcO
AcO AcO Br

AcO

ROH
Hg(CN)2 O

AcO
AcO AcO

OR

AcO

+

C. PROPOSED MECHANISMS

Part of the mechanism is illustrated here, in which mercuric cyanide coordinates with
a bromine atom from glycosyl bromide and polarizes the carbon-bromide bond, then SN2
substitution occurs leading to the formation of β-glycoside and releasing HgCNBr, which
might enter the glycosylation again.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the formation of glycosides.

F. RELATED REACTIONS

This reaction is related to the Koenigs-Knorr Glycosylation.

G. CITED EXPERIMENTAL EXAMPLES

O

O

OR

HO

OH

O

O
OH

OMe

OH

O

OAc

AcO

Br
AcO

OAc
Hg(CN)2

O

O

OR

HO

OH

O

O
O

OMe

OH

OAc
OAcO

OAc

AcO

*

*
+

MeNO2/toluene

*

*

92%

Reference 2d.
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Silybin, dried by azeotropic distillation with toluene to remove crystal-bound water,
(5.3 g, 11.0 mmol) was dissolved in a total of 450 mL mixed solvent of nitromethane
and toluene (v/v = 14 : 11), from which 10–20 mL was distilled off using the Distler
apparatus to remove traces of water. The mixture was stirred at 60◦C under nitrogen and
2.8 g Hg(CN)2 (11.0 mmol) was added. When all catalyst was dissolved, a solution of 5.2 g
2,3,4,6-tetra-O-acetyl-α-d-galactopyranosyl bromide (12.5 mmol) in a minimal amount
of the solvent mixture was added, and stirring the mixture at 60◦C was continued for
20 h. Then 2.1 g tetraacetyl-α-bromo-galactose (5 mmol) and 0.76 g Hg(CN)2 (3 mmol)
were added. The addition of 1.0 g carbohydrate and 0.25 g Hg(CN)2 was repeated after
another 20 h and the reaction was terminated after a total of 50 h. The mixture was evaporated
to one fifth its original volume and cooled, and the bulk of precipitated Hg(CN)2 was
filtered off. The rest of the mercury was removed by extraction with 3% aqueous KI (3 ×
100 mL). The organic phase was dried over Na2SO4. The crude mixture of per-acetylated
silybin glycosides was separated from any unchanged silybin and glycosyl donor by flash
chromatography on silica gel (toluene/dichloromethane/MeOH, 1:10:0.8). Final purification
and separation of the per-acetylglycosides of two silybin diastereoisomers was achieved by
medium-pressure liquid chromatography on a prepacked Lobar column (silica gel, size C)
by the solvent mixture of toluene/HCO2H/AcOH (40:0.7:0.7; 9.9 mL/min) with a linear
acetone gradient of 12–20% (v/v). Before evaporation, pooled fractions were neutralized
by successive washings with water, saturated aqueous NaHCO3, and brine. The yield of
crude silybin 23-O-β-d-2,3,4,6-tetraacetylgalactopyranoside was 8.3 g (92%).

Reference 2b.

A solution of 1.67 g allyl 2-acetamido-4,6-O-benzylidene-2-deoxy-α-d-galacto-
pyranoside (4.78 mmol) in 60 mL nitromethane/benzene mixture (v/v = 1:1) was stirred
for a couple of hours at room temperature. To ensure dryness, the solution was concen-
trated under reduced pressure. This process was repeated three times by adding the same
volume of solvent and then concentrated until one half the volume remained. The tem-
perature was adjusted to 25◦C and 4.70 g 2,3,4,6-tetra-O-benzoyl-α-d-galactopyranosyl
bromide (7.13 mmol) and 1.80 g Hg(CN)2 (7.13 mmol) were added successively at N2
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atmosphere. The resulting solution was stirred at room temperature for 18 h. The solvent
was removed under vacuum. The residue was dissolved in 40 mL CHCl3 and then filtered
through a Celite pad. The filtrate was successively washed with 10% aqueous KI, saturated
NaHCO3, and distilled water, and then was dried over Na2SO4. After concentration, the
residue was purified by silica gel column chromatography (benzene/EtOAc = 15:1) to
give 4.31 g allyl (2,3,4,6-tetra-O-benzoyl-β-d-galactopyranosyl)-(1→3)-2-acetamido-4,6-
O-benzylidene-2-deoxy-α-d-galactopyranoside as a white foamy solid, in a yield of 98%,
m.p. 109.7–111.0◦C, Rf = 0.59 (benzene/EtOAc,1:2).

Other references related to the Helferich glycosylation are cited in the literature.5
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2000, 28, 1513. (d) Kren, V.; Kubisch, J.; Sedmera, P.; Halada, P.; Prikrylova, V.; Jegorov, A.;
Cvak, L.; Gebhardt, R.; Ulrichova, J. and Simanek, V., J. Chem. Soc., Perkin Trans. I, 1997, 2467.
(e) Leigh, D. A.; Smart, J. P. and Truscello, A. M., Carbohydr. Res., 1995, 276, 417. (f) Polt,
R.; Szabo, L.; Treiberg, J.; Li, Y. S. and Hruby, V. J., J. Am. Chem. Soc., 1992, 114, 10249.
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4. (a) Snider, B. B.; Vo, N. H. and O’Neil, S. V., J. Org. Chem., 1998, 63, 4732. (b) Snider, B. B.;
Vo, N. H.; O’Neil, S. V. and Foxman, B. M., J. Am. Chem. Soc., 1996, 118, 7644.

5. (a) Aich, U. and Loganathan, D., Carbohydr. Res., 2007, 342, 704. (b) Chauvin, A.-L.;
Nepogodiev, S. A. and Field, R. A., Carbohydr. Res., 2004, 339, 21. (c) Ress, D. K. and Linhardt,
R. J., Curr. Org. Synth., 2004, 1, 31. (d) Sokolov, V. M.; Zakharov, V. I. and Studentsov, E. P.,
Russ. J. Gen. Chem., 2002, 72, 806. (e) Witkowski, S. and Walejko, P., Zeitsch. Naturforsch., B:
Chem. Sci., 2001, 56, 411. (f) Backinowsky, L. V.; Abronina, P. L.; Nepogodiev, S. A.; Grachev,
A. A. and Kochetkov, N. K., Russ. Chem. Bull., 1998, 47, 1589. (g) Roy, R.; Page, D.; Perez, S. F.
and Bencomo, V. V., Glycoconjugate J., 1998, 15, 251. (h) Khatuntseva, E. A.; Sherman, A. A.;
Shashkov, A. S.; Dabrowski, J. and Nifant’ev, N. E., Bioorg. Khim., 1997, 23, 228. (i) Vogel, C.;
Steffan, W.; Boye, H.; Kristen, H.; Betaneli, V. I.; Ott, A. Y. and Kochetkov, N. K., Carbohydr.
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Chemie, 1991, 509. (k) Smith, A. B.; Rivero, R. A.; Hale, K. J. and Vaccaro, H. A., J. Am. Chem.
Soc., 1991, 113, 2092. (l) Ojika, M.; Wakamatsu, K.; Niwa, H. and Yamada, K., Tetrahedron,
1987, 43, 5275. (m) Betaneli, V. I.; Backinowsky, L. V.; Byramova, N. E.; Ovchinnikov, M. V.;
Litvak, M. M. and Kochetkov, N. K., Carbohydr. Res., 1983, 113, C1. (n) Winnik, F. M.; Brisson,
J.-R.; Carver, J. P. and Krepinsky, J. J., Carbohydr. Res., 1982, 103, 15. (o) Ekborg, G.; Sone,
Y. and Glaudemans, C. P. J., Carbohydr. Res., 1982, 110, 55. (p) Eklind, K.; Garegg, P. J. and
Gotthammar, B., Acta Chem. Scand., Ser. B., 1976, B30, 300. (q) Ekborg, G.; Garegg, P. J. and
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Hell-Volhard-Zelinsky

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hell in 18811 and subsequently extended by Volhard2

and Zelinsky3 in 1887. It is the synthesis of α-bromocarboxylic acid by treatment of aliphatic
acid containing at least one α-hydrogen with bromine in the presence of a catalytic amount
of phosphorus or phosphorus tribromide. Therefore, this reaction is generally known as
the Hell-Volhard-Zelinsky reaction4 or simply referred to as the Zelinsky reaction.5 Even
though the same procedure can be applied to the chlorination of carboxylic acid6—the reac-
tion known as the Hell-Volhard-Zelinsky chlorination7—appreciable amounts of carboxylic
acids with chlorine atom at various positions rather than the α-position are also produced.8

Therefore, the Hell-Volhard-Zelinsky reaction is primarily good for the bromination, that
occurs smoothly even for the carboxylic acid with an alkyl substituent at the α-position;9 in
addition, phosphorous trichloride and thionyl chloride have also been used to catalyze the
bromination of aliphatic acid.10 However, it should be pointed out that thionyl chloride is
usually used to convert carboxylic acid into acyl chloride, so the formation of acyl chloride
can be combined with the bromination by performing the bromination in thionyl chloride.11

Although a few mechanisms have been proposed for this bromination, the majority of exper-
imental evidence supports the formation of an enol8,12 instead of a ketene6,7 intermediate,
which is analogous to the acid-catalyzed halogenation of ketones.12a It is interesting that the
bromination of levulinic acid with one equivalent of bromine in the presence of 1.6 mol%
phosphorus gives rise to 3,5-dibromolevulinic acid as the major product.13 This reaction
is synthetically useful because the α-halogen can easily be replaced by other functional
groups, such as CN, and the resulting α-cyano carboxylic acid yields malonic ester in the
presence of aqueous acid and ethanol.
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The general reaction mechanism of chlorination outlined by Little et al.6 is given in
Scheme 1, followed by an alternative mechanism proposed in this book (Scheme 2).

SCHEME 1. Reaction mechanism involving a ketene intermediate.

SCHEME 2. Bromination mechanism involving an enol intermediate.

D. MODIFICATION

N/A
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E. APPLICATIONS

This reaction has been used to prepare α-halo aliphatic acids.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

COOH COOH

BrBr2

PCl3
+

78%

Reference 14.

A mixture of 49.2 g norbornane-2-endocarboxylic acid (0.35 mol), 63.8 g bromine
(0.4 mol), and 1.5 mL phosphorus trichloride was heated on a steam bath at 80–90◦C for
7.5 h. After being cooled, the mixture was taken up in Et2O. The ether solution was washed
with NaHSO3 and then several times with water, and finally dried over MgSO4. Upon
removal of solvent, 60.4 g α-bromo-norbornane-2-endocarboxylic acid was obtained as a
yellow crystalline solid, in a yield of 78%. The solid, after being washed with petroleum
ether and decolorized with Norite, recrystallized from benzene or nitroethane with a melting
point of 151◦C.

O

OH
Br2

P4

O

OH

Br

+

92%

Reference 15.

To a 1-L three-necked flask equipped with a stirrer, dropping funnel, and condenser
protected with a calcium chloride tube were added 100 g palmitic acid (0.39 mol) and 5.0 g
red phosphorus. The acid was melted on a water bath at 70◦C, and 50 mL dry bromine
(0.975 mol) was dropped in over 8 h with continuous stirring, then heated and stirred for
an additional 4 h, at which time the evolution of HBr ceased. The clear, dark red reaction
mixture was heated on a boiling water bath for 30 min until all the excess bromine had been
removed, giving a clear straw-colored oil. Then the hot product was poured into 2 L water
and allowed to stand overnight. The hydrolyzed acid was washed several times with water,
and finally was heated in water with stirring. The cooled gel was taken up in 500 mL ether.
The ether solution was washed until the washings were neutral to litmus and was dried over
Na2SO4. Upon removal of ether, 121.0 g α-bromo palmitic acid was obtained, in a yield of
92%. After recrystallization from petroleum ether with Norite and finally from ethanol, the
product had a melting point of 52.3–52.5◦C.

Other references related to the Hell-Volhard-Zelinsky reaction are cited in the literature.16



1374 HELL-VOLHARD-ZELINSKY REACTION

H. REFERENCES

1. Hell, C., Ber., 1881, 14, 891.

2. Volhard, J., Ann., 1887, 242, 141.

3. Zelinsky, N., Ber., 1887, 20, 2026.

4. (a) Chatterjee, N. R., Indian J. Chem., Sect. B, 1978, 16B, 730. (b) Turner, J. A. and Kubler, D.
G., Furman Univ. Bull., Furman Studies, 1965, 12, 45.

5. Mrachkovskaya, L. B.; Anisimova, O. S.; Turchin, K. F. and Yakhontov, L. N., Zh. Org. Khim.,
1976, 12, 914.

6. Little, J. C.; Tong, Y.-L. C. and Heeschen, J. P., J. Am. Chem. Soc., 1969, 91, 7090.

7. Little, J. C.; Sexton, A. R.; Tong, Y.-L. C. and Zurawic, T. E., J. Am. Chem. Soc., 1969, 91, 7098.

8. (a) Harpp, D. N.; Bao, L. Q.; Black, C. J.; Gleason, J. G. and Smith, R. A., J. Org. Chem., 1975,
40, 3420. (b) Rodin, R. L. and Gershon, H., J. Org. Chem., 1973, 38, 3919.

9. Gensler, W. J., Chem. Rev., 1957, 57, 191.

10. Cheronis, N. D. and Spitzmueller, K. H., J. Org. Chem., 1941, 6, 349.

11. Schwenk, E. and Papa, D., J. Am. Chem. Soc., 1948, 70, 3626.

12. (a) Kwart, H. and Scalzi, F. V., J. Am. Chem. Soc., 1964, 86, 5496. (b) Sontag, N. O., Chem. Rev.,
1953, 52, 358. (c) Watson, H. B., Chem. Rev., 1930, 7, 173.

13. Hurd, C. D. and Ferraro, J. R., J. Org. Chem., 1951, 16, 1639.

14. Kwart, H. and Null, G., J. Am. Chem. Soc., 1959, 81, 2765.

15. Sweet, R. S. and Estes, F. L., J. Org. Chem., 1956, 21, 1426.

16. (a) Liu, H.-J. and Luo, W., Synth. Commun., 1991, 21, 2097. (b) Itoh, K.; Kori, M.; Inada, Y.;
Nishikawa, K.; Kawamatsu, Y. and Sugihara, H.,Chem. Pharm. Bull., 1986, 34, 2078. (c) Febres,
A.; Layrisse, I.; Marquez M., H.; Bentolila, J.; De Marcano, D. and Marquez, C., Revista Tecnica
INTEVEP, 1985, 5, 53. (d) Crawford, R. J., J. Org. Chem., 1983, 48, 1364. (e) Lange, G. L. and
Otulakowski, J. A., J. Org. Chem., 1982, 47, 5093. (f) Ogata, Y. and Sugimoto, T., J. Org. Chem.,
1978, 43, 3684. (g) Prasad, K. and Thakur, M. M., J. Indian Chem. Soc., 1978, 55, 722. (h)
Ogata, Y.; Harada, T.; Matsuyama, K. and Ikejiri, T., J. Org. Chem., 1975, 40, 2960. (i) Chow, A.
W.; Jakas, D. R. and Hoover, J. R. E., Tetrahedron Lett., 1966, 5427. (j) Kempter, G. and Moser,
G., J. Prakt. Chem., 1966, 34, 104. (k) Vaughan, W. R.; Caple, R.; Csapilla, J. and Scheiner, P.,
J. Am. Chem. Soc., 1965, 87, 2204. (l) Harwood, H. J., Chem. Rev., 1962, 62, 102. (m) Sonntag,
N. O. V., Chem. Rev., 1953, 52, 237. (n) Nelson, N. K. and Morris, H. H., J. Am. Chem. Soc.,
1953, 75, 3337. (o) Cason, J.; Allinger, N. L. and Williams, D. E., J. Org. Chem., 1953, 18, 842.
(p) Dziewiatkowski, D. D. and Lewis, H. B., J. Biol. Chem., 1945, 158, 77. (q) Marvel, C. S.,
Org. Synth., 1941, 21, 74.



306
Hemetsberger Indole

Synthesis
(Hemetsberger Reaction,

Hemetsberger-Knittel Indole
Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hemetsberger and Knittel et al in 1969.1 It is the
synthesis of indole-2-carboxylic esters via the thermal decomposition of 3-aryl-2-azido-
propenoic esters. Although this reaction has not been explored extensively due to the
instability and difficult accessibility of the starting material, it has been given a vari-
ety of names, including the Hemetsberger azide pyrolysis,2 Hemetsberger cyclization,3

Hemetsberger reaction,2−4 Hemetsberger rearrangement,5 Hemetsberger-Rees styryl azide
thermolysis,6 Hemetsberger indole synthesis,7 Hemetsberger-Knittel indole synthesis,8

Hemetsberger-Knittel reaction,9 and Hemetsberger synthesis.7c,10

In this reaction, the starting materials are usually prepared by the Claisen-Schmidt
Condensation11 between aromatic aldehydes and methyl azidoacetate; for example,
upon treatment with 4 eq. ethyl azidoacetate and sodium methoxide in methanol, the
corresponding azidocinnamic ester was prepared from 2-O-(1′-methyl)hexyl-5-bromo 2-
hydroxylbenzaldehyde.3 On the other hand, the thermal decomposition is usually carried
out in refluxing xylene,3,4a,4c,4d,7a yielding indole derivatives of highly regiospecificity.4d
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B. GENERAL REACTION SCHEME

CO2R

N3 N
H

CO2R
Xylene, ∆

R = Me, Et, etc.

C. PROPOSED MECHANISMS

Although the mechanism of Hemetsberger indole synthesis is not quite clear, the reaction
is postulated to proceed via a highly electrophilic singlet nitrene species,11 which then
inserts into an aromatic ring to form the indole derivatives. In addition, 2H-azirines are also
proposed as the intermediates for this reaction,7b arising from the insertion of nitrene to the
adjacent double bond. A tentative mechanism is given below.

D. MODIFICATION

This reaction has been extended to the synthesis of thiophene4b and pyridine7a fused
pyrrole derivatives.

E. APPLICATIONS

This reaction has been successfully used for the synthesis of a number of indole
alkaloids.3,9b,12

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 4b.

To a 0.15 M NaOEt (4 eq.) solution in ethanol at 0◦C was added dropwise a solution of
1 eq. 3-formylthiophene and 4 eq. ethyl azidoacetate. The resulting mixture was stirred at
0◦C for 1 h and at room temperature for an additional 1 h; then it was poured into a saturated
NH4Cl solution. The product was extracted with ether, and the combined organic layers
were dried over Na2SO4 and concentrated in vacuo. The residue was purified by silica gel
column chromatography to provide ethyl α-azido-β-(3-thiophenyl) acrylate.

A 100-mL toluene solution of acrylate (0.2 M, 20 mmol) was heated at 145◦C for 60 min
and then cooled to room temperature. After evaporation of the solvent, the residue was
purified by column chromatography to afford 1.2 g 6H-thieno[2,3-b]pyrrole-5-carboxylic
acid ethyl ester as a white solid, in a yield of 31% for two steps, Rf = 0.5 (EtOAc/hexanes,
1:4).

N

OMe

CHO N3CH2CO2Et

N

OMe

CO2Et

N3
N

OMe

N
H

CO2EtNaOEt/EtOH
–15°C

o-Xylene, ∆

61% 67%

Reference 7a.

A mixture of 4.15 g ethyl azidoacetate (32 mmol) and 1.1 g 3-formyl-4-methoxypyridine
(8.02 mmol) in 50 mL anhydrous EtOH was added dropwise under nitrogen at –15◦C to a
30 mL well-stirred solution containing 0.74 g Na (32.1 mmol). The mixture was stirred at
–15◦C for 72 h and poured into 50 mL 30% NH4Cl aqueous solution. The separated solid was
washed with H2O, air-dried, and recrystallized from EtOAc/n-hexane (1:1) to give 1.21 g
ethyl α-azido-β-(4-methoxypyrid-3-yl)-acrylate as colorless needles, in a yield of 61%,
m.p. 106–108◦C.

A stirred solution of 1.0 g ethyl α-azido-β-(4-methoxypyrid-3-yl)-acrylate (4.03 mmol)
in 140 mL dry o-xylene was heated in a molten salts bath at 170◦C for 25 min. After being
cooled at −10◦C, the precipitated white solid was collected by filtration, washed with Et2O,
and recrystallized from CH2Cl2 to give 0.59 g 2-ethoxycarbonyl-4-methoxypyrrolo-[2,3-
b]pyridine as white needles, in a yield of 67%, m.p. 216–217◦C.

Other references related to the Hemetsberger indole synthesis are cited in the literature.13
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Henkel Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Raecke from Henkel et Cie in 1952.1 It is a thermal rear-
rangement or disproportionation of alkaline salts of aromatic acids to symmetrical diacids
in the presence of a metallic salt and carbon dioxide. Therefore, it is generally known as
the Henkel reaction.2 Occasionally, it is also referred to as the Raecke process2j or Henkel
process.2b,2i,3 For this reaction, the alkaline salts of benzoic acids, including potassium,
rubidium, and cesium benzoates, give satisfactory yields,2i,2j whereas sodium benzoate
and lithium benzoate react at even higher temperatures and give much lower yields.2b,2j It
should be pointed out that the disproportionated symmetrical diacids are the major products
but not the sole products in this reaction; other possible products from the Henkel reaction
of potassium benzoate include diphenylmethane, benzophenone, triphenylmethane, and 9-
phenylfluorene.2a Although the alkaline earth metal salts of benzoic acid also pyrolyze at
high temperatures, they might give different products. For example, the pyrolysis of cal-
cium benzoate proceeds via an anionic mechanism to form benzene and benzophenone as
the major products without formation of any calcium phthalate; in addition, even the for-
mation of diphenylmethane, benzophenone, etc. was slowed down considerably.2a It has
been reported that this reaction can be catalyzed by a cadmium2a,2j or zinc salt.4 Under the
high pressure of carbon dioxide, the yield is improved; in contrast, lowering the pressure
of CO2 or under high pressures of nitrogen, the yield is lowered as well.2b In addition,
other gas components such as hydrogen, water, and oxygen are toxic to this reaction.2j

The alkaline salt of other aromatic acids, besides benzoic acid, disproportionate similarly,
as shown by the ZnI2-catalyzed transformation of disodium naphthalenedicarboxylate to
2,3,6,7-naphthalenetetracarboxylic acid (NTC) dianhydride.4
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B. GENERAL REACTION SCHEME

COOK

COOK

COOK

CO2, ∆

COOK

COOK

COOK

COOK

CO2, ∆

Cd (or Zn) catalyst
+

Cd (or Zn) catalyst

or

C. PROPOSED MECHANISMS

A simple mechanism is proposed here for the disproportionation of potassium benzoate
in the presence of cadmium catalyst.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used in the production of terephthalic acid at an industrial scale.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

COOK
CdCO3

COOK

COOK

410°C

Reference 3d.

A mixture of 3.0 g finely powdered potassium o-toluate and 0.24 g cadmium carbonate
in a test tube with a rubber stopper fitted with a constricted glass tube was heated for 1.5 h
at 410◦C in a metal bath. While heating, continuous evolution of toluene was observed.
The toluene was collected by cooling and confirmed as 2,4-dinitrotoluene, m.p. 69.7◦C.
The solid product was dissolved in boiling water. Colloidal black material was removed
by filtration with the aid of zinc sulfate, the filtrate being acidified with hydrochloric
acid and then extracted with ether. After evaporation of ether, white solid was obtained.
The petroleum ether–soluble portion of this material consisted of pure starting material,
whereas the 0.13 g insoluble portion was shown to be 2-methylterephthalic acid by convert-
ing it into the dimethyl ester, m.p. 75.5◦C. Better yields were obtained by using cadmium
iodide rather than cadmium carbonate. (Note: I do not understand how 2,4-dinitrotoluene
is formed in this reaction).

Other references related to the Henkel reaction are cited in the literature.5
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Henry Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Henry in 1895.1 It is the base-catalyzed conden-
sation between a carbonyl compound (aldehyde or ketone) and a nitroalkane having at least
one α-hydrogen atom to yield 1,2-nitroalcohol. This reaction, though commonly known
as the Henry reaction,2 is also referred to as the nitroaldol reaction.2bb,2ff,3 Analogously,
the condensation between nitroalkane and imine is known as the aza-Henry reaction2cc,4

or nitro-Mannich reaction.2cc The resulting 1,2-nitroalcohol may further undergo reactions
such as oxidation, reduction, and elimination.2bb During the condensation with aldehyde,
the Henry reaction is also complicated with the Cannizarro Reaction,2ff though it can be
suppressed under special conditions;5 in addition, the condensation with aromatic alde-
hyde is often accompanied by dehydration to form nitroalkene.2ff Similar to the regular
Aldol Reaction, the Henry reaction is also reversible2x and is an equilibrium-controlled
reaction.6 The most attractive feature of the Henry reaction is its potential for the control
of stereochemistry, depending on the catalyst and solvent systems.2x Due to the strong
electron-withdrawing ability of the nitro group, the α-hydrogen can easily be deprotonated,
even in the presence of a weak base, so that Et3N is often used for this purpose.2bb In addi-
tion, polymer-supported amines, such as KG-60-NEt2 are also applied as catalysts.2z Other
catalysts for this reaction include copper(II)-(S)-tert-butyl bisoxazoline,2bb chiral hetero-
bimetallic catalyst,3m and ketoiminatocobalt complexes,2y which lead to asymmetric Henry
reaction products. It is interesting that the electron-deficient aromatic aldehydes, but not the
aliphatic aldehydes, undergo the Henry reaction in the presence of an acidic catalyst—such
as TiCl3(O-i-Pr)—at room temperature, leading to 2-nitro alcohols enriched in the erythro
diastereoisomer.7
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B. GENERAL REACTION SCHEME

R1 R2

O

R3 NO2

R4 Et3N
R1

NO2

OH

R2

R4

R3
+

R1 = alkyl, aryl
R2 = H, alkyl, aryl

R3 = alkyl, aryl
R4 = H, alkyl, aryl

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been improved to produce asymmetric 1,2-nitro alcohols.2y,2z,3m

E. APPLICATIONS

This reaction has wide application in organic synthesis, such as in the preparation of
1,2-nitro alcohol and 1,2-amino alcohol.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 3x.

To a screw-capped vial containing a stir bar were added 19.7 mg indabox ligand
(0.055 mmol), 10.0 mg Cu(OAc)2·H2O (0.05 mmol), and 1.5 mL ethanol; the mixture
was stirred for 1 h. To the resulting clear blue solution were added 0.54 mL nitromethane
(10 mmol) and 0.106 g benzaldehyde (1 mmol). After being stirred for 22 h, the volatile com-
ponents were removed under reduced pressure, and the crude product was purified by column
chromatography (10% Et2O/CH2Cl2) to give 76% of product as a colorless oil, with 94% e.e.

Reference 2cc.

To a THF solution containing the shown catalyst was added 39.0 mg ethyl α-(4-
methoxyphenyl)iminoacetate (0.2 mmol); the solution was cooled to −100◦C using an
ether/liquid N2 cooling bath. A solution of 42.0 mg trimethylsilyl propanenitronate
(0.3 mmol) in 1.0 mL THF was added over 1 h using a syringe pump. The reaction was left
to warm to −20◦C overnight and quenched with 0.5 mL ethanol. The crude material was
purified by flash chromatography using CH2Cl2/pentane (1:1) as the eluent, giving 68%
ethyl (2R,3R)-2-(4-methoxyphenyl)amino-3-nitropentanoate, with a diastereomeric ratio
of 10:1, and 97% e.e. of erythro isomer and 88% e.e. of threo isomer.

Other references related to the Henry reaction are cited in the literature.8

H. REFERENCES

1. (a) Henry, L., Compt. Rend., 1895, 120, 1265. (b) Henry, L., Bull. Soc. Chim. Fr., 1895, 13, 999.

2. (a) Xiong, Y.; Wang, F.; Huang, X.; Wen, Y. H. and Feng, X. M., Chem. Eur. J., 2007, 13, 829. (b)
Oriyama, T.; Aoyagi, M. and Iwanami, K., Chem. Lett., 2007, 36, 612. (c) Alcaide, B.; Almendros,
P.; Luna, A.; Paz de Arriba, M. and Torres, M. R., ARKIVOC, 2007, (iv), 285. (d) Arai, T.; Watan-
abe, M.; Fujiwara, A.; Yokoyama, N. and Yanagisawa, A., Angew. Chem. Int. Ed., 2006, 45, 5978.
(e) Wang, Y.-J.; Shen, Z.-X. and Zhang, Y.-W., Youji Huaxue, 2006, 26, 1291. (f) Blay, G.; Climent,
E.; Fernandez, I.; Hernandez-Olmos, V. and Pedro, J. R., Tetrahedron: Asymmetry, 2006, 17, 2046.



1386 HENRY REACTION

(g) Nguyen, Q. T. and Jeong, J. H., Polyhedron, 2006, 25, 1787. (h) Chakraborty, C. and Dhavale,
D. D., Carbohydr. Res., 2006, 341, 912. (i) Lei, L.-J. and He, X.-C., Hecheng Huaxue, 2006, 14,
7. (j) Gan, C. S.; Chen, X.; Lai, G. Y. and Wang, Z. Y., Synlett, 2006, 387. (k) Marcelli, T.; van der
Haas, R. N. S.; van Maarseveen, J. H. and Hiemstra, H., Angew. Chem. Int. Ed., 2006, 45, 929.
(l) Sohtome, Y.; Takemura, N.; Iguchi, T.; Hashimoto, Y. and Nagasawa, K., Synlett, 2006, 144.
(m) Gogoi, N.; Boruwa, J. and Barua, N. C., Tetrahedron Lett., 2005, 46, 7581. (n) Fan, N. J.; Guo,
W. and Xia, C. Z., Shanxi Daxue Xuebao, Ziran Kexueban, 2005, 28, 283. (o) Du, D.-M.; Lu, S.-F.;
Fang, T. and Xu, J. X., J. Org. Chem., 2005, 70, 3712. (p) Khan, F. A.; Sudheer, C. and Sahu, N.,
Synth. Commun., 2005, 35, 201. (q) Chung, W. K. and Chiu, P., Synlett, 2005, 55. (r) Lu, S.-F.;
Du, D.-M.; Zhang, S.-W. and Xu, J. X., Tetrahedron: Asymmetry, 2004, 15, 3433. (s) El Blidi, L.;
Crestia, D.; Gallienne, E.; Demuynck, C.; Bolte, J. and Lemaire, M., Tetrahedron: Asymmetry,
2004, 15, 2951. (t) Kogami, Y.; Nakajima, T.; Ikeno, T. and Yamada, T., Synthesis, 2004, 1947.
(u) Chetia, A.; Longchar, M.; Lekhok, K. C. and Boruah, R. C., Synlett, 2004, 1309. (v) Kudyba,
I.; Raczko, J.; Urbanczyk-Lipkowska, Z. and Jurczak, J., Tetrahedron, 2004, 60, 4807. (w) Zhong,
Y.-W.; Tian, P. and Lin, G.-Q., Tetrahedron: Asymmetry, 2004, 15, 771. (x) Parratt, A. J.; Adams,
D. J.; Clifford, A. A. and Rayner, C. M., Chem. Commun., 2004, 2720. (y) Kogami, Y.; Nakajima,
T.; Ashizawa, T.; Kezuka, S.; Ikeno, T. and Yamada, T., Chem. Lett., 2004, 33, 614. (z) Ballini, R.;
Bosica, G.; Livi, D.; Palmieri, A.; Maggi, R. and Sartori, G., Tetrahedron Lett., 2003, 44, 2271.
(aa) Hughes, C. C. and Trauner, D., Angew. Chem. Int. Ed., 2002, 41, 4556. (bb) Christensen, C.;
Juhl, K.; Hazell, R. G. and Jørgensen, K. A., J. Org. Chem., 2002, 67, 4875. (cc) Knudsen, K. R.;
Risgaard, T.; Nishiwaki, N.; Gothelf, K. V. and Jørgensen, K. A., J. Am. Chem. Soc., 2001, 123,
5843. (dd) Lin, W.-W.; Jang, Y.-J.; Wang, Y.; Liu, J.-T.; Hu, S.-R.; Wang, L.-Y. and Yao, C.-F.,
J. Org. Chem., 2001, 66, 1984. (ee) Kisanga, P. B. and Verkade, J. G., J. Org. Chem., 1999, 64,
4298. (ff) Ballini, R. and Bosica, G., J. Org. Chem., 1997, 62, 425.

3. (a) Colak, M.; Aral, T.; Hosgoeren, H. and Demirel, N., Tetrahedron: Asymmetry, 2007, 18, 1129.
(b) Ma, K. Y. and You, J. S., Chem. Eur. J., 2007, 13, 1863. (c) Bandini, M.; Piccinelli, F.;
Tommasi, S.; Umani-Ronchi, A. and Ventrici, C., Chem. Commun., 2007, 616. (d) Maheswaran,
H.; Prasanth, K. L.; Krishna, G. G.; Ravikumar, K.; Sridhar, B. and Kantam, M. L., Chem.
Commun., 2006, 4066. (e) Saa, J. M.; Tur, F.; Gonzalez, J. and Vega, M., Tetrahedron: Asymmetry,
2006, 17, 99. (f) Sohtome, Y.; Hashimoto, Y. and Nagasawa, K., Eur. J. Org. Chem., 2006, 2894.
(g) Purkarthofer, T.; Gruber, K.; Gruber-Khadjawi, M.; Waich, K.; Skranc, W.; Mink, D. and
Griengl, H., Angew. Chem. Int. Ed., 2006, 45, 3454. (h) Bhatt, A. P.; Pathak, K.; Jasra, R. V.;
Kureshy, R. I.; Khan, N. H. and Abdi, S. H. R., J. Mol. Catal. A: Chem., 2006, 244, 110.
(i) Marcelli, T.; van der Haas, R. N. S.; van Maarseveen, J. H. and Hiemstra, H., Synlett, 2005,
2817. (j) Sohtome, Y.; Hashimoto, Y. and Nagasawa, K., Adv. Synth. Catal., 2005, 347, 1643.
(k) Zubia, Z.; Cossio, F. P.; Morao, I.; Rieumont, M. and Lopez, X., J. Am. Chem. Soc., 2004,
126, 5243. (l) Evans, D. A.; Seidel, D.; Rueping, M.; Lam, H. W.; Shaw, J. T. and Downey, C.
W., J. Am. Chem. Soc., 2003, 125, 12692. (m) Trost, B. M.; Yeh, V. S. C.; Ito, H. and Bremeyer,
N., Org. Lett., 2002, 4, 2621.

4. (a) Trost, B. M. and Lupton, D. W., Org. Lett., 2007, 9, 2023. (b) Garcia Ruano, J. L.; Lopez-
Cantarero, J.; De Haro, T.; Aleman, J. and Cid, M. B., Tetrahedron, 2006, 62, 12197. (c) Gao, F.
F.; Zhu, J.; Tang, Y.; Deng, M. Z. and Qian, C. T., Chirality, 2006, 18, 741. (d) Petrini, M. and
Torregiani, E., Tetrahedron Lett., 2006, 47, 3501. (e) Palomo, C.; Oiarbide, M.; Halder, R.; Laso,
A. and Lopez, R., Angew. Chem. Int. Ed., 2006, 45, 117. (f ) Bernardi, L.; Fini, F.; Herrera, R. P.;
Ricci, A. and Sgarzani, V., Tetrahedron, 2006, 62, 375. (g) Xu, X. N.; Furukawa, T.; Okino, T.;
Miyabe, H. and Takemoto, Y., Chem. Eur. J., 2005, 12, 466. (h) Fini, F.; Sgarzani, V.; Pettersen,
D.; Herrera, R. P.; Bernardi, L. and Ricci, A., Angew. Chem. Int. Ed., 2005, 44, 7975. (i) Palomo,
C.; Oiarbide, M.; Laso, A. and Lopez, R., J. Am. Chem. Soc., 2005, 127, 17622. ( j) Knudsen,
K. R. and Jorgensen, K. A., Org. Biomol. Chem., 2005, 3, 1362. (k) Nugent, B. M.; Yoder, R. A.
and Johnston, J. N., J. Am. Chem. Soc., 2004, 126, 3418.

5. (a) Costantino, V.; Curini, M.; Marmottini, F.; Rosati, O. and Pisani, E., Chem. Lett., 1994, 2215.
(b) Baer, H. H. and Urbas, L., “Activating and Directing Effects of the Nitro Group in Aliphatic



REFERENCES 1387

Systems” in The Chemistry of the Nitro and Nitroso Groups, ed., Feuer, H., Interscience, New
York, 1970. (c) Vaderbilt, B. M. and Hass, H. B., Ind. Eng. Chem., 1940, 32, 34.

6. Green, D. and Johnson, T., Innovations in Pharm. Technol., 2000, 79.

7. Barrett, A. G. M.; Robyr, C. and Spilling, C. D., J. Org. Chem., 1989, 54, 1233.

8. (a) Luzzio, F. A.; Ott, J. P. and Duveau, D. Y., J. Org. Chem., 2006, 71, 5027. (b) Boruwa, J.;
Gogoi, N.; Saikia, P. P. and Barua, N. C., Tetrahedron: Asymmetry, 2006, 17, 3315. (c) Palacios, F.;
de los Santos, J. and Aparicio, D., ARKIVOC, 2005, 405. (d) Lubisch, W.; Beckenbach, E.; Bopp,
S.; Hofmann, H.-P.; Kartal, A.; Kaestel, C.; Lindner, T.; Metz-Garrecht, M.; Reeb, J.; Regner, F.;
Vierling, M. and Moeller, A., J. Med. Chem., 2003, 46, 2404. (e) Luzzio, F. A., Tetrahedron, 2001,
57, 915. (f) Ono, N., The Nitro Group in Organic Synthesis, Wiley-VCH: New York, 2001. (g)
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Herbst-Engel

Transamination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Herbst and Engel in 1934.1 It is the transfer of an
amino group from an α-amino acid to an α-keto acid to form a new α-amino acid. The amino
acids without α-hydrogen, such as α-aminoisobutyric acid, are inactive for this reaction.2

It is believed that this reaction involves a few steps, including the formation of imino
group between an amino and a carbonyl group, hydrogen transfer to the α-carbon of the
ketonic acid moiety accompanied with the elimination of carbon dioxide, and the addition
of water (hydrolysis) resulting in fission along with the formation of an aldehyde and the
new α-amino acid.3 It was found that the substituent on both α-amino acids and α-keto
acids affect the extent of decarboxylation3b and that carbon dioxide evolution is much
faster for transamination with arylaminoacetic acid than that with aliphatic amino acids.3a

In addition, the evolution of carbon dioxide is even more rapid with arylaminoacetic acid
with an ortho-substituent than that with a para-substituent, and the one with the electron-
withdrawing group is faster than the one with the electron-donating group.3a A reaction
similar to this transamination but catalyzed by enzymes under physiological conditions
is also known,4 which is an important process in amino acid metabolism.2 However, no
decarboxylation occurs for the enzyme-catalyzed reaction.2,5 It has been reported that the
transamination between α-amino acid and glyoxylate to form glycine and the corresponding
keto acid without decarboxylation completes in about 10 min when the reaction is catalyzed
by copper or iron salts.6
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B. GENERAL REACTION SCHEME

R
OH

O

NH2

R′
OH

O

O

R′
OH

O

NH2

R

O

H
CO2+ + +

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to synthesize aldehydes and α-amino acids.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 6.

A mixture of 0.025 mol sodium glyoxylate, 0.025 mol glutamic acid, and 0.0025 mol
potassium aluminum sulfate was dissolved in 500 mL water, and the pH was adjusted to
5.0 with NaOH. The solution was heated in a boiling water bath to 100◦C, held 10 min,
and cooled. The pH was adjusted to 1.0 with H2SO4, and the solution was subjected to
continuous ether extraction. The ether extract was evaporated in vacuo, the residue was
taken up in boiling nitromethane, cooled, and held overnight in the refrigerator. A first
crop of 0.52 g α-pyrrolidonecarboxylic acid was separated. Concentration of the mother
liquors in vacuum and cooling yielded 1.01 g α-ketoglutaric acid, in a yield of 27%, m.p.
110–111◦C (corr.)

OH

NH2

O

O

HO

O

O

HO

NH2

O

H+
H2O, ∆

+

73–75 %53–68%

Reference 7.

A mixture of 4.53 g α-aminophenylacetic acid (0.03 mol), 7.9 g pyruvic acid (0.09 mol),
and 200 mL water (3.5% deuterium) was boiled under reflux for 3 h. A homogeneous
solution was formed within a few minutes after the mixture began to boil. On completion
of the reaction, benzaldehyde was removed by distillation through a declining condenser
and extracted from the distillate with several small portions of chloroform. The aqueous
portion of the distillate and the aqueous reaction mixture were reserved. After drying the
chloroform solution over sodium sulfate, the solvent was evaporated and the residual ben-
zaldehyde was converted into the phenylhydrazone by treatment with phenylhydrazine in
50% alcoholic solution. After recrystallization from 60% alcohol, the yield of benzaldehyde
phenylhydrazone was 4.3–4.4 g, m.p. 155.5–157◦C for various preparations.

After being thoroughly chilled, the aqueous reaction mixture was filtered to remove a
trace amount of α-aminophenylacetic acid, which had separated. The filter was washed with
the aqueous distillate from the benzaldehyde fraction. The entire filtrate was evaporated to
a thick, syrupy consistency on the water bath under reduced pressure, care being taken to
recover the aqueous distillate as completely as possible. The residual syrup was taken up in
100 mL ordinary water, and the evaporation was repeated. A second similar treatment with
100 mL water sufficed to easily remove the exchangeable deuterium completely. The resid-
ual syrup was then taken up in 10 mL hot 95% alcohol and transferred to a small Erlenmeyer
flask; the distilling flask was rinsed with four 5-mL portions of hot 95% alcohol. Alanine
crystallized spontaneously from the alcoholic solution on cooling; complete separation was
ensured by the addition of 5 mL pyridine to the cold solution. After thorough chilling in the
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refrigerator, the alanine was filtered by suction, washed thoroughly with cold 95% alcohol,
and dried in a vacuum desiccator. The yield of crude alanine varied from 1.4 g to 1.8 g in
different experiments.

Other references related to the Herbst-Engel transamination are cited in the literature.8

H. REFERENCES

1. Herbst, R. M. and Engel, L. L., J. Biol. Chem., 1934, 107, 505.

2. Cooper, A. J. L.; Ginos, J. Z. and Meister, A., Chem. Rev., 1983, 83, 321.
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Heron Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Glover at the Second Heron Island Conference on
Reactive Intermediates and Unusual Molecules, Heron Island, Australia in 1994,1 thus it
was called the HERON rearrangement,2 or HERON reaction.1,3 HERON is an acronym
for heteroatom rearrangements on nitrogen.4 It is the rearrangement of amides, with two
heteroatoms (e.g., oxygen) substituted at nitrogen (RC(O)NXY), to esters and 1,1-diazenes
via the migration of oxygen from the nitrogen to the carbonyl carbon.4 Amides of the
type that can undergo such rearrangement are collectively called HERON amides.4 In this
rearrangement, a heteroatom (X) bearing a high-energy pair of electrons (i.e., oxygen)
initiates rearrangement from nitrogen to carbon through a strong anomeric overlap with the
σ* orbial of the adjacent N-heteroatom bond (N-Y ), and the so-called anomeric interactions
at nitrogen are enhanced when the second heteroatom (Y ) is strongly electronegative.5

Analogues of N,N ′-diacyl-N,N ′-dialkoxyhydrazines thermally decompose to esters and
nitrogen through two consecutive rearrangements.6

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the preparation of ester with a bulky alcohol moiety.2a

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N
Cl

O

O-t-Bu

NaN3
O-t-Bu

O

CH3CN/H2O
87%

Reference 2a.

To a solution of 58 mg N-tert-butoxy-N-chlorobenzamide (0.0255 mmol) in 5 mL
CH3CN was added a solution of 0.20 g sodium azide (3.08 mmol) in 20 mL CH3CN/H2O
(1:1). A pale pink color was formed immediately. The reaction mixture was stirred at room
temperature for 2 h, during which time 9.7 mL nitrogen was collected (85%). The reaction
solution was extracted with 50 mL CH2Cl2, and the solution was dried and concentrated to
give 40 mg tert-butyl benzoate as a yellow oil, in a yield of 87%.

Other references related to the HERON rearrangement are cited in the literature.7
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Herz Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Herz in 1914.1 It is the reaction between primary
aromatic amines, their salts, or N-acetyl derivatives with sulfur monochloride either in
the presence or absence of an inert solvent (such as benzene, nitrobenzene, or acetic acid)
to form 1,3,2-benzothiazathiolium chlorides,2 known as the Herz compounds3 or Herz
salts.3,4 Therefore, this reaction is generally referred to as the Herz reaction.5 In addition,
the terms Herz process2 and Herz condensation2 are also used for this reaction. The Herz
compounds decompose on heating and are difficult to purify,3 so that they are normally
converted into other derivatives. For example, hydrolysis of these compounds results in
1,2,3-benzodithiazole 2-oxide,3 whereas basic hydrolysis of these compounds by NaOH
results in o-amino thiophenol,2 and treatment of these compounds with acetic-formic anhy-
dride leads to the synthesis of substituted benzothiozoles.2 Furthermore, treatment of Herz
compounds with chloroacetic acid leads to o-aminophenylthioglycolic acid derivatives, the
intermediates used to produce thioindigo dyestuffs in industry.6 It has been observed that
this reaction is always accompanied with the chlorination on aromatic nucleus, primarily
at the para-position of the amino group,2,3,7 even the para-position is replaced by an NO2,
CO2H, or SO2 group.2 For example, both o-nitroaniline and o-chloroaniline afforded only
4,6-dichlorobenzothiazole when their corresponding crude Herz compounds were treated
with acetic-formic anhydride.2
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It has been observed that no further chlorination occurs on Herz compounds in the
presence of a chlorination reagent (e.g., SOCl2), thus the chlorination on aromatic nucleus
probably occurs before the formation of the Herz compounds. A tentative mechanism is
outlined here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is used to prepare o-amino thiophenols and benzothiozoles.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

NH2

Cl

S2Cl2
S

S
N

Cl

Cl+

93%

+ –

Reference 3.

A solution of 5.7 g p-chloroaniline (0.045 mol) in 7.0 mL anhydrous acetic acid was
added to 25 mL cold redistilled sulfur monochloride (42.0 g, 0.31 mol). This mixture
was stirred for 3 h at room temperature, and then at 70–80◦C for 3 h. After being cooled
to room temperature, the dark mixture was stirred with 50 mL dry benzene (CaC12) and
then filtered. The solid was washed with dry benzene and then dried in vacuo to give 9.3 g
6-chloro-1,3,2-benzothiazathiolium chloride as a yellow-brown solid, which decomposed
at 210–225◦C. The yield was 93%.

NH2

Cl

Cl

S2Cl2
S

S
N

Cl

Cl

Cl–

Me O
CHO

O

S

N

Cl

Cl

+

52%

+

Reference 2.

A solution of 32.0 g 2,4-dichloroaniline was mixed with sulfur monochloride to give an
orange-red Herz condensation product, which was then treated with alkaline solution and
filtered. The filtered alkaline solution was further treated with acetic-formic anhydride to
gave a crude 4,6-dichlorobenzothiazole, m.p. 136–138◦C. Recrystallization from ethanol
gave 21.0 g pure 4,6-dichlorobenzothiazole as white needle-like crystals, in a yield of 52%,
m.p., 142–142.5◦C.

Other references related to the Herz reaction are cited in the literature.8
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Heumann Indigo Process

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Heumann in 1890.1 It is the industrial produc-
tion of indigo from basic fusion of N-phenylglycine-o-carboxylic acid into indoxylic acid,
which decarboxylated to indoxyl; the latter is then oxidized into indigo by air. This process,
which was modified by the Badische company2 and commercialized in 1897 after Heumann
died,3 produced indigo from naphthalene via a sequential processes that included (a) the
oxidation of naphthalene to phthalic acid by concentrated sulfuric acid, (b) the conversion of
phthalic acid into phthalimide by ammonia, (c) the production of anthranilic acid by means
of sodium hypochlorite oxidation of phthalimide, (d) the conversion of anthranilic acid into
phenylglycocollorthocarboxylic acid by chloroacetic acid, (e) the fusion of phenylglyco-
collorthocarboxylic acid with caustic soda to produce indoxyl or indoxylic acid depending
on conditions, and (f) oxidation of indoxyl into indigo by air in presence of alkaline.4 This
process resulted in an annual production of indigo of 3,000,000 lb from Badische, one quar-
ter of world’s supply in the 1900s,4 leading to the monopoly of dyestuff of Germany in the
early 20th century. The thioindigo analogues can be produced similarly from thiosalicylic
acid,5 which can be produced from the Herz Reaction.6

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Because this is an industrial process, many of the reaction details have not been released
to public,4 the mechanism outlined here is a tentative one. This mechanism provides a
possible reaction path from phthalimide because the oxidation of naphthalene to phthalic
acid is well known and the formation of phthalimide is obvious.
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D. MODIFICATION

The Badische process described here is a modification of the original Heumann process.

E. APPLICATIONS

This process has been extensively used in the production of indigo on an industrial scale.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 7.
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To a 2-L flask equipped with a condenser were added 137 g anthranilic acid (1 mol),
94.5 g chloroacetic acid (1 mol), and 1 L water; the mixture was heated for 3 h. On cooling,
crystals of phenylglycine-o-carboxylic acid were separated out. These were filtered off and
recrystallized from hot water to give ∼1000 g of such acid.

The mixture of 1 eq. phenylglycine-o-carboxylic acid, 3 eq. NaOH, and 1 eq. water
was heated at 235–265◦C in the absence of air until the alkaline mass assumed an intense
orange color, whereupon it was allowed to cool and subsequently dissolved in water. Passing
a stream of air through the aqueous solution resulted in the precipitation of indigo. No yield
was given. (Note: This is a summary from Phillips.7)

Other references related to the Heumann indigo process are cited in the literature.8
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Heyns Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Heyns, probably as early as 1952.1 It is a rapid2

rearrangement of α-hydroxy imines (including α-hydroxy Schiff bases) into stable α-amino
carbonyl compounds (i.e., α-ketoamines3) under nonreducing conditions and is generally
known as the Heyns rearrangement.4,5 The corresponding α-ketoamines are referred to as
the Heyns rearrangement products4b,4e,4m,4p,4r,4s,4v,6 or Heyns products.2,4b,4m,4p,4s,6b

It should be pointed out that the formation of imines or Schiff base derivatives is
thermodynamically reversible,2,4f,4o whereas the α-hydroxyl group facilitates the Heyns
rearrangement, leading to the formation of stable α-ketoamines.2,3,4c,4f,4x In this reaction,
the formation of Schiff base is the rate-limiting step, while the Heyns rearrangement is
fast.2 For example, the imine formed from an amine of lens protein and the C-20 carbonyl
of corticoids undergoes Heyns rearrangement, and the resulting Heyns product is reported
to be involved in the cataract formation.4l,7 However, under reducing conditions, such as
in the presence of sodium cyanoborohydride, the imine or Schiff base is reduced to sec-
ondary α-hydroxyamine and no Heyns rearrangement occurs.2 In addition, the α-ketoamines
can be destroyed by acidic hydrolysis, whereas α-hydroxyamines formed under reducing
conditions are stable in acidic hydrolysis.2

With α-hydroxy carbonyl scaffold, carbohydrates undergo two different reactions with
proteins requiring no group protection manipulations—that is, the Amadori Rearrange-
ment and Heyns rearrangement. Aldoses give the Amadori products,4g existing only in
the keto form with an α-hydroxy carbonyl function in the open chain form;4m in con-
trast, ketoses form several Heyns products,4s but mainly in the aldehyde form without the
α-hydroxy carbonyl functionality4m (e.g., the conversion of lactoulose into different lac-
tosamine derivatives4n). Both Amadori and Heyns products can undergo further reactions,
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depending on the reactivity of the carbonyl group.4m The Amadori products, bearing an
α-hydroxy carbonyl group, more readily undergo the enolization, dehydration, elimina-
tion, cyclization, migration of carbonyl group, and retro-aldol reaction.4m For instance, the
Heyns products brown slower than those of Amadori products at 110◦C under free access of
oxygen.4v All these transformations make up the Maillard Reaction, leading to the formation
of highly reactive compounds that may decompose into small volatile flavor compounds;
polymerization into high molecular weight brown pigments known as mellanoidins,4m or the
formation of fluorescent compounds widely applied in food, cosmetic, and pharmaceutical
industries.8

B. GENERAL REACTION SCHEME

R1
R2

O

OH

R3 NH2 R1
R2

N

OH

R3

R1
R2

HN

O

R3

+
R1 = alkyl, aryl
R2 = alkyl, aryl
R3 = alkyl, aryl

C. PROPOSED MECHANISMS

The Heyns rearrangement is believed to take place via a hydroxy enamine intermediate,
which is analogous to the enediol intermediate proposed in the internal rearrangement
between aldoses and ketoses as displayed here.

R1
R2

N

OH

R3

H
R1

R2

HN

O

R3

H

R1
R2

HN

O

R3

Hydroxy enamine

D. MODIFICATION

N/A

E. APPLICATIONS

This rearrangement is very popular in food chemistry.

F. RELATED REACTIONS

This reaction is related to the Amadori Rearrangement and Maillard Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

NH2

OH OH

OH Me Me

CO2H

O

CO2H

O

HO2C

HO2C

CHO

OHH

HHO

OHH

OHH

CH2OH

HN

OH OH

OH Me Me

CO2H

O

CO2H

O

HO2C

HO2C

O

HHO

OHH

OHH

CH2OH

+

MeOH, ∆
56.6%

Reference 4g.

Four 4.5-mL amber septum vials, each containing 12 mg fumonisin B1 (16.6 µmol),
d-glucose (108 mg, 600 µmol) and 4 mL methanol, were sealed and heated at 64◦C for 6 h.
The vials were removed briefly and shaken every 1–1.5 h. The glucose did not completely
dissolve until the vials had been heated ∼ 5 h. The contents of the vials were combined and
diluted with 64 mL water (four times the volumes). The products were recovered from the
diluted reaction mixture by passing it through a 2-g tC18 cartridge (Sep-Pak Vac 12 cm3

[2 g] tC18 cartridge, Waters Corp., Milford, Mass.) that had been preconditioned with 20 mL
MeOH, followed by 20 mL MeOH/H2O (20:80). After the products were loaded, the car-
tridge was washed with 20 mL MeOH/H2O (20:80) and then 20 mL CH3CN/H2O (10:90).
The products were eluted with 20 mL 50:50 CH3CN/H2O. The procedure was then repeated
using 8 vials, and the products were recovered using a 2-g tC18 cartridge. The 50:50 elu-
ates from the 4- and 8-vial preparations were combined. A total of 153 mg fumonisin
B1 (212 mmol) were used for the 12 vials. Fumonisin B1 and N-(1-deoxy-d-fructos-1-yl)
fumonisin B1 were separated using a 10-g strong cation exchange (SCX) Mega Bond Elut,
40 µm, SCX cartridge (Varian Sample Preparation Products, Harbor City, Califo). The
cartridge was conditioned with 100 mL MeOH followed by 100 mL 50:50 CH3CN/H2O.
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The combined 50:50 eluates were loaded onto the SCX cartridge. The cartridge was eluted
with the following solvents, and the fractions were collected and analyzed: 100 mL 20:80
CH3CN/H2O, 100 mL 1% HCOOH in 20:80 CH3CN/H2O, and 2 × 100 mL and then 6 ×
50 mL 5% HCOOH in 20:80 CH3CN/H2O. N-(1-Deoxy-d-fructos-1-yl)fumonisin B1
started eluting in the first 100-mL portion of the latter solvent, whereas fumonisin B1 did not
start eluting until the second 50-mL portion. The first three portions were combined, diluted
with an equal volume of water (250 mL), and loaded onto a 2-g tC18 cartridge that had been
preconditioned with 20 mL MeOH, followed by 20 mL 10:90 CH3CN/H2O. The cartridge
was washed with 20 mL of the latter solvent and eluted with 20 mL 50:50 CH3CN/H2O.
The 50:50 CH3CN/H2O eluate was freeze-dried to give 106 mg N-(1-deoxy-D-fructos-1-yl)
fumonisin B1 (120 µmol), in a yield of 56.6%.

HO

OH

O

Me
O

NH2

HO

O

HN
OMe

+
33% MeOH/H2O

51.9 %

Reference 4t.

The mixture of 360 mg 3,16α-dihydroxy-estra-1,3,5(10)-trien-17-one and 4 mL
2-methoxy ethylamine was stirred at room temperature for 3 h. The formation of imine
intermediate was monitored by the reduction of an aliquot of the reaction mixture with
NaBH4 and subsequent TLC analysis using CHCl3/MeOH (10:1) as a developing solvent.
After removing the excess reagent under reduced pressure, the residue was dissolved in 33%
aqueous MeOH and stirred at room temperature for 2 h. The precipitate formed was collected
by filtration. The filtrate was adjusted to pH 1 with 5% HCl, washed with EtOAc, read-
justed to pH 11 with 10% NaOH, and extracted with CHCl3. The combined organic layers
were washed with half-saturated NaCl, dried over anhydrous Na2SO4, and evaporated. The
residue was combined with the precipitate and recrystallized from methanol to give 224 mg
3-hydroxy-17β-(2-methoxyethylamino)estra-1,3,5(10)trine-16-one as colorless needles, in
a yield of 65.5%, m.p. 190–191◦C.

Other references related to the Heyns rearrangement are cited in the literature.9
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A. E.; Dekany, G.; Eder, B.; Illaszewicz, C. and Wrodnigg, T. M., J. Carbohydr. Chem., 2003, 22,
253. (e) Dickerson, T. J. and Janda, K. D., Proc. Natl. Acad. Sci. USA, 2002, 93, 15084. (f) Jobling,
A. I. and Augusteyn, R. C., Clin. Exp. Optom., 2002, 85, 61. (g) Poling, S. M.; Plattner, R. D. and
Weisleder, D., J. Agric. Food Chem., 2002, 50, 1318. (h) Wrodnigg, T. M. and Eder, B., Top. Curr.
Chem., 2001, 215, 115. (i) Farouk, M. A.; Pudil, F.; Janda, V. and Pokorny, J., Czech J. Food Sci.,
2001, 19, 24. (j) He, X. M.; Agnihotri, G. and Liu, H.-W., Chem. Rev., 2000, 100, 4615. (k) Bearne,
S. L. and Blouin, C., J. Biol. Chem., 2000, 275, 135. (l) Watanabe, H.; Kosano, H. and Nishigori,
H., Invest Ophthalmol Vis. Sci., 2000, 41, 1846. (m) Yeboah, F. K.; Alli, I. and Yaylayan, V. A.,
J. Agric. Food Chem., 1999, 47, 3164. (n) Wrodnigg, T. M. and Stütz, A. E., Angew. Chem. Int.
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Hilbert-Johnson Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Johnson and Hilbert in 1929.1 It is the synthesis
of pyrimidine nucleosides from the glycosylation of protected glycosyl halides with
2,4-dialkoxypyrimidines. Thus it is generally known as the Hilbert-Johnson reaction.2

Occasionally, it is also referred to as the Hilbert-Johnson synthesis,3 Hilbert-Johnson
glycosylation,2e,4 Hilbert-Johnson pyrimidine nucleoside synthesis5 or Hilbert-Johnson
method.6 It should be pointed out that the Lewis acid (SnCl4, TMSOTf, etc.) promoted
glycosylation from labile trimethylsilyl-protected pyrimidine and glycosyl acetate,
developed initially by Birkofer,7 and greatly extended by Vorbrüggen,8 is more versa-
tile and successful for the preparation of pyrimidine nucleosides, which is generally
referred to as silyl-Hilbert-Johnson reaction8i,9 and, in a rare case, as the silyl-Hilbert-
Johnson synthesis.9f On the other hand, 2-methylthio protected pyrimidine stops at the
quaternization step, yielding an intermediate of glycosylpyrimidinium salt that can be
converted into 2-oxo, 2-thio, and 2-aminopyrimidine nucleosides.2t This reaction is
highly efficient and proceeds with high regioselectivity and stereoselectivity,4c by which
β-anomer predominates in the products,2r,4a either condensed from α-glycosyl halide or
β-glycosyl halide,10 except for the case of condensation with 3,5-di-O-p-toluyl-2-deoxy-
d-ribofuranosyl chloride into 2′-deoxyribofuranosylpyrimidines, which resulted in 66% of
α-anomeric product.3a This reaction has been used for the synthesis of a variety of
2-oxo-pyridimine nucleosides, including uracil,4c,9b,11 cytosine,2t,11a,11d and
thymine11a,11d nucleosides. In addition, The Hilbert-Johnson reaction also works
for nonaromatic aglycons, such as 6-oxadihydrouracil.12 It was observed that suitably
blocked pyranose derivatives also undergo such glycosylation, but under more stringent
conditions at slower rates than their corresponding furanose isomers.13 The protection
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by acetyl rather than benzoyl group leads to an improved yield.7e Moreover, reaction in
nitrobenzene is significantly faster than that in acetonitrile, the typical solvent used for this
reaction.9e This reaction has been extended to the preparation of purine nucleosides.14

B. GENERAL REACTION SCHEME

Hilbert-Johnson reaction.
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C. PROPOSED MECHANISMS
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D. MODIFICATION

The original Hilbert-Johnson reaction has been modified using trimethylsilyl protected
pyrimidine as aglycons to condense with glycosyl acetate and has been applied extensively
to the synthesis of a variety of nucleoside derivatives. In addition, the substitution of 2-alkyl
pyrimidine for 2-methylthio-protected pyrimidine allows the preparation of 2-oxo, 2-thio,
and 2-aminopyrimidine nucleosides.

E. APPLICATIONS

This reaction has wide application in the synthesis of pyrimidine nucleosides and their
analogues.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

NN

N
H

O

O

Me

Me

BSTMA

N

NN

N

O

O

Me

Me
Me3Si

O

OAcOAc

AcO OAc

N

NN

N

O

O

Me

Me
O

OAcOAc

AcO

TMSOTf/CHCl3

43%

Reference 14.

A mixture of 4.80 mmol theophylline and 1.4 mL N,O-bis(trimethylsilyl)acetamide
(BSTMA, 5.80 mmol) in 15 mL dry CHCl3 was stirred under nitrogen for 40 min at 20◦C. A
solution of 4.0 mmol tetraacetyl ribose and 0.1 mL trimethylsilyl trifluoromethanesulfonate
(5.80 mmol) in 5 mL CHCl3 was then added, and the reaction mixture was heated at reflux
under nitrogen for 4 h. Saturated aqueous NaHCO3 (120 mL) and dichloromethane were
then added. After the system had been stirred for 15 min, the two layers were separated, and
the aqueous one was extracted with dichloromethane (3 × 120 mL). The combined organic
layers and extracts were combined and washed with brine, dried over anhydrous MgSO4,
and filtered. The solvents were evaporated to dryness. The residue was crystallized from
MeOH to provide 43% 7-(2′,3′,4′-tri-O-acetyl-β-d-ribofuranosyl)theophylline as a white
solid, m.p. 106◦C.
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HN
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51%

Reference 9b.

5-[4-(o-Carboran-1-yl)butylmercapto]uracil (0.86 g, 2.5 mmol) was dissolved in 30 mL
anhydrous THF, followed by the addition of 5.0 mmol hexamethyldisilazane (HMDS) and
catalytic amounts of TMSCl (0.01 eq.). The mixture was refluxed under argon atmosphere.
The byproduct, NH4Cl, sublimed and was periodically removed from the condenser tips. The
cessation of NH4Cl sublimation indicated that the reactions were complete about 4–6 hours.
Removal of THF and excess HMDS by evaporation left clear oil residues, which were imme-
diately used for the condensation step. The oils were dissolved in 25 mL anhydrous CCl4,
and freshly prepared α-d-2-deoxy-3,5-di-O-p-toluoylribofuranosyl chloride (1.25 eq.) and
ZnCl2 (0.01 eq.) were added all at once. The reactions were stirred at room temperature
for 2–4 days, and then CCl4 was removed, leaving crude oils, which were purified by silica
gel column chromatography, to give 0.90 g 5-[4-(o-carboran-1-yl)butylmercapto]-3′,5′-di-
O-p-toluoyl-β-d-2′-deoxyuridine as a white foam, in a yield of 51%, m.p. 92–97◦C, Rf =
0.35 (hexane/EtOAc, 3:2).

Other references related to the Hilbert-Johnson reaction are cited in the literature.15
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Hinsberg Oxindole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hinsberg in 1888.1 It is the synthesis of N-
alkyl-oxindole from N-alkyl aniline and the glyoxal-bisulfite adduct after hydrolysis by
hydrochloric acid.2 Similarly, the reaction of N-alkyl naphthylamine with glyoxal-bisulfite
adduct leads to benzo-oxindole.3 In contrast, the reaction between primary aryl amines and
glyoxal-bisulfite adduct produces the substituted glycines.

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

As this reaction has not been extensively studied and not much mechanistic information
is available, a tentative mechanism is outlined here. It is possible that the primary aryl
amine has less steric hindrance than the secondary aryl amine during the substitution, hence
substituted glycine is produced as the product.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has certain applications in the preparation of oxindoles.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

NH

Me

MeO

MeO
HO

OH

OSO2Na

OSO2Na

∆

MeO

MeO N

Me

OSO2Na

MeO

MeO N

Me

O

+
H2O/alcohol

HCl, ∆

Reference 4.

A solution of 32.0 g glyoxal sodium bisulfate in 250 mL water was mixed with a solution
of 20.0 g 4-methyl aminoveratrole in 150 mL alcohol, and the resulting mixture was boiled
under reflux for 48 h. The greenish yellow solution was filtered while hot and then cooled
at ∼ 0◦C. The solid was separated and crystallized from water to afford 19.0 g sodium
5,6-dimethoxy-1-methylindolyl 2-sulfite as small prisms, m.p. 187◦C (dec.)

The mixture of 5.0 g sodium 5,6-dimethoxy-1-methylindolyl 2-sulfite, 25 mL water, and
50 mL HCl was boiled for 30 min, and the resulting solution was neutralized. A small amount
of insoluble material separated. Extraction of the basified solution with ether afforded 5,6-
dimethoxy-1-methyloxindole, which dissolved readily in water and crystallized from light
petroleum ether (b.p. 100–120◦C) in clusters of needles, m.p. 120–121◦C.

Other references related to the Hinsberg oxindole synthesis are cited in the literature.5
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Hinsberg Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Although the preparation of arenesulfonamides had been known since 1853,1 it was
Hinsberg who applied the method to prepare secondary amines in 18902 and explored the
application of this reaction,3 thus comes the name of the Hinsberg reaction4 or Hinsberg
method.4b,5 It is the preparation of sulfonamides involving the treatment of primary or sec-
ondary amines with arenesulfonyl chloride, the further alkylation of resulting sulfonamides
from primary amines, and the hydrolysis of sulfonamides into primary or secondary amines.
With a quite acidic hydrogen attached to the nitrogen in the arenesulfonamides of primary
amines,6 the primary amines can be distinguished by observing the mode of reaction with
a sulfonyl chloride and aqueous alkali, in which the primary amine forms an alkali-soluble
sulfonamide, but the secondary amine results in an alkali insoluble sulfonamide, and the
tertiary amine does not react with sulfonyl chloride.4b Therefore, arenesulfonyl chloride
has been widely used to protect the amino group,7 differentiate the type of amines,4b etc. It
should be pointed out that in some cases, the primary amines (e.g., aniline and m-xylidine)
might be oversulfonated to form disulfonylamides that are not soluble in alkali solution,
and some monosulfonamides of primary amines are still not soluble in alkali solution.5c

Therefore, the reaction using arenesulfonyl chloride to differentiate the types of amines (i.e.,
primary, secondary, and tertiary amines) is also known as the Hinsberg test.8 Because the
formed sulfonamides are very stable,4b different methods have been tried to hydrolyze the
sulfonamides, including the treatment of sulfonamides with chlorosulfonic acid,9 80% sul-
furic acid,10 sulfuric acid, acetic acid,11 hydrochloric acid,12 and 48% hydrobromic acid in
acetic acid in the presence of phenol.5a,7 However, the sulfonation on the aromatic nucleus
may occur along with the hydrolysis of sulfonamide of the aromatic amines;13 and the
hydrolysis of sulfonamides under basic conditions is not successful.14
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism for the preparation of secondary amines from primary amines is given
below.

D. MODIFICATION

This reaction has been modified to use p-phenylazobenzenesulfonyl chloride to react
with amines to monitor the reaction.15

E. APPLICATIONS

This reaction has applications in the protection of primary and secondary amino groups
and selective conversion of primary amines into secondary amines.



1420 HINSBERG REACTION

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 15.

A solution of 67.0 g o-nitrobenzenesulfonyl chloride (0.3 mol) in 400 mL anhydrous ether
was added gradually with stirring to a cooled solution of 80.0 g 1,2,3,4-tetrahydroquinoline
(0.6 mol) in 120 mL anhydrous ether. After the addition was complete, the cooling bath was
removed, and the mixture was refluxed for 1 h. The cooled reaction mixture was filtered,
and the precipitate was washed with hot water to remove the amine hydrochloride. The
residue was combined with the ether filtrate, and the solvent was stripped to give ∼50 g
crude product. The product was dissolved in ethanol, decolorized, and recrystallized to give
43 g 1-(phenylsulfonyl)-1,2,3,4-tetrahydroquinoline as a pale yellow solid, in a yield of
47%, m.p. 131–132◦C.

A mixture of 2.0 g 1-(phenylsulfonyl)-1,2,3,4-tetrahydroquinoline with 6 mL concen-
trated sulfuric acid gradually colored; and when complete solution occurred, it was heated
in a steam bath for 45 min, cooled, and poured over ice. A pale gummy solid precipitated,
which was isolated, washed thoroughly with water, and recrystallized from ethanol to give
1.0 g 8-(phenylsulfonyl)-1,2,3,4-tetrahydroquinoline as pale yellow needles, in a yield of
50%.

Reference 7.

A solution of 2.5 g p-toluenesulfonanilide (0.01 mol) and 2.0 g phenol (0.02 mol) in
23 g 30% hydrogen bromide in acetic acid was permitted to stand at 26◦C for 16 h. The
reaction mixture was poured into 150 mL anhydrous ether. The precipitate was filtered,
washed with 100 mL ether, and dried to give 1.48 g aniline bromide, in a yield of 86%, m.p.
283◦C (dec.).

Other references related to the Hinsberg reaction are cited in the literature.16
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Hinsberg Sulfone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hinsberg in 1894.1 It is the formation of sulfonylquinol
derivatives from the addition of sulfinic acids to quinones. This reaction can be carried
out in both aqueous solutions2 and nonaqueous aprotic solvents (e.g., THF).3 However,
the reaction of unsymmetric quinone will form two isomeric products in various ratios,
depending on the solvent and acidity of the reaction system.4 For example, the addition of
phenylsulfinic acid to 2-methyl quinone results in 2-methyl-5-phenylsulfonylhydroquinone
(i.e., the 2,5-adduct) and 2-methyl-6-phenylsulfonylhydroquinone (2,6-adduct), in which
the 2,5-adduct predominates in acetic buffer at pH 4.5, and the 2,6-adduct dominates in either
more acidic (e.g., pH 1) or more basic (e.g., pH 5.5) conditions.4 In addition, the 2,6-adduct
is also the major product in strong acidic two-phase systems5 and aprotic solvent systems
(e.g., THF, acetone, acetonitrile, or acetoacetone).4 In the alcoholic aqueous solution, the
percentage of 2,6-adduct increases along with the decreasing of alcohol percentage in the
solution.4 These results indicated that the protonated quinone is the actual species that
sulfinic acid adds, and the product ratio reflects the selectivity of protonation on the carbonyl
group.4 Although both the resonance theory and frontier molecular orbital theory predict
the preference of 2,5-adduct,5 the substituents on quinones may inhibit the protonation in
acidic condition, leading to the preferred 2,6-adduct.4,5
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B. GENERAL REACTION SCHEME

O

O

R

SO2H

R′

OH

OH

R S
O O

R′

OH

OH

R

S
O O

R′+

R = H, alkyl, aryl, 
R′ = H, alkyl, NHAc, aryl etc.

2,5-adduct2,6-adduct

+

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the preparation of arylsulfonyl hydroquinones.

F. RELATED REACTIONS

This reaction is related to Thiele-Winter Acetoxylation.
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G. CITED EXPERIMENTAL EXAMPLES

O

O

Me

SO2H

Br

OH

OH

Me S
O O

Br

OH

OH

Me

S
O O

Br

+ +

Major product isolated when carried out in 
EtOH/H2O (5:7), 87%

Major product isolated when carried out 
in AcOH/H2O (1:1), 91%

Reference 4.

A solution of 1.2 g 2-methyl-1,4-benzoquinone (10 mmol) in 20 mL 95% ethanol was
added dropwise to a stirred suspension of 3.0 g 4-(2-bromoethyl)benzenesulfinic acid
(12 mmol) in 100 mL 30% aqueous ethanol. As the quinone color faded, a solid pre-
cipitate appeared and was filtered under vacuum. The filtrate was diluted with 300 mL ice
water, and a second crop was obtained. After the mixture was allowed to stand overnight,
a third crop was present. Each of the three fractions was a mixture of two sulfones as
shown by TLC and NMR. A representative total crude yield was 11.0 g, in 87% yield.
Recrystallization from aqueous ethanol yielded 2-[[4′-(2-bromoethyl)phenyl]sulfonyl]-5-
methylhydroquinone, m.p. 119–121◦C.

A solution of 410 mg 2-methyl-1,4-benzoquinone (3.4 mmol) in 10 mL AcOH was
added, in one portion, to a stirred suspension of 1.2 g 4-(2-bromoethyl)benzenesulfinic acid
(4.8 mmol) in 10 mL water. The quinone color disappeared along with the sulfinic acid.
After stirring for 0.5 h, the light tan solid was suction filtered. After an additional 1 h of
stirring, more tan solid was filtered. The reaction mixture was diluted with 200 mL ice water,
and a third crop was obtained. Each of the three fractions was a mixture of two sulfones as
shown by TLC and NMR. A representative total crude yield was 1.2 g, in a yield of 91%.
Recrystallization from aqueous ethanol yielded 2-[[4′-(2-bromoethyl)phenyl]sulfonyl]-6-
methylhydroquinone, m.p. 145–146◦C.

Other references related to the Hinsberg sulfone synthesis are cited in the literature.7

H. REFERENCES

1. Hinsberg, O., Ber., 1894, 27, 3259.

2. Brown, E. R.; Finley, K. T. and Reeves, R. L., J. Org. Chem., 1971, 36, 2849.

3. Davies, R. and Pierpoint, W. S., Biochem. Soc. Trans., 1975, 3, 671.
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(p) Hinsberg, O., Ber., 1917, 50, 953. (q) Hinsberg, O, Ber., 1910, 43, 1877. (r) Hinsberg, O., Ber.,
1897, 30, 2803. (s) Hinsberg, O., Ber., 1896, 29, 2023. (t) Hinsberg, O., Ber., 1895, 28, 1315.
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Hinsberg Thiophene

Synthesis
(Hinsberg Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hinsberg in 1910.1 It is the synthesis of thiophene
carboxylic acids from 1,2-diketones and dialkyl thiodiacetate (i.e., thiodiglycolate) via an
intermediate of δ-lactone in the presence of sodium or potassium alkoxide. Therefore, it
is known as the Hinsberg reaction,2 Hinsberg method,3 Hinsberg condensation,4 Hinsberg
thiophene synthesis,5 or Hinsberg thiophene ring synthesis.6 The reaction mixture is often
worked up by diluting the alcoholic alkaline solution with water and boiling and isolat-
ing the free carboxylic acid thus formed;4f however, experimental evidence indicates that
both diester7 and half acid, half ester thiophene derivatives4f also form in this reaction. In
addition, this reaction has been extended to 1,4-diketones, such as the reaction between
o-phthalaldehyde and diethyl thiodiacetate to form 3-benzothiepin-2,4-dicarboxylic acid,
which desulfurizes upon refluxing in ethanol, leading to the formation of naphthalene-
2,3-dicarboxylic acid.8 It is reported that the reaction of thiodiacetate with 1,2,3-triketone,
such as indan-1,2,3-trione, is unsuccessful.4e Similarly, di-(trimethylsilyl)methyl sulfoxide
when treated with bis-(trimethylsilyl)acetylene, also gives thiophene derivative after DDQ
treatment.9 The formed thiophene derivatives can be easily oxidized to sulfone derivatives
by perbenzoic acid.10
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B. GENERAL REACTION SCHEME

R
R

O

O

EtO
S

OEt

O O KO-t-Bu

S

R R

EtO2C CO2H

+

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to synthesize thiophene derivatives as well as furan,
selenophene, and pyrrole derivatives by varying the ester component from sulfur to oxygen,
selenium, and nitrogen analogs.11
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F. RELATED REACTIONS

This reaction is related to the Stobbe Condensation.

G. CITED EXPERIMENTAL EXAMPLES

Ph
Ph

O

O

EtO
S

OEt

O O

S

Ph Ph

HO2C CO2H

NaOMe

MeOH
64%

+

Reference 2a.

To a mixture of 2.0 g diethyl thiodiacetate (9.71 mmol) and 2.04 g benzil (9.71 mmol)
in 15 mL methanol was added 1.57 g NaOMe (29.1 mmol). The mixture was stirred at
ambient temperature for 3 days. After addition of water, the alcohol was evaporated. The
formed solid (benzil) was filtered off, and the filtrate was acidified with HCl, upon which
3,4-diphenylthiophene-2,5-dicarboxylic acid precipitated. After filtration, 2.02 g of a white
solid was obtained, in a yield of 64%.

Me3Si S SiMe3

Me3Si SiMe3

HMPA
15%

NaIO4

S

Me3Si SiMe3
DDQ

CHCl3
76%

Me3Si S SiMe3
O O

S

Me3Si SiMe3

CH3CN/H2O

Reference 9.

To a 50-mL flask were added 3 mL acetonitrile, 206 mg bis[(trimethylsilyl)methyl]
sulfide (1 mmol), and 3 mL aqueous solution containing 257 mg sodium metaperiodate
(1.2 mmol) at −10◦C by ice salt bath cooling. The solution was stirred at −10◦ to 0◦C
for 12 h and then the cold solution was filtered and extracted with cold dichloromethane
(3 × 5 mL). The dichloromethane extracts were dried over Na2SO4 and concentrated under
vacuum to yield bis(trimethylsilylmethyl)sulfoxide as a colorless oil that is pure enough for
subsequent reaction.

To a 100-mL, flame-dried, three-necked flask equipped with a condenser and a dropping
funnel was added a solution of 666 mg bis(trimethylsilylmethyl)sulfoxide (3.0 mmol) in
2 mL HMPA (distilled from CaH2), then 340 mg bis(trimethylsilyl)-acetylene (2 mmol)
in 2 mL HMPA was added rapidly from a dropping funnel. The resulting solution
was warmed at 100◦C and stirred at this temperature for 30 min under nitrogen atmo-
sphere. The cooled reaction mixture was diluted with 40 mL benzene, washed with brine
(4 × 15 mL), and dried over MgSO4. The solvent was removed under reduced pressure.
The residue was subjected to column chromatography on silica gel (50 g, hexanes) to give
69 mg 3,4-bis(trimethylsilyl)-2,5-dihydrothiophene as a colorless oil, in a yield of 15%.

To 8 mL chloroform solution containing 230 mg 3,4-bis(trimethylsilyl)-2,5-
dihydrothiophene (1.0 mmol) was added a hot solution of 363 mg DDQ (1.6 mmol)
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in 45 mL chloroform. The mixture was stirred at 60–65◦C for 10 h. The cooled reac-
tion mixture was washed with 10% aqueous sodium carbonate (3 × 10 mL) and 10 mL
water, dried over Na2SO4, and concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel (30 g, hexanes) to afford 173 mg 3,4-
bis(trimethylsilyl)thiophene as a colorless oil, in a yield of 76%.

Other references related to the Hinsberg thiophene synthesis are cited in the literature.12
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R. L., J. Chem. Soc., Perkin Trans. I, 1972, 2079.
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2003, 68, 8305. (b) Akoudad, S.; Frère, P.; Mercier, N. and Roncali, J., J. Org. Chem., 1999, 64,
4267.
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Hiyama Coupling

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hatanaka and Hiyama in 1988.1 It is a palladium-
catalyzed cross-coupling reaction between organosilanes and aryl (or vinyl) halides or
triflates. This reaction is known as the Hiyama coupling,2 Hiyama cross-coupling,3 or
Hiyama reaction,2f,3d,4 which tolerates a wide spectrum of functional groups including
ethers, acetals, nitriles, esters, and amides,2f except for amino groups that might poison
the palladium catalyst. Typically, the Hiyama coupling is promoted by the activation of
the organosilanes with a stoichiometric amount of fluoride source,3d such as tetrabutylam-
monium fluoride (TBAF) or tris(dimethylamino)sulfur(trimethylsilyl)difluoride (TASF)3d

and by using chlorosilancs or fluorosilanes instead of trimethylsilanes.5 The presence of
a fluoride source is essential to facilitate the transmetalation of the organic group through
the formation of a five-coordinate silicate species.6 This reaction is known to be acceler-
ated by microwave.7 On the other hand, this reaction is analogous to the Stille Coupling
but with advantages of lower toxicity and easier handling.3d In the presence of Ag2O and
catalytic amount of Pd(PPh3)4, even organic silanols can couple with aryl iodide; however,
TBAF fails to promote the reaction under this condition.8 Recently, this reaction has been
extended to the coupling of alkyl halides with silanes, using the combination of PdBr2/
P(t-Bu)2Me/TBAF; this modification is especially good for electron-rich silanes. In addi-
tion, replacement of P(t-Bu)2Me with [HP(t-Bu)2Me]BF4 allows the coupling to occur in
the presence of air or moisture.2f
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to undergo the coupling with alkyl halides using the
combination of PdBr2/P(t-Bu)2Me/TBAF as a catalytic system.2f

E. APPLICATIONS

This reaction has wide application in organic synthesis during the coupling of aryl and
vinyl moieties.

F. RELATED REACTIONS

This reaction is closely related to the Stille Coupling and Suzuki Coupling.
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G. CITED EXPERIMENTAL EXAMPLES

Bu
Si

N
I CO2Et

Si

N

Bu

EtO2C

I COCH3

TBAF
71%

Bu

EtO2C

O

Pd(OAc)2/Et3N/THF

Reference 2g.

To a 0.9 mL THF solution containing 4.3 mg Pd(OAc)2 (0.02 mmol, 10 mol %), tri-2-
furylphosphine (5.1 mg, 0.02 mmol, 10 mol %), 32.7 mg triethylamine (0.32 mmol), and
75.2 mg 4-iodobenzoic acid ethyl ester (0.27 mmol), was added 65.7 mg (2-pyridyl)-1-
hexenyl-dimethylsilane (0.30 mmol) under argon; the reaction mixture was stirred at 60◦C
for 3 h. After the mixture was cooled to room temperature, 48.2 mg 4-iodoacetophenone
(0.20 mmol) and 0.46 mL 1 M TBAF solution in THF were added to the reaction mix-
ture, and this reaction mixture was stirred at 60◦C for 14 h. The catalyst was removed
by filtration through a short silica gel pad (EtOAc). The filtrate was evaporated, and
the residue was chromatographed on silica gel (hexane/EtOAc, 10/1) to afford 48.6 mg
(E)-1-(4-acetyl)phenyl-2-(4-ethoxycarbonyl)phenyl-1-hexene as a colorless oil, in a yield
of 71%.

Other references related to the Hiyama coupling are cited in the literature.9
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Hoch-Campbell Reaction

(Hoch-Campbell Aziridine
Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hoch in 19341 and subsequently extended by Camp-
bell in the early 1940s.2 It is the synthesis of aziridines (also known as ethylenimines3) by
treatment of ketoximes with excess amounts of Grignard reagent followed by the hydrolysis
of the resulting organometallic complex. Therefore, it is generally known as the Hoch-
Campbell reaction.4 Occasionally, this reaction is also referred to as the Hoch-Campbell
aziridine synthesis or Hoch-Campbell ethylenimine synthesis,5 and the formed aziridines
are called the Hoch-Campbell products.3,6 On the other hand, α-amino alcohols can also
be the products instead of aziridines, depending on the conditions used in the hydrolysis of
the organometallic complex.2d,3,7 It is known that this reaction proceeds regiospecifically
through a vinyl nitrene intermediate leading to an azirine,8 and the subsequent addition
of Grignard reagent occurs on the less hindered side of the azirine to give diastereomeric
aziridines.8b,8e,9 In this reaction, solvents also play an important role;10 for example, reac-
tions in toluene give one major product, whereas two isomers form in THF.10a Similarly,
the aziridines can be prepared from oxime tosylate and organolithium reagents.7,11 It is
interesting that the ketoximes can be directly reduced to aziridines when cyclohexylmag-
nesium or isobutylmagnesium chloride is used as a Grignard reagent.6 However, oximes
from simple ketones such as acetone and 2-butanone do not undergo such reaction.12
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the synthesis of aziridines, especially the fully
substituted aziridines.

F. RELATED REACTIONS

This reaction is related to the Neber Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

Ph

N
OH

1) EtMgBr/toluene
H
N

Ph

Et
2) NH4Cl

37%

Reference 2a.

A solution of ethylmagnesium bromide prepared from 24 g magnesium turnings, 115 g
ethyl bromide, and 350 mL dry ether was distilled until 200 mL ether was removed; dry
toluene (200 mL) was added, and then a solution of 34 g acetophenone oxime (0.25 mol)
in 200 mL dry toluene was added dropwise over a period of 2 h. The oil bath surrounding
the flask was kept at 90–95◦C during the addition, and continued for 30 min afterward.
The mixture was hydrolyzed at once by pouring onto ice and a NH4Cl solution; the water
layer was extracted several times with ether, and the combined ether solutions were dried
over magnesium sulfate. The residue remaining after removal of the ether and toluene was
distilled under reduced pressure to yield 14.4 g 2-phenyl-2-ethyl aziridine, b.p. 85–86◦C
(7.0 mmHg), in a yield of 37%.

Reference 13.

The procedure is same as the one just described. Isobutyrophenone oxime (33 g; 0.2 mol)
and 1 mol phenylmagnesium bromide were used. The reaction mixture was hydrolyzed with
a solution of ammonium chloride and extracted with ether. The ethereal extracts were dried
over calcium sulfate and saturated with hydrogen chloride. The precipitate that formed was
filtered off, washed with ether, and recrystallized from dry acetone. It weighed 8 g and
melted at 192–193◦C. It was dissolved in 45 mL concentrated ammonium hydroxide, and
the solution was extracted with ether. The ether solution after drying over calcium sulfate
was concentrated by evaporation. The residual oil was fractionated to yield two substances.
One boiled at 49–51◦C (1 mmHg) (i.e., aniline) and gave a hydrochloride salt that, after one
recrystallization from acetone, melted at 193–194◦C, two more recrystallizations from the
same solvent did not depress the melting point of aniline hydrochloride (196–198◦C). The
second fraction, 2,2-diphenyl-3,3-dimethylaziridine, distilled at 128–129◦C (1 mmHg). On
standing, this material crystallized partially to form large plates that melted at 181–185◦C
with softening at 60◦C. A hydrochloride of this material was prepared in an ether solution
saturated with hydrogen chloride. After recrystallization from acetone, this salt melted at
227–228◦C. (No yields are given for either product.)

Other references related to the Hoch-Campbell reaction are cited in the literature.14
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Hock Rearrangement

(Hock Cleavage)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hock and Schrader in 1936.1 It is the protic or Lewis
acid–promoted rearrangement of hydroperoxides that have unsaturated unit(s) attached
to the carbon bearing the hydroperoxide group to oxycarbonium ion, which undergoes
nucleophilic attack by water, leading to the cleavage of C-C bond and the formation of two
carbonyl compounds. Therefore, this reaction is known as the Hock rearrangement,2,3 or
Hock cleavage.2d,2e,4,5 This reaction occurs quite frequently on lipids and fatty acids2d,4a,6

where allylic and dienylic hydroperoxides often form upon radical hydrogen abstraction
in the presence of air or oxidation by singlet oxygen (1O2).2c,4e Although this reaction is
generally promoted by acid, it also occurs in the absence of an added acid,7 such as in
the case where the ene reaction solution is injected onto a gas chromatography column
for product isolation.8 In addition, some Hock rearrangements even occur at temperatures
substantially below room temperature.9 Depending on the substrate structure and the choice
of Lewis acid, dialkyl peroxide and ozonides might decompose via Hock rearrangement
path, such as the decomposition of the substrate with groups of high migratory aptitude
in the presence of SnCl4 or BF3·OEt2.2e The qualitative migratory aptitude of groups is
generally in the order of cyclobutyl > aryl > vinyl > hydrogen > cyclopentyl ≈ cyclohexyl
>> alkyl.10 Moreover, the silver ion adducts of hydroperoxides and cyclic peroxides also
undergo such rearrangement to give aldehydes and epoxides.11 On the other hand, the
intermediate oxycarbonium ion in this reaction might undergo another reaction path of β-
proton elimination instead of attacking by a water molecule, affording a product of divinyl
ether.12

1438

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



RELATED REACTIONS 1439

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has applications in the degradation of long hydrocarbon chains with unsat-
urated unit(s) into carbonyl compounds.

F. RELATED REACTIONS

This reaction is related to the Criegee Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

Ph

DTBP

Ph
Ph

Ph

O

Ph

O

O O

Ph

Ph

OH

O

CDCl3, hν

150 mg 0.92 mg 1.85 mg 109.0 mg

37.0 mg 21.0 mg

+ +

+ +

Reference 13.

The water-cooled photooxidation on 150 mg 1-cyclopropylidene-3-phenylcyclobutane
(0.88 mmol) in 3 mL CDCl3 in the presence of a small amount of the radical
inhibitor 2,6-di-tert-butylphenol (DTBP) proceeded essentially to completion within
2 h. Silica column chromatography, using a 0–20% gradient of EtOAc in hex-
ane, yielded three fractions. The first one was 4 mg of a mixture (∼2% total)
of 1-cyclopropylidene-3-phenylcyclobutane, 1,1-dicyclopropyl-3-phenylcyclobutane, 1-
cyclopropylidene-3-phenyl-3-butene and 2,6-di-tert-butylphenol in a 1:1.5:3:1 ratio,
respectively. Compounds 1,1-dicyclopropyl-3-phenylcyclobutane and 1-cyclopropylidene-
3-phenyl-3-butene were impurities in the starting material (vide supra). This was followed
by 109.0 mg 1-(3-phenylcyclobut-1-enyl)-propenone at higher eluent polarity (0.59 mmol,
67% yield) as a yellow liquid, 37.0 mg 3-oxo-3-(3-phenylcyclobut-1-enyl)propyl 3-
phenylcyclobut-1-enecarboxylate (0.103 mmol, 12%) as a viscous yellow oil, and 21.0 mg
3-phenylcyclobut-1-enecarboxylic acid (0.12 mmol, 14% yield) as a white solid, m.p. 87◦C.

C8H17

O

O C5H11

C5H11

OOH
RO2C(CH2)7

C5H11

OOH

RO2C(CH2)7

RO2C(CH2)7

OOH
C5H11

RO2C(CH2)7

OOH

C5H11

Benzene

/DTBN

+

++

1

2 3

4 5

(R = Cholesteryl)

Reference 11.
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A round-bottomed flask was charged with 300 mg cholesteryl linoleate (0.462 mmol)
and was diluted to 0.20 M with 0.876 mL 1,4-cyclohexadiene (9.26 mmol) and 1.43 mL
dry benzene. DTBN (2 mg) was added to the solution, and the sealed flask was heated to
37◦C under an oxygen atmosphere. After 24 h, TLC indicated the formation of peroxidic
products. Butylated hydroxytoluene (BHT, 2 mg) was added to the reaction. Analytical
HPLC (tandem silicon columns, 0.5% 2-propanol in hexanes, λ = 234 nm) indicated the
formation of four major components in the mixture: 2, tR = 15.0 min; 3, tR = 17.5 min; 4,
tR = 20.1 min; and 5, tR = 20.5 min. Semipreparative HPLC (0.66% 2-propanol in hexane)
was used to separate the components. Compounds 4 and 5 were isolated as a mixture.

Other references related to the Hock rearrangement are cited in the literature.14
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Eur. J. Org. Chem., 2000, 1497. (f) Adam, W.; Putterlik, J.; Schuhmann, R. M. and Sundermeyer,
J., Organometallics, 1996, 15, 4586. (g) Lauterbach, G.; Pritzkow, W.; Tien, T. D. and Voerckel,
V., J. Prakt. Chem., 1988, 330, 933. (h) Jefford, C. W.; Rossier, J.-C.; Kohmoto, S. and Bouk-
ouvalas, J., Helv. Chim. Acta, 1985, 68, 1804. (i) Tanigawa, S.; Kajiware,T. and Hatanaka, A.,
Phytochemistry, 1984, 23, 2439. (j) Gardner, H. W. and Planter, R. D., Lipids, 1984, 19, 294.



322
Hofer-Moest Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofer and Moest in 1902.1 It is the conversion of
aliphatic acids into corresponding alcohols with one less carbon by electrolytic decarboxy-
lation in neutral or alkaline solutions in the presence of an inert anion, such as sulfate,
phosphate, perchlorate, carbonate, or bicarbonate.2 This reaction is generally carried out
with a platinum anode.2 The added salt of the inert anion favors carbonium ion product
relative to the normal radical product;2 the latter leads to the formation of hydrocarbon (or
paraffin),3 a process known as the Kolbe Electrolysis.4 Therefore, this reaction is generally
known as the Hofer-Moest reaction.5 Occasionally, this reaction is also referred to as the
Hofer-Moest oxidation,5i,6 abnormal Kolbe reaction,7 etc. The alcohols produced in this
reaction are called Hofer-Moest products.5i Besides the major product of alcohols, some
minor products also form in this reaction, such as olefins,5b carbonyl compounds (e.g.,
ketone),8 esters2 and ethers,2,4c which originate from the proton elimination, further oxida-
tion of alcohols, coupling of resulting alcohols with parent acids, and so on. In addition, the
Hofer-Moest products are also favored by increasing the frequency in pulsed electrolysis.5i

On the other hand, it was found that a carbon anode has some advantages over platinum
anode, by which the Kolbe product is practically eliminated even without the help of added
salts or increased pH.2 This reaction has been extended to decarboxylation of amino acid
derivatives, such as the stepwise degradation of polypeptides from the carboxyl terminal9

and the anodic methoxylation of amides or carbamates to N-acyliminium ions10 for
amidoalkylation.
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is the mechanism to form an alcohol or an olefin.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the conversion of carboxylic acids into alcohols with one less
carbon, and the decarboxylation of amino acids and polypeptides.

F. RELATED REACTIONS

This reaction is closely related to Kolbe Electrolysis.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 4a.

To an undivided jacketed cell with platinum as both anode and cathode were added
5–10% methanolic KOH with 0.5 mM N-[(1S)-cyclohexylethyl)-2-methylmalonamic acid.
The cell was put into a cryostat precooled to –40◦C and was charged with an elec-
tric current of 250 mA/cm2, 1.7F/mol; the temperature was maintained between 10◦ and
60◦C. The reaction was monitored by pH measurement (until acid to neutral). When pas-
sivation or coverage of electrodes was noticed, polarity inversion was used. After the
reaction, the normal workup process and column chromatography yielded 6% N-[(1S)-
1-cyclohexylethyl]-2-methoxypropanamide, 33% N-[(1S)-1-cyclohexylethyl]-acrylamide
(white solid, m.p. 70–72◦C), N-[(1S)-1-cyclohexylethyl]-propanamide (white solid, m.p.
107–110◦C), and 30% N,N ′-bis-(1-cyclohexylethyl)-2,3-dimethylsuccino-diamide (white
solid, m.p. > 300◦C), but only 0.7 % mixed Kolbe dimmer (the regular Kolbe product).

OHN

O

HOOC Me

MeOH
OHN

O

MeO Me

OHN

O

MeO Me
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+
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Reference 10.

A stirred solution of 2.9 g (4S,5R)-5-methyl-2-oxazolidinone-4-carboxylic acid
(20 mmol) in 500 mL 0.02 N NaOAc/MeOH was electrolyzed at room temperature
under galvanostatic conditions using graphite electrodes (3 × 30 × 100 mm) in an undi-
vided cell. After consumption of 3F/mol at a current density of 5 mA/cm2, the solvent
was evaporated, the white residue was purified, and the diasteromers were separated by
flash chromatography on silica gel with Et2O as the eluent to afford 2.1 g (4R/S,5R)-4-
methoxy-5-methyl-2-oxazolidinone as white crystals, in a yield of 88%, m.p. 87–90◦C.
The (4R,5R)-4-methoxy-5-methyl-2-oxazolidinone was formed with 77% ds.

Other references related to the Hofer-Moest reaction are cited in the literature.11,12
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Hofmann Degradation

(Hofmann rearrangement)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofmann in 1881.1 It is the conversion of carboxylic
amides into primary amines with one less carbon atom via the isocyanate intermediate by
means of basic hypohalite treatment. Hence it is known as the Hofmann rearrangement,2

Hofmann degradation,2,3 or Hofmann reaction.2,3y,3z In this reaction, heat is needed; and
in some cases, cyanate is also formed.4 On the other hand, the Hofmann rearrangement of
carboxylic amides with α-halogen yields a certain amount of ketones as well.5 This reaction
is often used as a method for cuting a single carbon atom out of a chain. In addition, the
configuration of the hydrocarbon chain is retained during the migration.6 However, the
corresponding amide of pyrazine-2,5-dicarboxylic acid was found to be stable toward both
hypochlorous and hypobromous acids.3z

B. GENERAL REACTION SCHEME

R NH2

O
R NH2Br2

NaOH

H2O
+

C. PROPOSED MECHANISMS

It is known that this reaction proceeds in the following steps: base abstraction of an acidic
N-H proton to yield an anion, which reacts with bromine to form N-bromoamide; further
base abstraction of the remaining N-H proton to give a bromoamide anion, which rearranges
to isocyanate through the migration of an R group attaching to the carbonyl carbon and
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1448 HOFMANN DEGRADATION

cleavage of a bromide ion; nucleophilic addition of water to isocyanate affording a carbamic
acid, which loses carbon dioxide spontaneously to yield the primary amine.

D. MODIFICATION

This reaction has been modified by the substitution of a hypohalite with (diacet-
oxyiodo)benzene.7

E. APPLICATIONS

This reaction has general application for the conversion of carboxylic amides into amines.

F. RELATED REACTIONS

This reaction is related to Curtius Rearrangement, Lossen Rearrangement, Schmidt
Reaction, Weerman Degradation, and Wolff Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

O O

CONH2
KOH

MeOH

I

OAc

OAc
O O

H
N

OMe

O
+

82%

Reference 7.

To 100 mL methanol solution containing 7.75 g (±)-trans-2-tetrahydro-2H-2-
pyranyloxy-1-cyclopropane carboxamide (41.84 mmol) and 6.03 g KOH (107.47 mmol)
was added 13.42 g (diacetoxyiodo)benzene (41.66 mmol) at 5◦C under stirring, and the
stirring was continued at room temperature for an additional 2 h. The solvents were
removed under reduced pressure, the residue was mixed with 70 mL water and 30 mL
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dichloromethane, and the aqueous layer was extracted with dichloromethane (4 × 30 mL).
The combined organic layers were washed with water and brine (50 mL each), dried, and
evaporated. After column chromatography (hexane → EtOAc/hexane, 1:2), 7.37 g (±)-
methyl N-[trans-2-tetrahydro-2H-2-pyranyloxycyclopropyl]carbamate was obtained as a
colorless oil, in a yield of 82%, Rf = 0.5 (EtOAc/hexane, 1:1).

KOH

MeOH
NaOCl+

53%

N
Bz

OHNH2

O

N
Bz

H
N

O

MeO

O

Reference 2.

The crystalline mixture of 2.30 g hydroxyamide and its epimer (8.05 mmol) in 65 mL
methanol was treated with 0.85 g potassium hydroxide (15.2 mmol) in 15.7 mL 5.25%
aqueous NaOCl solution (11.0 mmol). The resulting solution turned yellow and warmed
spontaneously to ∼ 50◦C. After 1 h it was poured into 300 mL brine, and the resulting
mixture was extracted five times with chloroform. The dried extracts were evaporated to
an oil, which crystallized from ether in colorless needles, 1.51 g tricyclic urethane was
obtained, in a yield of 53%, m.p., 147.5–149◦C.

Other references related to the Hofmann degradation are cited in the literature.8
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Hofmann Elimination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofmann in 1851.1 It is the thermal decom-
position of tetraalkylammonium hydroxide to form an olefin and a tertiary amine.
Therefore, this reaction is generally known as the Hofmann elimination2,3 or Hof-
mann degradation.2i,2l,2m,2aa,2gg,4 Sometimes, it is also referred to as the Hofmann
decomposition,5 Hofmann cleavage,6 or Hofmann pyrolysis.7 In addition, Hofmann elim-
ination also includes the pyrolysis of tetraalkylammonium salts (often in the form of
trimethylalkylammonium salt) to olefins and tertiary amines (e.g., trimethylamine) in the
presence of a strong base. Thus the conversion of amines into quaternary ammonium
salts maximized with methyl groups along with the formation of olefins and a tertiary
amine (mostly trimethylamine) is known as the Hofmann exhaustive methylation.2dd,2gg,8

As the nature of pyrolysis, the Hofmann elimination is often carried out in a solvent
with a high boiling point,2ee involving a single-step (or one-step)2hh,9 bimolecular E2
mechanism.10 For most of aliphatic quaternary ammonium salts with a β-hydrogen atom
trans to the amino group, stereochemical studies have shown that the Hofmann elimination
proceeds almost exclusively by anti-elimination,11 giving the olefins with less substituents
unless a substituent on the β-carbon enhances the acidity of that particular proton (the
Hofmann Rule).2m The anti-elimination also predominates on six-membered rings.2o How-
ever, a few exceptions that proceed E2 elimination via the cis transition state are also
known, due to the enhanced acidity of proton, or conformational or steric hindrance.
Examples for the violation of the Hofmann Rule via such elimination are the conversion
of trans-2-phenylcyclohexyltrimethylammonium hydroxide into 1-phenylcyclohexene,11b

the elimination of N,N,N-trimethyl-3,3-dimethylcyclopentylammonium hydroxide to
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1452 HOFMANN ELIMINATION

3,3-dimethylcyclopentene and 4,4-dimethylcyclopentene,2o the elimination of N,N,N-
trimethyl-2-exo-norbornylammonium-3-exo-d iodide,2y and the cis-ylide elimination of
N,N,N-trimethyl-2-t-butyl-3,3-dimethylbutylammonium hydroxide.2y It has been found
that the mechanism is quite susceptible to alternation by steric factors for cyclic systems.2o

For example, the syn elimination is dominated on four-membered rings, whereas trans
elimination is favored on six-membered rings; however, steric and electronic factors
can alter the elimination to a syn manner on six-membered rings.2o Furthermore, the
eclipsing effects of substituents and the van der Waals interaction with bulky trimethy-
lammonium groups can alter the mechanism as well.12 The elimination of substituted
2-phenylethyltrimethylammonium ions gives a linear Hammett plot with ρ values usu-
ally greater than +3.0, indicating a substantial negative charge development at the β-carbon
in the transition state.11a In addition, it has been reported that the proton transfer in the
transition state is greater in the syn elimination than that in the anti-elimination.2x For the
quaternary ammonium salts with a hydroxyl group on the β-carbon that is allowed to rotate
into anti-coplanar to the leaving nitrogen, an epoxide forms upon the pyrolysis. If a pro-
ton occupies the position anti-coplanar to leaving nitrogen, however, an enol forms, which
quickly tautomerizes to a ketone.2m In cases in which the hydroxyl group sits in the neigh-
borhood of the ammonium group, the ether might form.2q For the quaternary ammonium
salt with an allyl group, migration of the double bond takes place to give 1,3-diene during
the elimination.4k

Although most of Hofmann eliminations are promoted by strong bases, some
weak bases have also been reported to trigger the Hofmann elimination, such as
diisopropylethylamine,13 a mixture of diisopropylethylamine and potassium carbonate,13

and gaseous ammonia (NH3);14 and ammonia has been found to be the ideal reagent for
vapor-phase Hofmann elimination.2g On the other hand, some Hofmann eliminations are
found to proceed under very mild conditions, such as the reaction in a concentrated aqueous
solution of alkyltrimethylammonium hydroxide surfactants at room temperature.2e Fur-
thermore, dried tetrabutylammonium fluoride (TBAF) has been reported to decompose at
room temperature via the Hofmann elimination.2a Overall, the Hofmann elimination has
been applied extensively for the structural elucidation of alkaloids15 and analysis of alkyl-
benzyldimethylammonium chloride (ABDAC) in river water and sewage effluent.4b It is
interesting that, for the alkaloid of apomorphinium system containing two β-carbons, there
are two possible cleavage pathways that can be controlled under different conditions.16

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Illustrated here is the elimination of isobutyl trimethylammonium iodide with hydroxide
to give 1-butene.
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D. MODIFICATION

This reaction has been extended to resin for the preparation of tertiary amine library.6,13,17

E. APPLICATIONS

This reaction has wide application in the structural elucidation of alkaloids and in the
synthesis of olefins with less substituents.

F. RELATED REACTIONS

This reaction is related to the Emde Degradation and Cope Elimination.

G. CITED EXPERIMENTAL EXAMPLES

Reference 13.

REM resin (a polystyrene resin) (1.0 g, 0.74 mmol) was suspended in a mixture of
927 µL 1,2,3,4-tetrahydroisoquinoline (7.4 mmol) and 7 mL DMF in a 15-mL polypropy-
lene tube and agitated on a rotator for 2.5 h. The resin was drained and washed using a
VacMaster station with DMF (4×2.5 mL) and then briefly dried under reduced pressure. The
resin was resuspended in a solution of 326 µL allyl bromide (3.7 mmol) in 7 mL DMF and
agitated on the rotator for 2.5 h. The resin was drained and washed using a VacMaster station
with DMF (4 × 2.5 mL) and CH2Cl2 (4 × 2.5 mL), then briefly dried under reduced pressure.
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The resin was resuspended in a solution of 266 µL diisopropylethylamine (1.48 mmol) in
7 mL CH2Cl2 and agitated on the rotator for 2.5 h. The resin was drained and washed using
a VacMaster station with CH2Cl2 (3 × 3 mL). The filtrate was collected and evaporated.
The residue was partitioned between diethyl ether (3 mL) and aqueous sodium carbonate
(2 mL, 5% w/v). The organic layer was separated, and the aqueous layer was reextracted
with ether (2 × 2 mL). The combined organic extracts were dried over K2CO3 and evap-
orated to dryness. 2-Allyl-1,2,3,4-tetrahydroisoquinoline was obtained as a colorless oil
in a 88% yield and 99% purity. (Note: An aqueous extraction was used in this case for
purification, because too much material was obtained for purification using a 500-mg silica
SPE cartridge.)

Reference 2b.

To a solution of 3.60 g 2-(bromomethyl)-1-((4-methylphenyl)methyl)aziridine
(15 mmol) in 50 mL acetonitrile was added 2.56 g benzyl bromide (15 mmol). After
the solution was refluxed for 5 h, the solvent was removed in vacuo, resulting in 6.15 g
N-benzyl-N-(2,3-dibromopropyl)-N-((4-methylphenyl)methyl)amine, in a crude yield of
100%. Pure compound can be obtained by column chromatography on silica gel using a
mixture of hexane and EtOAc as an eluent.

Other references related to the Hofmann elimination are cited in the literature.18
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Hofmann Isonitrile Synthesis

(Hofmann carbylamine reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofmann in 1868.1 It is the synthesis of isonitriles (also
known as isocyanides) from primary amines and chloroform in the presence of alkali and is
known as the Hofmann isonitrile synthesis,2 Hofmann carbylamine reaction,3 or Hofmann
carbylamine synthesis.2 This reaction has been used to test the presence of primary amines
from the order of isocyanides. Alternatively, the isonitriles can be prepared by means of the
treatment of formamide of primary amines with toluenesulfonyl chloride4 or phosphorus
oxychloride (POCl3).4,5 Currently, the isonitriles have gained much attention in organic
synthesis because of their application as versatile building blocks for heterocycles6 and in
multicomponent reactions to generate combinatorial libraries, such as that in the Passerini
reaction and Ugi reaction.7

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Shown below is a putative mechanism for this reaction.

D. MODIFICATION

This reaction has been modified using the conditions of phase transfer catalysis.8

E. APPLICATIONS

This reaction is generally used to convert primary amines into isonitriles.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2 CHBr3 THF
NaH

NC+

45%

Reference 9.

The mixture of 0.1 mol aniline and 0.105 mol bromoform was added to a suspension of
0.33 mol sodium hydride (dispersed in mineral oil) in THF. After the reaction was complete,
water was added dropwise to destroy any excess sodium hydride. Ether was added, and the
ether solution was washed with H2O (4 × 50 mL), dilute HCl solution (3 × 20 mL), and
water. After drying over Na2SO4, the ether was evaporated and the residue was distilled to
yield 4.65 g phenylisonitrile, in a yield of 45%, b.p., 50–55◦C (13 mmHg). Redistillation
gave 3.5 g of product, b.p. 52–53◦C (13 mmHg). The material was light green but became
colorless upon bulb-to-bulb distillation at 10−5 mmHg.
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N NH2

Et

Et
CHCl3 NaOH

N NC

Et

Et
+

benzene, ∆
20.5%

Reference 10.

A mixture of 40 g powdered potassium hydroxide and 100 mL benzene was placed in a
1-L round-bottomed flask equipped with a reflux condenser, drying tube, stirrer, and drop-
ping funnel. The mixture was stirred and heated under reflux, and gradually a solution of
15.8 g 3-diethylaminopropylamine in 29 mL chloroform was added. At a point during the
addition, the reaction became violently exothermic, heating was immediately discontin-
ued, and the reaction was moderated (but not quenched) by cooling the mixture externally
with ice water. The remainder of the chloroform solution was added at a rate to main-
tain vigorous refluxing, and the mixture was then allowed to stand until cool. It was
then filtered, the brown, tarry precipitate was washed with benzene, and the washings
were added to the filtrate. Solvent was removed, and further distillation gave a fraction
of b.p. 87–107◦C (45 mmHg), and a tarry residue. Attempted further distillation of this
residue at 1.0 mmHg resulted only in decomposition. The distillate was redistilled to give
2.49 g 3-diethylaminopropylamine; 2.37 g of a mixture with a boiling point of 86–105◦C
(45 mmHg); and 2.99 g 3-diethylaminopropyl isocyanide (20.5%) as a clear, colorless liquid,
b.p. 105–107◦C at 45 mmHg.

Other references related to the Hofmann isonitrile synthesis are cited in the literature.11
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Hofmann Rule

A. GENERAL DESCRIPTION OF THE REACTION

The Hofmann rule is formulated on the basis of product distribution in the decomposition
of a quaternary ammonium hydroxide initially reported by Hofmann in 1851 (i.e., Hofmann
Elimination).1 The Hofmann rule2 states that the major product will be an olefin having the
smallest number of attached alkyl groups3—that is, the product of less thermodynamical
stability.4 This rule was extensively studied first by Hughes and Ingold, who proposed that
the Hofmann rule was applicable to a bimolecular elimination (E2), which was controlled by
the polar factor from the positive charge in the “onium ion,” whereas the elimination (e.g.,
of the alkyl halides) that gives the most substituted olefin follows the Saytzeff Rule, which
is controlled by the electronic factor.5 However, Hughes and Ingold’s proposition was chal-
lenged by a group of researchers including Brown,2d,2e,4,6 Saunders,7 Cope,8 Baumgarten,9

Bailey,3,10 DePuy,11 Bartsch,12 and Brawerman.13 In particular, the extensive experimental
evidence from Brown, Saunders, Bailey, and Cope indicated that the elimination of quater-
nary ammoniums,3,7b,7c,8,11 tertiary sulfonium salts,2d,3,7c,11 pyrolysis of secondary and
tertiary esters of acetic acid,3,10b and so on all follow the Hofmann rule and are primar-
ily controlled by the steric effect, not the polar factor (e.g., the acidity of hydrogen to be
eliminated11). These experiments also showed that except for the highly strained molecules,
first-order elimination reactions tend to follow the Saytzeff Rule, but bimolecular elimina-
tion reactions may follow either the Saytzeff Rule or the Hofmann rule,3 depending on the
steric nature of the alkyl groups on the incipient double bond,2d the attacking base,2d,13

and the leaving group.2d In addition, the hyperconjugative effect11 and the strength of the
base7a,7b used also affect the elimination direction. Only when the steric factors are canceled
out, or the electronic effects become overwhelming, do Saytzeff products dominate.11 Thus
the formation of desired olefins can be controlled by choosing different attacking bases, as
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in the case for the elimination of 2-haloalkane:1-alkene is obtained predominantly when
potassium t-butoxide is used, whereas 2-alkene is the major product when an ethoxide base
is applied.13 However, the elimination of alkyl fluorides7d and the pyrolysis of cyclohexyl
carbinol acetate always give Hofmann products; in the latter case, the formation of an exo
double bond to the six-membered ring is avoided.14 In addition, the functional groups that
can conjugate with the forthcoming double bond might alter the direction of elimination
too (e.g., as a carbonyl group or a nitro group10b); however, one phenyl group is not strong
enough to turn over the preference in the elimination direction.10b On the other hand, the
effect of the base on the trans:cis ratio depends on the stereochemistry of the reaction.7b

For example, the stronger base in a pure anti elimination gives more cis-olefin, but, if a syn
elimination competes with anti-elimination, the application of a stronger base results in a
higher proportion of trans-olefin. In the former case, known as the “normal” pattern, the
increase in the Hofmann rule product is accompanied by a decrease in the trans:cis ratio of
the olefins. In the latter case, known as “abnormal” pattern, the Hofmann rule product and
the trans:cis ratio of the olefins increase in the same direction.7b

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This rule is useful in predicting and rationalizing the structures of elimination products.
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F. RELATED REACTIONS

This rule is related to Saytzeff Rule.

G. CITED EXPERIMENTAL EXAMPLES

Reference 10a.

To a pyrolysis apparatus consisting of a Vycor tube packed with Pyrex helices and
externally heated with a 12-in. Hoskins furnace at 400◦C was added dropwise 16.0 g
t-amyl acetate (0.12 mol) at the rate of 1 g/min to the top of the tube. In the end of the
pyrolysis, a small sample of the pyrolysate was immediately analyzed by GC, indicating a
mixture of 70% 2-methyl-1-butene and 30% 2-methyl-2-butene. After the pyrolysate had
been washed with water until neutral, the aqueous extracts were titrated with standard base
to indicate that 77% of acetic acid has been librated.

Other references related to the Hofmann rule are cited in the literature.15
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Hofmann-Löffler-Freytag

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofmann in 1883,1 and then extended by Löffler
et al. after 1909.2 It is the synthesis of pyrrolidine or piperidine derivatives by thermal or
photochemical decomposition of the protonated aliphatic N-haloamines. Historically, this
reaction has been known as the Löffler method,3 Löffler-Freytag reaction,4 Hofmann-Löffler
reaction,5 and Hofmann-Löffler-Freytag cyclization,6 but the Hofmann-Löffler-Freytag
reaction7 is the most commonly used name today. Corey5d,7p and Wawzonek8 provided
many experimental evidences to support the radical mechanism of this reaction, such as
the initiation of the reaction by either photo-irradiation or traditional radical initiators and
the inhibition of reaction by oxygen. Without radical initiation (e.g., UV light), the N-
haloamines are stable even in 85% sulfuric acid in the dark at room temperature;5b in
contrast, the same protonated N-haloamines disappear within 3 h if irradiated by even
a weak UV light source, such as a chromatography column scanner.5d In this reaction,
hydrogen abstraction is the chain-propagating step.7h It is known that the bond energy of
secondary C-H (e.g., Me2CH-H) is 358 KJ/mol, and the bond energy of Me2N-H is 383
KJ/mol.7h Obviously, it is mildly exothermic for hydrogen abstraction by aminyl radicals on
hydrocarbons. Moreover, the protonation of aminyl radicals to give aminium radicals con-
siderably enhances the electron deficiency of nitrogen, which would dramatically facilitate
the hydrogen abstraction.9 On the other hand, even though both pyrrolidines and piperidines
are potential products of this reaction, pyrrolidines are the most favored products,5c,5d,7p

possibly because of the kinetic factor. Currently, many other methods have been established
to generated aminium radicals, including electrochemistry,10 pulse radiolysis,11 and the
reduction of photosensitizers (e.g., ketone triplet, dicyanobenzene).12 It should be pointed
out that this reaction has been extended to amidyl radicals.7c,13
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B. GENERAL REACTION SCHEME

R
N

R′

Cl

H+

N

R′

R
n

hν or ∆ 

n

(n = 1, 2)( )

C. PROPOSED MECHANISMS

Proposed here is a tentative mechanism for the Hofmann-Löffler-Freytag reaction.

D. MODIFICATION

This reaction has been extended to amidyl radical,7c,13 sulfonamidyl radical,7b and other
nitrogenous radicals.14

E. APPLICATIONS

This reaction has been widely used in the synthesis of substituted pyrrolidines and
piperidines.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

S
N
H

O O

N
S

O

O
N

S

O

O

I
PhI(OAc)2/I2

ClCH2CH2Cl, hν
+

6% 89%

Reference 7b.

(Diacetoxyiodo)benzene (0.8 mmol) and 0.5 mmol iodine were added to a solution
of 0.5 mmol N-methyl phenylethylsulfonamide in 5 mL dichloroethane. The mixture was
irradiated with a 500-W tungsten lamp at 20–30◦C for 2 h under an argon atmosphere. After
the reaction, the mixture was poured into a saturated aqueous sodium sulfite (Na2SO3)
solution and extracted with CHCl3 three times. The organic layers were combined and
dried over Na2SO4. After removal of the solvent under reduced pressure, the residue was
chromatographed by preparative TLC on silica gel using a mixture of hexane, EtOAc,
and CHCl3 (6:3:1) as the eluent, to give 6% N-methyl-3,4-dihydro-2,1-benzothiazine-2,2-
dioxide, m.p. 77.0–79.0◦C and 89% N-methyl-6-iodo-3,4-dihydro-2,1-benzothiazine-2,2-
dioxide, m.p. 139.0–141.0◦C.

Reference 13a.

To a solution of 402 mg N-(4-pentenyl)cycloyexanecarboxamide (2.15 mmol) in 21.5 mL
benzene containing a catalytic amount of DMF at ∼ 5◦C was transferred 1.5 eq. phosgene
(1.9 M of phosgene in toluene). The solution was allowed to warm slowly to ambient
temperature with stirring. The slow evolution of CO2 was monitored via a mineral oil
bubbler. After ∼ 12 h, the evolution of CO2 was complete. Excess amounts of phosgene
and solvent were removed by distillation at room temperature under reduced pressure to
give the imidoyl chloride as a clear liquid. Dry ether was added to give a 0.1 M solu-
tion of imidoyl chloride. The flask was wrapped in aluminum foil, and 1.2 eq. anhydrous
2-mercaptopyridine N-oxide sodium salt was added via a solid addition tube under nitro-
gen. The mixture was stirred for 4–8 h. The residual salts were removed by filtration under
nitrogen and were washed with dry ether. Concentration of the filtrate in vacuo gave
1-[(N-(4′-pentenyl)cyclohexanecarboximidyl)oxy-2(1H)-pyridinethione as a yellow oil.

The product was dissolved in benzene at 0.05 M concentration; then under a nitrogen
atmosphere was added 1.2 g diphenyl diselenide (3.8 mmol). The solution was irradiated
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for 10 h. Removal of the solvent and then radial chromatography (hexane/EtOAc, 4:1) gave
456 mg N-(cyclohexylcarbonyl)-2-[(phenylseleno)methyl]pyrrolidine, in a yield of 61%.
Recrystallization from hexanes gave a material with a melting point of 81–83◦C.

Other references related to the Hofmann-Löffler-Freytag reaction are cited in the
literature.15
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Hofmann-Martius

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofmann and Martius in 1871.1 It is the thermal
conversion of hydrohalides of N-alkylated aromatic amines to o-alkylated and p-alkylated
aromatic amine derivatives and is generally known as the Hofmann-Martius rearrangement.2

It is known that the N-alkylated aromatic amine hydrochlorides dissociate upon heating3

and then the new components undergo the intermolecular alkylation,2h,4 involving the
migration of an alkyl group in the form of free radical,4b olefin3,4b or carbocation.3,4a How-
ever, evidence also indicates the combination of both radical and olefin pathways.4b The
Hofmann-Martius rearrangement in the solid state mostly gives ortho-alkylated products,
possibly because of limited diffusion.5 In addition, the Hofmann-Martius rearrangement
can be triggered by photo-irradiation.6

B. GENERAL REACTION SCHEME

H
N

Me HCl

∆

NH2 NH2

+
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1470 HOFMANN-MARTIUS REARRANGEMENT

C. PROPOSED MECHANISMS

A cationic mechanism is displayed here for the thermal rearrangement of N-methyl
aniline hydrochloride, without the formation of methyl chloride as a reaction intermediate.

D. MODIFICATION

This reaction has been modified to the conditions promoted by photo-irradiation.6

E. APPLICATIONS

This reaction is useful for the preparation of substituted aromatic amines.

F. RELATED REACTIONS

This reaction is related to Fischer-Hepp Rearrangement, Orton Rearrangement, and
Reilly-Rickinbottom Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

H
N

Ph

NH2

Ph

NH

Ph

i-PrOH/t-BuOH

hν
+

28.9% 13.6%

Reference 6.

A solution of 300 mL isopropyl alcohol/t-butyl alcohol containing 3.83 g N-
phenylbenzylamine was irradiated under nitrogen gas for 30 h. The concentrated reaction
mixture was chromatographed on a 15 × 300-mm column, slurry packed in benzene/3% ace-
tone with 100-mesh silica gel, using benzene/3% acetone as the eluent. Three components
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were obtained in the order of N-phenylbenzylamine, o-benzyl-aniline (28.9% yield), and
p-benzyl-aniline (13.6% yield), in a total conversion of 55.4%.

Reference 7.

A mixture of 25.0 g trans-2-styrylpyridine methiodine and 50.0 g aniline was heated
under reflux for 1 h. The cooled reaction mixture was washed with dilute ammonium hydrox-
ide solution, and organic material was extracted with ether. The ether extract was washed
with water and dried over MgSO4. The excess aniline and ether was removed under reduced
pressure to give a brown oil that crystallized from benzene to yield 15.0 g of colorless prisms.
A portion of this material (4.25 g) was chromatographed on silica gel with an increasing
percentage of EtOAc in benzene as the eluent. The desired portions were evaporated to yield
0.6 g 2,4′-diaminotriphenylmethane and 1.95 g 4,4′-diaminotriphenylmethane. An interme-
diate cut yielded 1.15 g of a mixture of these two compounds. Pure 4,4′-diaminotriphenyl-
methane (1.2 g) was obtained as colorless prisms from crystallization in benzene, m.p.
137–138◦C, and a sublimed sample of this molecule had a melting point of 142–144◦C.
Similarly, 0.4 g pure 2,4′-diaminotriphenylmethane was obtained from the crystallization
in benzene, m.p. 99–104◦C (with benzene in presence), and the sublimed sample had a
melting point of 131–132◦C.

Other references related to the Hofmann-Martius rearrangement are cited in the
literature.8
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Hofmann-Sand Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hofmann and Sand in 1900.1 It is the reaction
between mercuric salt (acetates, halides, nitrates, or sulfates) and compounds containing
a carbon-carbon double bond in aqueous or alcoholic solutions to form either addition
products or coordination complexes or both. In addition, the solvents also participate in
this reaction causing hydrolysis or alcoholysis to give products containing hydroxyl or
alkoxyl groups. The formed compounds characteristically decompose to regenerate the
olefins in the presence of hydrochloric acid, often in only 5% concentration, except for
the product of dibenzoyl derivative and mercurated 1,2-dihydrobenzofurans.2 For example,
1-chloromercurimethyl-1,2-dihydrobenzofuran is perfectly stable in boiling acetic acid and
does not decompose after standing in 15% hydrochloric acid or 50% sulfuric acid for several
days at ordinary temperatures;2b in addition, the corresponding sulfate is even more stable
to acids than chloride.2b The overall reaction outcome depends on the following factors:3

the structure of olefin, the acidity of the solution, the anion in mercuric salt, and the temper-
ature and the concentration of solution. For example, allyl alcohol usually gives an internal
ether product.2,4 In this reaction, the trans-olefin normally reacts more sluggishly than the
cis-isomers,5 by which unsymmetrical olefins give products with the mercury atom attach-
ing to the carbon of fewer substituents3 and the existing negative group hinders and may
even prevent the reaction.3 On the other hand, mercuric nitrate and acetate are the best salts
for general use, and the reaction usually completes when the solution of the reactants no
longer gives a precipitate of mercuric oxide with caustic alkali.3 It should be pointed out
that the Hofmann-Sand reaction occurs most readily in methanol solution in which even
trans-olefins with negative groups attached would react.6 In this reaction, the mercuric
salt-olefin adducts are crystalline substances with relatively high thermal stability3—for
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example, both cis- and trans-1-methoxy-2-(chlormercuri)-cyclohexanes can be distilled
under vacuum without decomposition.7 Except for their greater density, the mercurate salt-
olefin adducts are typical organic compounds, which can further react with a variety of
compounds.3 Some of the reactions that the mercurate salt-olefin adducts undergo are (a)
conversion into iodohydrin by treatment with iodine in KI solution,2b (b) reduction to alcohol
by sodium amalgam,3 (c) conversion into ether compound in 5% H2SO4,8 (d) regenera-
tion of olefin in aqueous solution of cyanides and thiocyanates,1a (e) conversion to sulfide
from hydrogen sulfide,1a,1b (f ) reaction with alkyl halide to form alkyl alcohol along with
the evolution of the original olefin,9 (g) liberation of olefin when reacting with Grignard
reagent5c along with the isomerization of cis-olefin to trans-olefin,10 and (h) formation of
aldehyde when reacting with diazonium salt.11

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Based on many experimental details, it is strongly believed that olefins form a coordina-
tion complex with mercuric salts in solution, which can decompose to release olefins again.
As only 10 outer electrons are available for Hg2+, the complexes from olefin and mercuric
halides that do not have a stable 18-electron configuration require additional ligands of
hydroxide in aqueous solution; for comparison, the complexes from olefin and mercuric
acetate are stable because acetate is bidental. Olefin is activated as of coordination, so that
the formation of an addition product is quite possible. A tentative mechanism is outlined
here to show the dynamic equilibrium between the coordination complex and the addition
product.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is very useful for the determination of olefinic configuration and the
conversion of cis-olefins into trans-olefins.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Hg(OAc)2
NaCl

MeOH

HgCl

OMe

+

38%

Reference 7.

When 1.96 g cyclohexene (0.024 mol) and 3.19 g mercuric acetate (0.01 mol) were left
to stand 11 days, a residue remained after 1 h of evaporation under 12 mmHg. This gummy
residue was dissolved in 25 mL methanol. After 3 days, the solution was poured into dilute
sodium chloride to yield 1.32 g α-1-chloromercuri-2-methoxycyclohexane, in a yield of
38%.

Hg(OAc)2
EtOH Hg

OEt

OEt

AcO Hg(OAc)+

60%

Reference 12.

Mercuric acetate (40 g; 0.125 mol) and 225 mL absolute ethanol were placed in a
500-mL filtering flask fitted with a large expansion bulb reaching nearly to the bottom of
the flask. Gaseous 1,3-butadiene (0.067 mol) from the sulfone, or from a measured quantity
of liquid butadiene in a test tube was introduced through the side tube of the filtering flask.
The reaction mixture was shaken to facilitate absorption of the gas. After the absorption
started, the flask was placed on a hot plate and maintained just below the boiling point of
the ethanol. The mercuration can be carried out with good results at room temperature, but
a longer time is required because the mercuric acetate dissolves quite slowly. When all of
the butadiene had been absorbed, a test portion of the solution was withdrawn and made
alkaline with aqueous sodium hydroxide. If a yellow precipitate of mercuric oxide formed, a
small additional quantity of butadiene was introduced, and the absorption process continued
until the sodium hydroxide test was negative. The mercuration mixture was allowed to cool
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to 20◦C, and the crystals of the less soluble product (α-isomer) were filtered with suction
and washed twice with ether. The first crop of crystals weighed 20–23 g. The filtrate and
washings were subjected to distillation on a steam bath until most of the alcohol had been
removed. The residue was filtered when cold, and the filtrate was reserved for isolation
of the more soluble product (β-isomer). The second crop of crystals of the α-isomer was
washed with ether and combined with the first crop, giving a total amount of 25 g α-isomer
(60% yield, based on mercuric acetate). The product formed colorless crystals from ethanol,
m.p. 162–163◦C.

Other references related to the Hofmann-Sand reaction are cited in the literature.13
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Hooker Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hooker in 1936.1 It is the oxidation of 2-hydroxy-3-
alkyl (or alkenyl)-1,4-benzoquinones into its homologs with alternated hydroxy and alkyl
groups of one less carbon by alkaline permanganate or the combination of hydrogen perox-
ide and sodium carbonate. Therefore, it is generally known as the Hooker oxidation.2 This
reaction is known to occur through at least three stages:2d initial cleavage of the C=C bond
to form aromatics with keto acid and ketyl side chains, subsequent Aldol Condensation of an
activated methylene group to a neighboring keto acid to form a six-membered ring, further
decarboxylation and aromatization resulting in 1,4-hydroquinone with alternated hydroxy
and alkyl groups of one less carbon, and the final oxidation of 1,4-benzohydroquinones into
1,4-benzoquinones. This mechanism has been proved either by comparison of oxidized
derivatives with different substituents (e.g., Br)2e or isotopic labeling.2a It has been sug-
gested that for the oxidation of quinones with saturated side chains a rather strong alkaline
solution is required, and the reaction is normally conducted at 0–5◦C by quickly mixing the
solution of hydroxyquinone in 1% alkali and potassium permanganate in 10% alkali.3 This
reaction usually gives very pure products with yields generally in the range of 70–80%. In
addition, in some cases, the yield is even better if the reaction is conducted in more con-
centrated alkali solution.3 However, the oxidation of those benzoquinone with unsaturated
side chains requires a much less strong alkaline medium—for example, using aqueous
potassium permanganate without alkali—and gives much lower yields, in the range of
35–40% or even lower.3 This reaction can be repeated until the side alkyl chain is com-
pletely cut off.3 This reaction is a valuable tool for the preparation of substances that might
otherwise be difficult to make and is also useful for the determination of the side chains of
benzoquinones.3
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B. GENERAL REACTION SCHEME

R1

O

O

OH

R2 KMnO4

R1

O

O

R2

OH

or H2O2/Na2CO3

R1 = H, halo, alkyl, 
R2 = H, alkyl, alkenyl

C. PROPOSED MECHANISMS
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D. MODIFICATION

This reaction has been modified using alkaline hydrogen peroxide as an oxidant.

E. APPLICATIONS

This reaction is useful for the structural determination of hydroxy quinone, and in the
preparation of some quinone derivatives that might be difficult to make.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

O

OH

CH3
MeO

OMe

O

O

CH3

OHMeO

OMe

1) H2O2/Na2CO3

2) CuSO4/NaOH 72%

Reference 2a.

To a 50-mL round-bottomed flask charged with 1.5 mL dioxane, 1.5 mL H2O, and
64 mg Na2CO3 (0.6 mmol) was added 131 mg 2-ethyl-3-hydroxy-5,7-dimethoxy-1,4-
naphthoquinone (0.5 mmol). The resulting burgundy colored mixture was heated with H2O2
(30%, 0.2 mL) at 60◦C until the solution became colorless to pale yellow. Upon cooling in
ice bath, the reaction mixture was treated with 5 drops 36% HCl and H2O saturated with
SO2. A stream of nitrogen was then bubbled through the solution for 30 min. Next, the
mixture was treated with 1 mL 25% NaOH solution and a solution containing 0.5 g CuSO4
(3 mmol) in 4 mL H2O; the mixture was heated at 70◦C until the starting blue solution
became red in color (∼ 1 h). The solid components were removed by vacuum filtration
through a pad of Celite. The filtrate was then treated with conc. HC1, resulting in a yellow
solution (pH 1–2). Extraction with CHC13 (3 × 50 mL) was followed by a back wash-
ing of the aqueous layer with CHCl3 (2 × 25 mL). The combined organic portions were
washed with 10 mL brine, dried over MgSO4, and concentrated in vacuo. Flash column
chromatography (3:l, hexanes/EtOAc) gave 89 mg 2-hydroxy-5,7-dimethoxy-3-methyl-1,4-
naphthoquinone as a yellow solid, m.p. 223–225◦C.
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O

O

OH

Br
Ph

O

O

OHBr

Ph1. 1% NaOH

2. 1% KMnO4

36%

Reference 2e.

A solution of 3.0 g 2-hydroxy-3-(γ-phenyl)propyl-6-bromo-1,4-naphthoquinone in the
required amount of benzene was stirred in 600 mL hot 1% NaOH solution, and the red
solution was cooled to 0◦C and treated with 189 mL 1% KMnO4 also at 0◦C. The solution
becoming practically colorless (spot test) and then reaching a maximum intensity of red in 1
to 2 h. The yield of precipitated, nearly pure material was 36%. Crystallization from alcohol
containing acetic acid afforded 3-hydroxy-2-(β-phenyl)ethyl-6-bromo-1,4-naphthoquinone
as golden yellow needles, m.p. 173–175◦C.

Other references related to the Hooker oxidation are cited in the literature.4
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Horenstein-Pählicke

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Horenstein and Pählicke in 1938.1 It is the reac-
tion between substituted aryl carboxylic acid and N,N-dialkylamino alkyl halide to give
a corresponding N,N-dialkylaminoalkyl arylcarboxylate hydrochloride,2 specifically for
the preparation of a group of molecules with anesthetic activity.3 Therefore, this reaction
is often known as the Horenstein-Pählicke reaction.2b,4 In addition, it is also referred to
as the Horenstein-Pählicke process5 or Horenstein-Pählicke condensation.2a Under these
reaction conditions, the common self-condensation of N,N-dialkylamino alkyl halides4c

is minimized. Often, the aryl carboxylic acid, such as 2-hydroxy-4-nitrobenzoic acid, is
refluxed with N,N-diakylamino alkyl chloride in isopropanol in the presence of a base
(e.g., K2CO3). However, the protection of hydroxyl group by a benzyl other than acetyl
will increase the yield.2b In addition, it has been found that the reaction in butanol will give
a higher yield than that in isopropanol and the direct reaction between aryl carboxylic acid
and alkyl halide will give even higher yields.6 This reaction works mainly for primary alkyl
halides and is not good for secondary alkyl halides, such as 1-methyl-3-chloro-pyrrolidine.6

Besides the alcoholic solvent, this reaction is often carried out in dry toluene under basic
conditions.4c,7
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B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS
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D. MODIFICATION

This reaction has been modified to occur in sodium-dried toluene.7

E. APPLICATIONS

This reaction is specifically used for the preparation of N,N-dialkyl alkyl arylcarboxy-
lates.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

CO2H

MeO

Br
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Et
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Cl
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O

O
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Et

OMe

Br
+

EtOH, ∆

70%

Reference 7.

To 150 mL absolute ethanol containing 3.3 g clean, freshly cut sodium (0.15 mol)
was added, with stirring, 13 g 5-bromomethylvanillic acid (0.05 mol). The mixture was
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then stirred and refluxed for 30 min. After the mixture was cooled to room tempera-
ture, the salt was filtered off, washed with absolute ethanol, and allowed to dry. The
dried salt was then suspended in 200 mL sodium-dried toluene and treated with 8.5 g
β-diethylaminochloroethane hydrochloride (0.05 mol). The mixture was then stirred and
refluxed for 18–20 h. The hot mixture was then filtered. On cooling, the filtrate was washed
with 10% NaOH (2 × 75 mL) followed by water. The toluene layer of the basic ester was
then dried for several hours over MgSO4. Anhydrous HCl was then bubbled through the
toluene solution until salt formation was complete. The product was filtered, allowed to dry
in a desiccator, and then recrystallized from a mixture of absolute ethanol and anhydrous
ether, to give 70% of a water-soluble product, which melted at 164–165◦C.

Reference 4c.

A mixture of 22.5 g 4-nitro-2-n-propoxy benzoic acid (0.10 mol), 11.0 g KHCO3, and
400 mL dry toluene was stirred and refluxed under a water trap until dehydration was
complete (∼ 2 h). The water trap was removed, and 12.9 g 2-dimethylaminoethyl chloride
(0.12 mol) was added. Stirring and refluxing were continued for 20 h. The mixture was
filtered while hot, and the filter cake was washed well with hot toluene. The toluene was
removed from the combined filtrates in vacuo and the residual oil was dissolved in dilute
hydrochloric acid. After decolorization, the solution was treated with solid K2CO3, and the
liberated base was taken up in EtOAc. After drying over Drierite, EtOAc was evaporated
in vacuo and 24.0 g 2-dimethylaminoethyl 4-nitro-2-n-propoxy benzoate was obtained as
oil, in a yield of 81%.

Other references related to the Horensetin-Pählicke reaction are cited in the literature.8
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Horner-Wadsworth-Emmons

Olefination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Horner et al. in 19581 and subsequently mod-
ified by Wadsworth and Emmons in 1961.2 In fact, it is the further modification of
the Wittig Reaction.3 The Horner-Wadsworth-Emmons (HWE) olefination is the synthe-
sis of olefins from the condensation between carbonyl compounds (both aldehydes and
ketones) and carboanions derived from alkyl phosphine oxides (Horner’s condition),1

phosphonates (Wadsworth and Emmons’s condition),2 phosphonamides (Corey),4 and
their thiono counterparts (Corey).5 All these reaction conditions have obvious advantages
over the original Wittig Reaction, such as the higher nucleophilicity and the basicity of
phosphonate-stablized carbanion compared to the corresponding phosphonium ylides and
the easy removal of dialkylphosphate salt (by-product of this reaction) by simple aqueous
extraction. Historically, this reaction has been known as the Horner-Wadsworth-Emmons
reaction (HWE reaction),6,7 Horner-Wadsworth-Emmons olefination (HWE olefination),8,9

Horner-Wadsworth-Emmons condensation,6k,10 Horner-Wadsworth-Emmons coupling,11

Horner-Wadsworth-Emmons homologation,12 etc. The starting materials of dialkyl phos-
phonates can be prepared by the Michaelis-Arbuzov Rearrangement,13 Michaelis-Becker
Reaction,14 acylation of alkyl phosphonate anion,15 and phosphonate ester interchange.16 In
this reaction, the rate-determining step is the addition of phosphonate anion into the carbonyl
group,17 where the carbanion-stabilizing group is necessary for the elimination to occur;5

otherwise, the β-hydroxyphosphonates form from the nonstabilized phosphonates.18 Dur-
ing the elimination, both Z-olefins and E-olefins are possible, and the ratio depends on
the stereochemical outcome of the initial addition and the ability of the intermediate to
equilibrate. Generally speaking, for disubstituted olefins (from aldehydes), the E : Z ratio
increases when the reversibility of the nucleophilic addition increases (i.e., increasing of
the retroaddition rate relative to the rate of elimination).19 Other conditions that favor the
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E-selectivity are: bulky phosphonate and ester substituents,20 substitution solvent of THF
with DME, higher reaction temperature, increased α-substitution of the aldehyde, and a
cation order of Li+ > Na+ > K+. For comparison, the trisubstituted olefins can be syn-
thesized either from the α-branched phosphonates with aldehyde or phosphonates with
ketones. Some hindered ketones do not undergo the original Wittig Reaction but do take
place for the HWE olefination.21 On the other hand, the HWE olefination is normally
performed in the presence of a relatively strong base such as n-BuLi, KOBut , or NaH;22

therefore, this reaction is complicated by the Aldol Condensation6k,22 or other reactions
that aldehydes and ketones normally undergo under such conditions. Therefore, Masamune
and Roush introduced mild conditions (LiCl, amine base, ambient temperature) for the
olefination of base-sensitive substrates or phosphonates.23 In addition, Ando improved the
condition to enhance the Z-selectivity by using a combination of NaI/DBU/THF.6e,6h,22,24

Similarly, Still and Gennari reported the synthesis of trisubstituted olefins with high
Z-selectivity from methyl [bis(trifluoroethyl)phosphono]propionate in THF in the presence
of KHMDS/18-crown-6.16a Further modifications on this reaction include the application
of chiral phosphonates (phosphonamides),25 parallel kinetic resolution according to the
difference in rates of enantiomeric aldehydes,6c control of the 1,4-asymmetric addition and
1,2-addition to α,β-unsaturated carbonyl compounds,26 and synthesis of tetrahydrofuran
and pyran derivatives.27 This reaction has successfully been applied to the prepara-
tion of some macrolides, including (-)-Vermiculine,28 (-)-Asperdiol,29 Amphotericin B30

FR182877,31 and dactylolide.32 This reaction has been extensively reviewed.13,18,33

B. GENERAL REACTION SCHEME
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D. MODIFICATION

This reaction has been modified to occur under mild conditions such as those of
Masamune and Roush, Still, and Ando. In addition, chiral phosphonates (or phospho-
namides) have been used for this reaction. In particular, the method developed by Still
and Gennari using [bis(trifluoroethyl)phosphono] esters, generally known as Gennari-Still
phosphonates,34 is very useful in the preparation of Z-olefins.16a Illustrated is the HWE
reaction using Gennari-Still phosphonates to give cis-olefins, and its mechanism.

E. APPLICATIONS

This reaction has very wide application in the synthesis of compounds containing carbon-
carbon double bond(s).

F. RELATED REACTIONS

This reaction is closely related to Wittig Reaction. This reaction is also related to Peterson
Reaction and Tebbe Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 35.

To a solution of 1.1 mmol [1-(1-hydroxy-3-phenyl-propyl)-octyl]-phosphonic acid
dimethyl ester in 5.0 mL methanol was added 5.0 mL 4 M NaOH. After being stirred
at room temperature for 16 h, the reaction mixture was acidified to pH < 2 with 1 M HCl,
extracted with CH2Cl2, dried over MgSO4, and concentrated in vacuo. The reaction residue
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was dissolved in 5.0 mL CHCl3 and treated with 2.2 mmol diisopropylcarbodiimide. After
being stirred at room temperature for 4 h, the reaction mixture was concentrated in vacuo.
Purification of the residue by flash chromatography (SiO2, hexane) afforded 99.0 mg
1-phenyl-3-undecene (0.382 mmol) as a colorless oil, Rf = 0.65 (hexane).

n-C8H17
H

O

O
P

O

Ph

Ph

O
P

OO

o-Tolyl-O
o-Tolyl-O THF

96%

+
KHMDS/18-c-6

n-C8H17

OP′ O

O-Menthyl

O-Menthyl

O

n-C8H17

OP′
(P′ = Diphenylphosphinoyl)

+

Reference 36.

To a solution of phosphonate (1.0 eq. 0.02 M in THF) and 18-crown-6 (5 eq.), pre-
cooled to -78◦C, was added KHMDS (1.0 eq.) under argon. The mixture was stirred
for 30 min and then transferred via cannula to a precooled solution of 1.1–2.2 eq. of
2-diphenylphosphinoyloxy-n-deca-aldehyde. The mixture was stirred at -78◦C under argon
for 3 h, whereafter a 1 M solution of acetic acid in methanol was added. After the mix-
ture was stirred for 5 min more, phosphate buffer at pH 7 was added, and the mixture
was allowed to warm to room temperature. Extraction with EtOAc afforded a crude mix-
ture that was purified by flash chromatography (twice; 20–25% EtOAc in hexanes) to
give (1′R,2′S,5′R)-8–phenylmenthyl (2Z,4S)-4-diphenyl-phosphinoyloxy-2-dodecenoate
and (1′R,2′S,5′R)-8′-phenylmenthyl (2E,4R)-4-diphenylphosphinoyloxy-2-dodecenoate,
both as a colorless oil, in a combined yield of 96%.

Other references related to the Horner-Wadsworth-Emmons olefination37 and to the
Still-Gennari modification38 are cited in the corresponding literature.

H. REFERENCES

1. Horner, L.; Hoffmann, H. M. R. and Wippel, H. G., Ber., 1958, 91, 61.

2. Wadsworth, W. S. and Emmons, W. D., J. Am. Chem. Soc., 1961, 83, 1733.

3. Wittig, G. and Geissler, G., Ann., 1953, 580, 44.

4. (a) Corey, E. J. and Cane, D. E., J. Org. Chem., 1969, 34, 3053. (b) Corey, E. J. and Kwiatkowski,
G. T., J. Am. Chem. Soc. 1968, 90, 6816. (c) Corey, E. J. and Kwiatkowski, G. T., J. Am. Chem.
Soc., 1966, 88, 5652. (d) Corey, E. J. and Kwiatkowski, G. T., J. Am. Chem. Soc. 1966, 88, 5653.

5. Corey, E. J. and Kwiatkowski, G. T., J. Am. Chem. Soc., 1966, 88, 5654.

6. (a) Dı́ez-Barra, E.; Carcı́a-Martı́nez, J. C. and Rodrı́guez-López, J., J. Org. Chem., 2003, 68, 832.
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Hosomi-Sakurai Allylation

(Hosomi-Sakurai Reaction, Sakurai
Allylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hosomi and Sakurai in 1976.1 It is the Lewis acid- or
fluoride-promoted2 allylation of various carbon electrophiles (e.g., aldehydes,3 ketones,2a

aldimines,2a alkenes,4 imines,5 α,β-unsaturated carbonyl compounds,2b,5,6 acetals3b,7)
with allyltrimethylsilane accompanied by the regiospecific transposition of allylic moi-
ety and possible generation of new chiral center(s).7c This reaction is therefore known
as the Homosi-Sakurai reaction,3b,4,5,6,7d,8 Hosomi-Sakurai allylation,2b,3a,8c,8e,9 Sakurai-
Hosomi allylation,10 Sakurai allylation,11 and Sakurai addition.12 When the electrophiles
are acetals, the allylation might occur in the presence of a catalytic amount of Lewis acid,
such as 2% FeCl3.7a In addition, many other Lewis acids have been applied as promoters
or catalysts for the allylation of acetals, including TiCl4,13 BF3·Et2O,3a SnCl4,2b AlCl3,7a

TMSI,14 TMSOTf,15 TMSNTf2,16 Sc(OTf)3,17 Bi(OTf)3,18 and trityl perchlorate.19 On the
other hand, the allylation of alkylsilyl mixed acetals leads to the replacement of either an
alkoxyl or an alkylsiloxyl group, depending on the Lewis acid applied.3b For electrophiles
of aldehydes, such as benzaldehyde, it has been found that even the use of an excess amount
of Lewis acid (BF3·Et2O) does not drastically increase the yield of homoallylic alcohol;3a

in contrast, a catalytic amount of FeCl3 can promote the allylation of aliphatic aldehydes.7a

For the electrophiles of α,β-unsaturated ketones or aldehydes, it has been found that allyl-
silanes undergo regiospecific conjugate addition to double bond in the presence of strong
Lewis acid catalyst,2b except for the application of auxiliaries;20 however, all monoactivated
α,β-unsaturated esters, nitriles, and amides do not undergo such allylation, regardless of
the choice of catalyst.2b For the allylation of aldehydes with substituted allylsilane, such as
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crotylsilane, the syn-homoallylic alcohols form predominantly from either cis-crotylsilane
or trans-crotylsilane.3b In addition, the allylation of aldehydes also results in the formation
of ether.6b This reaction has been improved to occur in the presence of a catalytic amount
of Lewis acid using allylsilyl chlorides instead of allyltrimethylsilane.21

B. GENERAL REACTION SCHEME

R1 R2

O
Si

R2

OH

R1

R2

O

R1

Si
R2

OR1

R1 R2

NR3

Si
R2

NHR3

R1

R1 OR2

OR3

Si
OR2

R1

OR3

R1

+
Lewis acid R1 = alkyl, aryl

R2 = H, alkyl, aryl

+
Lewis acid

+ Lewis acid

+
Lewis acid

or

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl

R1 = alkyl, aryl
R2 = alkyl, aryl
R3 = alkyl, aryl

R1 = alkyl, R2 = alkyl, alkylsilyl, R3 = alkyl,

*

*

*

**

*

*

*

*

C. PROPOSED MECHANISMS

Displayed below is a representative mechanism for the reaction between allyltrimethyl-
silane and ketone in the presence of Lewis acid TiCl4.

D. MODIFICATION

This reaction has been extensively modified using different Lewis acids as catalysts.
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E. APPLICATIONS

This reaction has wide applications in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

CHO SiEt3

OTMS TMS

TMSOTf

n-C5H11

O Ph

SiEt3

+
Toluene

80%

Reference 20.

To a 0.1 M toluene solution containing 0.11 g (±)-1-phenyl-1-(triethylsilyl)methanol
TMS ether (0.38 mmol, 1.0 eq.) precooled to −78◦C was added 52 µL hexanal (0.42 mmol,
1.1 eq.), allyltrimethylsilane (1.1 eq.), and TMSOTf (0.2 eq.). The mixture was maintained
at −78◦C for 1 h, and then the reaction was quenched by saturated aqueous NaHCO3. The
mixture was allowed to warm to ambient temperature, diluted with CH2Cl2, and washed
once with saturated NaHCO3 and then three times with brine. The combined aqueous phases
were extracted twice with CH2Cl2, and the combined organic layers were dried over MgSO4
and then concentrated in vacuo. Purification by flash chromatography (5% CH2Cl2/hexanes)
afforded 0.10 g triethyl [(1-pentylbut-3-enyloxy)phenylmethyl]silane as a colorless oil, in
a yield of 80%.

CHO TMS

Ph

OBnBnOSiMe3 (1.2 eq.)/FeCl3 (2 mol %)

0°C/2 h. MeNO2/–20°C, 10 min
100%

Reference 7a.

To a mixture of 2.0 mg FeCl3 (0.012 mmol) and 63 µL benzaldehyde (0.62 mmol)
was added 146 µL benzyloxytrimethylsilane (0.74 mmol) at 0◦C under argon atmosphere.
After the reaction mixture was stirred for 2 h, allyltrimethylsilane (112 µL, 0.71 mmol) in
nitromethane was added at –20◦C. The resultant mixture was stirred for 10 min and quenched
with saturated aqueous NaHCO3. The organic materials were extracted with Et2O and dried
over anhydrous MgSO4. The solvent was evaporated, and 165.6 mg (1-benzyloxy-but-3-
enyl)benzene was isolated by thin-layer chromatography on silica gel (ether/hexane, 1:30),
in a yield of 100%.

Other references related to the Hosomi-Sakurai allylation are cited in the literature.22
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H.; Vanucci-Bacqué, C. and Lhommet, G., Synlett, 1999, 405. (h) Bianchini, C. and Glendenning,
L., Chemtracts: Org. Chem., 1996, 9, 331. (i) Bianchini, C. and Glendenning, L., Chemtracts:
Inorg. Chem., 1995, 7, 107. (j) Hollis, T. K. and Bosnich, B., J. Am. Chem. Soc., 1995, 117, 4570.

12. (a) Organ, M. G.; Dragan, V.; Miller, M.; Froese, R. D. J. and Goddard, J. D., J. Org. Chem.,
2000, 65, 3666. (b) Pellissier, H.; Toupet, L. and Santelli, M., J. Org. Chem., 1998, 63, 2148.

13. Shing, T. K. M. and Li, L.-H., J. Org. Chem., 1997, 62, 1230.

14. Sakurai, H.; Sasaki, H. and Hosomi, A., Tetrahedron Lett., 1981, 22, 745.

15. Tsunoda, T.; Suzuki, M. and Noyori, R., Tetrahedron Lett., 1980, 21, 71.

16. Ishii, A.; Kotera, O.; Saeki, T. and Mikami, K., Synlett, 1997, 1145.

17. Yadav, J. S.; Subba, B. V. and Srihari, P., Synlett, 2001, 673.

18. Wieland, L. C.; Zerth, H. M. and Mohan, R. S., Tetrahedron Lett., 2002, 43, 4597.



REFERENCES 1495

19. Mukaiyama, T.; Nagaoka, H.; Murakami, M. and Ohsima, M., Chem. Lett., 1985, 977.

20. Huckins, J. R. and Rychnovsky, S. D., J. Org. Chem., 2003, 68, 10135.

21. Fürstner, A. and Voigtländer, D., Synthesis, 2000, 959.

22. (a) Furman, B.; Frelek, J.; Dziedzic, M. and Kaminska, A., Pol. J. Chem., 2005, 79, 1919.
(b) Rikimaru, K.; Mori, K.; Kan, T. and Fukuyama, T., Chem. Commun., 2005, 394. (c) Zerth,
H. M.; Leonard, N. M. and Mohan, R. S., Org. Lett., 2003, 5, 55. (d) Malkov, A. V.; Orsini, M.;
Pernazza, D.; Muir, K. W.; Langer, V.; Meghani, P. and Kocovsky, P., Org. Lett., 2002, 4, 1047.
(e) Shibata, I.; Kano, T.; Kanazawa, N.; Fukuoka, S. and Baba, A., Angew. Chem. Int. Ed., 2002,
41, 1389. (f) Mayer, P. S. and Morton, T. H., J. Am. Chem. Soc., 2002, 124, 12928. (g) Yamasaki, S.;
Fujii, K.; Wada, R.; Kanai, M. and Shibasaki, M., J. Am. Chem. Soc., 2002, 124, 6536. (h) Onishi,
Y.; Ito, T.; Yasuda, M. and Baba, A., Tetrahedron, 2002, 58, 8227. (i) Ishihara, K.; Hasegawa, A.
and Yamamoto, H., Angew. Chem. Int. Ed., 2001, 40, 4077. (j) Wang, M. W.; Chen, Y. J. and Wang,
D., Heteroatom Chem., 2001, 12, 534. (k) Speckamp, W. N. and Moolenaar, M. J., Tetrahedron,
2000, 56, 3817. (l) Mandal, S. K. and Sarkar, A., J. Org. Chem., 1999, 64, 2454. (m) Bonini,
B. F.; Comes-Franchini, M.; Fochi, M.; Laboroi, F.; Mazzanti, G.; Ricci, A. and Varchi, G., J.
Org. Chem., 1999, 64, 8008. (n) Masse, C. E.; Yang, M.; Solomon, J. and Panek, J. S., J. Am.
Chem. Soc., 1998, 120, 4123. (o) Marko, I. and Bayston, D. J., Tetrahedron Lett., 1993, 34, 6595.
(p) Fleming, I.; Dunogues, J. and Smithers, R., Org. React., 1989, 37, 57. (q) Sakurai, H., Synlett,
1989, 1. (r) Hosomi, A., Acc. Chem. Res., 1988, 21, 200. (s) Sakurai, H., Pure & Appl. Chem.,
1982, 54, 1. (t) Wilson, S. R. and Price, M. F., J. Am. Chem. Soc., 1982, 104, 1124. (u) Sakurai,
H.; Sasaki, K. and Hosomi, A., Tetrahedron Lett., 1981, 22, 745. (v) Hosomi, A.; Shirhata, A. and
Sakurai, H., Tetrahedron Lett., 1978, 19, 3043. (w) Hosomi, A. and Sakurai, H., J. Am. Chem.
Soc., 1977, 99, 1673.



334
Houben-Hoesch Reaction

(Houben-Hoesch Acylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hoesch in 19151 and was extended subsequently by
Houben in 1926.2 It is the acylation of electron-rich aromatics—such as multi-hydroxy phe-
nols, their ethereal derivatives, and some heterocyclic compounds—from organic nitriles
via the intermediate of ketimines in the presence of hydrochloric acid or Lewis acid or both.
Therefore, this reaction is generally known as the Houben-Hoesch reaction.3 In addition,
this reaction is also referred to as the Hoesch synthesis,4 Houben-Hoesch condensation,5

Houben-Hoesch acylation,6 Houben-Hoesch synthesis,7 or Hoesch reaction.8 Moreover, the
intramolecular version of such reaction is also known as the Houben-Hoesch cyclization.9

The acidic catalysts used for this reaction include ZnCl2,1a,3r AlCl3,3r,3x,10 the combination
of BCl3 and AlCl3,3r many superacids,9,11 and even the cation-exchange resin (Amber-
lite IR-120).12 It has been reported that simple phenol does not undergo acylation and
forms only a salt of iminomethyl phenyl ether; however, phenol can be ortho-acylated from
nitriles by using the combination of BCl3 and AlCl3 as the catalyst.3r It has been found that
the dications—that is, the carbocation destabilized by an iminium cation group—are the
real acylation species.3i,3l This reaction has been modified using a palladium-catalyzed
approach, which is good for both intermolecular and intramolecular acylation of less
electron-rich arenes.3b In addition, because protonated nitriles exist in very low concen-
tration (pKa ∼ −10),6a many current acylating reagents are Meerwein’s alkylated nitrilium
ions developed in 1956,13 which show enhanced electrophilicity of the intermediate; under
these conditions, the incoming aryl group is located in the position cis to the N-substituent.14
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B. GENERAL REACTION SCHEME

OR1

OR2

R3 CN

OR1

OR2

R3 O

+ Lewis acid R1 = H, alkyl
R2 = H, alkyl
R3 = alkyl, aryl

C. PROPOSED MECHANISMS

Shown below is the reaction mechanism for the AlCl3 catalyzed reaction between 1,3-
dihydroxybenzene and a general nitrile.

D. MODIFICATION

This reaction has been modified using either a palladium-catalyzed approach,3b the
combination of BCl3 and AlCl3 as the catalyst,3r and the N-alkylated nitrilium salt as the
acylating reagent.6a,14

E. APPLICATIONS

This reaction has been applied to the acylation of phenols, their ethereal derivatives, and
some heterocyclic compounds.

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation and Gatterman Aldehyde
Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 3e.

To 460 mL CH2Cl2 solution containing 7.0 g 2-fluoro-3-pivaloyl-6-methoxyl benzoni-
trile (27.89 mmol) and 25.5 mL 2-chloropropane (278.89 mmol) was added 27.9 mL
SbCl5 prepared as a 1 M CH2Cl2 solution (36.26 mmol) over 8 min. After 40 min,
13.81 g methyl 2,6-dihydroxy-4-methoxybenzoate (69.72 mmol) was added by cannula
in 80 mL CH2Cl2 solution, and the reaction mixture was stirred for 2 h at room tem-
perature. The volume was reduced to 200 mL, and the reaction mixture was filtered
through a short silica pad and washed with 5% CH3OH/CH2Cl2 to remove the anti-
mony salts. Column chromatography (40→60% EtOAc/hexanes→20% CH3CN/EtOAc)
provided 12.98 g 2,4-dihydroxy-6,6′-dimethoxy-2′-fluoro-3-methoxycarbonyl-3′-pivaloyl-
benzophenone-N-(2-methylethyl)ketimine as a yellow oil, in a yield of 95%, Rf =0.6 (2%
MeOH/CH2Cl2).

OH

OHHO

CN
Cl OH

OHHO

O

Cl+
ZnCl2/HCl

Ether
69%

Reference 15.

Phloroglucinol (i.e., 1,3,5-trihydroxybenzene) (9.2 g; 72.9 mmol) and 11.05 g
3-chlorobenzyl cyanide (72.9 mmol) were dissolved in 70 mL anhydrous ether. Zinc chlo-
ride was added, and a stream of dry hydrogen chloride was bubbled through the reaction
mixture for 4 h. A viscous yellowish mass separated from the slightly brown solution. The
flask was left closed overnight, and then the ethereal layer was removed by decantation;
HCl (2 M, 150 mL) was added, and the partly dissolved mass was heated to 100◦C for
2.5 h. The hot solution was filtered, and the yellow solid was collected. A lower second
phase formed in the filtrate as a brown oil, which crystallized upon cooling to give 14.05 g
2-(3-chlorophenyl)-1-(2,4,6-trihydroxyphenyl)ethanone, in a yield of 69%. Crystallization
from EtOAc/pentane gave pure product as light yellow crystals, m.p. 182.6–184.7◦C.

Other references related to the Houben-Hoesch reaction are cited in the literature.16
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Houdry Cracking Process

A. GENERAL DESCRIPTION OF THE REACTION

It was first reported by Eugene Houdry in 1934.1 It is an industrial process to degrade
petroleum or heavy petroleum fractions into more useful lower-boiling materials by heating
the oil at 500◦C and 30 psi, over a clay catalyst containing silica, alumina, and magnanese
oxide. Therefore, it is known as the Houdry cracking process.2 Soon after the invention of
this process, the first commercial fixed-bed, three-case cracker was constructed (in 1936),
which could crack 2000 barrels of oil daily.3 By this time, the Houdry process corpo-
ration was founded, and its research branch—known as Houdry Laboratories—was also
established in Marcus Hook, pennsylvania to concentrate on the studies of catalysts for
such petroleum-cracking processes.4 During the thermolytical degradation of oil, continu-
ous coking occurs which deactivates the catalyst. Therefore, in the first three-case cracker,
vaporized gas oil and air were passed alternately over the catalyst bed in each case, so that
whenever the oil deposits coked on the catalyst, the coke after purging, would be burned off
by the passage of air.3 Thus in a single cycle of a three-case cracker, one case is cracking,
another is burning carbon, and the third is being purged.5 The typical cycle duration is ∼10
min.5 It has been found that a few factors affect the effectiveness of a catalyst, such as the
chemical nature of the oil gas, the time and temperature for the exposure of the catalyst
to oil gas, contamination of the catalyst by metals entrained in the stock, and the type of
catalyst.6 Heavy metals—such as iron, nickel, vanadium, and copper—are all harmful for
the catalyst.6 It is believed that at such high cracking temperatures, the decomposition of
oil undergoes a radical mechanism.7 More information about this process is available.8
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B. GENERAL REACTION SCHEME

An example with branched hydrocarbon is used to illustrate this cracking process.

R1 R2 R1
R2

Catalyst

R1, R2 = aryl or long hydrocarbon chain with or without branches

+
500°C

C. PROPOSED MECHANISMS

A radical mechanism is proposed for this process, because the C-H bond at the allylic
carbon, benzylic carbon, or tertiary carbon is relatively weaker than other C-H bonds, which
can homolytically cleave and form radicals, as shown below.

D. MODIFICATION

This process has been modified for the thermofor process in which the catalyst bed is in
continuous motion propelled by oil gas steam.5

E. APPLICATIONS

This process has been extensively used in oil refinery manufacturing plants to produce
gas and other petrochemicals.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Because this is an industrial process for cracking petroleum oil, no practical experiments
on the laboratory scale are provided here.
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Huisgen Pyrrole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Huisgen in 1960.1 It is a general synthesis of pyrrole
derivatives, especially penta-substituted pyrroles,2 involving the 1,3-Dipolar Cycloaddi-
tion of the mesoionic �2-oxazilium-5-olates to the corresponding acetylenic or olefinic
dipolarophiles, followed by carbon dioxide evolution and subsequent aromatization or
tautomerization.3 Therefore, this reaction is generally known as the Huisgen pyrrole
synthesis.2,4 It should be pointed out that the mesoionic �2-oxazilium-5-olates, which
behave like cyclic azomethine ylides,3 are simply referred to as munchnones,2,3,5 owing to
their initial development in Munch, Germany. Depending on the nature of dipolarophiles,
either pyrrolidines, dihydropyrroles, or pyrroles can be prepared from this reaction,6 and
the resulting dihydropyrroles can be converted into pyrroles directly by the oxidation from
manganese dioxide6a or sulfur.7

In this reaction, the munchnones can be easily prepared by the acetic anhydride–
induced dehydrative cyclization of N-alkyl-N-acyl-α-amino acids at high temperatures,5

and such reactions can also be performed in a one-pot fashion in which the α-
amino acids, the acylating agents, and acetylenic dipolarophiles are combined at once
to give pyrroles by the way of the intermediate munchnones.2 It has been found
that the reaction between asymmetric electron-deficient dipolarophiles and monocyclic
munchnones gives a mixture of regioisomers,5 whereas the reaction between such
dipolarophiles and polycyclic munchnones is regiospecific,8 and the regioselectivity
is controlled by the nature of substituents on the 1,3-dipoles.9 On the other hand,
the azomethine ylides can also be generated by the ring opening of aziridines,6b,10

by which the trans-azomethine ylides combine stereospecifically with dipolarophiles,
even with the weak dipolarophiles; in contrast, the 1,3-Dipolar Cycloaddition of
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cis-azomethine ylides with dipolarophiles is competed by the isomerization to trans-
azomethine ylides.10

B. GENERAL REACTION SCHEME

R1
N
H

R2

CO2H

R3 CO2H
Ac2O O

N

O

R2

R1

R3

R4 R5

N

R1

R R

R2R3
+

– CO2

R = R4 or R5
(no regioselectivity 

for monocyclic 
munchnones)

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = alkyl, aryl
R4, R5 = alkyl, aryl

+
–

C. PROPOSED MECHANISMS

This reaction involves the formation of cyclic 1,3-dipoles, followed by 1,3-Dipolar
Cycloaddition with dipolarophiles, the evolution of carbon dioxide, and the subsequent
tautomerization to give pyrroles, as shown below.

D. MODIFICATION

This reaction was extended by Huisgen to the reaction of proline, acetic anhydride,
and dimethyl acetylenedicarboxylate to give pyrrole derivatives.11 In addition, a method
for generating the munchnone from 1,3-oxazolium perchlorate with triethylamine at low
temperatures has been developed.12 Moreover, an analogous pyrrole synthesis via a tran-



1506 HUISGEN PYRROLE SYNTHESIS

sient azomethine ylide involving a di-rhodium (II) salt–catalyzed three-component coupling
between an imine, diazoacetonitrile, and activated alkynyl coupling partner to give 1,2-
diarylpyrrole has been recently established.13

E. APPLICATIONS

This reaction has wide applications in the preparation of pyrrole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N
H

CO2H

O CO2EtEtO2C

N
H

EtO2C CO2Et

N

EtO2C CO2Et

CO2Et

CO2Et

Ac2O, ∆

39%
11.4%

+

Reference 14.

To a suspension of 1.31 g N-acetyl-d,l-alanine (10 mmol) in 10 mL acetic anhydride
was added 3.2 mL diethyl acetylenedicarboxylate (20 mmol). The reaction mixture was
maintained at 110◦C for 2 h, cooled, and then evaporated under reduced pressure. The oily
residue was dissolved in hot cyclohexane and left in the refrigerator overnight with crys-
tal seeds. Diethyl 2,5-dimethyl pyrrole-3,4-dicarboxylate was isolated as white needles by
filtration, in amount of 274 mg, in a yield of 11.4%. The filtrate was evaporated and chro-
matographed (dry column vacuum chromatography) using CH2Cl2 and then CH2Cl2/EtOH
(99:1 to 98:2) to afford 1.58 g 2-(2,5-dimethyl-3,4-diethoxycarbonyl)-pyrrolyl maleic acid
diethyl ester as a yellowish oil, in a yield of 39%.

Reference 5.
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To a solution of 5 mL CH3CN containing 505 mg Et3N (5.0 mmol) at 0◦C was added
117 mg 2-chloro-2-trifluoro-vinyl benzophenone (0.5 mmol) dropwise under a nitrogen
atmosphere. Then a solution of 413 mg N-phenyl-2-methyl-1,3-oxazolium perchlorate
(1.5 mmol) in 1 mL CH3CN was slowly added while the temperature was maintained
below 0◦C. The resulting mixture was stirred at 0◦C for 3 h and then at room tempera-
ture overnight. After evaporation of the solvent in vacuo, the residue was purified by silica
gel column chromatography using n-hexane/EtOAc (5:1 then 5:2) as the eluent to afford
93 mg 3-benzoyl-2-methyl-1-phenyl-4-(trifluoromethyl)pyrrole as a pale yellow solid, in a
yield of 56%, m.p. 73–7◦C.

Other references related to the Huisgen pyrrole synthesis are cited in the literature.15
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Hunsdiecker Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hunsdiecker in 1942.1 It is the synthesis of 2,3-
disubstituted cyclopentenones via an intramolecular condensation of 1,4-diketone (or
γ-dicarbonyl compounds) by means of base treatment. When 2-acetyl ketone is treated
with a base, two possible cyclopentenones—2-alkyl-3-methyl cyclopentenone and 3-alkyl
cyclopentenone might form. However, only former has been reported as the isolated product2

because the intramolecular condensation occurs via a reversible Aldol Reaction, and the tran-
sition state leading to the formation of 2-alkyl-3-methyl cyclopentenone is 2 Kcal/mol more
stable than that needed to give 3-alkyl cyclopentenone.3 This reaction has been modified to
occur under the milder conditions of K2CO3/methanol.4

B. GENERAL REACTION SCHEME

CH3

O

O

R
NaOH

EtOH

O

R

CH3

O

R
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified using a mild basic system, such as K2CO3/MeOH.4

E. APPLICATIONS

This reaction is one of the general reactions used to prepare substituted cyclopentenones.4

F. RELATED REACTIONS

This reaction is related to Aldol Condensation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

12-Methoxycarbonyl-8,11-dioxolauric acid (24.84 g, 82.8 mmol) was dissolved in
125 mL methanol, and 250 mL 20% aqueous K2CO3 solution was added. The mixture
was refluxed for 1 h. After the solution was concentrated to one-third volume, cooled,
and acidified with 2 NHCl, a crystalline precipitate (15.5 g) was separated. The filtrate
was extracted with EtOAc, and the resulting 2.1 g extract was mixed with the crystalline
precipitate. The mixture was recrystallized from ether to give 15.0 g 7-(2′-carboxy-3′-oxo-
1′-cyclopentene)heptanoic acid, in a yield of 71%, m.p., 60–62◦C.
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Evaporation of the ethereal mother liquor gave 2.4 g of an oil that on trituration with
ether gave 240 mg 7-(3′-oxo-1′-cyclopenten) heptanoic acid, m.p., 100–101◦C.

O

O
EtOH

NaOH

O

~ 82.7%

Reference 5.

A mixture of 2.799 g cis-undec-8-ene-2,5-dione, 7 mL ethanol, and 25 mL 0.5 N NaOH
was refluxed under nitrogen for 5 h. The mixture was cooled, extracted with pentane, washed
with water, dried over Na2SO4, and evaporated. The remaining oil (2.522 g) was distilled
through a microspinning-band column at 80–100◦C (bath temperature) and 0.05 mmHg
pressure, giving 2.087 g of cis-jasmone.

Other references related to the Hunsdiecker condensation are cited in literature.6
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Hunsdiecker Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was first reported by Borodine in 18611 for the preparation
of bromomethane from silver acetate and bromine, it was Hunsdiecker who extensively
investigated this reaction and turned it into practice.2 Therefore, the decomposition of
carboxylic acid salts of Ag(I) in combination with halogen source (e.g., bromine) into
organic halides with one less carbon atom than the original acids is generally known as
the Hunsdiecker reaction.3 In addition, this reaction is also referred to as the Borodine
reaction,4 Hunsdiecker-Borodine reaction,5 Hunsdiecker decarboxylation,6 Hunsdiecker
bromodecarboxylation,7 and Hunsdiecker degradation.8 It should be pointed out that this
reaction is also falsely called the Simonini Reaction.9

In this reaction, besides the often used silver salts, the corresponding Hg(II), Ti(I),
or Pb(IV) salt of the carboxylic acids also undergoes a similar reaction.5,10 This reac-
tion works for aliphatic acids with either long or short hydrocarbon chains, by which the
yields of halides decrease in the order of primary acid > secondary acid > tertiary acid.3hh

However, this reaction is also accompanied with isomerization and racemization when the
carboxylic acid salt group is attached to an asymmetric carbon of aliphatic acid.3gg Many
experimental results support a free radical mechanism for this reaction,3d,3y,3bb,3dd,3gg,6,11

involving the decomposition of intermediate hypohalite,3m,3cc although the ionic pathways
are also favored by some experimental evidence.3m,12 It should be pointed out that in a
few cases, the Hunsdiecker reaction of corresponding carboxylic acid does not lead to
the normal product of halides. For example, the reaction with iodine results in the forma-
tion of ester,3hh the decomposition of silver salts of α-hydroxy or α-amino acids produce
aldehydes of one less carbon,3hh the decomposition of 1-hydroxycyclopentylacetic acid
or 1-hydroxycyclohexylacetic acid leads to a product with a cleaved cyclic ring,3y and

1511

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



1512 HUNSDIECKER REACTION

the Hunsdiecker reaction of β,β,β-triarylpropionic acid forms aryl β,β-diarylacrylate.13 To
address the moisture sensitivity and heat instability of silver salts,3w the original protocol
was modified by Cristol and Firth by the addition of bromine into the slurry mixture of
carboxylic acid and red mercuric oxide in carbon tetrachloride,14 and this modification has
been widely applied in organic synthesis because of its tolerance for moisture.3z,3bb,13a,15

Other modifications of this reaction include the direct bromination of carboxylic acid
with bromine at very high temperatures (e.g., 350◦C),3aa photochemical initiation of ester
bound to the N-hydroxy thiazole 2(3)-thione on a Wang resin,3d bromination or iodina-
tion from N-bromo-succinimide (NBS) or N-iodo-succinimide (NIS) in the presence of
lithium acetate,10 direct bromination of carboxylic acid from selectfluor,5 triethylamine
catalyzed bromination,3c and bromination of Barton’s 2(1H)-thioxo-1-pyridyl ester in the
presence of bromotrichloromethane or iodoform.7,16 The last modification is also known
as Barton-Hunsdiecker decarboxylation or Hunsdiecker-Barton decarboxylation.16

B. GENERAL REACTION SCHEME

R O

O

Ag CCl4

Br2
R Br

+–

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been extensively modified for various conditions as mentioned in
section A. In addition, the α,β-unsaturated carboxylic acids, including cinnamic acids, can
be converted into α,β-unsaturated nitro compounds when treated with nitric acid and a
catalytic amount of AIBN in acetonitrile via nitrodecarboxylation.17

E. APPLICATIONS

This reaction has general application in the synthesis of aliphatic halides.
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F. RELATED REACTIONS

This reaction is related to Kochi Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5.

To a stirred mixture of 1.48 g trans-cinnamic acid (10.0 mmol), 4.20 g KBr (35.0 mmol),
and 25.0 mL CH3CN, were added 1 mL water and 4.24 g Selectfluor (13.0 mmol). The
reaction was monitored by TLC. After completion of the reaction, it was diluted with water
and extracted with CH2Cl2 (25 mL × 3). The organic layers were combined and washed
with dilute solutions of NaHCO3, Na2SO3, and brine. It was dried over anhydrous Na2SO4
and concentrated under reduced pressure to give crude products, which were purified by
silica gel column chromatography to afford 1.54 g 1-(2-bromovinyl)benzene with an E/Z
ratio of 95:5, in a yield of 84%.

Reference 3c.

Triethylamine (7 mL) was added to 3.0 mL dichloromethane containing 0.178 g
4-methoxy-trans-cinnamic acid (1.0 mmol). After the mixture was stirred for 5 min at
room temperature, 1.2 mmol N-bromo-succinimide (1.2 mmol) was added. The solution
was stirred for 5 min, and the solvent was removed under reduced pressure. The residue
was subjected to silica gel column chromatography (1% EtOAc in hexanes) to afford 90%
4-methoxy-β-bromostyrene.

Other references related to the Hunsdiecker reaction are cited in the literature.18
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Hydroformylation

(Oxo Reaction, Oxo Process, Oxo
Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Smith et al. in 19301 and subsequently by Roelen
in 1938.2 It is an industrial process for synthesizing aldehydes and alcohols from olefins
and synthesis gas (i.e., carbon monoxide and hydrogen) in the presence of a cobalt or
rhodium catalyst at high pressures (100–200 atm) and high temperatures (115–190◦C) with
the attachment of a new carbon to the less-substituted end of the double bonds.3 In the litera-
ture, this reaction is often known as hydroformylation,2b,2c,4 as well as oxo process,2b,4i,4j,5

oxo reaction2c,3,4l−4o,6 oxo synthesis,4k,7 and Roelen reaction.8 This reaction is one of the
most extensively used reactions in the field of organometallic chemistry,9 resulting in the
production of 2.6 million metric tons of aldehydes and alcohols in 1969. Generally, alde-
hydes dominate in the product mixtures at relatively low temperatures (e.g., 115–125◦C),
whereas alcohols are almost the sole products at temperature >180◦C.3 This process is
sometimes carried out in two stages: the production of aldehydes and the further reduction
of aldehydes into alcohols. In addition, the straight-chain terminal olefins often lead to
two isomeric aldehydes or alcohols,4m while ketones are the major product when ethylene
is subjected to the hydroformylation.4k However, α,β-unsaturated aldehydes and ketones
undergo direct reduction to saturated aldehydes and ketones without any hydroformylation
at 120–125◦C and 200–300 atm, yet these unsaturated carbonyl compounds are completely
reduced under similar pressure, but at temperatures of 180–185◦C. For comparison, con-
jugated dienes and furans undergo both types of reactions, by which one double bond is
reduced and the other is extended by a formyl group; in contrast, thiophene and phenan-
threne undergo only slow reductions, and benzene is inert under such hydroformylation
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conditions. For vinyl aromatics or vinyl heteroaromatics, the corresponding aldehydes
are the major products, except for 4-vinyl pyridine and 2-vinyl pyridine, which form either
hydrogenation or hydroformylation products, depending on the catalyst employed.10 For
rhodium-catalyzed hydroformylation, it has been found that hydrogen and formyl groups
add to both cis and trans internal olefins from the same side with high stereospecificity.11

Because of the high cost of rhodium catalyst, this process has been modified using a VIB
group metal (Cr, Mo, W) complex as the major component of the binary catalyst system in
combination with trace amounts of cobalt or rhodium carbonyl, which can be adjusted in
terms of catalytic activity and selectivity.4i

B. GENERAL REACTION SCHEME

R1
R2

CO H2
∆

R1
R2

R3

R1
R2

R3
+ +

Co/Rh catalyst
and/or

R1 = H, alkyl, vinyl, aryl,
R2 = H, alkyl

R3 = CHO, CH2OH

C. PROPOSED MECHANISMS

It is believed that this process involves the following steps: (a) formation of dicobaltoc-
tacarbonyl from cobalt and CO, which equilibrates with cobalt hydrocarbonyl by reaction
with hydrogen; (b) substitution of one carbon monoxide by olefin to form a π-complex;
(c) conversion of a π-complex to cobalt alkyltetracarbonyl via a cobalt tricarbonyl inter-
mediate after the addition of carbon monoxide; and (d) fast rearrangement of the cobalt
alkyltetracarbonyl compound into the acyl cobalt tricarbonyl compound, which reacts with
hydrogen to give aldehyde and cobalt hydrocarbonyls.4k A detailed mechanism is shown
below.
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D. MODIFICATION

This reaction has been modified using a group VIB metal complex as catalyst in combi-
nation with trace amounts of cobalt or rhodium carbonyl complex.4i

E. APPLICATIONS

This reaction has extensive application in the industrial production of aldehydes and
alcohols with carbon chains from C4 to C13.12

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

CO+ H2+

N

CHO

Rh4(CO)12/PMe2Ph

Benzene

> 94%

Reference 9.

A solution of 0.8 mL 4-vinyl pyridine (7.42 mmol), 3.0 mg Rh4(CO)12 (0.004 mmol),
and 9.0 mg PMe2Ph (0.064 mmol) in 4.0 mL benzene was introduced by suction into an
evacuated 25-mL stainless-steel autoclave equipped with a magnetic stirrer. The reactor
was transferred to an oil bath, and carbon monoxide was introduced; the autoclave was
then heated to 100◦C (45 atm), and hydrogen was rapidly introduced up to 100 atm total
pressure (CO/H2,1:1). During the reaction, the drop in pressure was restored by injection of
a carbon monoxide–hydrogen mixture (1:1 from a high-pressure container). After 75 min,
GC analysis of a siphonated sample indicated that 4-vinyl pyridine had been completely
transformed into branched and linear aldehydes (96:4 isomeric ratio), and the hydrogenation
product was < 2%. The reactor was cooled, and the CO/H2 gas mixture was vented. After
evaporation of the solvent, a pure sample was obtained as a yellow-green oil by distillation
of the crude product at reduced pressure (0.1 mmHg, 120–125◦C).

Reference 4k.
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A solution of 0.2 mol potassium tetracarbonylcobaltate(-I) in 300 mL water was placed in
a 1-L steel autoclave; then 120 mL concentrated phosphoric acid and 0.2 mol 1,4-pentadiene
were added without mixing, and the autoclave was closed, inverted to mix the reactants,
and rocked for 24 h. The vessel was opened under a stream of nitrogen, and 100 mL hexane
was added to extract the products. The hexane layer was separated, washed with distilled
water, dried over sodium sulfate, and transferred to a distillation apparatus. The hexane was
removed by aspirator vacuum; the product was distilled under high vacuum. The material
distilling at 45◦C (1 mmHg) was collected as one fraction; the material distilling at 45◦C
was predominantly π-(l-ethylallyl) tricarbonylcobaltate(-I). The first fraction was further
separated into two pure compounds in a Beckman Megchrom gas chromatograph equipped
with a silicone rubber column. The first component (8% yield) was identified as 5-hexenal.
The second component (22% yield) was identified as 2-methylcyclopentanone.

Other references related to the hydroformylation are cited in the literature.13

H. REFERENCES

1. Smith, D. F.; Hawk, C. D. and Golden, P. L., J. Am. Chem. Soc., 1930, 52, 3221.

2. (a) Roelen, O., U.S. Pat., Aug. 17, 1943, 2,327,066. (b) Roelen, O., Ger. Pat., Sept. 15, 1952,
849,548. (c) Weber, H. and Falbe, J., Ind. Eng. Chem., 1970, 62, 33. (d) Hughes, V. L. and
Kirshenbaum, I., Ind. Eng. Chem., 1957, 49, 1999.

3. Beal, P. F.; Rebenstorf, M. A. and Pike, J. E., J. Am. Chem. Soc., 1959, 81, 1231.

4. (a) Guazzelli, G.; Settambolo, R. and Lazzaroni, R., Synth. Commun., 2007, 37, 1211. (b) Li,
C.; Yuan, M. L.; Fu, H. Y.; Chen, H. and Li, X. J., Huaxue Yanjiu Yu Yingyong, 2006, 18, 9.
(c) Thomas, P. J.; Axtell, A. T.; Klosin, J.; Peng, W.; Rand, C. L.; Clark, T. P.; Landis, C. R. and
Abboud, K. A., Org. Lett., 2007, P. 2665. (d) Zou, Y. P.; Yan, Y. J. and Zhang, X. M., Tetrahedron
Lett., 2007, 48, 4781. (e) Breit, B.; Gruenanger, C. U. and Abillard, O., Eur. J. Org. Chem., 2007,
2497. (f) Odinets, I.; Kortvelyesi, T.; Kegl, T.; Kollar, L. and Keglevich, G., Trans. Metal Chem.,
2007, 32, 299. (g) Ricken, S.; Osinski, P. W.; Eilbracht, P. and Haag, R., J. Mol. Catal. A: Chem.,
2006, 257, 78. (h) Axtell, A. T.; Klosin, J. and Abboud, K. A., Organometallics, 2006, 25, 5003.
(i) Tucci, E. R., Ind. Eng. Chem. Prod. Res. Dev., 1985, 24, 38. (j) Jones, W. D. and Bergman,
R. G., J. Am. Chem. Soc., 1979, 101, 5447. (k) Bertrand, J. A.; Aldridge, C. L.; Husebye, S.
and Jonassen, H. B., J. Org. Chem., 1964, 29, 790. (l) Kirch, L. and Orchin, M., J. Am. Chem.
Soc., 1958, 80, 4428. (m) LoCicero, J. C. and Johnson, R. T., J. Am. Chem. Soc., 1952, 74, 2094.
(n) Wender, I.; Metlin, S. and Orchin, M., J. Am. Chem. Soc., 1951, 73, 5704. (o) Wender, I.;
Levine, R. and Orchin, M., J. Am. Chem. Soc., 1950, 72, 4375.

5. (a) Shi, L.; Ma, Z.-F.; Sheng, C.-B. and Yao, H.-Q., Tianranqi Huagong, 2002, 27, 48. (b) Chen,
Z., Huagong Keji, 1998, 6, 5. (c) Cronils, B. and Wiebus, E., Rec. Trav. Chim. Pays-Bas, 1996,
115, 211. (d) Claveau, A. and Epiney, M., Pulp & Paper Canada, 1990, 91, 31. (e) Macho, V.;
Mistrik, E. J. and Polievka, M., Petrochemia, 1975, 15, 16. (f) Lemke, H., Ind. Chim. (Paris),
1965, 52, 169.

6. (a) Hynninen, P. H., Liebigs Annalen der Chemie, 1990, 835. (b) Borovikov, M. S. and Rybakov,
V. A., Kinetika Kataliz, 1986, 27, 1478. (c) Macek, V. and Kubicka, R., Ropa Uhlie, 1986, 28,
164. (d) Mizoroki, T.; Kioka, M.; Suzuki, M.; Sakatani, S.; Okumura, A. and Maruya, K., Bull.
Chem. Soc. Jpn., 1984, 57, 577. (e) Stevenz, D. and Doering, C. E., Zeitsch. Chem., 1979, 19,
140. (f) Pino, P.; Piacenti, F. and Bianchi, M., Org. Synth. Met. Carbonyls, 1977, 2, 43.

7. (a) Wang, S. G.; Xiong, X. D.; Wu, C.; Li, M. L. and Li, Z. Y., Xiyou Jinshu, 2005, 29, 482.
(b) Cornils, B., Multiphase Homogeneous Catalysis, 2005, 1, 291. (c) Cornils, B. and Kuntz, E.



1520 HYDROFORMYLATION

G., Aqueous-Phase Organometallic Catalysis, 2nd ed., 2004, p. 351. (d) Natta, G.; Ercoli, R. and
Castellano, S., Chim. Ind. (Milan), 2003, 85, 9. (e) Poli, R., Chemtracts, 2001, 14, 690. (f) Drent,
E. and Budzelaar, P. H. M., J. Organomet. Chem., 2000, 593–594, 211. (g) Cornils, B. and Kuntz,
E. G., Aqueous-Phase Organometallic Catalysis, 1998, 271.

8. Cornils, B., “Hydroformylation, Oxo Synthesis, Roelen Reaction,” in New Syntheses with Carbon
Monoxide, ed., Falbe, J., Springer-Verlag, Berlin, 1980, pp. 1–225.

9. Klingler, R. J. and Rathke, J. W., J. Am. Chem. Soc., 1994, 116, 4772.

10. Lazzaroni, R.; Settambolo, R.; Caiazzo, A. and Bennett, M. A., Organometallics, 2002, 21, 2454.

11. Stefani, A.; Consiglio, G.; Botteghi, C. and Pino, P., J. Am. Chem. Soc., 1973, 95, 6504.

12. Bartlett, J. H.; Kirshenbaum, I. and Muessig, C. W., Ind. Eng. Chem., 1959, 51, 257.

13. (a) Lowary, T.; Meldal, M.; Helmboldt, A.; Vasella, A. and Bock, K., J. Org. Chem., 1998, 63,
9657. (b) Keim, W.; Herwig, J. and Pelzer, G., J. Org. Chem., 1997, 62, 422. (c) Johnson, J. R.;
Cuny, G. D. and Buchwald, S. L., Angew. Chem. Intl. Ed. Engl., 1995, 34, 1760. (d) Massoudi,
R.; Kim, J. H.; King, R. B. and King, A. D., J. Am. Chem. Soc., 1987, 109, 7428. (e) Pruett, R.
L., J. Chem. Edu., 1986, 63, 196. (f) Tucci, E. R., Ind. Eng. Chem. Prod. Res. Dev., 1986, 25,
27. (g) Planalp, R. P. and Andersen, R. A., J. Am. Chem. Soc., 1983, 105, 1114. (h) Pruett, R.
L., Acc. Chem. Res., 1979, 17, 1. (i) Casey, C. P. and Cyr, C. R., J. Am. Chem. Soc., 1971, 93,
1280. (j) Piacenti, F.; Pucci, S.; Bianchi, M.; Lazzaroni, R. and Pino, P., J. Am. Chem. Soc., 1968,
90, 6847. (k) Wender, I.; Orchin, M. and Storch, H. H., J. Am. Chem. Soc., 1950, 72, 4842. (l)
Kleman, A. M. and Abraham, M. A., Ind. Eng. Chem. Res., 2006, 45, 1324. (m) Riisager, A.;
Fehrmann, R.; Haumann, M.; Gorle, B. S. K. and Wasserscheid, P., Ind. Eng. Chem. Res., 2005,
44, 9853. (n) Tannenbaum, R. and Bor, G., J. Phys. Chem. A, 2004, 108, 7105. (o) Huo, C.-F.;
Li, Y.-W.; Beller, M. and Jiao, H. J., Organometallics, 2004, 23, 765. (p) Huo, C.-F.; Li, Y.-W.;
Beller, M. and Jiao, H. J., Organometallics, 2003, 22, 4665. (q) Breit, B., Acc. Chem. Res., 2003,
36, 264. (r) Decker, S. A. and Cundari, T. R., Organometallics, 2001, 20, 2827. (s) Alagona, G.;
Ghio, C.; Lazzaroni, R. and Settambolo, R., Organometallics, 2001, 20, 5394. (t) Moiseev, I. I.,
Kinetics and Catalysis, 2001, 42, 1. (u) Snyder, G.; Tadd, A. and Abraham, M. A., Ind. Eng.
Chem. Res., 2001, 40, 5317. (v) Massick, S. M.; Rabor, J. G.; Elbers, S.; Marhenke, J.; Bernhard,
S.; Schoonover, J. R. and Ford, P. C., Inorg. Chem., 2000, 39, 3098. (w) Davis, T. and Erkey, C.,
Ind. Eng. Chem. Res., 2000, 39, 3671. (x) Eilbracht, P.; Bärfacker, L.; Buss, C.; Hollmann, C.;
Kitsos-Rzychon, B. E.; Kranemann, C. L.; Rische, T.; Roggenbuck, R. and Schmidt, A., Chem.
Rev., 1999, 99, 3329. (y) Gleich, D.; Schmid, R. and Herrmann, W. A., Organometallics, 1998,
17, 2141. (z) Guo, Y. and Akgerman, A., Ind. Eng. Chem. Res., 1997, 36, 4581. (aa) Ritter, U.;
Winkhofer, N.; Murugavel, R.; Voigt, A.; Stalke, D. and Roesky, H. W., J. Am. Chem. Soc., 1996,
118, 8580. (bb) Agbossou, F.; Carpentier, J.-F. and Mortreux, A., Chem. Rev., 1995, 95, 2485. (cc)
Gholap, R. V.; Kut, O. M. and Bourne, J. R., Ind. Eng. Chem. Res., 1992, 31, 2446. (dd) Mills, P.
L.; Tremont, S. J. and Remsen, E. E., Ind. Eng. Chem. Res., 1990, 29, 1443. (ee) Mirbach, M. J.;
Mirbach, M. F.; Saus, A.; Topalsavoglou, N. and Phu, T. N., J. Am. Chem. Soc., 1981, 103, 7594.
(ff) Schulz, H. F. and Bellstedt, F., Ind. Eng. Chem. Prod. Res. Dev., 1973, 12, 176. (gg) Tucci, E.
R., I&EC Prod. Res. Dev., 1968, 7, 32. (hh) Greenfield, H.; Wotiz, J. H., and Wender, I., J. Org.
Chem., 1957, 22, 542. (ii) Wender, I.; Metlin, S.; Ergun, S.; Sternberg, H. W. and Greenfield,
H., J. Am. Chem. Soc., 1956, 78, 5401. (jj) Wender, I.; Sternberg, H. W. and Orchin, M., J. Am.
Chem. Soc., 1953, 75, 3041. (kk) Adkins, H. and Krsek, G., J. Am. Chem. Soc., 1949, 71, 3051.



340
Iodolactonization

A. GENERAL DESCRIPTION OF THE REACTION

The halo cyclization was initially reported by Stobbe in 19021 and Fittig in 1904,2 and the
iodolactonization is believed to be established first by Bougault from 1904 to 1908.3,4 It is
the transformation of β,γ- or γ ,δ-unsaturated carboxylic acid derivatives into either a five- or
six-membered lactone in the presence of a positive iodine source with concomitant group and
face selectivity. Therefore, this reaction is commonly known as the iodolactonization.4−6

Occasionally, it is also referred to as the iodo cyclization.7 Likewise, similar reactions with
bromine sources are called bromolactonization.5m The iodine sources used for this reaction
include I2 + NaHCO3 + H2O,5f,5o KI + I2 + NaHCO3,5k,8 I2 + AgOTF,5h cyanogen iodide
(CNI),4c ICl,4a IBr,9 N-iodosuccinimide (NIS),5a iodonium dicollidine perchlorate,4a,10

chalcogen iodine complex,11 etc. On the other hand, the β,γ- or γ ,δ-unsaturated carboxylic
acid derivatives can be acids themselves,5a,5c,5l,5m,5o,5p,8 their esters,5h,9 amides,4a,5e,7,12

or the phosphate.4b Although the β,γ- or γ ,δ-unsaturated bonds are mostly double bonds,
they could be triple bonds as well.9 It has been reported that this reaction can occur in
a two-phase system.5d,5l It is believed that this reaction involves the initial addition of
positive iodine on the unsaturated bond followed by the carboxylate anion displacement on
the resulting iodonium ion.4c The success of this reaction, therefore, depends on the ability
to form either a five- or six-membered ring and on the electron density on the unsaturated
bond.4c If the unsaturated bond is in conjugation with the carbonyl group, as in the case of
α-keto-β,γ-unsaturated acid and α,β-γ ,δ-unsaturated acid, there is an ineffectual addition
of positive iodine to the unsaturated bond because of the reduction of electron density on
the unsaturated bond.4c On the other hand, the increase of electron density on the carbonyl
group13 or the presence of substituents at the α position of carboxylic group facilitates this
reaction and accelerates the reaction rate.14 In particular, the substitution at the α position
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1522 IODOLACTONIZATION

results in the high 1,3-asymmetric induction, where the trans selectivity is associated with
amides and cis selectivity is associated with acids.5b The stereochemistry of the products,
in most cases, depends on the substrates; however, in some cases, the reagents also control
the outcome of the stereochemistry, such as when dihydroquinidine-iodine complex15 or
ICl4a is used as the source of I+. Furthermore, the overall asymmetric induction can also
be achieved in a thermodynamically5m,16 or kinetically17 controlled manner. This reaction
has very broad applications in organic syntheses; some recent applications are the synthesis
of nucleosides18 and the change of stereochemistry of unsaturated carboxylic acid.5i In a
special case, the iodolactonization is also competed by iodosultinization.5h

B. GENERAL REACTION SCHEME

R2

R1

O X
R3 O

O

R1

I
R2

I2, NaHCO3/H2O X = O, NH
R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl

C. PROPOSED MECHANISMS

The mechanism is demonstrated by the reaction between γ ,δ-unsaturated acid and
I2/NaHCO3.

D. MODIFICATION

The original reaction protocol has been extensively modified using different positive
iodine sources and different unsaturated acid derivatives, such as esters and amides, as
mentioned.

E. APPLICATIONS

This reaction has wide application in organic synthesis, especially in the preparation of
nucleosides and lactones with desired stereochemistry.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

OH

Ph
NHO

N

H
Cl–

I2 O O
I

Ph O

I

OPh

+
NaHCO3/CH2Cl2

+

80%

+

Reference 19.

To a solution of 176 mg trans-5-phenyl-4-pentenoic acid (1 mmol) and 150 mg N-
anthrancenyl cinchonidinium chloride (0.3 mmol, as chiral phase transfer catalyst) in
10 mL CH2Cl2, was added 5 mL saturated aqueous NaHCO3. After the mixture was stirred
for 10 min, 380 mg iodine (1.5 mmol) was added to this rapidly stirred two-phase reaction
mixture at 0◦C. The flask was protected from light and stirred at 0◦C for 10 h. The reac-
tion mixture was diluted with 100 mL CH2Cl2 and then quenched with saturated aqueous
Na2S2O3. The organic layer was separated and washed with saturated aqueous NaHCO3
(2 × 60 mL) and brine (60 mL) and dried over MgSO4. After removal of solvent in vacuo,
the resulting crude iodolactones were purified by column chromatography (silica, ether-
petroleum ether) to give 242 mg two regioisomeric products, in a total yield of 80%. The
two isomers are identified as 5-(iodo-phenyl-methyl)-dihydrofuran-2-one, in 16.0% e.e. and
5-iodo-6-phenyl-tetrahydro-pyran-2-one, in 30.5% e.e.

O

O OHO

OMe

O

O

MeO

O O

I
H

KI3, NaHCO3

H2O, CH2Cl2
99%

Reference 5d.

At room temperature, to a solution of 863 mg 2-(7-methoxybenzo[1,3]dioxol-
5-yl)cyclohex-3-enecarboxylic acid (3.12 mmol) in 10 mL CH2Cl2, were added 15 mL
1 N NaHCO3 solution and 40 mL aqueous KI3 solution containing 24.3 g KI, 12.1 g iodine.
The mixture was stirred for 20 h and poured into a saturated aqueous Na2S2O3 solution. The
mixture was extracted with EtOAc (2 × 50 mL); the combined organic layers were washed
with brine, drived over Na2SO4, and evaporated. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc, 1:1) to give 1.24 g 4-iodo-8-(7-methoxbenzo
[1,3]dioxol-5-yl)-6-oxabicyclo-[3.2.1]octan-7-one as a colorless oil, in a yield of 99%.

Other references related to the iodolactonization are cited in literature.20
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Irvine-Purdie Methylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Irvine and Purdie in 1903.1 It is the exhaustive methy-
lation of alkyl glycoside by repeated treatment of said glycoside with methyl iodide and
silver oxide and the deprotection of anomeric alkyl group by hydrolysis of the resulting
methyl saccharide ether with dilute acid. In addition, this reaction also stands for the mere
methylation of sugars from methyl iodide and silver oxide. This reaction is often carried
out in neutral solvent under mild conditions,2 in which the profound side reactions, such
as racemization, the Walden Inversion, or interconversion of glycosides (α- and �-forms),
do not occur.2 For example, the methylation of fructose tetraacetate by this reaction gives
an almost quantitative yield of pure crystalline tetraacetyl monomethoxy fructose, with-
out any affect on the acetyl groups in fructose tetraacetate.3 However, bacause of the high
cost of methyl iodide and silver oxide, and the limited solvents suitable for dissolving
the initial glycosides,2 this reaction has widely been replaced by the Haworth Methyla-
tion by treatment of sugar derivatives with methyl sulfate and sodium hydroxide,4 and the
Haworth Methylation has been further modified to occur in carbon tetrachloride using a
high concentrated alkali base.4 Nonetheless, both reactions do not yield the completely
methylated glycosides, thus these two methods are often used together to yield the fully
methylated glycosides for structural analysis, and the Irvine-Purdie methylation is often
the last step. For example, the repeated four Irvine-Purdie methylations of sucrose yields a
product with a methoxy content of 50.93%, smaller than the theoretical content of 54.63%.
For comparison, one Haworth Methylation of sucrose gives a product with a methoxyl
content of 50.5%, and further treatment of the product by Haworth Methylation does not
increase the methoxyl content; however, two subsequent Irvine-Purdie methylations of
such methyl sucrose can bring the methoxyl content up to 54.12%.5 Overall, to fulfill the
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per-O-methylation for both methods, the repeated methylation on the materials recovered
by extraction is necessary.6 However, bacause per-O-methylation of sugars, especially the
polysaccharides, is the prerequisite for the elucidation of polysaccharide structures,6 this
reaction has been further modified for a one-step per-O-methylation of polysaccharide by
adding a solution of sodium methylsulfinyl carbanion (Na dimsyl) and methyl iodide to
a DMSO solution of carbohydrate,7 which has also been improved by adding potassium
dimsyl and lithium dimsyl.8

B. GENERAL REACTION SCHEME

O
HO

HO

OMe

OH

HO

O
MeO

MeO

OMe
MeO

OMe

HCl O
MeO

MeO OH

MeO

OMe
MeI, Ag2O

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to become the Haworth Methylation,4 which was
extended to treat sugars with sodium methylsulfinyl carbanion and methyl iodide for the
purpose of per-O-methylation in one step.7,8

E. APPLICATIONS

This reaction has been used for the structural analysis of polysaccharide and the methy-
lation of sugars.
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F. RELATED REACTIONS

This reaction is related to the Haworth Methylation.

G. CITED EXPERIMENTAL EXAMPLES

O
HO

HO

OH
HO

OH

NaCH2SOCH3 O
MeO

MeO

OMe
MeO

OMe

MeI, DMSO

Reference 6.

Sodium dimsyl was prepared in a dry 500-mL, three-necked, round-bottom flask by
adding 8 g dry sodium hydride to 100 mL anhydrous dimethyl sulfoxide under a dry nitro-
gen atmosphere. The magnetically stirred reaction mixture was heated slowly to 50◦C and
maintained at this temperature until hydrogen evolution had ceased. The mixture was cen-
trifuged to produce a clear, gray-green solution. The solution was then aliquoted in 1-mL
portions under nitrogen into Teflon-lined screw-capped vials and frozen at −20◦C. For per-
methylation, the carbohydrates (5–7 mg) were introduced into a conical vial, which was
dried overnight under vacuum, and then sealed with dry nitrogen. Dimethyl sulfoxide (1 mL)
was added by dry syringe, followed by 0.3 mL nitrogen dimsyl solution (3 eq. per mol of
replaceable hydrogen), and the reaction mixture was stirred at room temperature for 1 h.
Methyl iodide (90 �L, 3 eq. per mol of replaceable hydrogen) was added after cooling the
reaction mixture in an ice bath. After the mixture was fushed with dry nitrogen, stirring was
continued at room temperature for 2 h.

MeI

Ag2O
Dextran acetate A

Me2SO4/NaOH

acetone
Methyl dextran

Reference 9.

To 200 mL acetone was added 4.35 g dextran acetate A, which was methylated with
NaOH (30%, 300 mL) and 110 mL dimethyl sulfate over a period of 3 h. The bath temper-
ature was kept at 25◦C for the first 2 h, and at 55◦C for 1 h; it was then raised to 100◦C for
0.5 h. The excess alkali was neutralized, and the reaction mixture was dialyzed. The dia-
lyzed material was concentrated to a small volume, and the methylation was repeated four
times in the same way with the bath temperature maintained at 55◦C; acetone was added
in to keep the product in solution. After the fifth methylation the product was extracted
with chloroform, and the extract was washed with dilute acetic acid and water and con-
centrated to give 3.39 g syrup. The syrupy product was methylated with 50 mL methyl
iodide (50 mL) and 6 g silver oxide, added in 12 portions under continual stirring and
refluxing for 22 h. The product was extracted with chloroform, and after the removal of
solvent it was remethylated four times in the same manner to give 1.96 g product with a
methoxyl content of 44.93%. On fractionation of the methylated dextran from chloroform
with petroleum ether, 90% of the product precipitated at 90–92% petroleum ether, a second
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fraction recovered by concentration of the mother liquor was not investigated further. (Note:
this procedure used a ridiculous amount of sodium hydroxide and methyl sulfate, and, later
on, also used a great excess of methyl iodide and silver oxide to obtain the methylated
dextran. It is an unacceptable practice in terms of cost-effectiveness. This procedure is cited
for comparison).

Other references related to the Irvine-Purdie methylation are cited in the literature.10,11
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Jacobsen Rearrangement

(Jacobsen Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was studied extensively by Jacobsen starting in 1886,1 although the
first reaction of this series was reported by Herzig in 1881.2 It is the conversion of
polysubstituted aromatics into corresponding sulfonated aromatics with the migration of
substituents in contact with concentrated sulfuric acid. Under such conditions, the halo-
genated polyalkylaromatics undergo disproportionation of halogen atoms. Therefore, this
reaction is generally known as the Jacobsen rearrangement3 or Jacobsen reaction.4,5 Gen-
erally speaking, among the polyalkyl benzenes, only the tetraalkyl or pentaalkyl benzenes
undergo this reaction, in which the pentaalkyl benzenes give 1,2,3,4-tetraalkyl benzene-
sulfonic acid and hexaalkyl benzenes,1b,4i and the tetraalkyl benzenes intramolecularly
rearrange to 1,2,3,4-tetralkyl benzene as the major product.4d In addition, it has been
found that tetraethylbenzenes rearrange much more smoothly and quickly than tetra-
methylbenzenes; whereas pentamethylbenzene undergoes this reaction more readily than
pentaethylbenzene.4c In contrast, hexaalkyl benzenes, as the end point of the reaction,
are stable toward concentrated sulfuric acid, even if they are in contact with concen-
trated sulfuric acid for several months.4i However, for less alkyl-substituted benzenes,
such as trialkyl benzenes and dialkyl benzenes, no rearrangement but the mere sulfona-
tion of aromatics are found.4i Moreover, this reaction is always accompanied by the
evolution of sulfur dioxide,3f,4d,4e together with the production of amorphous tarry by-
products in 30% of the weight of the starting material, which are soluble in excess
amounts of acetone and show green fluorescence.4d Furthermore, only those primary alkyl
groups on the aromatic rings migrate properly; both secondary and tertiary alkyl groups,
such as isopropyl and tert-butyl groups are eliminated in this reaction.3e On the other
hand, for the aromatics with cyclic alkyl substituents, such as the tetralins, the cyclic
alkyl group almost always remains unchanged while other groups migrate;3g,4b however,
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in pure cyclic alkyl–substituted aromatics, the group does migrate. For example, the
octahydroanthrance rearranges into octahydrophenanthrene.3i In addition, the Jacobsen
rearrangement not only works for polyalkyl aromatics but also works for halogenated
aromatics as well,3e,4d−4f,4j even for mono-halogenated aromatics. The fluorinated aro-
matics are exceptions.6 For the case of halogenated aromatic compounds, halogen atoms
often migrate to give disproportionated products. For example, bromobenzene rearranges
to dibromobenzene and presumably benzene when treated with concentrated sulfuric
acid,4i dibromobenzene produces tetrabromobenzene and hexabromobenzene, and tribro-
mobenzene yields hexabromobenzene.4i For chlorinated alkyl aromatics, the rearrangement
does not always occur; chlorine migration might be either intramolecular or intermolec-
ular. For example, 5- and 6-chloropseudocumenes rearrange to 3-chloropseudocumene;
chloromesitylene and 4-chlorohemimellithene do not undergo this rearrangement but only
the sulfonation.4d It has been found that concentrated sulfuric acid is used to reverse the
desulfonation of aromatic sulfonic acids that occur in diluted sulfuric acid.3f

B. GENERAL REACTION SCHEME

Me

Me

Me

Me

Me

MeMe

SO3H

Me

MeMe

Me

Me

Conc. H2SO4 Conc. H2SO4

C. PROPOSED MECHANISMS

It is proposed that this reaction involves the sulfonation and protonation of an aromatic
ring as shown below.3e
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare multisubstituted alkyl aromatics with substituents
in the vicinal position, which might be more difficult to prepare from traditional Friedel-
Crafts Alkylation with large amounts of meta alkyl substituent.4e

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Alkylation.

G. CITED EXPERIMENTAL EXAMPLES

Et

Et

Et

Et

Et

EtEt

Et

Conc. H2SO4

31.5%

Reference 3h.

Labeled tetraethylbenzene (8 g, 42 mmol) was mixed with 28.90 g reagent-grade sulfuric
acid, and the mixture was heated rapidly to 100◦C. Rapid mixing produced complete solution
in ∼ 30 min. This solution was maintained at 100◦C for 10 min and was then poured onto
29 g crushed ice. Steam distillation of the diluted mixture at 140◦C was carried out until
only a few traces of insoluble residue remained in the still pot. The distillate was saturated
with sodium chloride and extracted with ether. The ether solution was dried over calcium
chloride, and the hydrocarbon was isolated by distillation through a 12-in. Vigreux column,
b.p. 55–56◦C (0.25 mmHg), in the amount of 2.52 g (13.3 mmol).

Conc. H2SO4
+

14.4–15.2% 14.4–15.2%

Reference 3g.

Pure 6-methyl-7-n-propyltetralin (20 g, 0.11 mol) was mixed with 125 mL concentrated
sulfuric acid, and the rearrangement was performed according to Smith and Lo.4b Hydrolysis
of the product with superheated steam at 155◦C gave 6.7 g of a light oil, b.p. 60–66◦C
(0.2 mmHg), in a yield of 32%. Analysis by GPC showed 11 peaks with 2 major peaks
retained at 52.5 and 61.0 min, respectively, made up 90–95% of the total; they are identified
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as 6-methyl-5-n-propyltetralin and 5-methyl-6-n-propyltetralin, respectively, presenting as
equivalent amounts.

Other references related to the Jacobsen rearrangement are cited in the literature.7
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Jacobsen-Katsuki

Epoxidation

A. GENERAL DESCRIPTION OF THE REACTION

Although the epoxidation of olefins catalyzed by oxomanganese salen N,N ′-ethylene-
bis(salicylideneaminato) complex was first reported by Kochi in 1980s,1 it is Jacobsen2

and Katsuki3 who concurrently reported the improvement of such olefin epoxidation in
1990, using a sophisticated chiral salen ligand for manganese complexes, which resulted
in high enantioselectivity. They extensively studied different aspects of this reaction4,5 to
convert it into one of the most useful and widely applicable methods for the epoxidation
of unfunctionalized olefins.6 Therefore, this reaction is often referred to as the Jacobsen-
Katsuki epoxidation.7 Occasionally, it is also known as the Jacobsen epoxidation,8 Jacobsen
oxidation,9 Jacobsen asymmetric epoxidation,10 or Kochi-Jacobsen-Katsuki oxygenation.11

This reaction is usually carried out in dichloromethane or acetonitrile. Generally, Jacob-
sen’s catalysts have two stereogenic centers, while Katsuki’s catalysts have four.3,5g−5j

Some of the Jacobsen-type catalysts (Figure 1) and Katsuki-type catalysts (Figure 2) are
listed, respectively. It is known that the conformation of the chiral substituents attached to
the C8- and C8

′-positions have considerable influence on asymmetric induction.3,5g−5j In
addition, the presence of a bulky group (e.g., t-butyl) at C3- and C3

′-position of salen
ligand achieves high enantioselectivity;41 however, the groups larger than t-butyl have
not shown apparent advantages for enhancing the enantioselectivity.41 What is worse,
the bulky trialkylsilyl group at C3- and C3

′-position significantly lower the enantioselec-
tivity, presumably because of the long carbon-silicon bond.13 Furthermore, it is known
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that this reaction is a strongly electrophilic one,4c,7b and the presence and properties of
substituents at the C5- and C5

′-position of salen ligand also affect the enantioselectivity,
as well as the epoxidation rate.14 It has been reported that electron-withdrawing groups
accelerate the epoxidation reaction but lower the enantioselectivity via an early transition
state, whereas the electron-donating substituents attenuate the reaction rate but enhance
the enantioselectivity.6a On the other hand, the enantioselectivity of this epoxidation also
depends on the structure of substrates. Generally, Jacobsen’s catalysts work better for
cis-olefins and Katsuki’s catalysts are better for trans-olefins.7d The substrates with a cis-
olefinic bond in conjugation with an aryl, alkenyl or alkynyl, or in connection with a bulky
group or an allylic oxygen often result in high enantioselectivity when Jacobsen’s cat-
alysts are applied,4j,15 especially for the epoxidation of 2,2-dialkylchromene derivatives
with all terminal oxidants.16 It has been found that simple nonconjugated olefins react
slower than the conjugated ones and give both low yields and poor enantioselectivities.4j,4k

Aryl-substituted alkenes often afford cis-epoxides, while conjugated dienes and enynes gen-
erally give trans-epoxides.17 In addition, the counterion of Mn(salen)X complexes (Cl−,
PF−

6 , etc.),7b the additive as an axial ligand,18 and the oxygen donors (i.e., oxidant)7c all have
effects on the outcome of the asymmetric epoxidation. The oxidants used for this epoxida-
tion include iodosylbenzene (PhIO) with chromium-salen complex,19 sodium hypochlorite
(NaOCl),41,20 oxygen/reductant,21 hydrogen peroxide (H2O2),22 alkylhydroperoxide (e.g.,
t-butylperoxide),23 peroxyacids (e.g., mCPBA),18d,21b,23,24 potassium monoperoxysulfate
(KHSO5, oxone),23,25 dimethyldioxirane,26 and triphenyl phosphorus oxide (Ph3PO).27

Even though the mechanism of this reaction is controversial, it is generally agreed that this
reaction consists of a two-step catalytic cycle—the formation of Mn(salen)v complex and
the transfer of activated oxygen to an olefinic double bond.6a To complete the catalytic
cycle, at least three mechanisms have been proposed, including the concerted,7b,7f stepwise
radical7b,7f and manganaoxetane pathways.7i,28 In addition, a multichannel process includ-
ing singlet, triplet and quintet spin states7f and proximal and distal approach (vectors) have
been proposed to explain the stereochemical outcome of the epoxidation.7b Nevertheless,
the transition state is held to be asynchronous;4c therefore, the order of mixing the reacting
components is important for this reaction.7h This reaction has been extended to occur in
the presence of the ionic liquid7e,12,29 (BMIMPF6), to resolve the racemic epoxides in a
highly selective manner using a cobalt salen complex,30 and then oxidize the stilbene into
diarylacetaldehyde under basic conditions.9

FIGURE 1. Jacobsen-type catalysts.
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FIGURE 2. Katsuki-type catalysts.

B. GENERAL REACTION SCHEME

CH2Cl2 O

0.6 mol% Mn(salen)Cl
1.3 eq. 10% aq. NaOCl

3 mol% 4-phenyl pyridine oxide

C. PROPOSED MECHANISMS

Outlined below is the proposed mechanism for the epoxidation in which the salen scaffold
is simplified.
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D. MODIFICATION

This reaction has been extended to occur in ionic liquid,7e,12,29 and used for the highly
selective hydrolytic kinetic resolution of epoxides.30

E. APPLICATIONS

This reaction has been widely used for the asymmetric epoxidation of olefins, especially
for unfunctionalized olefins.

F. RELATED REACTIONS

This reaction is related to the Sharpless Epoxidation.



1538 JACOBSEN-KATSUKI EPOXIDATION

G. CITED EXPERIMENTAL EXAMPLES

PhPh

OO

PhPh

O

N N
Mn

OOBut

But But

But
+

PF6
–

PhPh

O
+

92% 8%

31% conversion

Catalyst =

10% catalyst
CH2Cl2

Reference 7c.

A solution of 37.5 µmol (10 mol%) of the particular Mn(salen)PF6 in 3.75 mL CH2Cl2
was stirred for 3 min at ∼20◦C. After addition of 375 µmol of cis-stilbene, the mixture
was stirred for another 2 min and 375 µmol of acetone-free dimethyldioxirane in CH2Cl2
(0.185 M) was administered in small portions over 2 min. After the mixture was stirred for
up to 16 h, the solvent was removed at 20◦C at a pressure of 400 mbar, and the residue was
transferred onto a short column of silica gel (∼10 g) and eluted with 200 mL of a mixture
of petroleum ether/Et2O (1:1). The solvent was evaporated at 30◦C and 10 mbar, to give
31% conversion in a 92:8 of cis/trans-epoxide.

Reference 27

To 70 mL of ethanol was added 2.30 g (R,R)-(-)-trans-cyclohexane-1,2-diamine
(20.1 µmol) and 7.66 g 2-hydroxy-3-(trifluoromethyl)benzaldehyde (40.3 µmol). The
resulting bright yellow mixture was refluxed for 2 h, and cooled; the solvent was removed
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in vacuo to yield a solid that was recrystallized from hexane to give 8.65 g of (R,R)-(-)-
N,N′-bis(3-trifluoromethylsalicylidene)-trans-cyclohexane-1,2-diamine as bright yellow
needles, in a yield of 94%, m.p. 126–128◦C.

To a 100 mL, two-necked, round-bottomed flask equipped with a nitrogen inlet and
outlet was added 26 mL of dry and degassed THF containing 600 mg (R,R)-(-)-N,N′-bis(3-
trifluoromethylsalicylidene)-trans-cyclohexane-1,2-diamine (1.31 mmol). To this yellow
solution was then added 177 mg anhydrous chromium(II) chloride (1.44 mmol). The result-
ing brown solution was stirred for 3 h under a blanket of nitrogen and then exposed to air for
a further 3 h. The brown solution was diluted with 120 mL tert-butyl methyl ether, washed
with 80 mL saturated ammonium chloride, and 80 mL of brine. The organic phase was dried
over sodium sulfate, and the solvent was removed in vacuo to yield 489 mg (R,R)-(-)-N,N′-
bis(3-trifluoromethylsalicylidene)-trans-cyclohexane-1,2-diamine chromium(III) chloride
as a brown solid, in a yield of 69%, m.p. > 230◦C.

(R,R)-(-)-N,N′-Bis(3-trifluoromethylsalicylidene)-trans-cyclohexane-1,2-diamine chro-
mium(III) chloride (435 µmol) was dissolved in CH3CN, and 115 mg of iodosylbenzene
(522 µmol) was added. After being stirred for 30 min, the reaction was filtered and the
solvent was removed in vacuo. Addition of Et2O precipitated a black solid that was collected
by filtration, washed thoroughly with Et2O, dried, and stored under a nitrogen atmosphere
to give>75% of (R,R)-(-)-N,N′-bis(3-trifluoromethyl-salicylidene)-trans-cyclohexane-1,2-
diamine oxochromium(V) chloride.

To 5 mL of acetonitrile, was added 30 mg (R,R)-(-)-N,N′-bis(3-trifluoromethyl-
salicylidene)-trans-cyclohexane-1,2-diamine oxochromium(V) chloride, under stirring, 1-2
eq. of iodosylbenzene was added, and a deep blue/black color appeared almost immediately.
After stirring for 30 min, the solution was filtered, and the filtrate was cooled to 0◦C using
an ice/water bath. Then 1 eq. of triphenylphosporus oxide was added, and five min later,
1 eq. of trans-β-methyl styrene was added. The reaction mixture was stirred at 0◦C until the
brown color of the Cr(III)(salen) complex returned completely (∼1.5 h). The solvent was
removed in vacuo, and the residue was treated with Et2O. The Et2O washings were flushed
through a short alumina column using Et2O as the eluant. The eluant was concentrated
in vacuo to give (R,R)-1-phenyl-2-methyl-trans-ethylene oxide, in 86 ee%.

Other references related to the Jacobsen-Katsuki epoxidation are cited in literature.31
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C. R., J. Org. Chem., 2001, 66, 5796. (e) Sheldon, R., Chem. Commun., 2001, 2399. (f) Abashkin,
Y. G.; Collins, J. R. and Burt, S. K., Inorg. Chem., 2001, 40, 4040. (g) El-Bahraoui, J.; Wiest,
O.; Feichtinger, D. and Plattner, D. A., Angew. Chem. Int. Ed., 2001, 40, 2073. (h) Adam, W.;
Mock-Knoblauch, C.; Saha-Moeller, C. R. and Herderich, M., J. Am. Chem. Soc., 2000, 122,
9685. (i) Cavallo, L. and Jacobsen, H., Angew. Chem. Int. Ed., 2000, 39, 589. (j) Adam, W.;
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Janovsky Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Janovsky and Erb in 1886.1 It is the reaction between
aromatics containing multinitro groups and aldehydes or ketones with an activated α-proton
in the presence of a strong base to form coloring molecules, for detection of both carbonyl
compounds and nitroaromatics. Therefore, this reaction is generally known as the Janovsky
reaction.2,3 Occasionally, it is also referred to as the Janovsky test.4 It is known that this
reaction involves the addition of an enolate from the ketone or aldehyde to multinitro
aromatics (the rate-determining step2b), resulting in the formation of a cyclohexadienate
ion,2b an anionic σ complex5 that is also known as Janovsky complex.6 In addition, the
product of this reaction is called Janovsky adduct7 or Janovsky product.8 It has been reported
that substituents other than the nitro groups on the aromatic rings may influence the reactivity
of substrates or alter the resonance of the nitro groups in the quinoid ion.9 On the other hand,
the relative location of the nitro groups also affect the outcome of this reaction. For example,
meta-dinitrobenzene readily responds to this reaction, para-dinitrobenzene yields a reddish
yellow color and quickly changes into a greenish yellow color, and ortho-dinitrobenzene
does not yield any color.10 When potassium hydroxide is applied as the base, the formation
of the addition product is reversible, the color develops relatively slowly; however, when
sodium methylate is used as the base, the successive color change is indistinct and too
quick to follow, occurring via an irreversible pathway.2g A study on this reaction found
that at very low temperatures (e.g., −40◦C), the addition of enolate to the nitroaromatics is
primarily through an O-attack, whereas at relatively high temperatures (e.g., −20◦C), the
O-attack intermediate gradually changes to the anion originated from C-attack, which is
stable for days at room temperature.2a Although this reaction has not found much synthetic
application, it has been widely used for the detection of nitroaromatics, in the fields of
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forensic toxicology,2g agriculture,3z etc. For example, 2,4-dinitrobenzene can be detected
at concentration level of < 1 ppm,10 while DDT can be detected as small as 1 µg.2g

However, it is difficult to detect dinitro compounds in the presence of trinitro compounds.10

It has been found that this reaction will behave differently in the presence of an excess
amount of nitroaromatics, which will oxidize the Janovsky complex and reduce the excess
nitro compounds.2c This reaction has been extended to measure 3,5-dinitrobenzamide using
ammonium hydroxide as base.3z

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A mechanism including both a C-attack and an O-attack of enolate is outlined here.

D. MODIFICATION

This reaction has been extended to 3,5-dinitrobenzamide using ammonium hydroxide
as base.3z

E. APPLICATIONS

This reaction has been widely used for forensic toxicology, and agriculture and pharma-
ceutical testing.
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F. RELATED REACTIONS

This reaction is related to the Meisenheimer Complexes and Zimmermann Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 8.

To a scintillation vial equipped with a stir bar were added 134 mg N,N-diethyl-
3,5-dinitrobenzamide (0.5 mmol) and 196 mg tetrahexylammonium chloride (THAC,
0.5 mmol). The aluminum foil lining of the cap was replaced with a Teflon lining. To
this vial was added 10 mL carbon tetrachloride, followed by 50 µL acetone via a syringe,
and then 5 mL 2 M NaOH. The organic layer turned dark blue immediately upon addition of
NaOH. The mixture was stirred vigorously for 4 h in the capped vial. Stirring was stopped
to allow for phase separation. The organic layer was diluted with 10 mL CH2Cl2 and sep-
arated from the aqueous layer. The organic phase was combined with 10 mL 6 M HCl and
stirred for an additional 10 min. The color of the organic phase changed from dark blue
to yellow-orange. The organic phase was extracted sequentially with saturated solutions of
NaHCO3 and NaCl, dried over sodium sulfate, and concentrated under reduced pressure.
The residue was purified through flash column chromatography using 10% Et2O in CH2Cl2
to recover 53 mg N,N-diethyl-3,5-dinitrobenzamide (40%), 14 mg of an oily mixture of
the o- and p-acetonate adducts in an ortho/para ratio of 1.2:1.0.

NO2

O2N

O
N
H

O

KO-t-Bu

NO2

O2N

H
N

OH

DMSO 
74%

NO2

O2N

H
N

OAc+

Reference 5.
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To a stirred solution of 0.778 g N-acetyl-β-aminoethyl-2,4-dinitrophenyl ether
(2.89 mmol) in 10 mL Me2SO was added at room temperature 2.37 mL 1.22 N potas-
sium t-butoxide (2.89 mmol). After the mixture had been stirred for 1 h and then 2.89 mL
HCl (2.0 N) solution was added, the mixture was poured into 100 mL water, extracted
with chloroform, and dried over anhydrous Na2SO4. The solvent was evaporated to pro-
duce the crude products, which were separated by column chromatography on silica gel
with benzene as a developing solvent to give 74% N-β-hydroxylethyl 2,4-dinitroaniline
and N-β-acetoxyethyl 2,4-dinitroaniline as a mixture.

Other references related to the Janovsky reaction are cited in the literature.11
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Japp-Klingemann Fischer

Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction combines the Japp-Klingemann Reaction and Fischer Indole Synthe-
sis, involving the condensation between aryldiazonium salt and an active methylene or
methinyl compound under acidic or basic conditions to form a hydrazone derivative fol-
lowed by cyclization to give a substituted indole. This reaction is therefore known as
the Japp-Klingemann Fischer indole protocol,1 Japp-Klingemann/Fischer indole process,2

Japp-Klingemann Fischer indole synthesis,3 or the Japp-Klingemann indole synthesis4 or
Japp-Klingemann indole formation.5 This reaction was probably first reported by Findlay
and Dougherty in 1948,6 to avoid the use of arylhydrazines, which are difficult to prepare
and handle in some cases.7

B. GENERAL REACTION SCHEME

N2
+

R1 OR2

O O

R3

∆
N
H

R3

CO2R2
+

Acid R1 = Me
R2 = alkyl, aryl
R3 = alkyl, aryl
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C. PROPOSED MECHANISMS

This reaction involves the elelctrophilic attack of an aryldiazonium cation on the enol
carbon atom of an active methinyl compound to give an azo intermediate, which then
hydrolyzes to form an arylhydrazone.8 Tautomerization of aryl hydrazone yields the vinyl
hydrazine, which undergoes [3,3] sigmatropic rearrangement and subsequently cyclizes
to give an indoline derivative which, upon evolution of ammonium ion, yields the indole
derivative, as shown below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is very useful for the preparation of indole derivatives.
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F. RELATED REACTIONS

This reaction is related to the Japp-Klingemann Reaction and Fischer Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

O

CO2Et

5 N NaOH

F

Br

N
H

N
O

F

Br

NH2

F

Br

N
H

O

24–72 h, r.t.
1.8 M H2SO4

95%

84%

Conc. HCl, 0°C

NaNO2

Reference 9.

To a three-necked flask were added 156.2 g ethyl 2-oxocyclopentanecarboxylate
(1.0 mol), 2 L water, and 220 mL 5 N NaOH solution (1.1 mol); the resulting solution
was stirred for 48 h at room temperature. This mixture was extracted with methyl tert-butyl
ether (2 × 400 mL) to remove any residual unreacted starting material, and the aqueous
phase containing the sodium carboxylate was returned to the original three-necked flask.
This solution was cooled to 0◦C, treated dropwise with concentrated HCl (1.1 mol) over
15 min, and aged at this temperature for 45 min.

Mean while, to a mixture of 190.0 g 2-bromo-4-fluoro-aniline (1 mol) and 0.6 L water at
room temperature was added 3 mol concentrated HCl; the resulting thick white slurry was
cooled to 0◦C. A solution of 1 mol NaNO2 in 0.7 L water was added slowly over 25 min, at
such a rate as not to exceed an internal temperature of 10◦C, and the reaction was aged for
30 min before filtration to remove any insoluble precipitate. This filtered diazonium solution
was added to the prepared sodium carboxylate solution at 0◦C dropwise over a period of
40 min (Note: If added to the solution of sodium carboxylate, then it was not necessary to
acidify the sodium carboxylate with concentrated HCl.) The resulting thick yellow slurry
was stirred to room temperature, filtered, and dried under a stream of nitrogen to give
270.9 g (4:1 ratio) 1-(E/Z)-cyclopentane-1,2-dione (2-bromo-4-fluorophenyl)hydrazone
as a yellow solid, in a yield of 95%, m.p. 182–187◦C.

To a three-necked, round-bottomed flask equipped with a mechanical stirrer, a condenser,
and a nitrogen inlet were added 2.85 g of the hydrazone (10 mmol) and 25 mL CH3CN. To
this solution was then added 17 mL 1.8 M H2SO4 (30 mmol) in one portion. The resulting
mixture was refluxed under stirring for 5–6 h. After the reaction was judged complete
by HPLC analysis, 50 mL water was added, and the resultant slurry was stirred at room
temperature for 1–2 h before filtration. The collected precipitate was washed with 50 mL
CH3CN/water (1:3), water (3 × 50 mL) and dried to give 3.24 g 5-bromo-7-fluoro-1,4-
dihydrocyclopenta[b]indol-3(2H)-one, in a yield of 84%, m.p. 204–206◦C.
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To a mixture of 2.0 mL ethanol and 6.5 mL water, was added 1.0 g 3-(4-aminophenethyl)
imidazolidine-2,4-dione (3.91 mmol), followed by 0.78 mL concentrated HCl (7.42 mol).
The solution was cooled to 0˚C, and a solution of 0.54 g NaNO2 (7.82 mmol) in 2.5 mL water
was added. The solution was stirred for 30 min, after which the excess NaNO2 was destroyed
with 0.29 g urea (4.8 mmol). Meanwhile, 0.72 g 2-(3′-N,N-dimethylamino)propyl acetoac-
etamide (3.91 mmol) in 3.5 mL EtOH was stirred with 2.77 g sodium acetate trihydrate
(20 mmol) in 3.5 mL water at 0◦C for 20 min, after which the solution was added quickly to
the cold diazonium solution. The resulting mixture was allowed to stir at 0◦C for an addi-
tional 30 min and then allowed to stir up to room temperature for 1 h. The pH was adjusted
to 9 with 10% NaOH solution, and the solution was left in the refrigerator overnight. The
residue was extracted with ethyl acetate (3 × 30 mL); the combined organic layers were
dried and filtered; and the solvent was evaporated to give a red gum, which was purified by
column chromatography to afford 300 mg of the desired hydrazone intermediate, in 90%
purity. A portion of the hydrazone (30 mg, 0.08 mmol) was dissolved in 3.0 mL ethanol,
and 0.13 mL concentrated H2SO4 was added. After gentle refluxing overnight, the solution
was cooled, and the solvent was evaporated under reduced pressure. The residue was mixed
with water, and the pH was adjusted to 9 with K2CO3. The basic solution was extracted with
EtOAc, and the combined organic layers were dried, filtered and evaporated. The yellow
residue was purified by column chromatography using CH2Cl2/EtOH/NH3 (50:8:1) as the
eluent to afford 3-[2-(dimethylamino)ethyl]-5-[2-(2,5-dioxo-1-imidazolidinyl)ethyl]-1H-
indole-2-carboxamide as an off white solid. Further purification using preparative HPLC
gave 13.0 mg of the acetate salt of the indole as a white lyophylate, in a yield of 24%.

Other references related to the Japp-Klingemann Fischer indole synthesis are cited in
the literature.10
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Japp-Klingemann Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Japp and Klingemann in 1887.1 It is the reac-
tion between aryldiazonium salt and compounds with methylene protons activitated by
electron-withdrawing groups in which at least one of such activating groups is an acyl,
carboxyl, or ester group to form an unstable azo intermediate that rearranges into a stable
hydrazone derivative by expelling of the above acyl, carboxyl or ester group. Therefore,
this reaction is often known as the Japp-Klingemann reaction.2,3 Occasionally, it is also
referred to as the Japp-Klingemann degradation,4 Japp-Klingemann rearrangement,5 Japp-
Klingemann synthesis,6 Japp-Klingemann condensation,2a,7 Japp-Klingemann coupling,8

or Japp-Klingemann cleavage.9 This reaction is found to be very mild and occurs under
almost neutral conditions,2k with an optimal pH of 6.2.10 In most cases, the hydrazone can
be isolated when a limited amount of diazonium salt is used or by working at a lower pH.2k

In addition, the hydrazone formed might exist in a tautomeric form of ene-hydrazine.11

Especially, under more alkaline conditions or when an excess of diazonium salt is used,
the second diazonium ion can couple to the generated hydrazone.11 In this reaction, the
functional group of acyl (e.g., acetyl,2k,12 benzoyl), carboxyl, ester2k and even hydrogen2k

and bromonium ion13 can be expelled during the formation of hydrazone. It has been found
that the yield of such reaction can be improved dramatically by prior treatment of the
extreme acidic diazonium salt with sodium acetate;14 on the other hand, ammonium salts
(e.g., NH4Cl or NH4Ac) are found to promote the coupling rate.2j This reaction has been
extended to the coupling of diazonium salt with 2-pyridylacetic acids,2m and has been used
in the syntheses of various amino acids,2j naphthazoleacetic acid,2n tetrahydrocarbazoles15

and indole derivatives.2c−2e,2l,2n,5,16
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is the reaction mechanism between ethyl α-methyl-acetoacetate and
aryl diazonium chloride.

D. MODIFICATION

This reaction has been modified to treat the acidic diazonium salt with sodium acetate
before the addition of compounds with active methylene groups.14 In addition, this reaction
has been carried out in the presence of an ammonium salt.2j

E. APPLICATIONS

This reaction has been used to synthesize a variety of amino acids and nitrogenous
heterocycles, such as indole and tetrahydrocarbazole derivatives.

F. RELATED REACTIONS

This reaction is related to the Japp-Klingemann Fischer Indole Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

OTPS

OH O

Ph N2
+Cl–

OTPS

N

NH O
Ph

+

82%

Reference 14.

Aniline (0.90 mL, 9.98 mmol) was added to a 3 mL 6 M HCl solution at 0◦C.
After the mixture was stirred for 10 min, 10 mL cold 0.998 M NaNO2 solution
(688 mg NaNO2 in 10 mL H2O) was added slowly at 0◦C under temperature control.
The solution was neutralized with NaOAc, followed by addition of an ice-chilled THF
solution containing 2.985 g (2S,3S)-2-allyl-3-[2-(tert-butyldiphenylsilanyloxy)-ethyl]-6-
hydroxymethylene-cyclohexanone (6.65 mmol). The reaction mixture was stirred for 1 h
at 0◦C, then diluted with methyl tert-butyl ether (MTBE). The aqueous layer was extracted
twice with MTBE. The combined organic layers were washed with brine and dried over mag-
nesium sulfate. The solvent was removed in vacuo and the crude oil was purified by column
chromatography on silica, eluting with hexanes/MTBE (16:1) to give 2.86 g (2S,3S)-2-
allyl-3-[2-(tert-butyl-diphenylsilanyloxy)-ethyl]-6-(phenyl-hydrazono)-cyclohexanone, as
an orange oil, in a yield of 82%.

F

Br

NH2

O

CO2Et
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H

N
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95%

Reference 2a.

Sodium Carboxylate Preparation

A three-necked flask was charged with 156.2 g ethyl 2-oxocyclopentanecarboxylate
(1 mol), 2 L water, and 220 mL 5 N NaOH (1.1 mol), and the resulting solution was stirred
for 48 h at room temperature. This mixture was extracted with MTBE (2 × 400 mL)
to remove any residual unreacted ester, and the aqueous phase containing the sodium
carboxylate was returned to the original three-necked flask. This solution was cooled
to 0◦C.

Diazonium Salt Preparation

To a mixture of 190 g 2-bromo-4-fluoroaniline (1.0 mol) in 0.6 L water was added
250 mL concentrated HCl, and the resulting thick white slurry was cooled to 0◦C. Aqueous
solution (0.7 L) containing 69 g NaNO2 (1 mol) was added slowly over 25 min, at such a
rate as not to exceed an internal temperature of 10◦C, and the reaction was aged for 30 min
before filtration to remove any insoluble precipitate.
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To the prepared sodium carboxylate solution at 0◦C was added the filtered diazonium
solution dropwise over 40 min at a temperature range of 0–4◦C. The resulting thick yel-
low slurry was stirred to room temperature, filtered, and dried under a stream of nitrogen
to give 95% (1E/Z)-cyclopentane-1,2-dione (2-bromo-4-fluorophenyl) hydrazone, as a
yellow solid of steric mixture in 4:1 ratio, m.p. 182–187◦C.

Other references related to the Japp-Klingemann reaction are cited in the literature.17
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Japp-Maitland
Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Japp and Maitland in 1903.1 It is the acid pro-
moted thermal condensation between arylhydrazine and aromatic compounds activated
by a hydroxyl group to give carbazole derivatives. Therefore, this reaction is known as the
Japp-Maitland condensation,2 or Maitland-Japp reaction.3 For example, the condensation
between 6-alkyl-2-naphthols and phenylhydrazine affords 3-alkyl-7H-benzo-[c]carbazoles
in good yield.2 However, due to the heat sensitivity of naphthylhydrazines and their salts, the
condensation with naphthylhydrazines gives corresponding carbazoles in very low yields.4

In addition, the condensation with simple 2-naphthol also affords poor yields.2

B. GENERAL REACTION SCHEME

OH

N
H

NH2

HCl

∆ N
H

+

C. PROPOSED MECHANISMS

It is believed that α-naphthol, functioning as an enol, undergoes a semi-Michael Addi-
tion with protonated arylhydrazine while accompanying the evolution of ammonia during
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heating. The amino group then attacks the carbonyl group and closes the ring. Upon extrusion
of water, the benzocarbozole is produced as illustrated below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is generally used for the preparation of carbazole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

NHNH2 NHNH2 · HCl
∆

N
H

+ +

72%

Reference 2.
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A mixture of 4.0 g 6-propyl-2-naphthol, 4.0 g phenylhydrazine, and 4.0 g phenylhy-
drazine hydrochloride was cautiously refluxed for 1 h. After cooling, dilute aqueous NaOH
was added, and the reaction product was taken up in toluene. The combined organic layers
were washed with water and dried over Na2SO4. Upon removal of solvent, the residue
was vacuum fractioned. The portion boiling at 280–305◦C at 17 mmHg in a total of 4.0 g
(72%) was recrystallized from cyclohexane to afford pure 3-propyl-7H-benzo[c]carbazole
in lustrous colorless leaflets, m.p. 127◦C.

Other references related to the Japp-Maitland condensation are cited in the literature.5

H. REFERENCES

1. (a) Japp, F. R. and Maitland, W., J. Chem. Soc., 1903, 83, 267. (b) Japp, F. R. and Maitland, W.,
J. Chem. Soc., 1903, 83, 273.

2. Buu-Hoı̈, N. P.; Lavit, D. and Collard, J., J. Org. Chem., 1958, 23, 542.

3. Clarke, P. A.; Martin, W. H. C.; Hargreaves, J. M.; Wilson, C. and Blake, A. J., Org. Biomol.
Chem., 2005, 3, 3551.

4. Buu-Hoı̈, N. P.; Hoán, N. and Khôi, N. H., J. Org. Chem., 1949, 14, 492.

5. (a) Clarke, P. A. and Martin, W. H. C., Tetrahedron Lett., 2004, 45, 9061. (b) Bender, D. F.;
Sawicki, E. and Wilson, R. M., Anal. Chem., 1964, 36, 1011. (c) Yates, P.; Yoda, N.; Brown, W.
and Mann, B., J. Am. Chem. Soc., 1958, 80, 202.
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Johnson Orthoester Claisen

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Johnson et al. in 1970.1 It is a highly stereoselective2

synthesis of γ ,δ-unsaturated esters from the reaction between allylic alcohols and an
orthoester in the presence of a trace amount of weak acid, such as propionic acid.1,2

Because this reaction is the modification or variant of the Claisen Rearrangement, it is often
referred to as the Johnson orthoester Claisen rearrangement.3 Occasionally, this reaction
is also known as the Claisen-Johnson orthoester rearrangement,2,4 or Johnson orthoester
protocol.5 This reaction involves the formation of mixed orthoester from allyl alcohol and
the added orthoester, which loses an alcoholic component to form a ketene acetal1 then
migrates to unsaturated carbonyl compounds via the Claisen Rearrnagement with high syn
selectivity.3f Posner further extended this reaction to use sulfonyl orthoester.6 Overall, this
reaction has been applied to the synthesis of a variety of complicated natural products, such
as squalenes.1,7

B. GENERAL REACTION SCHEME

R R′

OH OEt

EtO OEt

OH

O

R OMe

OR′
+

Xylene, ∆
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been extended to start with sulfonyl orthoesters.6

E. APPLICATIONS

This reaction has been used for the synthesis of a variety of natural products, including
squalenes.1,7

F. RELATED REACTIONS

This reaction is related to the Claisen Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Reference 3h.

A mixture of 5.0 g (S)-4-(dimethyl(phenyl)silyl)-but-3-yn-2-ol (24.46 mmol), 12.45 mL
trimethylorthoacetate (97.84 mmol), 0.1 mL propionic acid (1.22 mmol), and 100 mL
xylenes was refluxed for 24 h. An additional 6.23 mL trimethylorthoacetate (48.92 mmol)
was added, and the solution was refluxed for 16 h longer. Then the solution was concentrated,
and the residue was purified over silica gel using hexanes/EtOAc (95:5) as the eluent to give
5.0 g (R)-methyl 3-(dimethyl(phenyl)silyl)hexa-3,4-dienoate as a clear slightly yellow oil,
in a yield of 78.5%.
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OH

O

O

TBSO

MeC(OMe)3

O

O

O

TBSO
OMe

EtCO2H, toluene, ∆
99%

Reference 3a.

To a 1-L round-bottomed flask equipped with distillation apparatus were added 500 mL
toluene and 27.9 g (3S,4S,5R)-6-[(tert-butyldimethylsilyl)oxy]-4,5-(isopropylidenedioxy)-
1-hexen-3-ol (92.3 mmol), followed by 77 mL trimethyl orthoacetate (640 mmol) and
1.9 mL propionic acid (26 mmol). The mixture was heated at reflux, distilling off methanol
as it formed. Gas chromatography was used to monitor the disappearance of starting
material (tR = 4.0 min) and the appearance of product (tR = 5.2 min). After 24 h, the
mixture was cooled to room temperature and concentrated by rotary evaporation to give
32.7 g methyl (E)-(6S,7R)-8-[(tert-butyldimethylsilyl)oxy]-6,7-(isopropylidenedioxy)-4-
octenoate as a pale yellow oil, in a yield of 99%, Rf = 0.40 (hexane/EtOAc, 6:1).

Other references related to the Johnson orthoester Claisen rearrangement are cited in the
literature.8
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Jones Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Jones et al. in 1946.1 It is the oxidation of primary
alcohols into carboxylic acids or the conversion of secondary alcohols into ketones using
acidic chromic acid. Therefore, this reaction is generally known as the Jones oxidation,2,3

and the reagent of CrO3-H2SO4-H2O is called the Jones reagent.2f,2k,4Occasionally, the
Jones oxidation is also referred to as Jones chromic acid oxidation.5 This reaction is gen-
erally carried out in aqueous acetone4a,4d and is fast with low selectivity. Although it has
been suggested that this reaction might involve a radical intermediate6 or the conversion
of Cr(IV) into Cr(II) species,7 the predominant mechanism is the transformation of Cr(VI)
into Cr(IV) species. If the hydroxylic group is protected by a silyl ether,8 the deprotection
and oxidation can be combined as a one-step reaction if the Jones reagent is applied. For
example, the enediol bis-trimethylsilyl ether has been oxidized to α-diketone directly in
high yield.2f Even though the 1,2-diols and α-hydroxy ketones are susceptible to cleavage,9

the peroxide group is tolerable for this oxidation.10 However, the benzylic group will be
oxidized into carbonyl group when the Jones oxidation is carried out in acetic acid;5 thus
indans and tetralins can be oxidized to 1-indanones and 1-tetralones, respectively.5 Fur-
thermore, olefins in acetone can also be oxidized by the Jones reagent, especially in the
presence of 20 mol % mercuric acetate or mercuric propionate, so that terminal olefins are
oxidized to methyl ketones, and 1,2-disubstituted olefins are converted into ketones (but in
low yields), respectively.4d
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism for the oxidation of a secondary alcohol is illustrated below.

D. MODIFICATION

Because this reaction is so fast and does not show much selectivity, more mild oxidation
methods using chromium (VI) have been developed, such as the Corey-Schmidt Oxidation
(PDC oxidation) and Corey-Suggs Oxidation (PCC oxidation)

E. APPLICATIONS

This reaction has wide application in organic synthesis for preparing different ketones.

F. RELATED REACTIONS

This reaction is related to the Corey-Schmidt Oxidation and Corey-Suggs Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

N N

OH

Me Me

N N

O

Me Me

CrO3, H2SO4

Acetone, H2O 
73%

Reference 4a.
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To a stirred solution of 30 mg (R,R)-dihydrocuscohygrine (0.13 mmol) in 1 mL acetone
was added 0.2 mL 1.8 M Jones reagent at 0◦C. After 2 h, the solution was cooled to 0◦C
and 1 mL ice-cold saturated NaHSO3 solution was added. The solution was brought to pH
13 with ice-cold 5 N KOH. Then the solution was immediately extracted with precooled
CHCl3 (3 × 5 mL), and the combined organic layers were washed with cold brine and
dried over MgSO4. Evaporation of the solvent under reduced pressure at room tempera-
ture gave 22 mg racemic cuscohygrine as a colorless oil, in a yield of 73%, Rf = 0.27
(cyclohexane/CHCl3/Et2NH, 5:4:1).

F3C

OBz

N3

OH F3C
CO2H

OBz

N3

CrO3, H2SO4

Acetone, H2O 
86%

Reference 1b.

To a mixture of 549 mg (2S,3S)-benzoic acid 2-azido-3,3,3-trifluoro-1-hydroxy-
methylpropyl ester (1.9 mmol) and 60 mL acetone was added 15 mL 1 M Jones reagent
(15 mmol) at 0◦C. The mixture was stirred for 20 min at 0◦C under nitrogen. The reaction
was quenched with 7 mL isopropyl alcohol and then diluted with 60 mL water and 60 mL
ethyl acetate. The aqueous layer was then extracted with ethyl acetate. The combined organic
layers were dried, filtered, and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (petroleum ether/EtOAc, 1:1) to give 495 mg (2S,3S)-benzoic
acid 2-azido-1-carboxy-3,3,3-trifluoropropyl ester, in a yield of 86%.

Other references related to the Jones oxidation are cited in the literature.12
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Jourdan-Ullmann Reaction

(Ullmann Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

In 1885, Jourdan reported the reaction between aniline and activated aryl halides (e.g.,
2,4-dinitro-chlorobenzene) to form diarylamine;1 since 1902, Ullmann extended this reac-
tion to unactivated or slightly activated aryl halides using copper or copper reagents as a
catalyst and K2CO3 as the base.2 At almost the same time, Ullmann’s assistant and wife,
Goldberg, reported the extension of this reaction from acetanilide to form diarylamines
regardless of the degree of activation of the aryl halides.3 Thus the copper-promoted
amination of aryl halides with aniline to form diarylamines in the presence of a base
is now known as the Jourdan-Ullmann condensation,4 Jourdan-Ullmann diphenylamine
synthesis,5 Jourdan-Ullmann reaction,4d,6 and Jourdan-Ullmann synthesis6f,6h as well
as the Ullmann condensation,7 Ullmann reaction,7d,8 Ullmann-Goldberg condensation,9

Ullmann-Goldberg coupling,10 Ullmann-Goldberg reaction,10b,11 and Ullmann-Jourdan
reaction.12 In general, the aryl halides of the electron-withdrawing groups work better
than the ones of electron-donating substituents in the Jourdan-Ullmann condensation,8c

and the reactivity of halides are in the order of I > Br > Cl > F;7i in comparison,
anilines with electron-withdrawing groups proceed poorly in this reaction,4b,4d except
for the reaction between o-chlorobenzoic acid and anthranilic acid, which occurs at
100–120◦C to give 2,2′-dicarboxyl-diphenylamine in almost a quantitative yield within
30 min.4d Some of the reaction pairs between aryl halide and anilines are o-
chlorobenzoic acid with p-iodoaniline,7ao-aminobenzoic acid,7fp-aminobenzoic acid,10a

and o-anisidine;8a o-bromobenzoic acid with o-phenylenediamine;13 o-bromotoluene
with m-methylanthranilic acid;14 and 3-bromo-2-naphthoic acid with 5-amino-2,2-
dimethyl-2H-chromene.7g

It is known that both copper acetate and cuprous iodide are effective catalysts for this
reaction, as well as pure copper metal in the presence of oxygen.7m In addition, the salts
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of some other metals—such as iron, nickel, platinum, and zinc—are active catalysts in this
reaction; the salts of tin and manganese are inactive reagents.7m The addition of a base such
as K2CO3 is critical for this reaction, because the base will neutralize the generated hydro-
gen halide; especially for the reaction of o-halobenzoic, the base will convert the carboxyl
group into carboxylate so that the chance for decarboxylation is reduced and the resinous
by-products are dramatically diminished.7m Consequently, the overall yield and purity of
diarylamines are enhanced. Because copper and copper salts are not soluble in organic sol-
vents, the heterogeous Jourdan-Ullmann reaction proceeds slowly in general;7i however, the
application of high-boiling aprotic solvents containing oxygen, nitrogen, and sulfur atoms
(e.g, nitrobenzene,7m amyl alcohol,7a,7m,10b pyridine,7m,10b quinoline,7i or DMSO8e,15)
will facilitate the reaction by partially converting the reaction into homogenous reaction
due to coordination. In particular, the mono-ether of ethylene glycol and its oligomers have
shown considerable advantages for being solvents for this condensation, due to their differ-
ent boiling points, their ability to accelerate the reaction rate because of high solubility for
the reaction components, and their miscibility with water to simplify the workup process.6i

One example is that the yield of the reaction between o-chlorobenzoic and p-aniline was
increased from 20% to 48% when it was carried out in 2-methoxyethanol.7a However, all the
solvents used for this reaction must be dry because the existing water may coordinate with
copper and deplete the active catalyst,7i as evidenced by the lower yield by extraction of
the reaction intermediate with 95% ethanol than that with absolute ethanol.8i Furthermore,
under the conditions of the Jourdan-Ullmann condensation, many other nucleophiles can
also couple with aryl halides, such as ammonia, potassium phenoxide, alkoxide, hydroxide,
and even the sodium derivative of ethyl malonate and similar compounds of active methy-
lene groups.7m However, this reaction suffers from high reaction and the need for a large
excess of copper or copper salts.12b In addition, this reaction is often accompanied with
reductive dehalogenation of aryl halides.7m,8c

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Even though the Jourdan-Ullmann condensation has been known for more than a century,
the mechanism is still not quite clear. On the one hand, the reaction may proceed via
a free-radical mechanism, pertaining to the reductive dehalogenation of aryl halides and
the acceleration of the reaction rate by ultraviolet irradiation,7m as outlined in Scheme 1.
On the other hand, the reaction may involve halonium and proceed as a simple aromatic
nucleophilic substitution,7k,7m as displayed in Scheme 2. However, for the reaction of
o-halobenzoic acid, it is believed that the copper ion coordinates with both carboxyl and
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o-halogen so that the carbon-halogen bond is weakened, and an aromatic nucleophilic
substitution occurs subsequently, as illustrated in Scheme 3. This mechanism is supported
by the evidence that neither ethyl o-bromobenzoate nor p-bromobenzoic acid can participate
in the Jourdan-Ullmann condensation.7m

SCHEME 1. Radical mechanism for the Jourdan-Ullmann reaction.

SCHEME 2. Ionic aromatic nucleophilic substitution mechanism for the Jourdan-Ullmann reaction.

SCHEME 3. Alternative mechanism for the Jourdan-Ullmann reaction.

D. MODIFICATION

Both ultrasound12a and microwave7b,7c have been applied to accelerate the reaction;
the Jourdan-Ullmann condensation under microwave irradiation can be carried out in



1572 JOURDAN-ULLMANN REACTION

either dry media7b or in aqueous solution.7c In addition, this reaction has been extended
to O- and S-arylation in the presence of polycoordinate ligand,8b such as the applica-
tion of 2-methylaminomethyl-3-hydroxypyridine for the preparation of diaryl ether.8c It
should be mentioned that the reaction under Jourdan-Ullmann condensation to form diaryl
ether is known as the Ullmann Diaryl Ether Synthesis.16 Moreover, this reaction has
been extended to the preparation of triarylamines using 10-phenanthroline as a ligand.7h

Other modifications include the couplings of anilines with aryl amides (e.g., isatin),15

diphenyliodonium-2-carboxylate,4a,17 and arylboronic acids.18 The condensation with aryl-
boronic acids in particular is considerably versatile and is known as the Chan-Lam-Evans
modified Ullmann Condensation.19

E. APPLICATIONS

This reaction has wide application in the preparation of diarylamines, many of the
diarylamines have been converted into acridone and acridine derivatives.

F. RELATED REACTIONS

This reaction is related to the Rosemound-von Braun Nitrile Synthesis, Ullman Diaryl
Ether Synthesis, and Ullmann Acridine Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Reference 15.

A mixture of 2.92 g 2-iodoisophthalic acid (10 mmol), 1.82 g 4-ethylaniline (15 mmol),
1 g CuCl, 12 mL 2,3-butanediol, and 10 mL benzene was heated and stirred, with the benzene
being allowed to distill off. When the internal temperature of the reaction mixture reached
100◦C, 6 mL N-ethylmorpholine was added, and the reaction mixture was stirred for an
additional 4 h at 120◦C. The reaction mixture was then diluted with 50 mL 0.5 M NH4OH,
treated with charcoal, and filtered through Celite. Acidification with 2 M HCl afforded a
precipitate that was extracted into EtOAc (2 × 100 mL), filtered through Celite, and further
extracted with 100 mL 0.5 M aqueous NH3. Acidification with concentrated HCl and
recrystallization of the isolated product gave 2.36 g 2-[(4-ethylphenyl)amino]isophthalic
acid, in a yield of 83%, m.p. (EtOAc/petroleum ether) 194–195.5◦C.
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Reference 4a.

A suspension of 20.1 g 1,5-dimethoxy-2,4-dinitrobenzene (90.0 mmol) in 117 mL water
was stirred under reflux and treated dropwise over 30 min with a solution of sodium poly-
sulfide, prepared by heating 28.6 g Na2S.9H2O (119 mmol) and 6.8 g sulfur (213 mmol)
in 120 mL water. The reaction mixture was stirred under reflux for a further 3 h and then
cooled and evaporated under reduced pressure at 45◦C to give a dark residue. This was
extracted several times with warm EtOAc, and the combined extracts were filtered through
a short column of silica gel. The eluates were washed with water and evaporated to dryness.
The residue was dissolved in 1 N HCl, filtered, and basified with aqueous NaOH to give
11.0 g 1-amino-2,4-dimethoxy-5-nitrobenzene, in a yield of 63%, m.p. 126–128◦C.

A mixture of 6.0 g 1-amino-2,4-dimethoxy-5-nitrobenzene (30.9 mmol), 20.0 g
diphenyliodonium-2-carboxylate (61.4 mmol), and 0.4 g copper(II) acetate (2.2 mmol)
in 180 mL dry DMF was stirred at 90◦C (bath temperature) for 7 h and then at 20◦C for
overnight. Most of the DMF was evaporated under reduced pressure, and the residue was
taken up into CH2Cl2, washed twice with water, and extracted into 0.5 N KOH. The alkaline
layer was back extracted with CH2Cl2 and filtered, and the filtrate was acidified at 0◦C to
give 9.7 g 2-[(2,4-dimethoxy-5-nitrophenyl)amino]-benzoic acid, in a yield of 99%, m.p.
(CHCl3/MeOH) 283–285◦C.

Other references related to the Jourdan-Ullmann reaction are cited in the literature.20
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Julia Olefination

(Julia-Kocienski Olefination or
Julia-Lythgoe Olefination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Julia in 1973.1 It is primarily a multistep prepa-
ration of trans-olefins involving the addition of phenylsulfonyl carbanion to aldehydes
or ketones to form β-hydroxysulfones, followed by the esterification of hydroxyl group
(benzoyl or acetyl) and reductive elimination of β-sulfonyl esters with sodium amalgam.
Therefore, this reaction is generally known as the Julia olefination.2,3 Occasionally, this
reaction is also referred to as the Julia reaction4 or Julia coupling.2c,2h,2s,4b,5 Because of
its intrinsic weaknesses—including multiple steps, low tolerance for reducible functional
groups, and the presence of mercury reagent—the original protocol has been extensively
modified and extended by researchers such as Kocienski (Kociensky) and Lythgoe,6

Julia,7 and Keck.8 These modifications employ the one-step reaction between hetero-
cyclic sulfonyl carbanion and aldehyde (or ketone) to give either cis- or trans-olefins or
replace the reduction from the sodium amalgam by samarium iodide (SmI2).8 Therefore,
the modified olefination methods are referred to as the Kocienski olefination,2p Julia-
Kocienski olefination,2a,9 Kocienski-Julia olefination,10 Julia-Kociensky olefination,9d

Kocienski-Julia coupling,2d Julia-Lythgoe olefination,2r,4a,8b,11 Julia-Lythgoe reaction,11f
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or Julia-Lythgoe coupling.2g,8b,11j The applied heterocyclic sulfones in this olefination
include benzothiazol-2-yl sulfones (BT), 1-phenyl-1H-tetrazol-5-yl sulfones (PT), 2-
pyridinyl sulfones (Pyr), and tert-butyl-1H-tetrazol-5-yl sulfones (TBT), as shown in
Figure 1. Besides improving the weakness associated with the original Julia protocol,
the application of heterocyclic sulfones in this olefination provides extra advantages,
such as enabling more or less pronounced complexation between the heterocycle and
metal cation to influence the selectivity, and undergoing nucleophilic substitution at
the carbon attached to the sulfonyl group, which then becomes a leaving group. It
has been found that when benzothiazol-2-yl sulfones are applied as the carbanion
source, the stereoselectivity is controlled by solvent.12 In general, more cis-olefins
are formed when this reaction is carried out in solvents such as toluene, methylene
chloride and diethyl ether; more trans-olefins are produced in solvents such as DME
and DMF.12 In addition, the electronic and steric nature of such sulfones do not
affect the yield and the selectivity of olefination.2i Unfortunately, the application of
benzothiazol-2-yl sulfones is often accompanied with a side product from the nucle-
ophilic addition of sulfonyl carbanion to a second benzothiazol-2-yl sulfone,7c thus the
Julia olefination involving benzothiazol-2-yl sulfone is best carried out by adding base
into the mixture of aldehyde and sulfone. Further modification for the application of
benzothiazol-2-yl sulfone as the starting material is to trap the reaction with trimethyl-
silyl chloride to form a cyclic sulfone intermediate, which is then converted exclusively
to trans-olefin under acidic conditions, or alternatively transformed into the mixture of
cis- and trans-olefin with the treatment of a base, e.g., TBAF.2f On the other hand, both
2-pyridinyl sulfones7b and tert-butyl-1H-tetrazol-5-yl sulfones exhibit high cis-selectivity
for olefins, in addition, tert-butyl-1H-tetrazol-5-yl sulfone is especially good for the syn-
thesis of aliphatic olefins, resulting in a higher yield and selectivity than the application
of PT or BT. In contrast, 1-phenyl-1H-tetrazol-5-yl sulfone gives somewhat better trans-
selectivity than the BT sulfones because of the steric demands of the phenyl group.2d,10b

In addition, PTs do not show the tendency of self-condensation like BT does, so that
they can be deprotonated and then react with aldehydes. Thus PTs are suitable for cou-
pling with base sensitive aldehydes. In addition, PT also shows the metal cation effect by
which higher cis-selectivity is achieved when potassium is applied as the metal rather than
lithium.10b

It has been found that the original Julia olefination protocol occurs via two mecha-
nisms, depending heavily on the reducing agent.4a However, more recent experimental
evidence prefers initial elimination of the ester to form vinyl sulfone, which would
then undergo homolytic cleavage to give vinyl radical and finally transform into trans-
olefin through vinyl anion, as illustrated in Scheme 2.8b However, modified Julia
olefination using heterocyclic sulfones proceeds via a different mechanism, involving
the reversible addition of carbanion to carbonyl group. A closed transition state forms
from the chelation when lithium is used as the counterion and in nonpolar solvent,
whereas an open transition state is possible in polar solvent and when a larger potas-
sium cation is applied as the counterion, leading to either cis- or trans-olefins.13 This
reaction has been widely used to prepare predominantly trans-olefins, especially in con-
vergent synthesis of complex structures of natural products.8b However, one should be
aware that a potential problem exists during the preparation of allyl sulfones through
the oxidation of allyl sulfide, by which allyl alcohol might be generated as a side
product.14
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B. GENERAL REACTION SCHEME
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FIGURE 1. Heterocyclic sulfones used in the modified Julia olefination.
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C. PROPOSED MECHANISMS

The original mechanism for the Julia olefination is shown in Scheme 1 (the reduction step
only). The revised mechanism is shown in Scheme 2, and the mechanism for the modified
Julia olefination (i.e., the Julia-Kocienski olefination) is shown in Scheme 3.

SCHEME 1. Original mechanism for the Julia olefination (partial).

SCHEME 2. Revised mechanism for the Julia olefination.
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SCHEME 3. Mechanism of the modified Julia olefination in a nonpolar solvent.

D. MODIFICATION

The original Julia olefination protocol has been extensively modified using heterocyclic
sulfones as the starting materials to control the stereochemistry.

E. APPLICATIONS

This reaction has been widely used in the preparation of olefins, especially in the
convergent synthesis of complex natural products.

F. RELATED REACTIONS

This reaction is related to the Wittig Reaction and Petersen Olefination.

G. CITED EXPERIMENTAL EXAMPLES

Reference 9d.

To a stirred solution of 46 mg chiral (S)-2-phenyl-1-((2-pyridyl)sulfonyl)propane
(0.176 mmol) dissolved in 4.6 mL anhydrous DME (0.033 M) under argon and cooled
at –78◦C were added 530 µL 0.5 M potassium hexamethyldisilazide in toluene via syringe.
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The yellow-orange solution was stirred for 3 min, then 27 µL benzaldehyde (0.264 mmol)
was added, and the mixture was stirred at –78◦C for 2 h. The pale yellow solution was
quenched with saturated NH4Cl at the same temperature and diluted with 5 mL CH2Cl2,
and the aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The combined organic
layers were dried over anhydrous Na2SO4, the solvent was removed in vacuo and the
resulting pale yellow oil was purified by column chromatography (hexanes) to give 34 mg
(1E,3R)-1,3-diphenyl-1-butene, in a yield of 93% with an E/Z ratio ∼ 99:1.

Reference 2g.

To a solution of 673 mg ({(3S,2R)-3-[(4-methoxyphenyl)methoxy]-2,4-dimethyl-
pentyl}sulfonyl)-benzene(1.80 mmol) in 17 mL THF at −78◦C was added 1.2 mL 1.55 M
n-BuLi in hexanes (1.90 mmol), and the canary yellow solution was stirred for 1 h before
the addition of 0.22 mL BF3·OEt2(1.80 mmol). After being stirred for 15 min, a −78◦C
solution of tert-butyl (3S,5R)-3,5-bis(tert-butyldimethylsilyloxy)-6-oxohexanoate in 5 mL
THF was added dropwise via cannula. After an additional 1 h of stirring, the reaction mixture
was quenched with 5 mL saturated aqueous NH4Cl, diluted with 30 mL Et2O, and allowed
to warm to room temperature. The aqueous phase was extracted with Et2O (2 × 30 mL),
and the combined organic layers were washed with 60 mL each saturated aqueous NaHCO3
and brine before being dried over MgSO4 and concentrated in vacuo. To a solution of the
residue in 17 mL CH3OH at −40◦C was added 1.20 g Na2HPO4 (8.60 mmol) followed
by 4 g 5% Na/Hg amalgam (8.30 mmol) in two portions. The cold bath was removed,
and the mixture was stirred vigourously for 1.5 h and then quenched by the addition of
5 mL saturated aqueous NH4Cl and diluted with 50 mL Et2O. The aqueous phase was
extracted with Et2O (2 × 50 mL), and the combined organic layers were washed with 75 mL
each saturated aqueous NaHCO3 and brine before being dried over MgSO4 and concen-
trated in vacuo. The residue was purified by flash chromatography (5% EtOAc/hexanes)
to afford 470 mg tert-butyl (6E)(3S,8S,9S,5R)-3,5-bis(tert-butyldimethyl-silyloxy)-9-[(4-
methoxyphenyl)methoxy]-8,10-dimethyl-undec-6-enoate as a clear colorless oil, in an
overall yield of 81% for the two steps.

Other references related to the Julia olefination are cited in the literature.15
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Juliá-Colonna Asymmetric

Epoxidation
(Juliá Asymmetric Epoxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Juliá in 19801 and was extended by Juliá and
Colonna in 1982.2 It is the oxidation of electron-deficient trans-α,β-enones into trans-
α,β-epoxyketones by a hydroperoxide anion in the presence of polyamino acid. Therefore,
this reaction is known as the Juliá epoxidation,3 Juliá asymmetric epoxidation,4 Juliá-
Colonna epoxidation,5 Juliá-Colonna reaction,6 Juliá-Colonna oxidation,7 or Juliá-Colonna
stereoselective epoxidation;8 however, it is more generally referred to as the Juliá-Colonna
asymmetric epoxidation.5f,6,9 The initial epoxidation protocol is limited to electron-
deficient enones, such as chalcone in a three-phase reaction, by which the enones, dissolved
in an organic solvent (such as hexane, CCl4, or toluene), are oxidized by hydroperoxide
anion (H2O2 + NaOH) in aqueous solution, under the catalysis of insoluble polyalanine
or polyleucine.2,10 This protocol has been extended to a two-phase reaction by dissolving
enones in THF and using anhydrous urea-H2O2 as an oxidant in the presence of insoluble
polyamino acid as the catalyst.11 In addition, this reaction has also been carried out homoge-
nously in a mixed solvent of water and DME, using sodium percarbonate as both base and
oxidant.12 Following this direction, further modification of this reaction has immobilized
the catalyst of polyamino acid onto silica gel8b,13 or polyethylene glycol (PEG).5f The mod-
ification by immobilizing the catalyst on silica gel bears the obvious advantages of improved
filtration properties, high catalyst activity, ease of recycling, and higher stability.6,8b,13 In
this case, the best solvent is pyridine.8b It has been found that enones bind to the N-terminus
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1584 JULIÁ-COLONNA ASYMMETRIC EPOXIDATION

of the polypeptide, and it is the α-helicity of the polypeptide that determines the configu-
ration of the epoxide through the face-selective delivery of a hydroperoxide anion.5f,5g,9h

Furthermore, it has been reported that the peptide would be active as short as five amino acid
residues, just enough to form one complete α-helix.5g Common polypeptides used for this
reaction are ∼ 30 amino acid residues;6 among these polypeptides, poly-neopentylglycine
has higher catalytic activity than polyleucine.6,14 It should be pointed out that this reaction
is not suitable for the epoxidation of endocyclic enones, such as cyclohexenones or quinones
and cis-enones.5g

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A tentative mechanism is proposed here for the epoxidation of enone.

D. MODIFICATION

This reaction has been modified to occur in two phases using urea-H2O2 as the oxidant11

or to take place homogenously using sodium percarbonate as the oxidant.12 Further modifi-
cations of this reaction include the immobilization of catalyst onto PEG5f or silica gel8b,13

to simplify the purification process.

E. APPLICATIONS

This reaction has been widely used for the epoxidation of trans-enones.
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F. RELATED REACTIONS

This reaction is related to the Sharpless Epoxidation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 6.

To a stirred 0.16 M solution of l-leucine NCA in anhydrous THF under a nitro-
gen atmosphere was added an initiator (0.0313 amino equivalents, either amino methyl
polystyrene or 1,3-diaminopropane). The course of the reaction was followed by IR spec-
troscopy and TLC. After polymerization was judged complete, the reaction was filtered,
and the solid poly-l-leucine was washed with further solvent and then dried in vacuo at
50◦C. Then the poly-l-leucine was mounted on silica gel in THF according to Geller and
Roberts.8b

To solution of chalcone (1 eq.) in anhydrous tetrahydrofuran was added urea-hydrogen
peroxide (1.2 eq.), diazabicycloundecene (1.2 eq.), and poly-l-leucine (12 mol % optionally
immobilized on silica, i.e., one part catalyst, three parts silica). The mixture was stirred at
room temperature until the reaction was complete (TLC) (∼ 7 days). The catalyst was
removed by rapid filtration and washed with EtOAc. The combined organic fractions were
evaporated in vacuo to yield crude epoxide. It was found that ∼ 45% of chalcone had been
oxidized within the first 30 min, and the overall epoxyketone has 91% e.e.

Reference 5g.

To a stoppered test tube, equipped with a magnetic stir bar (10 × 3 mm) and thermostated
to 20◦C by a water jacket, was added 0.0219 mmol of penta-l-leucine on Tenta Gel S, and
1.6 mL dichloromethane containing 40.0 mg trans-chalcone (0.192 mmol). The reaction
was started by the addition of 2.0 mL of a prethermostated mixture of three parts 24%
NaOH and four parts 35% H2O2. The magnetic stirrer was set to 1200 rpm, and the test
tubes were protected from light. After 24 h, 20 µL of the organic phase (lower layer) was
withdrawn by means of a syringe, diluted with 1.0 mL dichloromethane, and analysized by
HPLC, indicating that the product had a 96–98 % e.e.

Other references related to the Juliá-Colonna asymmetric epoxidation are cited in the
literature.15
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Kabachnik-Fields Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported concurrently in 1952 by Kabachnik and Medved1 and
Fields.2 It is a one-pot synthesis of α-amino phosphonate via the three-component coupling
of aldehyde (or ketone), an amine, and a dialkylphosphite. Therefore, it is generally known
as the Kabachnik-Fields reaction.3,4 Occasionally, it is also referred to as the Kabachnik-
Fields synthesis.5 It has been found that ketones undergo the coupling more readily than
aldehydes, especially for aliphatic ketones that react vigorously with amine and phosphite.6

However, alicyclic and aromatic-aliphatic ketones react with amine at a relatively slow rate,
and aromatic ketones react with even more difficulty.3m On the other hand, both primary and
secondary amines can undergo this reaction.2 Even though some reactions are carried out
without any catalysts,7 in most cases, this reaction is catalyzed by an acid or promoted by a
base, such as CF3CO2H,8 InCl3,9 La(OTf)3,10 LiClO4,11 Sc(O3SOC12H25)3,12 SiO2,13 or
TaCl5-SiO2.14 In addition, this reaction can also be promoted by microwave.3j The resulting
α-amino phosphonates are useful for chelating agents.15 It has been found that the direct
reaction between phosphonate and imine results in the same product as the three-component
coupling from phosphite, amine, and carbonyl compound; high yields are achieved if the
anhydrous ammonia and carbonyl compounds are mixed before the dialkyl phosphite is
added.16
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that this reaction occurs through the addition of dialkyl phosphite to
the imine intermediate formed from the carbonyl compound and amine. It is known that
both acid and base can accelerate the formation of the imine. Outlined here is a tentative
mechanism for this reaction.

D. MODIFICATION

This reaction has been modified by using different catalysts as described in section A.

E. APPLICATIONS

This reaction has been used for the preparation of α-amino phosphonates.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 17.

Gaseous ammonia was bubbled through a stirred mixture of hept-5-en-2-one (0.10 mol)
and dialkyl phosphite (0.11 mol) at 60◦C. The reaction was monitored by TLC and generally
finished within 4 h. The reaction mixture was then treated with 1 M aqueous HCl and
extracted with ether. Aqueous NaOH was then added to adjust the pH to 10, and the mixture
was then extracted with ether. The organic phase was washed with brine and dried over
Na2SO4. Evaporation of the solvent under reduced pressure afforded 70% dialkyl (1-amino-
1,5-dimethyl-4-enyl)phosphonate as a yellow oil.

Reference 3h.

To a magnetically stirred solution of 3.42 g trans-1,2-diaminocyclohexane (30 mmol) in
40 mL anhydrous THF was added slowly 8.3 g diethyl phosphite (60 mmol). The reaction
mixture was refluxed before the addition of 2.8 g paraformaldehyde (93 mmol). After heat-
ing under reflux for 4 h, the solvent was evaporated under reduced pressure. The residue was
dissolved in 50 mL CHCl3, and the organic layer was washed twice with H2O (2 × 10 mL)
and dried over Na2SO4. The chloroform was evaporated under vacuum to obtain 10 g of a
crude yellow oil that was purified by Kugelrohr distillation to yield 78% [3-(diethoxy-
phosphorylmethyl)-octohydro-benzoimidazol-1-ylmethyl]-phosphonic acid diethyl ester
(T = 280◦C, 0.1 mmHg).

Other references related to the Kabachnik-Fields reaction are cited in the literature.18
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Kahne Glycosylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Kahne in 1989.1 It is a convenient synthesis of
glycosides and disaccharides or oligosaccharides between glycosyl phenyl sulfoxide (i.e.,
the glycosyl donor) and an acceptor in the presence of a glycosylation promoter. Because of
its obvious advantages, including the mild reaction condition,2 good to excellent anomeric
stereocontrol, compatibility with both solution and solid-phase glycosylation3 and high
reactivity of glycosyl donor, this reaction has been widely used for the synthesis of oligosac-
charides. Therefore, this reaction is generally known as the Kahne glycosylation4 and is
especially useful for unreactive acceptors, or the most hindered alcohols.5 So far, the gly-
cosides of acetamide,6 hindered bile acids,1 hydroxylamines,7 hydroxylated amino acids,8

phenols,1 tertiary alcohols,9 and a variety of carbohydrates1,10 have been prepared by this
method. Alcohols have sometimes been converted into their tributylstannyl ether derivatives
before being mixed with glycosyl sulfoxides (known as sulfinil glycosides11), presumably
because of the enhanced nucleophilicity of the acceptors.2 The promoters for this reaction
are triflic anhydride (Tf2O)12 and trimethylsilyl triflate (TMSOTf)13 in a stoichiometric
amount or triflic acid in a catalytic amount.11 In addition, this reaction is often carried out
in a nonpolar solvent11 at low temperature14 in the presence of an acid scavenger (e.g.
di-t-butyl methyl pyridine);11 however, when a catalytic amount of triflic acid is used as
the glycosylation promoter, methyl propionate is applied as the sulfenlic acid scavenger.10a

It should be pointed out that the glycosylation is not restricted to glycosyl phenyl sulfox-
ides, glycosyl alkyl sulfoxides2 and sulfimides15 are suitable for glycosyl donors as well.
It is found that the protecting groups on sulfinil glycosides have an apparent effect on the
stereochemistry of glycosides. For example, the glycosylations of pivalate-protected glu-
cosyl phenyl sulfoxide always give β-glycosides,2 whereas reaction of the corresponding
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perbenzyl derivatives results in a mixture of α- and β-anomers by which the β:α ratio
increases with solvent polarity and approaches the optimal selectivity in propionitrile.2 It
has also been found that even the mixing sequence of a promoter and acceptor can influence
the stereochemical outcome, such as the formation of mainly α-anomer if the donor, accep-
tor, and base are mixed before the addition of triflic anhydride; prior activation of the donor
with Tf2O reverses the stereoselectivity.16 Thus it is generally recommended to activate the
sulfoxide donor with Tf2O before the adding the glycosyl acceptor.2

B. GENERAL REACTION SCHEME

O
S

Ph

O

PO

O
OP′

HO

O
OPO

O
OP′

+
Promoter

Acid scavenger

P, P′ = protecting group
Promoter = Tf2O, TMSOTf, or TfOH
Acid scavenger = di-t-butyl-methylpyridine, etc.

C. PROPOSED MECHANISMS

It has been suggested2 that glycosyl sulfoxide is converted into sulfonium salt, which
collapses immediately to the oxacarbenium ion and the sulfenyl triflate. In the presence
of a glycosyl acceptor, the oxacarbenium ion is trapped directly by the acceptor along the
axial attack, leading to α-glycoside; in the absence of an acceptor, the oxacarbenium ion is
trapped by triflate to form glycosyl triflate as an intermediate, which then couples with the
following added acceptor to form β-glycoside, as shown below.

D. MODIFICATION

This reaction has been extended to glycosyl alkyl sulfoxide2 and glycosyl disulfide.17

In addition, reverse Kahne glycosylation has also been made possible by coupling between
carbohydrate and alkyl sulfoxides.4a
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E. APPLICATIONS

This reaction has wide application in the preparation of glycosides, disaccharides, and
oligosaccharides.

F. RELATED REACTIONS

This reaction is related to the Helferich Glycosylation, Hilbert-Johnson Reaction, and
Koenigs-Knorr Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 4a.

To a solution of 10.0 mg sulfoxide (0.017 mmol) and 7.0 mg 2,6-di-tert-butyl-4-
methylpyridine (DBMP, 0.034 mmol) in 1 mL CH2Cl2 at −78◦C was added 5.0 µL
trifluoromethanesulfonic anhydride (25 µmol). After 10 min, a solution of 24 mg methyl
2,3,4-tri-O-benzyl-α-d-mannopyranoside (50 µmol) in 0.5 mL CH2Cl2 was added via can-
nula, and the reaction mixture was left stirring at −78◦C for 3 h. The reaction mixture was
diluted with CH2Cl2 and washed with water, followed by drying over Na2SO4, filtration, and
evaporation. Flash chromatography (0 ∼ 50% EtOAc/hexanes) afforded 15 mg of the desired
compound as a single (C4-S) diastereomer, in a yield of 91%, Rf = 0.4 (EtOAc/hexanes, 1:1).

Reference 3.
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Rink amide resin (20 mg, 9 µmol) containing the glycosyl acceptor was dried under
high vacuum and kept under argon. To the resin was added a solution of 2-deoxy-2-N-
trifluoroacetyl-3,4,6-O-triacetyl-β-d-glucosyl phenyl sulfoxide (4 eq., in concentration of
0.14 M) and 4.5 mg 2,6-di-tert-butyl-4-methylpyridine (2 eq.) in 300 µL of mixed solvent
of CH2Cl2/EtOAc (5:1). The mixture was stirred at room temperature for 5 min and cooled
to −78◦C. Trifluoromethanesulfonic anhydride (7 µL, 4 eq.) was slowly added, and the
system was kept at −70◦C for 1 h. The temperature was slowly raised to −45◦C and kept
constant for 5.5 h. The reaction was quenched with 100 µL of a 2:1 mixture of methanol
and DIPEA at −45◦C. The reaction mixture was allowed to warm to room temperature, and
the resin was washed with DMF (three times), THF (twice), CH3OH (twice), and CH2Cl2
(twice) and dried to give > 95% of product. The final glycoside was then cleaved with 20%
TFA-CH2Cl2.

Other references related to the Kahne glycosylation are cited in the literature.18
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Keck Allylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Keck in 1982.1 It is a three-carbon chain extension of
alkyl halides with allyl tri-n-butylstannane in the presence of a radical initiator2 or an exten-
sion of carbonyl compound with allyl tri-n-butylstannane in the presence of a Lewis acid.3

Therefore, it is generally known as the Keck allylation.2b,2c,3a,3b,4 Occasionally, it is also
referred to as the Pereyre-Keck allylation,5 Keck reaction,6 or Keck radical coupling.7 When
allyl tri-n-butylstannane reacts with α-hydroxyaldehyde, either erythro or threo products
can be controlled with excellent stereoselectivity,3d depending on the order of the addition
of the reagent, solvent, and Lewis acid involved.8 It has been found that the threo product
is formed under chelation control, and the erythro product predominates in the absence of
Lewis acid; however, a strong electron-donating solvent can overturn the stereochemistry.8

The Lewis acids suitable for this reaction include BF3·OEt2, MgBr2, MgCl2, Mg(ClO4)2,
ZnBr2, ZnI2, TiCl4, and AlMe3.

B. GENERAL REACTION SCHEME

R

O

R X SnBu3

SnBu3

AIBN
R+

Benzene

+
Lewis acid

R = alkyl, aryl             X = Cl, Br, I, etc.
R′ = H, alkyl, aryl

R′
R

O

R′
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C. PROPOSED MECHANISMS

Demonstrated here is the mechanism of the Keck allylation proceeding via a radical
pathway.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has wide application in the extension of carbon chains in organic
synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O
O OPh

O
BzO

OMe
OPh

S SnBu3

AIBN O
O OPh

BzO
OMe

+
Toluene, ∆

62%

Reference 4b.

A mixture of 4.98 g methyl 2-benzoyl-3-phenoxythiocarbonyl-4,6-benzylidene-α-d-
glucoside (9.5 mmol), 7.40 mL allyltributyltin (23.9 mmol), 313 mg AIBN, and 15 mL
toluene was refluxed for 4 h at which point TLC showed complete consumption of the start-
ing material. The solution was concentrated, and the residue was flash chromatographed on
silica gel using 5% EtOAc in toluene as the eluent to give 3.48 g methyl (3S)-2-O-benzoyl-
4,6-di-O-benzylidene-3-allyl-3-deoxy-α-d-glucopyranoside as a solid, in a yield of 62%,
m.p. 138–139◦C, Rf = 0.38 (EtOAc/hexanes, 1:9).
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O

O

N

OH

Ph

Ph

O

O

N

O

Ph

Ph

SnBu3

O

O

N

OH

Ph

Ph

(ClCO)2/DMSO
Et3N/CH2Cl2

MgBr2 · OEt2/CH2Cl2 
64%

Reference 9.

2,3-O-Isopropylidene-N-diphenylmethyl-1,4-dideoxy-1,4-imino-D-lyxitol (139 mg,
0.411 mmol) was oxidized to aldehyde by Swern oxidation. Then the crude aldehyde was
treated with 150 mg activated 4-Å molecular sieves and 6 mL CH2Cl2 containing 212 mg
MgBr2·OEt2 (0.822 mmol) at −20◦C. The resulting mixture was stirred at −20◦C for
30 min, and 140 µL allyltributylstannane (0.452 mmol) was added. The reaction mixture
was stored at −23◦C. After 20 h, ether (10 mL) and 1 mL aqueous KF prepared from 1 mL
saturated KF and 4 mL H2O were added, and the mixture was vigorously stirred at room
temperature for 30 min. The phases were separated, and the aqueous layer was extracted
with ether. The organic layers were pooled, washed with 5 mL NaHCO3, dried over MgSO4,
filtered, and concentrated. The residue was purified on silica gel (10% EtOAc/hexanes) to
afford 99.6 mg 4-C-allyl-2,3-O-isopropylidene-N-diphenylmethyl-1,4-dideoxy-1,4-imino-
D-lyxitol as an oil, in a yield of 64% with > 20:1 dr.

Other references related to the Keck allylation are cited in the literature.10
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Keck Macrolactonization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Keck in 1985.1 It is a carbodiimide2 (e.g., DCC3)
promoted esterification to form a macrolactone in the presence of a nitrogenous base
(e.g., DMAP,4 N,N-dimethylalanine5). This reaction has been used in the preparation of a
variety of macrolactones, thus is known as the Keck macrolactonization.3,4b,6

B. GENERAL REACTION SCHEME

HO OH

O
O

O

n
DCC, DMAP

n(n > 1)

C. PROPOSED MECHANISMS

The reaction promoted by DCC in a catalytic amount of DMAP is outlined here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of macrolactones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

H Me

Me

OH

Me

TIPSO CO2H O

O
Me

i-Pr
HO

H

H H
CHCl3
53%

O

H Me
Me

OH

Me

TIPSO
O

O
Me

i-Pr

OH

H H

O

DCC, DMAP

Reference 6.
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A solution of 0.138 g N,N-dicyclohexylcarbodiimide (DCC, 0.67 mmol), 0.122 g
4-(dimethylamino)pyridine (1.0 mmol), and 0.106 g DMAP·HCl (0.67 mmol) in 350 mL
dry CHCl3 (ethanol free) was heated to reflux. Hydroxy acid (0.240 g, 0.33 mmol) in 20 mL
dry CHCl3 (ethanol free) was added to the refluxing solution via a syringe pump over a
period of 16 h. The long needle was inserted through the condenser and placed directly
over the refluxing solution so that the refluxing chloroform washed the substrate droplets
forming at its tip. Upon completion of the addition, the flask and syringe containing the
substrate were washed by more chloroform (2 × 2 mL), and these solutions were delivered
by syringe pump over a period of 1 h. The reaction mixture was cooled to room tem-
perature, and excess DCC was consumed by adding 0.45 mL MeOH and 0.11 mL acetic
acid. The resulting solution was stirred at room temperature for 2 h, concentrated in vacuo,
and purified by column chromatography on silica gel (0–10% EtOAc/hexanes) to afford
macrolactone (0.125 g) as a white foam, in a yield of 53%.

Reference 7.

DMAP (14 mg, 0.11 mmol) and 23 mg DMAP·TFA (0.097 mmol) were combined and
azeotroped from benzene. To the dried reagents were added 20 mg DCC (0.097 mmol)
and 25 mL EtOH-free CHCl3. The reaction solution was then heated to reflux. In
another flask, 25 mg (11S)-11-[[(2,3,4-tri-O-benzyl-α-l-rhamnopyranosyl)-(1→3)-(α-l-
rhamnopyranosyl)-(1→2)-(4,6-O-benzylidene-β-d-glucopyranosyl)-(1→2)-3,4-O-isopro-
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pylidene-β-d-fucopyranosyl]oxy]hexadecanoic acid (25 mg, 0.020 mmol) was azeotroped
from benzene, dissolved in 7 mL EtOH-free CHCl3, and added to the DMAP solution over
20 h. After the addition was complete, the reaction solution was heated at reflux for 1 h,
cooled, and concentrated to 2 mL. The solution was diluted with 25 mL Et2O, filtered, and
concentrated. The residue was purified by chromatography on silica gel with 5∼20% EtOAc
in toluene as the eluent to give 6 mg (11S)-11-[[(2,3,4-tri-O-benzyl-α-l-rhamnopyranosyl)-
(1→3)-(α-l-rhamnopyranosyl)-(1→2)-(4,6-O-benzylidene-β-d-glucopyranosyl)-(1→2)-
3,4-O-isopropylidene-β-d-fucopyranosyl]oxy]hexadecanoic acid 2rha-lactone as white
solid (24%) and 7 mg (11S)-11-[[(2,3,4-tri-O-benzyl-α-l-rhamnopyranosyl)-(1→3)-(α-l-
rhamnopyranosyl)-(1 → 2)-(4,6-O-benzylidene-β-d-glucopyranosyl)-(1 → 2)-3,4-O-iso-
propylidene-β-d-fucopyranosyl]oxy]hexadecanoic acid 3glu-lactone (28%).

Other reference related to the Keck macrolactonization are cited in the literature.8

H. REFERENCES

1. Boden, E. P. and Keck, G. E., J. Org. Chem., 1985, 50, 2394.

2. Christie, H. S. and Heathcock, C. H., Proc. Natl. Acad. Sci., 2004, 101, 12079.

3. Dai, W.-M.; Guan, Y. C. and Jin, J., Curr. Med. Chem., 2005, 12, 1947.

4. (a) Kobayashi, Y.; Kumar, G. B.; Kurachi, T.; Acharya, H. P.; Yamazaki, T. and Kitazume, T.,
J. Org. Chem., 2001, 66, 2011. (b) Evans, D. A.; Ng, H. P. and Rieger, D. L., J. Am. Chem. Soc.,
1993, 115, 11446.

5. Kigoshi, H.; Suenaga, K.; Mutou, T.; Ishigaki, T.; Atsumi, T.; Ishiwata, H.; Sakakmura, A.; Ogawa,
T.; Ojika, M. and Yamada, K., J. Org. Chem., 1996, 61, 5326.

6. Crimmins, M. T.; Al-awar, R. S.; Vallin, I. M.; Hollis, W. G.; O’Mahony, R.; Lever, J. G. and
Bankaitis-Davis, D. M., J. Am. Chem. Soc., 1996, 118, 7513.

7. Larson, D. P. and Heathcock, C. H., J. Org. Chem., 1997, 62, 8406.

8. (a) Sabitha, G.; Swapna, R.; Babu, R. S. and Yadav, J. S., Tetrahedron Lett., 2005, 46, 6145.
(b) Ahmed, A.; Hoegenauer, E. K.; Enev, V. S.; Hanbauer, M.; Kaehlig, H.; Öhler, E. and Mulzer,
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Kemp Elimination

(Kemp Decarboxylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kemp in 1973.1 It is a general base-catalyzed ring-
opening of a benzisoxazole by cleaving a N−O bond along with the deprotonation of
carbon (C-3) to give o-cyano phenol derivatives. This reaction is an exothermic concerted
reaction2 involving an E2 mechanism;2a therefore, it is commonly known as the Kemp
elimination.2a,3 When a carboxyl group exists on carbon-3, the corresponding reaction also
occurs by N−O cleavage accompanied by the decarboxylation,3h,4 thus the Kemp elimi-
nation for this special case is referred to as Kemp decarboxylation.3h,4 It has been found
that this reaction is highly sensitive to medium effects. For example, the decarboxylation of
3-carboxy benzisoxazole is over 108 times faster in an aprotic dipolar solvent (e.g., CH3CN)
than that in an aqueous solution.5 This dramatic rate enhancement is due to the destabiliza-
tion of the carboxylate ion in microenvironments that are deficient in hydrogen bond donors
(e.g., in CH3CN).3f As a result, some other materials that can mimic the microenvironment
to facilitate the deprotonation can be used as catalysts for the Kemp elimination, such
as serum albumins,2b,3a,3b,3g,3h,6 amino-cyclodextrins,3i,7 antibody 38C2,3g commercially
available coals (especially those of lower commercial value),2a and vesicles formed from
dimethyldioctadecylammonium chloride.3e On the other hand, because the Kemp elimi-
nation is a simple, one-step transformation without any intermediate2a and is sensitive to
the medium,2 it has been selected as a model for studying many enzyme-catalyzed proton
transfer reactions,2a in which the carboxylate, amino, and imidazole group of amino acid
residues (histidine) on enzymes can function as general bases. Carboxyl, sulfurhydryl and
hydroxyl groups, on the other hand, can function as general acids. Because of the effect of
microenvironment, enzymes can catalyze many reactions that would not be possible under
pure chemical conditions, such as the enolization of ketones,8 of which the α-proton has
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a pKa of 16–24,1a,9 indicating the α-proton would not be deprotonated under neutral con-
ditions. However, many reactions in which ketones or aldehydes participate in biological
systems occur easily in the presence of an enzyme, such as Aldol Reactions. This phe-
nomenon has become an interesting and extensively debated topic, known as the hard-soft
acid-base (HSAB) theory.10

B. GENERAL REACTION SCHEME

O
N

O2N

OH

N
CO2N

O
N

CO2H

OH

N
C

CO2

Base

Base
+

Kemp elimination

Kemp decarboxylation

C. PROPOSED MECHANISMS

The mechanism of both the Kemp elimination and Kemp decarboxylation are outlined
here.

D. MODIFICATION

This reaction has been modified for the use of different catalysts, such as albumin,
cyclodextrin, and even commercial coals.
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E. APPLICATIONS

This reaction does not show much application in actual organic synthesis but functions
as an important model in enzyme studies.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O
N

2 N NaOH

OH

CN

EtOH/H2O

Reference 1b.

A solution of 0.5 g benzisoxazole in 5–8 mL ethanol and 5 mL water was mixed with
2 N NaOH (15 mL) solution and allowed to stand for 10 min, at which time HC1 was added
to bring the pH to 1. The solution was extracted with dichloromethane (3 × 10 mL), and the
organic layers were combined, dried, and evaporated. The residue was recrystallized from
water, water-ethanol, or acetonitrile; dried under vacuum for 6 h, and stored in foil-wrapped
vials in a desiccator. No yield was given in the original reference.

Other references related to the Kemp elimination are cited in the literature.11
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Kennedy Oxidative

Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kennedy in 1992.1 It is a highly stereoselective
conversion of 5-hydroxyl alkene into a trans-tetrahydrofuran derivative with erythro stere-
ochemistry at the two vicinal carbinol centers via rhenium (VII) oxide (Re2O7) promoted
syn-oxidative cyclization.2 Therefore, it is referred to as the Kennedy oxidative cyclization.3

During this reaction, the hydroxy group of substrate binds to Re2O7, and the substrate itself
turns into an alkoxyperrhenate intermediate along with the formation of 1 eq. perrhenic
acid (HOReO3); then the Re O double bond couples with carbon-carbon double bond via
[2+2] addition and releases the tetrahydrofuran derivative via reductive elimination.4 It is
interesting that the comparable oxidative cyclization promoted with VO(acac)2 yields a cis-
tetrahydrofuran ring with threo stereochemistry at the two vicinal carbinol centers.4 This
reaction is very powerful in converting polyenes into polyoxygenated chiral derivatives,
especially in combination with the Sharpless asymmetric oxidation,3 and has been success-
fully applied to the synthesis of many acetogenins of the first and second subgroups, such
as solamin, reticulatacin, asimicin, bullatacin, trilobacin, and trilobin.3b

B. GENERAL REACTION SCHEME

R

R′OH

Re2O7

OR R′

OH
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare tetrahydrofuran derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 3a.
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To a mixture of 20 mL dry CH2Cl2, 2.4 mL lutidine (20.4 mmol), and 1.0 g (cis-
4R,5R,12R,13R)-5-hydroxy-12,13-isopropylidenedioxytricosa-8-en-1,4-olide (2.7 mmol)
was added 3.3 g Re2O7 (6.81 mmol) in portions. The mixture was stirred overnight at room
temperature and then quenched by dropwise addition of 8 mL saturated NaHCO3 solution
and 8 mL 35% H2O2. After being stirred for 20 min, the mixture was extracted with CH2Cl2,
the organic layer was washed with water and dried over MgSO4; the solvents were removed
under reduced pressure, and the residue was purified by silica gel column chromatography
using an eluent of hexanes/EtOAc (3:1) to give 0.654 g (4R,5R,8R,9S,12R,13R)-9-
hydroxy-12,13-isopropylidenedioxy-5,8-oxidotricosa-1,4-olide as a colorless oil, in a yield
of 64%.

C12H25 HO

TBDPSO

O

O

CH2Cl2 
50%

TBDPSO

O

O

OOOC12H25

HO

Re2O7, TFAA

Reference 3b.

Re2O7 (230 mg, 0.47 mmol) was placed in a dry flask under argon, then 10 mL dry
THF was added followed by 0.12 mL TFAA (0.85 mmol), and the mixture was stirred at
room temperature for 1 h. Solvents were removed under reduced pressure at 0◦C, and the
residue was washed twice with cold dry pentane. Then 5 mL CH2Cl2 and 0.09 mL TFAA
(0.64 mmol) were added at 0◦C, followed by 95 mg alcohol (0.12 mmol). The resulting
mixture was stirred at 0◦C to room temperature for 3 h and then quenched by the slow
addition of 2 mL saturated NaHCO3 solution, followed by 0.3 mL 35% H2O2. The aqueous
solution was extracted with ether. Upon removal of the solvent under reduced pressure, the
residue was purified on silica gel column chromatography using hexanes/EtOAc (4:1) as
the eluent to afford 50 mg product, in a yield of 50%.

Other references related to the Kennedy oxidative cyclization are cited in the literature.5
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Kiliani-Fischer Cyanohydrin

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kiliani in 1885,1 and then extended by Fischer in
1889.2 It is the conversion of an aldose into two one-carbon-higher epimeric homologs,
which involves a nucleophilic addition of a cyanide to the terminal carbonyl group of an
aldose, hydrolysis of cyanohydrin, and reduction of the resulting lactone. Therefore, it is
known as the Kiliani synthesis,3 Kiliani-Fischer reaction,4 Kiliani cyanohydrin synthesis,5

Kiliani-Fischer synthesis,3a,6 Kiliani-Fischer cyanohydrin synthesis,3a,7 Fischer-Kiliani
cyanohydrin synthesis,8 or cyanohydrin reaction.9 This reaction is carried out under alka-
line conditions9 (e.g., at pH > 9.1) to maintain a high effective concentration of cyanide
ion;6a in addition, the resulting cyanohydrins are not isolated6a but hydrolyzed to aldonic
acid lactones,9 which are then reduced either by sodium amalgam3b,4,5,6a,9 or catalytic
hydrogenation6a or with NaBH4 at pH 3–4 in an aqueous solution6a to yield higher
homologs. This reaction is the traditional9 and earliest6a carbohydrate synthesis without
protection and is used commonly for the preparation of rare or unnatural carbohydrates as
well as sugars labeled with 13C or 14C at the end.3a,8

B. GENERAL REACTION SCHEME

CHO

Cn(H,OH)n

CH2OH
Cn(H,OH)n

CH2OH

CHO

H OH

Cn(H,OH)n

CH2OH

CHO

HO H1. NaCN

2. Na/Hg
+
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1614 KILIANI-FISCHER CYANOHYDRIN SYNTHESIS

C. PROPOSED MECHANISMS

A reaction to prepare d-mannose and d-glucose from d-arabinose is used to demonstrate
the mechanism.

D. MODIFICATION

This reaction is modified by replacing sodium cyanide with thiazole.7a

E. APPLICATIONS

This reaction has been used to prepare higher-order aldoses and isotope-labeled carbo-
hydrates.

F. RELATED REACTIONS

This reaction is related to the Urech Cyanohydrin Method.
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G. CITED EXPERIMENTAL EXAMPLES

CHO

H OH

HO H

HO H

CH2OH

O
OHO

HO

HO
OH

O
OHO

HO

HO
OH

1. NaCN/H2O
2. Ba(OH)2

3. Ion-exchange column
+

49.6% 14.9%

Reference 3c.

An ice-cooled solution containing 30 g pure l-arabinose and 13 g NaCN in 300 mL
water was kept near 5◦C in a refrigerator until the Fehling test became faint (4 days).
Ba(OH)2·10H2O (10 g) was added, and the solution was boiled with renewal of water to
expel all ammonia for 3–4 h. The barium was then removed as carbonate after the addition
of activated carbon, and the sodium ions were adsorbed by passing the solution through an
ion-exchange column. Concentration to a syrup, lactonization, and solution of the residue
in methyl cellosolve led to only 2.5 g crystalline l-mannoic γ-lactone. Removal of solvent
from the mother liquor, conversion of the acidic residue to its neutral barium salt, and
crystallization from aqueous ethanol produced 26.1 g barium l-gluconate. Removal of
barium ion from the mother liquor permitted the recovery of 5 g l-mannonic lactone. By
this treatment, 49.6% l-gluconic and 14.9% l-mannonic acid were prepared.

Reference 3e.

To 400 g ice were added successively 100 g rhamnose hydrate (200 mL), 105 g Ba(OAc)2
(in 150 mL solution), and 32 g NaCN (100 mL). After the mixture was kept 1 h and then
in the refrigerator for 70 h, 122 g Ba(OH)2·8H2O was added, and the mixture was boiled
for 6 h. Water was then added to maintain about half the original volume. The barium was
balanced with H2SO4, 15 g carbon was added, the mixture was boiled for 30 min. BaSO4
was filtered off and washed with water. Then 141.6 mL 4.61 N H2SO4 was added to balance
the sodium ions, and the combined solutions from three runs were distilled to dryness under
reduced pressure. The residue was mixed with 500 mL 95% ethanol; the distillation was
repeated, and the organic products were extracted from sodium sulfate by hot 95% ethanol
followed by methanol. Concentration of the alcohol solution under reduced pressure gave
several crops of colorless crystals and a syrup, which yielded more crystals with acetone
as the solvent. A total of 200 g α-rhamnohexonic acid, its lactone, and ester were yielded
after air-drying. To convert the acid and ester into lactone, a solution of the crystals in 2 L
water was evaporated to dryness on the steam bath. The operation was repeated with less
water, and the residue was heated at 100◦C for several hours, washed with cold acetone,
and dried at 95–100◦C for 3 h, to give 175 g rhamnohexonic lactone, in a yield of 55%.

Other references related to the Kiliani-Fischer cyanohydrin synthesis are cited in the
literature.10
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Kishner Decomposition

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kishner in 1911.1 It is the preparation of
cyclopropane derivatives by decomposition of pyrazolines formed from hydrazine and α,β-
unsaturated ketones or aldehydes. Therefore, it is known as the Kishner reaction,2 Kishner
decomposition,3 or Kishner method.4 In addition, this reaction has been modified to prepare
pyrazoline intermediates from diazomethane and unsaturated carbonyl compounds, such as
maleic and fumaric esters, resulting in an ester group in the trans position. However, when
maleic anhydride or maleimide is used, the corresponding pyrazoline is formed with car-
bonyl groups in the cis configuration.5 It has been found that the stability of pyrazolines
varies considerably, decomposing to cyclopropanes at different rates.5 Moreover, the trans-
formation of pyrazolines into cyclopropanes can be catalyzed by a trace amount of mercuric
ion.5

B. GENERAL REACTION SCHEME

O

NH2NH2

N
H

N
KOH

∆
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C. PROPOSED MECHANISMS

D. MODIFICATION

The preparation of pyrazoline has been modified by using unsaturated carbonyl com-
pounds and diazomethane.5

E. APPLICATIONS

This reaction has been used in the preparation of cyclopropane derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 6.

(±) Methyl 12-oxokaur-16-en-19-oate (43.7 mg, 0.132 mmol) was dissolved in 4 mL
bis-(ethylene glycol), and then 1 mL NH2NH2·H2O (20.62 mmol) was added. The resulting
mixture was refluxed at 135◦C for 2 h. After the mixture was cooled to room temperature,
83.1 mg KOH (1.26 mmol) was added at room temperature, and the mixture was heated to
200◦C over a period of 2 h. After being heated for 6.5 h, 4 mL 5% HCl was added at room
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temperature, and then the resulting mixture was extracted with EtOAc. The organic layer
was washed with 2 mL H2O and brine, dried, and evaporated to leave 32.1 mg of a white
solid, which was taken up into 2 mL Et2O. The resulting solution was treated with an ethereal
solution of diazomethane at room temperature. After 1 h of stirring at room temperature,
AcOH was added until the evolution of nitrogen gas ceased. Saturated K2CO3 (1 mL) was
added, and the mixture was extracted with Et2O. The ethereal layer was washed with brine,
dried, and evaporated to afford a white solid. Chromatography of the residue on a column
of silica gel impregnated with 30% silver nitrate with a 1:3 mixture of benzene/petroleum
ether as a solvent furnished 4.6 mg (±)-methyl trachyloban-19-oate, in a yield of 11%.

Ph

O NH2NH2

N
H

N

Ph

KOH

∆ 
74%

Ph95% EtOH 
86%

Reference 7.

Styryl cyclopropyl ketone (42 g, 0.245 mol) was added to a solution of 26 mL aqueous
hydrazine (0.42 mol) in 70 mL 95% ethanol. The mixture became warm and acquired a green
color. It was allowed to stand for 45 min, and then was warmed on the steam bath for 1 h, after
which excess hydrazine and solvent were removed under reduced pressure. Distillation of
the residue at 164◦C (1 mmHg) gave 37.8 g 3-cyclopropyl-5-phenyl-2-pyrazoline as a light
green liquid, in a yield of 86%. To a 100-mL round-bottomed flask equipped for distillation
and immersed in a metal bath, was added 7.2 g KOH and 3.2 g platinized asbestos. When the
bath was heated to 220◦C, 37.8 g 3-cyclopropyl-5-phenyl-2-pyrazoline was added slowly.
After the rapid evolution of nitrogen ceased, the product was distilled from the reaction
mixture at 92–96◦C (0.8 mmHg), and 22.5 g 2-phenylbicyclopropyl was obtained, in a
yield of 74%.

Other references related to the Kishner decomposition are cited in the literature.8
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Knoevenagel Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Emil Knoevenagel in 1894.1 It is a nucleophilic
addition of a compound with an active methylene component to a ketone or aldehyde, fol-
lowed by the elimination of water to form an olefin. Therefore, it is generally known as
the Knoevenagel condensation.2,3 Occasionally, it is also referred to as the Knoevenagel
reaction.2d,2x,2jj,2ll,4 For the condensation between compounds with two active methylene
groups and two carbonyl groups to form polymers, the corresponding condensation is called
the Knoevenagel condensation polymerization2p,5 or Knoevenagel polycondensation.6 This
is an atom-economic and cleaner tool for the synthesis of α,β-unsaturated compounds.2d

Theoretically, this reaction is an extension of aldol addition and is reversible.2ll The yield
of this reaction depends not only on the relative reactivity of the reactants, the strength
of the bases employed, and the nature of solvents,2y but also on the removal of the
formed water during the reaction.2ll Essentially, the methylene group can be activated
by at least one electron-withdrawing group, such as nitro, cyano, carbonyl, or sulfonyl
group. As a result, the compounds with any combination of these electron-withdrawing
groups adjacent to a methylene group can function as nucleophiles, including mal-
onic acid,2a,2w,2hh,7 malonic esters (diethyl malonate,2b,4h dimethyl malonate8), malonic
amides,2v cyclohexa-1,3-dione,9 Meldrum’s acid,2b,2i,2tβ-ketoacid,2rβ-ketoester2v (ethyl
acetoacetate2ll), β-ketoamide,2x ethyl cyanoacetate,2jj,2ll malononitrile,2u,2bb,2jj phenyl-
cinnamonitriles,2q o-nitroarylacetonitriles,2ee cyanoacetamides,2v oxindole,2ff benzene-
1,4-diacetonitrile, benzene-2,5-bis(methoxy)benzene-1,4-diacetonitrile,2n,2p,2y isatin,10

homophthalic acid system,11α-perfluoroalkanesulfonyl acetate esters or α-keto aryl sul-
fones,2m α-keto sulfones,2s and keto-thioester.12 On the other hand, the carbonyl
compounds, mostly aldhydes, applied for this reaction are acrolein,2a citronellal,2j
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2-hydroxybenzaldehydes,2b (R)-2-(tert-butyldimethylsiloxymethoxy) propanal,2f,2x α-
alkoxyaldehydes,2x benzaldehyde,2bb,2x,4h isobutyraldehyde,2x terephthaldialdehyde,2hh

salicylaldehyde,2y crotonaldehyde4f and enaminones.2i

This reaction is generally catalyzed by weak bases, such as tetrabutylammonium
hydroxide,13 potassium phosphate,2g,2z morpholinium acetate,14 K2CO3,2ee NH4Ac,8

ethylenediammonium diacetate,2o piperidine,2g,2h,2j,2l,2m,2s,4h,4j diethylamine,4j zinc
chloride-aniline,4j pyridine,2h,2t,2hh amino acids,15 aminophenols,15 and strong bases
(including NaOH,2h KOH,2h and sodium ethoxide4j). In addition, this reaction has been
catalyzed by solid-state supported bases, such as KF/Al2O3,2d AlPO4-Al2O3,2aj alumino-
vanadate oxynitride,2bb amino group immobilized silica gel,2ii basic ion-exchange resins
and their organic salts (such as Amberlite IR-4B, Deacidite, and Amberlite IRA-4002ll),
and basic zeolites (such as Cs-exchanged NaX [CsNaX] and GeX2h). In addition, this reac-
tion has been modified to undergo in ionic liquid2o or under microwave assistance.2v,16 It
is interesting that malononitrile can react directly with aromatic aldehydes under grinding
in the absence of solvents and catalysts;2u furthermore, β-ketonitrile and β-ketothioester
selectively afford the completely opposite stereoisomers when reacted with aldehydes,
by which β-ketonitrile always give E-olefins.2x This reaction has been used to synthe-
size some interesting molecules, such as coumarin,2b indole,2ae quinoline,2s,2ee stilbenes,2g

niphendipine,2h nitrendipine,2h and azepinones.2i

B. GENERAL REACTION SCHEME

Z1 Z2
R1 R2

O

R1 R2

Z1 Z2

+

Z1, Z2 = NO2, CN, CO2R, COOH, SO2R, COR, Ar
R1 = alkyl, aryl
R2 = H, alkyl, aryl

Base

C. PROPOSED MECHANISMS

Illustrated here is the mechanism for the condensation between diethyl malonate and a
general aldehyde catalyzed by a weak base generally represented by B.
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D. MODIFICATION

This reaction has been extensively modified for various conditions (as mentioned in
Section A) by using different nucleophiles, different carbonyl compounds, and different
bases as catalysts.

E. APPLICATIONS

This reaction has very broad application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Aldol Condensation.

G. CITED EXPERIMENTAL EXAMPLES

S
O O O

OMe

CHO

S
O O O

OMe

+
Piperidine, AcOH

Toluene, ∆
90%

Reference 2s.

A mixture of 4.6 g 2-(p-toluenesulfonyl)-4′-methoxyacetophenone (15 mmol), 2.0 g
p-tolualdehyde (16.5 mmol), 0.18 g piperidine (2 mmol), and 0.42 g acetic acid (7 mmol)
in 40 mL toluene was refluxed for 2 h with azeotropic removal of water using a Dean-
Stark trap. The mixture was cooled to room temperature and concentrated in vacuo. The
residue was purified by flash chromatography (hexane/EtOAc/toluene, 3:1:1) to give 5.5
g pure 1-(4′-methoxyphenyl)-3-(4′-methylphenyl)-2-(p-toluenesulfonyl)-2-(E)-propen-1-
one as a solid, in a yield of 90%, m.p. 141.0–142.0◦C.

Reference 2m.



1624 KNOEVENAGEL CONDENSATION

A mixture of 356 mg ClC4F8SO2CH2COPh (0.84 mmol), 43 mg benzaldehyde
(0.4 mmol), and 78 µL piperidine in 16 mL toluene was refluxed for 1 h with azeotropic
removal of water using a Dean-Stark trap. TLC analysis indicated the reaction was com-
pleted. The mixture was cooled to room temperature, the solvent was removed under
reduced pressure, and the residue was column chromatographed (hexane/ethyl ether, 10:1) to
give 213 mg (2R,3S)-2-benzoyl-3-phenyl-4-(4′-chloro-perfluorobutylsulfonyl)-4-phenyl-
2,3-dihydrofuran, in a yield of 84%.

Other references related to the Knoevenagel condesation are cited in the literature.17
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Knoevenagel Diazotization

Method

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Knoevenagel in 1890.1 It is the preparation of an
anhydrous diazonium salt by the treatment of primary amine with amyl nitrite in an acid-
ified absolute alcohol, by which a crystalline precipitate of the diazonium salt is formed
on standing or on the addition of a small quantity of ether. Therefore, this reaction is
known as the Knoevenagel diazotization method.2 Under these conditions, nitrous acid
is generated in situ, which then diazotizes the amines.3 For example, the bisulfates of
p-nitrobenzenediazonium,p-methoxybenzenediazonium,p-methylbenzenediazonium, and
benzenediazonium ions can be made in an ethanol-sulfuric acid solution with amyl nitrite,
which then crystallizes as colorless platelets from either absolute methanol or the mixture of
methanol and ethanol.4 However, the bisulfate of m-nitrobenzenediazonium will not crys-
tallize under these conditions, so it is prepared in an acetic-sulfuric acid mixture with butyl
nitrite.4,5 It should be pointed out that the reaction of aromatic amine with amyl nitrite in
aromatic solvents affords a moderate yield of biaryls, in which the variation of the reaction
temperature, nitrite concentration, and the order of addition of the reagents do not affect
the yield of biaryls, indicating the presence of aryl radicals.6
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is assumed that nitrous acid forms in situ under the Knoevenagel diazotizaiton
condition,3 which then combines with aniline to give a diazohydroxide, which can
decomposes to yield the phenyl radical. However, in the presence of a strong acid, the
diazohydroxide is further protonated and converted into the corresponding diazonium salt
which may undergo a heterolytical or homolytical decomposition to give radicals or a cation
intermediate,6 as shown below.

D. MODIFICATION

The modifications of the Knoevenagel diazotization method include the addition of
isoamyl nitrite to an appropriate amine salt suspended in cold acetic acid7 and the diazo-
tization of amine by the addition of a solution of N2O4 in ether.8 In addition, a specific
method for the preparation of anhydrous diazonium tetrafluoroborate has been developed
in which the amine is mixed with an alkyl nitrite and an excess amount of BF3·Et2O. For
this preparation, the excess BF3 can trap the alcohol and water produced during the diazo-
tization, and the diazonium tetrafluoroborate precipitates from the reaction solution as it is
formed.9

E. APPLICATIONS

This reaction is very useful for the preparation of anhydrous diazonium salts.
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F. RELATED REACTIONS

This reaction is related to the Griess Diazotization.

G. CITED EXPERIMENTAL EXAMPLES

Reference 9.

To a three-necked, round-bottomed flask fitted with two addition funnels and a reflux
condenser connected to a gas buret was added 1.06 g boron trifluoride etherate (7.5 mmol),
which was then cooled to −15◦C in an ice acetone bath. Then 5.0 mmol of the aromatic
amine in a minimal volume of the anhydrous solvent (usually 10 mL) was added. If a
solid of amine/BF3 complex had formed, additional solvent or ethyl ether was added to
produce homogeneous solution. tert-Butyl nitrite (0.618 g. 6.0 mmol) in 5 mL of the same
solvent was added dropwise to the rapidly stirred solution over a period of 10 min. After
the complete addition, the temperature of the reaction was maintained at –15◦C for 10 min
and then allowed to warm to 5◦C in an ice water bath over a 20-min period. A crystalline
precipitate usually formed during the addition of tert-butyl nitrite, and after 20 min at 5◦C,
precipitation was complete. Pentane (40 mL) was then added to the reaction solution, and
the solid was suction filtered, washed with cold ether, air dried, and weighed.

ONO

+

NH2

I2+
Benzene

I

Reference 6b.

Amyl nitrite (1.4 g, 0.012 mol) was added to a stirred mixture of 0.93 g aniline (0.01 mol),
1.26 g iodine (0.005 mol), and 30 mL benzene (or other aromatic solvent) in a 50-mL, round-
bottomed flask equipped with a reflux condenser and gas bubbler. The flask was then placed
in an oil bath and gradually heated to solvent reflux. The temperature of the oil bath was
maintained at 100◦C. The reaction was allowed to continue until gas evolution ceased. The
mixture was then allowed to cool to room temperature and an internal standard was added.
GC analysis indicated a composition of 78% iodobenzene, 21% 1,4-diiodobenzene, and 1%
higher benzene oligomer, in a total yield of 60%.

Other references related to the Knoevenagel diazotization method are cited in the
literature.10
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S., John Wiley & Sons, chichester, 1996. (e) Boivin, J.; Huppe, S. and Zard, S. Z., Tetrahedron
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Knorr Pyrazole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Knorr in 1883.1 It is the preparation of pyrazole
derivatives from 1,3-dicarbonyl compounds and hydrazines. Similarly, pyrazole deriva-
tives can also be prepared from hydrazines and equivalent molecules of 1,3-dicarbonyl
compounds, such as α-ethoxymethylene α-phenylacetone.2 In a special case, β-carbonyl
aldehyde reacts with a simple hydrazine to afford tautomers of 3- and 5-substituted pyra-
zoles, of which the proton oscillates rapidly back and forth between two nitrogen atoms.3

These two tautomers are distinguishable only at sufficiently low temperatures.4 It should
be pointed out that the reaction of hydrazine with β-carbonyl ester leads to the formation of
pyrazolone.2,5

B. GENERAL REACTION SCHEME

R1 R3

O O

R2

R4

H
N

NH2

N

N

R1

R2

R3

R4

N

N

R1

R2

R3

R4

+ and / or
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to occur between β-alkoxyl α,β-unsaturated carbonyl
compounds and hydrazines.2

E. APPLICATIONS

This reaction has general application in the preparation of pyrazole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Me
O

Et

OH O

O

PhNHNH2 N
N

Ph
Me

CO2Et

N
N

Me

CO2Et

Ph

EtOH, ∆
+

60.8% 35.6%

Reference 6.

2,4-Dioxo-4-phenylbutyric acid ethyl ester (0.14 mL, 1.0 mmol) in 10 mL ethanol was
treated dropwise with 0.12 mL phenyl hydrazine (1.2 mmol), and the resulting solution
was refluxed over a period of 3 h. After the mixture was cooled to room temperature, the
solvent was distilled off in vacuo. The residue was purified by means of silica gel column
chromatography (petroleum ether/EtOAc, 4:1) to give 140 mg 5-methyl-1-phenyl-pyrazole-
3-carboxylic acid ethyl ester as a pale brownish solid (0.61 mmol), in a yield of 60.8%, m.p.
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37◦C. In the meantime, 82 mg 5-methyl-2-phenyl-pyrazole-3-carboxylic acid ethyl ester
was also obtained as a pale yellow solid (0.36 mmol), in a yield of 35.6%, m.p. 39–40◦C.

Me Me

O O
H
N

NH2

NO2

O2N

H2SO4
N

N

Me

Me

NO2

NO2

+
EtOH-AcOH, ∆

75%

Reference 7.

A solution of 1.98 g 2,4-dinitrophenylhydrazine (10 mmol) in 3 mL conc. H2SO4 was
added to the solution of 10 mmol acetoacetone in EtOH-AcOH, and the mixture was heated
on a water bath for several hours. On cooling and diluting, shining crystals of 1-(2,4-
dinitrophenyl)-3,5-dimethyl-pyrazole was separated, which was recrystallized from EtOH
or AcOH as a lemon yellow solid, in a yield of 75%, m.p. 114◦C.

Other references related to the Knorr pyrazole synthesis are cited in the literature.8
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Knorr Pyrrole Synthesis

(Knorr Pyrrole Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Knorr in 1884.1 It is the synthesis of pyrrole
derivatives by the condensation of α-amino ketones with carbonyl compounds containing
active α-methylene groups. Therefore, it is generally known as the Knorr pyrrole synthesis.2

Occasionally, it is also referred to as the Knorr reaction,3 Knorr pyrrole reaction,2a Knorr
synthesis,4 or Knorr condensation.5 This reaction, as one of the principal routes for pyrroles,
is highly regioselective2a,6 and always gives high yields of pyrrole derivatives.2a Because α-
amino ketones easily undergo a self-condensation, the α-amino ketones are often generated
in situ from either isonitrosoketones, oximes,3 or hydrazones2a in the presence of zinc dust,
NaOAc and HOAc. However, such reduction results in an environmental problem when
it is carried out on large scale, so the reduction has been improved by replacing the zinc
reduction with hydrogenation.2g In addition, carbonyl groups can also be produced in situ
by deprotection of the masked carbonyl group, such as ketal. It is interesting that it has
been found that the oxygen atmosphere plays an important role in this reaction during
the reduction of isonitrosoketones because no or a very low yield of expected pyrroles is
obtained when oxygen is excluded under a helium or argon atmosphere.2g On the other hand,
it has been reported that even more pyrrole derivatives could be yielded if α-amino ketone
hydrochlorides are used directly rather than generated in situ.2g In the cases of a reaction
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between α-amino ketones and β-ketoesters, the formed pyrroles are typically isolated by a
water knockout.3

B. GENERAL REACTION SCHEME

R1

R2

O

H2N
R3

R4

O

N
H

R1

R2 R3

R4

+ Base

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified by directly using α-amino ketone hydrochloride2g or
reducing α-nitrosoketone or hydrazone via hydrogenation3 to form pyrrole derivatives.

E. APPLICATIONS

This reaction has general application in the preparation of pyrrole derivatives, especially
for the porphyrins with exocyclic rings.7

F. RELATED REACTIONS

This reaction is related to the Hantzsch Pyrrole Synthesis and Paal-Knorr Pyrrole
Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 3.

To a three-necked, round-bottomed flask was added 30 g tert-butyl acetoacetate
(190 mmol) along with 30 mL acetic acid. After the mixture was cooled to 0–3◦C under
nitrogen a solution of 18.3 g NaNO2 (265 mmol) in 35 mL H2O was added dropwise by
maintaining the temperature < 10◦C. Once the addition was complete, the reaction solution
was slowly warmed to room temperature. When the reaction was deemed complete by TLC
(2 h), the mixture was partitioned between 40 mL aqueous KCl solution and 50 mL diethyl
ether. The aqueous layer was extracted further with diethyl ether (3 × 25 mL). The com-
bined organics were washed with H2O (3 × 35 mL), dried over Na2SO4, and concentrated
in vacuo to afford oxime as a pale yellow oil, which was used in the next step without further
purification.

To a 500-mL Parr hydrogenation vessel was added 20.0 g oxime (107 mmol), along
with 2.0 g 5% dry Pd/C, followed by 21.4 g N-(2′-diethylamino-ethyl) acetoacetamide
(107 mmol) dissolved in 220 mL acetic acid. The vessel was purged with nitrogen and
hydrogen, and the mixture was hydrogenated at 45 psi by heating at 65◦C for 7 h. After
this time, the reaction mixture was cooled to room temperature and filtered to remove
palladium, and the cake was washed with acetic acid. The filtrate was neutralized with
50% aqueous NaOH, and 500 mL CH2Cl2 was added, followed by more 50% aqueous
NaOH until the pH of the aqueous phase was 13. The mixture was transferred to a separa-
tory funnel, and the layers were separated. The aqueous layer was extracted with CH2Cl2
(3 × 350 mL), and the combined organics were washed with H2O (2 × 250 mL). The washes
were back extracted with 250 mL CH2Cl2, and the combined organics were concentrated in
vacuo. The residue was dissolved in hot CH3CN, and the resulting solution was filtered and
cooled. The solids that formed were isolated by filtration to afford 27.7 g tert-butyl 4-[[[2-
(diethylamino)ethyl]amino]carbonyl]-3,5-dimethyl-1H-pyrrole-2-carboxylate (83 mmol),
in a yield of 77%.

CO2Et

O

N
OH

O O

CO2Et
N
H

CO2Et

O

EtO
Zn

AcOH
+

45%

Reference 8.
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To a 250-mL three-necked flask was added 14.0 g methyl 4-acetyl-5-oxohexanoate
(75 mmol) in 35 mL acetic acid. The internal temperature was maintained at 65–80◦C
while the oxime solution (preparation same as the one described for Reference 3) was
added over 80 min, along with 12 g each of zinc dust and anhydrous sodium acetate in
small portions. The mixture was stirred an additional 10 min and poured onto 400 g ice.
The precipitate was collected and dissolved in benzene, unreacted zinc was removed, and
the benzene solution was evaporated to dryness. The formed pyrroles were recrystallized
from methanol, benzene-hexane, and carbon tetrachloride.

Other references related to the Knorr pyrrole synthesis are cited in the literature.9
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Knorr Quinoline Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Knorr in 1886.1 It is the synthesis of 2-
hydroxyquinolines via the cyclization and dehydration of an anilide intermediate condensed
from β-ketoesters and anilines at a relatively high temperature. Right after this report,
Conrad and Limpach also reported a similar reaction between anilines and β-ketoesters
but at low temperatures, which resulted in the formation of 4-hydroxyquinolines from
the intermediate of alkyl crotonate.2 Thus this reaction is known as the Knorr synthesis,3

Knorr-Limpach method,4 Knorr cyclization,5 Conrad-Limpach-Knorr reaction,6 or Knorr
quinoline synthesis.7 It has been reported that the formation of an alkyl crotonate interme-
diate is favored at moderate or low temperature in the presence of iodine or an acid catalyst,
whereas intermediate anilide is formed at high temperatures.6b

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism is illustrated by the reaction between aniline and ethyl β-ketoester.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of 2-hydroxyquinoline
derivatives.

F. RELATED REACTIONS

This reaction is related to the Conrad-Limpach Quinoline Synthesis, Doebner-von Miller
Quinoline Synthesis, and Gould-Jacobs Quinoline Synthesis.

G. CITED EXPERIMENTAL EXAMPLES
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H2N
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OO ZnCl2
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Reference 8.
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To a flame-dried, 100-mL, round-bottomed flask containing 210 mg aminotetrahy-
droquinoline (1.19 mmol) and 20 mL ethanol at room temperature was added 190 µL
ethyl-4,4,4-trifluoroacetoacetate (1.31 mmol, 1.10 eq.) and 244 mg ZnCl2 (1.79 mmol,
1.50 eq.). The reaction mixture was heated to reflux for 6 h, at which time TLC analysis
indicated complete consumption of the starting material. The reaction mixture was cooled to
room temperature, and the solvent was removed under reduced pressure. Dichloromethane
(20 mL) was added, and the organic phase was washed with saturated NaHCO3 (2 × 10 mL)
and brine (10 mL), then dried over Na2SO4 and concentrated under reduced pressure. The
residue was purified by flash chromatography (CH2Cl2/MeOH, 15:1) to give 24.4 mg 4-
ethyl-1,2,3,4-tetrahydro-6-(trifluoromethyl)-8-pyridono[5,6-g]quinoline as a yellow solid,
in a yield of 82%, Rf = 0.37 (CH2Cl2/MeOH, 9:1). Recrystallization from EtOAc provided
an analytically pure sample as yellow needles, m.p. 264–265◦C.

OMe

OMe

Br

H2N

b) H2SO4, ∆

a) CH3COCH2CO2Et, ∆

OMe

OMe

Br

NHO

Reference 6b.

To 20 mL ethyl acetoacetate heated to 160–165◦C was added 5.5 g 4-amino-6-
bromoveratrole over 3 min. After continuing the heating for an additional 30 min, the
excess ethyl acetoacetate was distilled off under reduced pressure, and the residue was
washed with light petroleum ether, leaving a thick oil in an apparently quantitative yield.
This thick oil was mixed with 8 mL concentrated H2SO4, and the mixture was heated for
2 min at 60–70◦C. The mixture immediately solidified, which was thrown into water. The
solid was filtered out and crystallized from a mixture of chloroform and alcohol to give 60%
2-hydroxy-5-bromo-6,7-dimethoxylepidine as long white needles, m.p. 274–276◦C (dec.).

Other references related to the Knorr quinoline synthesis are cited in the literature.9

H. REFERENCES

1. Knorr, L., Ann., 1886, 236, 69.

2. (a) Conrad, M. and Limpach, L., Ber., 1887, 20, 944. (b) Conrad, M. and Limpach, L., Ber., 1887,
20, 948.

3. (a) Outt, P. E.; Ares, J. J.; Roberts, G. E.; Wang, X. D.; Cupps, T. L. and Wireko, F. C., J. Org.
Chem., 1998, 63, 5762. (b) Curran, D. P. and Kuo, S.-C., J. Org. Chem., 1984, 49, 2063.

4. (a) Nasr, M.; Zayed, A. and Nabih, I., Pharmazie, 1978, 33, 424. (b) Dudley, K. H. and McKee,
R. L., J. Org. Chem., 1967, 32, 3210. (c) Benson, R. E. and Hamilton, C. S., J. Am. Chem. Soc.,
1946, 68, 2644.

5. (a) Hamann, L. G.; Higuchi, R. I.; Zhi, L.; Edwards, J. P.; Wang, X.-N.; Marschke, K. B.; Kong,
J. W.; Farmer, L. J. and Jones, T. K., J. Med. Chem., 1998, 41, 623. (b) Lopez-Alvarado, P.;
Avendano, C. and Menendez, J. C., Synthesis, 1998, 186.

6. (a) Yoshikawa, T., Yakugaku Zasshi, 1961, 81, 1323. (b) Misani, F. and Bogert, M. T., J. Org.
Chem., 1945, 10, 347. (c) Misani, F. and Bogert, M. T., J. Org. Chem., 1945, 10, 458.

7. (a) Tikotikar, N. L.; Navalgund, I. M.; Munavalli, S. N.; Kulkarni, S. N. and Nargund, K. S.,
J. Karnatak Univ., 1956, 1, 43. (b) Seide, O, Ber., 1925, 58B, 352.



REFERENCES 1641

8. Hamann, L. G.; Mani, N. S.; Davis, R. L.; Wang, X.-N.; Marschke, K. B. and Jones, T. K., J. Med.
Chem., 1999, 42, 210.

9. (a) Hodgkinson, A. J. and Staskum, B., J. Org. Chem., 1969, 34, 1709. (b) Hauser, C. R. and
Reynolds, G. A., Org. Syn. Coll., 1955, 3, 593. (c) Hauser, C. R. and Reynolds, G. A., J. Am.
Chem. Soc., 1948, 70, 2402. (d) Kaslow, C. E. and Stayner, R. D., J. Am. Chem. Soc., 1948, 70,
3350. (e) Bergstrom, F. W., Chem. Rev., 1944, 35, 77. (f) Bergstrom, F. W., Chem. Rev., 1944,
35, 157. (g) Manske, R. H. F, Chem. Rev., 1942, 30, 113. (h) Ainley, A. D. and King, H., Proc.
Roy. Soc. (London), 1938, B125, 84. (i) Coffey, S.; Thompson, J. K. and Wilson, F. J., J. Chem.
Soc., 1936, 856. (j) Monti, L. and Cirelli, V., Gazz. Chim. Ital., 1936, 66, 723. (k) Knorr, L., Ann.,
1888, 245, 357. (l) Knorr, L., Ann., 1888, 245, 378.



366
Koch-Haaf Carboxylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Koch in 19551 and subsequently modified by Koch
and Haaf.2 It is the formation of tertiary carboxylic acids or esters by treatment of alcohols
or alkenes with anhydrous formic acid that functions as both an acidic catalyst and a source
of carbon monoxide.3 This reaction was quickly modified to an industrial production of
carboxylic acid from the reaction between alcohols or alkenes and carbon monoxide in
the presence of a strong acid.4 Therefore, this reaction is generally known as the Koch-
Haaf reaction4,5 or Koch-Haaf carboxylation.5c,6 In one case, it is also referred to as Koch
reaction.7 The carboxylation of alcohols occurs in two steps: the formation of an acyl cation
from carbon monoxide or carbocation generated from acidic dehydration followed by the
coupling between the acyl cation and water or alcohol to form the acid or ester derivative.4

For example, pivalic acid can be generated from isobutylene or tert-butyl alcohol and carbon
monoxide.4 In addition, the corresponding aryl esters are formed in the presence of phenol.5a

It has been found that a variety of Brønsted and Lewis acids can catalyze this reaction,5a

among these acids, BF3 is the most effective catalyst.8 However, in the presence of a super
acid, it is possible to formylate isoalkanes to aldehydes that subsequently rearrange to the
corresponding branched ketones.4

B. GENERAL REACTION SCHEME

OH
H+

CO2Hor
CO/H2O
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to use different Lewis acids as catalysts.

E. APPLICATIONS

This reaction has important application in industry for producing carboxylic acids.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

HO

Cl

Cl

O

O

Cl

Cl

n +
CO/BF3 n

84.5%

Reference 5a.

An autoclave was pressured to 199 psi with BF3 at 50◦C, followed by 301 psi of CO to
bring the total pressure to 500 psi. Ethylene-1-butene copolymer (EB, Mn = 4600, 20 wt %
ethylene, 406 g) and 100.6 g 2,4-dichlorophenol (pKa = 7.85) at 50◦C were charged to the
autoclave and pressured to 1430 psi with CO. The autoclave contents were stirred under
these conditions for 2 h and depressurized. The reaction product was stripped to remove
the BF3 gas and excess substituted phenol to give 84.5% EB copolymer aryl ester.

CCl4 CO2H

HCO2H, t-BuOH
H2SO4

Reference 2.

To a 1-L three-necked flask equipped with a stirrer a thermometer, a dropping funnel,
and a gas-outlet tube were added 255 mL 96% H2SO4 (4.8 mol), 100 mL CCl4, and 13.6 g
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adamantine (0.1 mol). The well-stirred mixture was cooled to 17–19◦C in an ice bath, and
1 mL 98% formic acid was added. Then a mixture of 38 mL t-butyl alcohol (0.4 mol)
and 55 g of 98–100% formic acid (1.2 mol) was added dropwise, during which the rate of
addition and the cooling were regulated so that the temperature of the reaction mixture was
kept at 17–25◦C. After the completion of addition, the reaction mixture was stirred for an
additional 30 min and poured onto 700 g crushed ice. The layers were separated, and the
upper, acid layer was extracted with CCl4 (3 × 100 mL). The combined carbon tetrachloride
layers were shaken with 110 mL 15 N ammonium hydroxide, and the crystalline ammonium
1-adamantanecarboxlate that separated was collected on a Büchner funnel with a coarse
fritted disk. The salt was washed with 20 mL cold acetone and suspended in 250 mL
water. The suspension was made strongly acidic with 25 mL 12 N HCl and extracted
with 100 mL chloroform. The chloroform layer was dried over anhydrous Na2SO4, and
evaporated to dryness on a steam bath. The residue, in amount of 12–13 g, was crude
1-adamantanecarboxylic acid, in a yield of 67–72%, m.p. 173–174◦C. Recrystallization of
this product from a mixture of 30 mL methanol and 10 ∼mL water afforded 10–11 g pure
1-adamantanecarboxylic acid, in a yield of 56–61%, m.p. 175–176.5◦C.

Other references related to the Koch-Haaf carboxylation are cited in the literature.9

H. REFERENCES

1. Koch, H., Brennstoff Chem., 1955, 36, 321.

2. Koch, H. and Haaf, W., Org. Syn. Coll., 1973, 5, 20.

3. (a) Bahrmann, N., “Koch Reactions” in New Syntheses with Carbon Monoxide, ed. Falbe, J.,
Springer-Verlag, Berlin, 1980, pp. 372–413. (b) Pino, P.; Piacenti, F. and Bianchi, M., “Hydro-
carboxylation of Olefins and Related Reactions” in Organic Synthesis via Metal Carbonyls, ed.
Wender, I. and Pino, P., Wiley, New York, 1977, 2, pp. 233–296.

4. Olah, G. A., J. Org. Chem., 2001, 66, 5943.

5. (a) Emert, J. I.; Dankworth, D. C.; Gutierrez, A.; Martella, D. J.; Rucker, S. P.; Stokes, J. P.; Thaler,
W.; Worku, A.; Padias, A. B. and Hall, H. K., Macromolecules, 2001, 34, 2766. (b) Leonte, C.
and Carp, E., Rev. Roumaine Chim., 1989, 34, 1241. (c) Farooq, O.; Marcelli, M.; Prakash, G. K.
S. and Olah, G. A., J. Am. Chem. Soc., 1988, 110, 864. (d) Moiseev, I. K. and Doroshenko, R. I.,
Zh. Org. Khim., 1983, 19, 1117. (e) Langhals, H.; Mergelsberg, I. and Ruechardt, C., Tetrahedron
Lett., 1981, 22, 2365.

6. (a) Rao, R. R. and Bhattacharya, S., Indian J. Chem., Sect. B, 1982, 21B, 405. (b) Rao, R. R.
and Bhattacharya, S., Indian J. Chem., Sect. B, 1981, 20B, 207. (c) Peters, J. A.; Rog, J. and
van Bekkum, H., Rec. Trav. Chim. Pays-Bas, 1974, 93, 248. (d) Nambudiry, M. E. N. and Rao,
G. S. K., Tetrahedron Lett., 1972, 4707. (e) Peters, J. A. and van Bekkum, H., Rec. Trav. Chim.
Pays-Bas, 1973, 92, 379. (f) Peters, J. A. and van Bekkum, H., Rec. Trav. Chim. Pays-Bas, 1971,
90, 65.

7. Gros, I.; Florita, C.; Maties, R. and Vilics, T., Revistade Chim. (Bucharest), 1986, 37, 274.

8. (a) Eidus, Y. T.; Puzitskii, K. V. and Yang, Y.-P., Neftekhimiya, 1972, 12, 754. (b) Yang, Y.-P.;
Puzitskii, K. V. and Eidus, Ya. T., Izv. Akad. Nauk SSSR, Ser. Khim., 1970, 424.

9. (a) Lopez-Alvarado, P.; Avendano, C. and Menendez, J. C., Synthesis, 1998, 186. (b) Chern, Y.-T.
and Wang, W.-L., J. Poly. Sci. A: Poly. Chem., 1996, 34, 1501. (c) Kurzer, F. an; Patel, J. N., J. Org.
Chem., 1988, 53, 258. (d) Vodicka, L.; Burkhard, J. and Janku, J., Coll. Czech. Chem. Commun.,
1986, 51, 867. (e) Adcock, W. and Kok, G. B., J. Org. Chem., 1985, 50, 1079. (f) Vodicka, L.;



REFERENCES 1645

Isaev, S. D.; Burkhard, J. and Janku, J., Coll. Czech. Chem. Commun., 1984, 49, 1900. (g) Kurzer,
F. and Patel, J. N., Monatsh. Chem., 1984, 115, 809. (h) Kurzer, F. and Patel, J. N., Monatsch.
Chem., 1984, 115, 793. (i) Woo, E. P. and Cheng, F. C. W., J. Org. Chem., 1981, 51, 3704. (j) Arai,
H.; Nagai, S. and Hatada, M., Radiation Phys. Chem., 1981, 17, 211. (k) Janku, J.; Burkhard, J.
and Vodicka, L., Zeitsch. Chem., 1981, 21, 67. (l) Gray, G. W. and Kelly, S. M., J. Chem. Soc.,
Chem. Commun., 1979, 974. (m) Burns, W.; Mitchell, T. R. B.; McKervey, M. A.; Rooney, J.
J.; Ferguson, G. and Roberts, P., J. Chem. Soc., Chem. Commun., 1976, 893. (n) Takaishi, N.;
Fujikura, Y.; Inamoto, Y.; Ikeda, H.; Aigami, K. and Osawa, E., J. Chem. Soc., Chem. Commun.,
1975, 371. (o) Stepanov, F. N.; Smirnova, N. A.; Baklan, V. F. and Yurchenko, A. B., Zh. Org.
Khim., 1974, 10, 234. (p) McKervey, M. A.; Quinn, H. A. and Rooney, J. J., J. Chem. Soc. C, 1971,
2430. (q) Raber, D. J.; Fort, R. C.; Wiskott, E.; Woodworth, C. W.; Schleyer, P. v. R.; Weber, J. and
Stetter, H., Tetrahedron, 1971, 27, 3. (r) Van Bekkum, H.; Van de Graaf, B.; Van Minnen-Pathuis,
G.; Peters, J. A. and Wepster, B. M., Rec. Trav. Chim. Pays-Bas, 1970, 89, 521. (s) Mannschreck,
A. and Kölle, U., Angew. Chem. Int. Ed. Engl., 1969, 8, 528. (t) Hauser, C. R. and Reynolds, G.
A., Org. Syn. Coll., 1955, 3, 593. (u) Hauser, C. R. and Reynolds, G. A., J. Am. Chem. Soc., 1948,
70, 2402.



367
Kochi Reaction

(Kochi Oxidative Decarboxylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kochi in 1965.1 It is the conversion of carboxylic acids
into corresponding halides via the oxidative degradation of carboxylic acid by lead tetraac-
etate (LTA) accompanied by a simultaneous replacement with a halogen under free-radical
conditions in the presence of a stoichiometric amount of metal halide. Thus it is known as
the Kochi reaction2 or Kochi oxidative decarboxylation.3 In the absence of metal halide, the
carboxylic acids will be oxidized into various compounds, depending on the experimental
conditions, either thermally or photochemically.4 It has been found that for the photochem-
ical reaction, the initial process involves the formation of an acyloxy radical, whereas under
the thermal reaction conditions, the alkyl radical occurs directly;4a however, the photochem-
ical reaction at 30◦C and thermal reaction at 80◦C give almost the same products.4c In addi-
tion, the structure of the substrates also affects the oxidation outcome, and the relative rates
of oxidation by Pb(IV) determine the distribution of products.4c For example, tertiary and
α-arylalkyl carboxylic acids are readily converted into alkenes and esters.1d,5 In this reac-
tion, the tertiary and secondary radicals undertake a long free-radical chain mechanism,
whereas the primary radicals undergo a short-chain mechanism, due to the facile chain
transfer of the primary radicals.1c Besides LTA, a variety of oxidants, such as manganese
(III) salt,5 and silver (II) salt,6 are effective for oxidative decarboxylation. Moreover, it
has been found that such oxidative decarboxylation can be enhanced by pyridine,1c,1d

trialkylamines,1d or peroxides1c or catalyzed by a copper salt,1c but it will be inhibited
by oxygen.1c,1d For the copper salt catalyzed reaction the thermal and pyridine-induced
short free-radical chain reaction is replaced by a long-chain reaction because the alkyl radi-
cals are oxidized by Cu(II).1c Consequently, the oxidation of valeric acid in benzene via the
thermal and the pyridine-induced reactions yields butanes, butenes, butyl esters, and butyl-
benzenes, whereas only butenes are formed in the presence of a catalytic amount of copper
salts.1c On the other hand, in the presence of metal halide, the alkyl halides form as major
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products, depending on the reaction conditions. In general, the yields of alkyl chlorides from
secondary and tertiary acids are excellent, if a stoichiometric amount of metal chloride is
present; whereas alkyl chlorides vanish if an excess amount of metal chlorides are present.1d

Moreover, the chloride salts also affect the reaction results, and tetraalkyl ammonium chlo-
ride, being soluble, gives no expected product. Potassium or sodium chloride gives the best
yield but a slower reaction rate than lithium chloride.1d It is interesting that no evidence for
the rearrangement of the alkyl moiety has been observed for this reaction, as indicated from
the formation of neopentyl chloride from β,β-dimethylbutyric acid. Similarly, alkyl bro-
mides and iodides can also be formed from the oxidative decarboxylation in the presence of
corresponding bromide and iodide salts, though relative low yields are obtained.1d Although
this reaction does not work well for benzoic acid,1d the α,β-unsaturated carboxylic acids can
undergo the oxidative decarboxylation to afford halogenated olefins using iodosylbenzene
or iodosylbenzene diacetate and N-bromo, N-chloro, or N-iodosuccinimide as oxidants.6

Such modification is especially feasible for the preparation of olefinic bromide with a phenyl
group at the β-position.6 In contrast, no detectable radical intermediate was found for the
oxidative decarboxylations of 2-hydroxycarboxylic acids by lead tetraacetate in anhydrous
acetic acid.7

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general mechanism for this reaction, including the metathesis, initiation by either heat
or light, the propagation cycle, and the termination steps in the presence or absence of LiCl,
is outlined below.
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D. MODIFICATION

This reaction has been modified to occur using different oxidants, such as Mn (III)5

and silver (II)6 salts. In particular, the oxidation from iodosylbenzene or iodosylbenzene
diacetate with NBS allows the easy preparation of olefinic bromides.6

E. APPLICATIONS

This reaction is generally useful for the preparation of secondary and tertiary halides.

F. RELATED REACTIONS

This reaction is related to the Hunsdiecker Reaction.

G. CITED EXPERIMENTAL EXAMPLES

OH

O

Pb(OAc)4

ClBenzene, LiCl
∆ 89%

Reference 1d.

To 10 mL benzene solution containing 0.48 g α-methylbutyric acid (4.7 mmol) was
added 2.0 g lead tetraacetate (4.5 mmol). The mixture was stirred at room temperature until
homogeneous. Then 0.196 g LiCl (4.5 mmol) was added, and the mixture was immediately
flushed with nitrogen to remove oxygen. The surface of the salt at room temperature rapidly
achieved a yellow coloration with LiCl. The mixture was placed in a constant-temperature
oil bath (81 ± 0.3◦C), and the rate of gas evolution was followed volumetrically. The
induction period was very short and gas evolution followed apace. The completion of the
reaction resulted in a clear colorless solution and a colorless amorphous solid, and the
solution was decanted and extracted with dilute aqueous perchloric acid, followed by a
Na2CO3 wash. The organic layer was dried over Na2SO4. About 89% sec-butyl chloride
was yielded from this reaction.

CO2H

∆

Br
PhIO/NBS

CH3CN/H2O (2:1)

73%

Reference 6.

Trans-cinnamic acid (1.0 mmol) and 0.5 mmol iodosylbenzene were dissolved in 10 mL
CH3CN and H2O (2:1) at 60◦C. This mixture was stirred for 10 min, and 1.0 mmol NBS
was added. The mixture was stirred for additional 30 min at 60◦C. After the reaction was
complete, the solvent was evaporated. The aqueous phase was extracted three times with
10 mL ether. The ether phases were dried over MgSO4 and evaporated. The crude reaction
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mixture was separated by flash chromatography using petroleum ether as the eluent to afford
73% 2-trans-bromo styrene.

Other references related to the Kochi reaction are cited in the literature.8
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Koenigs-Knorr Reaction
(Koenigs-Knorr Glycosidation,

Koenigs-Knorr Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Koenigs and Knorr in 1901.1 It is the formation of
O-glycosides from acetylated glycosyl halides and alcohols or phenols in the presence of
a silver or mercury salt that functions as both promoter and halophile. As one of the most
widely applied methods for O-glycosylation, this reaction has been extensively modified by
means of using different promoters (e.g., Ag2O,2 Ag2CO3,2 AgOTf,2 CdCO3,3 Hg(CN)4

2),
different solvents of low polarity (e.g., dichloromethane, cyclohexane and petroleum ether),4

and various desiccants (Na2SO4,5 CuSO4,6 CaCl2,7 Drierite,8 etc.) to remove the generated
water. Therefore, this reaction is generally known as the Koenigs-Knorr method,2,9 Koenigs-
Knorr reaction,2b,3,9a,10 Koenigs-Knorr synthesis,2a,3,4b,11 Koenigs-Knorr glycosidation,12

Koenigs-Knorr glycosylation,13 or Koenigs-Knorr condensation.14 Occasionally, this reac-
tion is also referred to as Koenigs-Knorr-Zemplén method2 or Koenigs-Knorr process.15

Under the modified conditions, the Koenigs-Knorr synthesis usually gives only β-O-
glycosides,2 except for certain conditions that use mercury salts as promoters.4b When
carbohydrate itself is applied as an aglycone, the primary OH is considerably more reactive
than the secondary OH,4b with a relative reactivity on the order of 6-OH >> 3-OH > 4-OH
> 2-OH.4b For the preparation of alkyl O-glycosides, this reaction is generally a solvolysis
with an excess amount of alcohol, and the generated water is negligible if compared with
the amount of alcohol; therefore, a drying agent is not necessary.4b Other modifications
of this reaction include the application of glycosyl fluorides as donors4a and silver trifluo-
romethanesulfonate as a promoter for the formation of glycosides from hindered alcohols.2a
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However, because this reaction always requires an excess amount of promoter, it has limited
application in large-scale preparations.2

B. GENERAL REACTION SCHEME

O
AcO

AcO

Br
AcO

OAc

ROH
CH3CN

Ag2CO3 O
AcO

AcO OR

AcO

OAc

+ +   AgBr

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been extensively modified to various conditions, including the appli-
cation of different promoters, solvent systems, and drying agents.

E. APPLICATIONS

This reaction has general application in the preparation of O-glycosides.

F. RELATED REACTIONS

This reaction is related to the Helferich Glycosylation, Hilbert-Johnson Reaction, and
Kahne Glycosylation.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 9a.

A mixture of 1.06 g 2,3,4,6-tetra-O-benzoyl-α-bromo-d-glucopyranose (1.61 mmol,
1.40 eq.) and 0.50 g benzhydryl N-(diphenylmethylene)-l-serinate (1.15 mmol, 1.0 eq.)
was placed in a flame-dried RB flask with 50 mL CH2Cl2, along with 1.0 g powdered
4Å molecular sieves under argon and cooled to 0◦C. Then 0.45 g AgOTf (1.73 mmol,
1.50 eq.) was added in portions over 45 min. After 14 h, the reaction was complete as mon-
itored by TLC, and the reaction was quenched by the addition of 0.5 mL iPr2NEt (2.5 eq.)
and stirred for an additional 10 min. The solution was filtered through Celite, and the
crude solution was washed twice with conc. Na2S2O3, twice with conc. Na2CO3, and brine
and dried over MgSO4. After evaporation on a rotatory evaporator, the crude product was
flash chromatographed using 25% EtOAc/hexanes (Rf = 0.33) to obtain 0.72 g diphenyl-
methyl N-diphenylmethylene-O-(2,3,4,6-tetra-O-benzoyl-β-d-glucopyranosyl)-l-serinate
as a white foam, in a yield of 61.5%.

Reference 16.

A mixture of 85 mg 3,4-di-O-acetyl-2,6-dideoxy-6,6,6-trifluoro-α-l-lyxo-hexopy-
ranosyl bromide (0.24 mmol) and 142 mg 14-O-(tert-butyldimethylsilyl)adriamycinone
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(0.27 mmol) in 4 mL dry 1,2-dichloroethane (freshly distilled from CaH2) was stirred
in the dark in the presence of 498 mg yellow HgO (2.3 mmol), 174 mg HgBr2
(0.48 mmol), and 700 mg 3-Å molecular sieves for 15 h at room temperature. After
the addition of CHCl3, the mixture was filtered through a pad of Celite, which was
thoroughly washed with CHCl3. The combined filtrates were washed successively with
30% aqueous KI, aqueous NaHCO3, and water; dried over Na2SO4; and concen-
trated. TLC (10:1, toluene/acetone) of the residue showed three spots at Rf = 0.17
(an adriamycinone derivative), Rf = 0.25 (14-O-(tert-butyldimethylsilyl)-7-O-(3,4-di-
O-acetyl-2,6-dideoxy-6,6,6-trifluoro-β-l-lyxo-hexo-pyranosyl)-adriamycinone), and Rf =
0.28 (14-O-(tert-butyldimethylsilyl)-7-O-(3,4-di-O-acetyl-2,6-dideoxy-6,6,6-trifluoro-α-
l-lyxo-hexo-pyranosyl)-adriamycinone). Separation of the products by column chromatog-
raphy twice (10:1 toluene/acedtone → 30:1 CHCl3/acetone) gave 50 mg α-anomer
(26% yield) and 49 mg β-anomer (25% yield) as red solids.

Other references related to the Koenigs-Knorr reaction are cited in the literature.17

H. REFERENCES

1. Koenigs, W. and Knorr, E., Ber., 1901, 34, 957.

2. (a) Mastelic, J.; Jerkovic, I.; Vinkovic, M.; Dzolic, Z. and Vikic-Topic, D., Croat. Chem. Acta,
2004, 77, 491. (b) Fürstner, A.; Radkowski, K.; Grabowski, J.; Wirtz, C. and Mynott, R., J. Org.
Chem., 2000, 65, 8758.

3. Bernstein, S. and Conrow, R. B., J. Org. Chem., 1971, 36, 863.

4. (a) Ali, I. A. I., “Novel Trichloroacetimidates and Their Reactions,” Ph.D. dissertation, Suez
Canal University, Ismailia, Egypt, 2003. (b) Bills, A. M., “The Reactivity of the Hydroxyl Groups
of Methyl β-d-Glucopyranoside in the Koenigs-Knorr Reaction,” Ph.D. dissertation, Institute of
Paper Chemistry, Appleton, Wisconsin, USA.

5. Levene, P. A. and Wolfrom, M. L., J. Biol. Chem., 1928, 78, 525.

6. Schlubach, H. H. and Schroter, G. A., Ber., 1928, 61, 1216.

7. Helferich, B.; Bohm, E. and Winkler, S., Ber., 1930, 63, 989.

8. (a) Kreider, L. C. and Evans, W. L., J. Am. Chem. Soc., 1936, 58, 1661. (b) Reynolds, D. D. and
Evans, W. L., J. Am. Chem. Soc., 1938, 60, 2559. (c) Kreider, L. C. and Evans, W. L., J. Am.
Chem. Soc., 1936, 58, 797. (d) Kreider, L. C. and Evans, W. L., J. Am. Chem. Soc., 1935, 57, 229.

9. (a) Mitchell, S. A.; Pratt, M. R.; Hruby, V. J. and Polt, R., J. Org. Chem., 2001, 66, 2327.
(b) Smits, E.; Engberts, J. B. F. N.; Kellogg, R. M. and van Doren, H. A., J. Chem. Soc., Perkin
Trans. I, 1996, 2873. (c) Li, Z. J.; Xiao, G. Q. and Cai, M. S., Chinese Chem. Lett., 1992, 3, 711.
(d) Borrachero Moya, P. and Gomez-Sanchez, A., Anal. Quim., Ser. C: Quim. Org. Bioquim.,
1988, 84, 55. (e) Schmidt, R. R., Angew. Chem., 1986, 98, 213. (f) Khokhlov, P. S.; Sokolova, G.
D.; Makoveichuk, A. Y. and Chvertkin, B. Y., Khim. Geterotsiklicheskikh Soedinenii, 1981, 1374.
(g) Conchie, J. and Levvy, G. A., Methods Carbohydr. Chem., 1963, 335. (h) Conchie, J. and
Levvy, G. A., Methods Carbohydr. Chem., 1963, 332.

10. (a) Presser, A.; Kunert, O. and Poetschger, I., Monatsh. Chem., 2006, 137, 365. (b) Xin, B. W.;
Sun, C. J.; Qu, L. Q. and Cao, X. R., Huaxue Yanjiu Yu Yingyong, 2003, 15, 844. (c) Somsak,
L.; Kovacs, L.; Gyollai, V. and Osz, E., Chem. Commun., 1999, 591. (d) Milovanovic, M. and
Stefanovic, M., J. Serb. Chem. Soc., 1993, 58, 397. (e) Shimada, K.; Kaji, H. and Kuwabara, K.,
J. Chromatograph. Sci., 1993, 31, 363. (f) Milius, A.; Greiner, J. and Riess, J. G., New J. Chem.,
1991, 15, 337. (g) Greiner, J.; Milius, A. and Riess, J. G., Tetrahedron Lett., 1988, 29, 2193.



1654 KOENIGS-KNORR REACTION

(h) Weis, A. L.; Brady, R. O. and Shapiro, D., Chem. Phys. Lipids, 1985, 38, 391. (i) Ricard, A.;
Capillon, J. and Quivoron, C., Poly. Sci. Tech. (Plenum), 1984, 24, 407. (j) Takeo, K.; Kitajima,
M. and Fukatsu, T., Carbohydr. Res., 1983, 112, 158. (k) Capillon, J.; Ricard, A. and Quivoron,
C., Poly. Preprints, 1982, 23, 168. (l) Koto, S.; Inada, S.; Ogawa, H. and Zen, S., Carbohydr. Res.,
1982, 109, 276. (m) Temeriusz, A.; Piekarska, B.; Radomski, J. and Stepinski, J., Carbohydr.
Res., 1982, 108, 298. (n) Liptak, A.; Nanasi, P.; Neszmelyi, A. and Wagner, H., Carbohydr. Res.,
1980, 86, 133. (o) Takeo, K., Carbohydr. Res., 1980, 87, 147. (p) Takeo, K., Carbohydr. Res.,
1979, 77, 131. (q) Flowers, H. M., Carbohydr. Res., 1979, 74, 177. (r) Hirano, S.; Yamasaki, R.;
Koto, S. and Iwaki, H., Carbohydr. Res., 1979, 68, 147. (s) Igarashi, K., Adv. Carbohydr. Chem.
Biochem., 1977, 34, 243. (t) Takeo, K., Carbohydr. Res., 1977, 59, 258. (u) Wallace, J. E. and
Schroeder, L. R., J. Chem. Soc., Perkin Trans. II, 1977, 795. (v) Wallace, J. E. and Schroeder,
L. R., J. Chem. Soc., Perkin Trans. II, 1976, 1632. (w) Wallace, J. E. and Schroeder, L. R., J.
Chem. Soc., Perkin Trans. I, 1976, 1938. (x) Imperato, F., J. Org. Chem., 1976, 41, 3478. (y)
Pougny, J. R. and Sinay, P., Carbohydr. Res., 1976, 47, 69. (z) Dejter-Juszynski, M. and Flowers,
H. M., Carbohydr. Res., 1975, 41, 308. (aa) Dejter-Juszynski, M. and Flowers, H. M., Carbohydr.
Res., 1974, 37, 75. (bb) Knoechel, A.; Rudolph, G. and Thiem, J., Tetrahedron Lett., 1974, 551.
(cc) Dejter-Juszynski, M. and Flowers, H. M., Carbohydr. Res., 1973, 30, 287. (dd) Dejter-
Juszynski, M. and Flowers, H. M., Carbohydr. Res., 1973, 28, 61. (ee) Dejter-Juszynski, M. and
Flowers, H. M., Carbohydr. Res., 1972, 23, 41. (ff) Flowers, H. M., Methods Carbohydr. Chem.,
1972, 6, 474. (gg) Wulff, G. and Roehle, G., Chem. Ber., 1972, 105, 1122. (hh) Lloyd, P. F.; Evans,
B. and Fielder, R. J., Carbohydr. Res., 1972, 22, 111. (ii) Dejter-Juszynski, M. and Flowers, H.
M., Carbohydr. Res., 1971, 18, 219. (jj) Flowers, H. M., Carbohydr. Res., 1971, 18, 211. (kk)
Ueno, T.; Kurihara, N.; Hashimoto, S. and Nakajima, M., Agri. Biol. Chem., 1967, 31, 1346. (ll)
Bills, A. M. and Green, J. W., J. Chem. Soc. B, 1967, 716. (mm) Momose, A.; Iida, R. and Nitta,
Y., Yakugaku Zasshi, 1965, 85, 1032. (nn) Talley, E. A., Methods Carbohydr. Chem., 1963, 337.

11. (a) Wimmer, Z.; Pechova, L. and Saman, D., Molecules, 2004, 9, 902. (b) Pavlov, A. E.; Sokolov,
V. M. and Zakharov, V. I., Russ. J. Gen. Chem., 2001, 71, 1811. (c) Stachulski, A. V. and Lennard,
M. S., J. Chem. Edu., 2000, 77, 349. (d) Heinkele, G.; Nussbaum, R.; Fischer, P.; Kroemer, H.
and Meese, C. O., Isotopenpraxis, 1994, 30, 213. (e) Banoub, J. and Bundle, D. R., Can. J.
Chem., 1979, 57, 2091. (f) Baer, H. H.; Rank, W. and Kienzle, F., Can. J. Chem., 1970, 48, 1302.
(g) Schroeder, L. R. and Green, J. W., J. Chem. Soc., Org., 1966, 530. (h) Giam, C.-S.; Goldschmid,
H. R. and Perlin, A. S., Can. J. Chem., 1963, 41, 3074. (i) Allen, P. Z., Methods Carbohydr. Chem.,
1962, 1, 372. (j) Schmidt, O. Th., Methods Carbohydr. Chem., 1962, 1, 349. (k) Finan, P. A. and
Warren, C. D., J. Chem. Soc., 1962, 3089. (l) Goldschmid, H. R. and Perlin, A. S., Can. J. Chem.,
1961, 39, 2025.

12. (a) Chervin, S. M.; Lowe, J. B. and Koreeda, M., J. Org. Chem., 2002, 67, 5654. (b) Seebacher,
W.; Haslinger, E. and Weis, R., Monatsh. Chem., 2001, 132, 839. (c) Gomez-Sanchez, A.; Garcia-
Martin, M. D. G. and Gasch, C., Carbohdyr. Res., 1987, 164, 255. (d) Garegg, P. J.; Konradsson,
P.; Kvarnström, I.; Norberg, T.; Svensson, S. C. T. and Wigilius, B., Acta Chem. Scand., 1985,
B39, 569.

13. (a) Rho, Y. S.; Kim, S. Y.; Kim, W.-J.; Yun, Y. K.; Sin, H. S. and Yoo, D. J., Synth. Commun.,
2004, 34, 3497. (b) Vidal, S.; Montero, J.-L.; Leydet, A. and Morère, A., Phosphorus, Sulfur &
Silican & Related Elements, 2002, 177, 2363. (c) Bertozzi, C. R. and Kiessling, L. L., Science,
2001, 291, 2357. (d) Yamada, H. and Nishizawa, M., J. Org. Chem., 1995, 60, 386. (e) Plourde,
R.; d’Alarcao, M. and Saltiel, A. R., J. Org. Chem., 1992, 57, 2606.

14. (a) Temeriusz, A.; Radomski, J.; Stepinski, J. and Piekarska, B., Carbohydr. Res., 1985, 142,
146. (b) Magnus, V.; Vikic-Topic, D.; Iskric, S. and Kveder, S., Carbohydr. Res., 1983, 114, 209.
(c) Temeriusz, A.; Piekarska, B.; Radomski, J. and Stepinski, J., Pol. J. Chem., 1982, 56, 141.
(d) Hounsell, E. F.; Jones, M. B. and Wright, J. A., Carbohydr. Res., 1978, 65, 201.

15. Dong, W.; Li, Y.; Wang, G. and Zhou, Y., Jiangsu Huagong, 2005, 33 (Suppl.), 162.

16. Takagi, Y.; Nakai, K.; Tsuchiya, T. and Takeuchi, T., J. Med. Chem., 1996, 39, 1582.



REFERENCES 1655

17. (a) Lichtenthaler, F. W.; Lergenmüller, M. and Schwidetzky, S., Eur. J. Org. Chem., 2003, 3094.
(b) Josien-Lefebvre, D. and Le Drian, C., Helv. Chim. Acta, 2003, 86, 661. (c) Matsumura, S.;
Takahashi, S.; Nishikitani, M.; Kubota, K. and Kobayashi, A., J. Agric. Food Chem., 1997, 45,
2674. (d) Schmidt, R. R. and Jung, K.-H., “Oligsaccharide Synthesis with Trichloroacetimidates”
in Preparative Carbohydrate Chemistry, ed. Hanessian, S., Dekker, New York, 1997, pp. 283–
312. (e) Nicolaou, K. C. and Ueno, H., “Oligosaccharide Synthesis from Glycosyl Fluorides and
Sulfides” in Preparative Carbohydrate Chemistry, ed. Hanessian, S., Dekker, New York, 1997,
pp. 313–338. (f) Hanessian, S., “Glycoside Synthesis Based on the Remote Activation Concept:
An Overview” in Preparative Carbohydrate Chemistry, ed. Hanessian, S., Dekker, New York,
1997, pp. 381–388. (g) Tschierske, C.; Joachimi, D.; Müller, H.; Wendorff, J. H.; Schneider, L.
and Kleppinger, R., Angew. Chem. Int. Ed. Engl., 1993, 32, 1165. (h) Toshima, K. and Tatsuta, K.,
Chem. Rev., 1993, 93, 1503. (i) Schmidt, R. R., Angew. Chem. Int. Ed. Engl., 1986, 25, 212. (j)
Abramson, H. N.; Banning, J. W.; Nachtman, J. P.; Roginski, E. T.; Sardessai, M.; Wormser, H.
C.; Wu, J. D.; Nagia, Z.; Schroeder, R. R. and Bernardo, M. M., J. Med. Chem., 1986, 29, 1709.
(k) Wimmer, Z. and Romanuk, M., Coll. Czech. Chem. Commun., 1982, 47, 1878. (l) Paulsen,
H., Angew. Chem. Int. Ed. Engl., 1982, 21, 155. (m) Richmyer, N. K., Method Carbohydr. Chem.,
1982, 1, 370. (n) Banoub, J. and Bundle, D. R., Can. J. Chem., 1979, 57, 2091. (o) Igarashi, K.,
Adv. Carbohydr. Chem. Biochem., 1977, 34, 243.



369
Kolbe Electrolysis

(Kolbe Synthesis, Kolbe
Electrosynthesis, Kolbe Electrolytic

Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kolbe in 1849.1 It is the formation of symmetrical
hydrocarbons through the coupling of radicals generated from carboxylic acid at an anode
via electrolysis. Therefore, it is generally known as the Kolbe electrolysis,2 Kolbe synthesis,3

Kolbe electrosynthesis,4 or Kolbe electrolytic synthesis.2aaa,5 Occasionally, this reaction
is also referred to as Kolbe hydrocarbon synthesis.3r,6 It is accepted that this reaction
proceeds through a one-electron transfer process at the anode from the carboxylate to
form an acyloxy radical, which then undergoes decarboxylation to form an alkyl radical
that dimerizes in the end.3l In the presence of free radicals, this reaction has been used
to initiate the polymerization to prepare low molecular weight polystyrene7 as well as
polymers from vinyl acetate, methyl methacrylate, and vinyl chloride.2eee However, under
certain conditions, the generated radicals also disproportionate5i or lose one more electron
to form carbocations; therefore olefins,8 esters,3l,5i ethers3l and alcohols3l are also formed
in this reaction. It is interesting that phenyl 1,2-shift, which occurs frequently for radical
intermediates, is not observed during the electrolysis.2xx

B. GENERAL REACTION SCHEME

R
O−

O

R
RAnode

-e
(R = H, alkyl, aryl)
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C. PROPOSED MECHANISMS

R
O–

O

R
O

O CO2 R R
R

R
O R

O
R R

R
H2O

R OH
Anode

Coupling

Disproportionation

Anode +

+

D. MODIFICATION

This reaction has been modified to occur in liquid ammonia for the electrolysis of
ammonium carboxylate.3q

E. APPLICATIONS

This reaction has general application in the preparation of hydrocarbons, especially for
the industrial production of special hydrocarbons.

F. RELATED REACTIONS

This reaction is related to the Hofer-Moest Reaction.

G. CITED EXPERIMENTAL EXAMPLES

CO2H

O

O OH

Et3N/DMF

-e

44%

18% 25.7%

+

+

Reference 31.

A solution of 3.56 g mesitylacetic acid (20 mmol), 0.6 mL triethylamine, and 30 mL DMF
was electrolyzed at 35–50◦C at a current density of 16.7–2.5 mA/cm2 (140–150 V) for 6 h.
A total of 0.670 g CO2 was collected (76%). The solvent was removed under reduced
pressure. No acid was recovered by extraction with Na2CO3. The reaction mixture was
placed on an alumina column and eluted with n-hexane to yield 1.17 g 1,2-dimesitylethane,
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in a yield of 44%, m.p. 117–119◦C. Elution with hexane/benzene (3:2) gave 0.56 g 2,4,6-
trimethylbenzyl mesitylacetate, in a yield 18%, m.p. 103–105◦C. Further elution with
benzene followed by ether gave 0.770 g 2,4,6-trimethylbenzyl alcohol as needles, in a
yield of 25.7%, m.p. 89–90◦C.

Ph OH

Ph O MeOH
Ph

Ph

Ph

Ph

Ph
O

Ph10% Na
-e

13%

+
Unidentified 

products

12.7%

+

Reference 2xx.

A solution of 2.67 g 3,3-diphenylpropanoic acid in 25 mL absolute methanol containing
27 mg sodium was electrolyzed at 12 F/mol. It was not possible to maintain a constant
current since a white precipitate, which obstructed the current flow, formed at the anode.
This difficulty was largely overcome by reversing the electrode polarity every 5 min. The
electrolysis was continued for a period of 20 h, whereupon the mixture was processed to yield
1.56 g crude syrup. This was chromatographed on 200 g silica gel, using benzene/hexane
mixtures gradually enriched in benzene, and finally ether as the eluent. Residues from
eluate evaporation, afforded five fractions totaling 97.3% of the charge. Fraction 1 was
1,1,4,4-tetraphenylbutane, which solidified and was recrystallized from hexane as white
needles, in a yield of 13%, m.p. 119–122◦C. Fraction 2 was an unidentified oil, in a yield
of 4.5%. Fraction 3 crystallized and was recrystallized from hexane/benzene to provide
a few milligrams of white solid, m.p. 137–139◦C, in a yield of 1.1%. The low yield did
not provide sufficient material for characterization. Fraction 4 proved to be methyl 1,2-
diphenylethyl ether as a clear oil, in a yield of 12.7%. Fraction 5 (68.8% yield) was a
crude oil containing at least four components as analyzed from TLC, one of them is similar
to 4-phenyl-3,4-dihydrocoumarin, no further identifiable products were isolated from this
fraction.

Other references related to the Kolbe electrolysis are cited in the literature.9
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A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reported by Kolbe before 1884.1 It is the synthesis of nitriles via SN2
substitution between an alkali metal cyanide and an alkyl halide, tosylate, or mesylate and is
generally known as the Kolbe nitrile synthesis.1,2 This reaction works best for primary alky-
lating agents in a polar aprotic solvent, such as DMSO,3 HMPA,4 or NMP.5 The secondary
bromides might give moderate yields of corresponding nitriles as well; however, the tertiary
halides may end up with the elimination products, because the alkali metal cyanide func-
tions as a base too. Because cyanide is a bident nucleophile, it can also result in an isonitrile
as a by-product, especially when AgCN or CuCN is used as a nucleophile.2b This reaction
has been modified to use a phase-transfer catalyst6 and has recently been carried out in vari-
ous ionic liquids, such as [bmim][BF4] (1-butyl-3-methyl imidazolium tetrafluoroborate),5

[bmim][PF6], [bmim][N(Tf)2] (1-butyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)
imide), and [hpyr][N(Tf)2] (1-hexylpyridinium bis(trifluoromethylsulfonyl) imide).7 This
reaction has been applied to extend the carbon chain of carboxylic acid via the reduction
of acid to alcohol followed by the hydrolysis of a new nitrile generated through substitu-
tion of the corresponding tosylate of the reduced alcohol. It should be pointed out that the
configuration of a stereocenter adjacent to the carboxy function is retained in this reaction.2c

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism is represented by the substitution between a primary bromide and potas-
sium cyanide. The potassium cyanide may exist as contact or loose ion pairs or may even
dissociate into free cyanide anion, depending on the reaction conditions, but mostly on the
chosen solvents.

D. MODIFICATION

This reaction has been modified to occur under the conditions of either an ionic liquid5,7

or in the presence of a phase-transfer catalyst.6

E. APPLICATIONS

This reaction has general application in the preparation of nitriles.

F. RELATED REACTIONS

This reaction is related to the SN2 Reaction.

G. CITED EXPERIMENTAL EXAMPLES

I KCN CN+
[bmim][PF6]

∆
95%

Reference 7.

Reactions were carried out in a screw cup with Teflon-faced rubber septum vials under
magnetic stirring. To a suspension of 3 mmol KCN in 2 mL ionic liquid [bmim][PF6], stirred
overnight at 80◦C was added 1 mmol 1-iodo-n-octane. The mixture was stirred at 80◦C for
7 h, and then the product was extracted with Et2O (1 mL × 5). The combined organic layers
were dried over MgSO4, and concentrated to give 95% 1-nanonitrile.

Br

∆

CNKCN (5.0 eq)

[bmim][BF4]/CH3CN

93%

Reference 5.
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Potassium cyanide (325 mg, 5 mmol) was added to a mixture of 249 mg 2-(3-
bromopropyl)naphthalene (1.0 mmol) and 3.0 mL [bmim][BF4] in 3.0 mL acetonitrile.
The mixture was stirred at 50◦C for 30 min. The reaction mixture was extracted from the
ionic liquid phase with Et2O (7 mL × 3). The ether layers were combined and dried over
Na2SO4 and evaporated under reduced pressure. The residue was purified by flash col-
umn chromatography (10% EtOAc/hexane) to yield 181 mg 2-(3-cyanopropyl)naphthalene
(0.93 mmol) as a white solid, in a yield of 93%.

Other references related to the Kolbe nitrile synthesis are cited in the literature.8
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chemistry.org/namedreactions/kolbe-nitrile-synthesis.shtm. (c) Zhao, X. Q., “Development of
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dissertation, Fakultät fur Chemie und Pharmazie der Ludwig-Maximilians Universität München,
May 2002.
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8. (a) Detert, H. and Sugiono, E., Synth. Metals, 2000, 115, 89. (b) Protiva, M.; Polivka, Z.; Licha,
I.; Grimova, J. and Maturova, E., Czech. Pat., Jan. 15, 1988, 254,741. (c) Polivka, Z. and Protiva,
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Kolbe-Schmidt Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kolbe in 18601 and subsequently by Schmidt in 1886.2

It is the preparation of ortho- or para-hydroxyl benzoic acid from carbon dioxide and sodium
or potassium phenolate and is generally known as the Kolbe-Schmidt reaction.3 In addition,
this reaction is also referred to as the Kolbe-Schmidt carboxylation3c or Kolbe-Schmidt
synthesis.4 It has been found that heating the mixture of phenol, potassium carbonate, and
carbon dioxide also results in the formation of hydroxyl benzoic acid.3e It is interesting
that the sodium phenolate always leads to the formation of ortho-hydroxyl benzoic acid,
(i.e., salicylic acid), whereas potassium phenolate often results in the production of para-
hydroxyl benzoic acid. Even though the mechanism is not quite clear, it is possible that
sodium phenolate exists as contact ion pairs, of which sodium cation coordinates with one
oxygen of CO2 that prefers the formation of salicyclic acid; in contrast, potassium phenolate
forms dissociated ion pairs and thus attacks CO2 through the para-position. Although in
most cases, this reaction is feasible only with the highly activated phenols (with more
electron-donating groups), some phenols with electron-withdrawing groups such as CF3
also undergo this reaction,3e and such a reaction even occurs for 3-hydroxy pyridine3c and
hydroxyl-2(1H)-pyridinone.5
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B. GENERAL REACTION SCHEME

ONa
1. CO2

2. H+

OH

CO2H
OK

1. CO2

2. H+

OH

CO2H

C. PROPOSED MECHANISMS

The mechanism is illustrated by the reaction between sodium phenolate and carbon
dioxide to give salicyclic acid.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of aromatic acids with strong
electron-donating group(s).

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

N

OH

KOH

N

OK

∆
H+

N

HO

CO2H

+
Vacuum dry

K2CO3/CO2

93%

Reference 3c.

The dry potassium salt of 2-methyl-3-hydroxypyridine was prepared by dissolving this
compound in an equivalent amount of 2.5 N aqueous KOH, concentrating this solution to
a thick glass on a steam bath under a nitrogen stream and completing the drying at 70◦C
in a vacuum oven. A mixture of 27 g of this potassium salt (0.18 mol) and 38 g anhydrous
K2CO3 (0.28 mol) was thoroughly ground in a ball mill for 1 h. The resulting fine powder
was quickly transferred to a hydrogenation bomb, which was charged to a pressure of
500 psi with CO2 and heated with rocking at 250◦C for 9 hours. Rocking was continued
as the bomb was allowed to cool to room temperature. In a series of experiments, the
pressure drop always amounted to 80–100% of that calculated for the absorption of 1 mol
CO2 per mole of 2-methyl-3-hydroxypyridine. Using 350 mL boiling water in portions, the
contents of the bomb were removed, the mixture was heated to boiling and filtered hot, and
the filtrate was acidified to pH = 2 with H2SO4. The CO2 was driven off by boiling, and
the mixture, cooled to room temperature, was rapidly adjusted to pH 7.3–7.4 with conc.
NaOH solution. Filtration at this point gave 23 g 5-hydroxy-6-methylpicolinic acid, and
continuous extraction of the filtrate with methylene chloride, maintaining the pH at 7.3, led
to a recovery of 3 g 2-methyl-3-hydroxypyridine. The aqueous phase then was acidified to
pH = 3 with H2SO4 and thoroughly extracted with n-butyl alcohol. Concentration of the
n-butyl alcohol extracts gave an additional 4 g 5-hydroxy-6-methylpicolinic acid, bringing
the total to 27 g of material (93% yield, based on consumed 2-methyl-3-hydroxypyridine),
melting > 240◦C (dec.)

OH

CF3

K2CO3
CO2

∆

H+
OH

CF3

CO2H

+ 88%

Reference 3e.

The mixture of 48.6 g m-trifluoromethylphenol (0.3 mol) and 124.4 g anhydrous K2CO3
(0.90 mol) were intimately dispersed in a 250-mL copper bomb, and carbon dioxide gas
from a commercial cylinder was introduced at 300 psi at room temperature. The temperature
was allowed to rise very slowly over a period of 10 days to 220◦C. It was noted that some
carbon dioxide was absorbed even at room temperature and that at 140◦C the reaction was
essentially completed. As CO2 was taken up, additional gas was introduced. The reaction
time can be shortened by raising the temperature much more rapidly. However, there are
indications that a fairly slow rise in temperature is beneficial, and an immediate increase
of the temperature to > 140◦C is not recommended. At the completion of the reaction, the
bomb was cooled, vented, and opened. The product was a hard cake, which was dissolved
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in hot water. The solution was extracted with ether, decolorized with charcoal, and acidified
with concentrated HCl. An 88% yield of 4-trifluoromethylsalicylic acid was isolated with
only a trace amount of detectable phenol. Crystallization from alcohol and water yielded
pure compound as white needles, m.p. 178–178.5◦C.

Other references related to the Kolbe-Schmidt reaction are cited in the literature.6
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J. Am. Chem. Soc., 1954, 76, 1051. (f) Negoro, K., J. Soc. Org. Synth. Chem. Jpn., 1954, 12, 457.
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Y.; Takahashi, K. and Imaoka, Y., J. Chem. Res. (S), 1999, 114. (c) Yamaguchi, M.,Pure & Appl.
Chem., 1998, 70, 1091. (d) Gressier, J. C., Eur. Polymer J., 1989, 25, 133. (e) Monastyrskii, V. N.;
Tsvetkov, O. N.; Dmitrieva, N. A.; Kazakov, E. I. and Korenev, K. D., Chemistry and Technology
of Fuels and Oils (Hist. Arch.), 1970, 6, 180. (f) Lindsey, A. S. and Jeskey, H., Chem. Rev., 1957,
57, 583. (g) Hales, J. L.; Jones, J. I. and Lindsey, A. S., J. Chem. Soc., 1954, 3145. (h) Carpenter,
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Kondrat’eva Pyridine

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kondrat’eva in 1957.1 It is a general method for
synthesizing pyridine derivatives involving an inverse demand Diels-Alder Cycloaddition
between an azadiene (especially the oxazoles) and a dienophile followed by an extrusion
of the resulting bridge of the bicyclic intermediate. Thus this reaction is known as the
Kondrat’eva pyridine synthesis,2Kondrat’eva reaction,2a Kondrat’eva cycloaddition,2,3 or
Kondrat’eva approach.2a,4

When substituted oxazole is applied as a diene, the dienophiles are usually derived from
2-butene-1,4-diols.4 In addition, the derivatives of maleic acid and fumaric acid are also
good dienophiles.5 On the other hand, only certain isooxazoles of particular substituted
patterns undergo cycloaddition to give pyridine derivatives. For example, 4-methyl-oxazole
reacts with either electron-rich or electron-deficient alkenes, and the resulting bicycles can
decompose via three different routes: loss of water to pyridine; expelling of a substituent (R)
to form 3-pyridinol, depending on the substituent R on alkenes; or oxidative scission to give
a different 3-pyridinol.2b In addition, an intramolecular version of Kondrat’eva pyridine
synthesis between the tethered oxazole and the alkene generally proceeds smoothly.6

However, the extremely activated oxazoles, such as 5-amino-oxazole, can undergo dif-
ferent patterns of cycloaddition, including [2 + 4], [2 + 3], and even [2 + 2] cycloaddition,
according to the reaction conditions.7
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B. GENERAL REACTION SCHEME

N

O
R2R1

N

R1

R2
O

N

R1

R2
+

C. PROPOSED MECHANISMS

In general, the Kondrat’eva pyridine synthesis involves an inverse demand Diels-Alder
Cycloaddition between an azadiene and a dienophile followed by the extrusion of a part of
the resulting bicyclic intermediate to give a pyridine derivative, as illustrated here.

N

O

R2R1

N

R1

H
O

R2

N

R1

R2HO
H

H2O
N

R1

R2

D. MODIFICATION

This reaction has been modified extensively to include the cycloaddition of pyrimidines,8

pyrazines,9 1,2,3-triazene,10 and 1,2,4-triazenes11 with dienophiles to give a variety of
pyridine derivatives.

E. APPLICATIONS

This reaction has wide application in the preparation of pyridine derivatives and other
heterocycles.

F. RELATED REACTIONS

This reaction is related to the Diels-Alder Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N
O

N

O

DBU
N N

O
3

Toluene, ∆
39%

Reference 3.
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A solution containing 0.1 g N-(4-methyloxazol-2-yl)-N-(pent-4-enyl)acetamide
(0.5 mmol) and 0.06 g DBU (0.4 mmol) in 2 mL toluene in a sealed tube under an argon
atmosphere was heated at 180◦C for 20 h. Then the solvent was removed under reduced
pressure, and the residue was purified by flash silica gel chromatography to give 0.3 g
1-acetyl-7-methyl-1,2,3,4-tetrahydro-1,8-naphthyridine as a pale yellow oil, in a yield of
39%. (Note: It requires 0.842 g starting material to afford 39% naphthyridine derivative in
a yield of 39%, but it was stated as 0.1 g in the original article.)

O

N
CHO

N

N

OMe

OH

DBN
N

N
N

OH

CHO

OMe
o-Dichlorobenzene, ∆

71%

Reference 2a.

A solution of 0.15 g oxazole alcohol (0.41 mmol) and 0.05 g DBN (0.41 mmol) in 60 mL
anhydrous o-dichlorobenzene was deoxygenated with argon for 45 min. The mixture was
heated at 150◦C under an argon atmosphere for 1.5 h and then cooled to room temperature.
Upon removal of solvent in vacuo, the residue was purified by flash chromatography using
MeOH/EtOAc (1:49) as the eluent to afford 0.10 g pyridine alcohol as a pale yellow oil, in
a yield of 71%.

Other references related to the Kondrat’eva pyridine synthesis are cited in the literature.12
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Kornblum Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kornblum in 1957.1 It is the formation of aldehydes
by treatment of primary alkyl halides with dimethylsulfoxide and a hydrogen acceptor.
Thus it is often known as the Kornblum oxidation.2 Occasionally, it is also referred to
as the Kornblum reaction.3 In fact, this is the first mild oxidation leading to a carbonyl
compound using DMSO.4 In this reaction, bases such as triethyl amine2d and sodium
bicarbonate5 are usually used as the proton acceptor; however, the oxidation of 4-chloro-3-
methyl-2-buten-1-ol acetate does not proceed well when sodium bicarbonate is used as the
proton scavenger, thus a sodium or potassium phosphate dibasic (Na2HPO4 or K2HPO4)
is used.3 Generally, this reaction works well for active alkyl halides, such as benzylic or
allylic halides or alkyl iodide, because it initially involves the nucleophilic substitution of a
halide into an alkoxysulphonium ion that transforms into an aldehyde when treated with a
base.6 Thus those nonactive alkyl halides are often converted into corresponding tosylates
and are then treated with DMSO and a base.1,7 On the other hand, it has been found that
a nonnucleophilic silver salt such as AgBF 8

4 or zinc sulfide2b can assist the nucleophilic
substitution that is added to the reaction system. Unfortunately, this reaction is less selective
or is uncontrollable for the oxidation of multibenzylic halides3a and always requires high
temperature treatments.2a,2c,2d
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B. GENERAL REACTION SCHEME

R X ∆ R

O

H

DMSO/Et3N
X = Cl, Br, I, Ts, Ms

C. PROPOSED MECHANISMS

Illustrated below is the mechanism, in which B represents a general base.

D. MODIFICATION

This reaction has been modified by adding nonnucleophilic silver salt8 or zinc sulfide2b

to facilitate the initial nucleophilic substitution. In addition, it has been modified to convert
α-bromo alcohols into ketones.2b

E. APPLICATIONS

This reaction is useful for converting primary alkyl halides into the corresponding
aldehydes.

F. RELATED REACTIONS

This reaction is related to the Swern Oxidation, Dess Martin Oxidation, and
Moffatt-Swern Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

HO

Br
OH

∆ 
62%

O
OHDMSO/ZnS

Reference 2b.
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To a flask, was added 2.51 g bromohydrin (10 mmol) and 15 mL dry DMSO. To this
solution was added 0.97 g dry ZnS (10 mmol), and the mixture was stirred at 70◦C. Reaction
was monitored by injection of a worked-up aliquot on GC. In the end (∼ 10 h), the reaction
mixture was poured into 150 mL water and extracted into CH2Cl2 (10 mL × 3). The
organic layer was dried over anhydrous Na2SO4, and solvent was evaporated. The residue
was chromatographed over SiO2 using a mixture of EtOAc/hexane (1:9) as the eluent to
give 62% ketone.

Other references related to the Kornblum oxidation are cited in the literature.9
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374
Kornblum-Delamare

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kornblum and DeLaMare in 1951.1 It is primarily a
base-promoted rearrangement of a peroxide into a ketone and an alcohol and is thus known
as the Kornblum-DeLaMare reaction2 or Kornblum-DeLaMare rearrangement.3

In its initial protocol, potassium tert-butyl peroxide and 1-phenylethyl bromide are even-
tually converted into tert-butanol and acetophenone in the presence of piperidine, KOH,
or NaOEt.1 However, in the case of symmetric bicyclic endoperoxides, enantioenriched
γ-hydroxyenones form via desymmetrization in the presence of a catalytic amount of chiral
base, especially for the cinchona, which gives the best results in terms of reactivity and
enantioselectivity among the tested amines.3bAlthough organic bases such as trialkylamine
(e.g., Et3N1,4) are often used in this reaction, phosphorus ylide5 and an inorganic base,
such as KOH,1 LiOH,3c,6 or sodium ethoxide,1 are also workable for this rearrangement.
In addition, even acidic SiO2 has recently been observed to promote the rearrangement.3f

On the other hand, besides the initial SN2 substitution to form the peroxide,1 perox-
ides are normally obtained by 1,4-dioxygenation of conjugated diene with singlet oxygen
(1O2)3b,3f,4a or photo-[2+2] cycloaddition between singlet oxygen and alkenes, especially
with alkenes activated with an amino or alkoxy group (i.e., enamines or vinyl ethers).2b

For the special case of N-substituted 3-vinylindoles, photo-oxidation with 1O2 occurs
efficiently and stereospecifically to afford dioxacarbazole endoperoxides; however, [2+2]
Cycloaddition would occur preferentially at the 3-vinyl double bond when the s-cis con-
formation is blocked by substituents at the position 2 of indole and the β-position of vinyl
moiety.3f For N-substituted 3-vinylindoles, it is found that both the stability of endoperox-
ides and the reaction products depend on the N- and 3-vinyl β-substituents. For example,
an electron-withdrawing group on the nitrogen atom of an indole will stabilize the resulting
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1676 KORNBLUM-DELAMARE REARRANGEMENT

endoperoxide, whereas on the β-carbon of 3-vinyl moiety it will destabilize the endoperox-
ide and favor the Kornblum-DeLaMare rearrangement. In addition, endoperoxide arising
from N-methyl 3-vinyl indole is sensitive to acid and will rearrange to dioxetane, which
cleaves the 3-vinyl double bond. The β-methoxy group on 3-vinyl moiety has a strong
directing effect on the reaction, which accelerates the endoperoxidation when the aromatic
double bond is in a cis-configuration, while making the ene reaction occur exclusively when
a cis-methyl group is present.3f

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

In most cases of the Kornblum-DeLaMare rearrangement, an E2 elimination mechanism
is involved in the presence of a base, to afford a ketone and an alcohol, as illustrated in path
a.2b,3b However, in the rearrangement of dioxetanes arising from alkenes with electron-
donating groups, such as enamines and vinyl ethers, a free-radical process consisting of
initial O-O cleavage followed by an internal hydrogen transfer to give α-hydroxy ketones
dominates, as shown in path b.2b



CITED EXPERIMENTAL EXAMPLES 1677

D. MODIFICATION

The enantioselective Kornblum-DeLaMare rearrangement based on the desymmetriza-
tion of meso-endoperoxides by a chiral base catalyst has recently been developed.3b

E. APPLICATIONS

This reaction has important applications in the preparation of γ-hydroxyenones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OO
PhPh

H2O2

LiOH Ph
Ph

O

O
OH

Ph
Ph

O

O
OH

+

47% 31%

Reference 3c.

To a stirred solution of 0.238 g 1,2-dioxine (1 mmol) in 5 mL THF was added 453 mg 30%
aqueous hydrogen peroxide (4 mmol) followed by 23 mg lithium hydroxide (1 mmol). The
resulting suspension was stirred vigorously until the reaction was completed as monitored by
TLC (∼16 h). A small portion (1–2 mg) of manganese dioxide was added to the mixture and
allowed to stir until evolution of gas had ceased. The solution was then diluted with 15 mL
water and extracted with CH2Cl2 (2 × 20 mL). The combined organic extracts were dried
and evaporated, and the residue was purified by flash chromatography to afford 47% of (±)-
{(2R,3S)-3-[(S)-1-hydroxy-1-phenylmethyl]oxiran-2-yl}(phenyl)methanone as a colorless
solid [m.p. 106–107◦C, Rf = 0.5 (hexane/EtOAc, 3:2)] and 31% of (±)-{(2R,3S)-3-
[(R)-1-hydroxy-1-phenylmethyl]oxiran-2-yl}(phenyl)methanone as a colorless solid, m.p.,
78–80◦C, Rf = 0.38 (hexane/EtOAc, 3:2).

N

OMe

SO2Ph
N

O

SO2Ph

O

H OMe

Ha

Et3N

N

O

SO2Ph

OH

OMe

CH2Cl2, -78°C

1O2, P-RB

or SiO2

Reference 3f.

A solution of 60 mg N-phenylsulfonyl-3-(α-methyl-cis-β-methoxy)vinylindole
(0.18 mmol) and 5 mg polymer-bound rose bengal in 2 mL CH2Cl2 was photo-
oxygenated at −78◦C for 40 min. After filtration of the polymer-bound rose bengal,
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the solution was concentrated to give only trans-9,9a-dihydro-3-methoxy-4-methyl-9-
(phenylsulfonyl)-3H-1,2-dioxion[3,4-b]indole, which was purified by recrystallization from
CH2Cl2/hexane (1:1), m.p. 100–102◦C. Further treatment of this compound with SiO2 or
Et3N afforded the final ester compound, which was purified by preparative TLC (petroleum
ether/CH2Cl2/acetone, 4:2:0.5).

Other references related to the Kornblum-DeLaMare rearrangement are cited in the
literature.7
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375
Kostanecki-Robinson

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kostanecki and Rozycki in 1901.1 It is the formation of
coumarins and chromones from alkyl o-hydroxyaryl ketone and aliphatic acid anhydride in
the presence of the corresponding aliphatic acid sodium salt, via the O-acylation and Aldol
Condensation. Because this reaction is similar to the Robinson Annulation, this reaction is
generally known as the Kostanecki-Robinson reaction,2 Kostanecki-Robinson acylation2i,3

or Kostanecki-Robinson synthesis.2i,4 In addition, a specific reaction between alkyl o-
hydroxyaryl ketone and acetic anhydride is called the Kostanecki-Robinson acetylation;5

likewise, the corresponding reaction with phenylacetic anhydride is referred to as the
Kostanecki-Robinson phenylacetylation.6 Depending on the actual reaction conditions and
substituents, either coumarin or chromone or both can be produced,2i and normally, the
application of acetic anhydride and sodium acetate gives chromone derivatives.2b,7 It has
been found that the existing α-pyrone ring on the aromatic ketone does not affect the
Kostanecki-Robinson reaction.3g
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B. GENERAL REACTION SCHEME

OH

O

R O

O O

R′ R′

O

R

R′

O

O

R′

O

R

ONa

O

R′
+

+

R or R′ = H, alkyl, aryl

C. PROPOSED MECHANISMS

Shown below is the mechanism of reaction between o-hydroxyacetophenone and acetic
anhydride in the presence of sodium acetate to form both chromone and coumarin.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare both coumarin and chromone derivatives.

F. RELATED REACTIONS

This reaction is related to the Allan-Robinson Annulation and Baker-Venkataraman
Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

O

O

O

HO O

NaOAc

O

O

O

O O
Ac2O, ∆ 

62%

Reference 2b.

A mixture of 1.76 g 6,6-dimethyl-9-hydroxy-10-propionyl-4-propyl-2H ,6H-benzo[1,2-
b:3,4-b′]dipyran-2-one (5.11 mmol) and 0.419 g sodium acetate (5.11 mmol) in 12 mL
acetic anhydride was refluxed for 4 h, and the solvent was then removed in vacuo. The
residue was purified by chromatography on a silica gel column, eluting first with 25%
EtOAc/hexane followed by 50% EtOAc/hexane to provide 1.16 g 6,6,10,11-tetramethyl-4-
propyl-2H ,6H ,12H-benzo[1,2-b:3,4-b′:5,6-b′′]tripyran-2,12-dione as a yellow solid, in a
yield of 62%, m.p. 209–209.5◦C after recrystallization from EtOAc.

O

EtOH

O

O
∆ 

22%

O

O

O

Et

O

Et
CH3CH2CO2K/(CH3CH2CO)2O

Reference 2i.

A mixture of 4.0 g aromatic compound, 4.0 g potassium propanate, and 6.6 mL propanic
anhydride was refluxed at 135◦C for 2 h and then cooled down. The mixture was poured
into water. The brown solid was filtered and crystallized from dimethylformamide to give
22% coumarin-product.

Other references related to the Kostanecki-Robinson reaction are cited in the literature.8

H. REFERENCES

1. Von Kostanecki, S. and Rozycki, A., Ber., 1901, 34, 102.

2. (a) Mamedov, V. A.; Kalinin, A. A.; Gubaidullin, A. T.; Litvinov, I. A. and Levin, Ya. A., Chem.
Heterocycl. Compd., 2003, 39, 96. (b) Flavin, M. T.; Rizzo, J. D.; Khilevich, A.; Kucherenko,
A.; Sheinkman, A. K.; Vilaychack, V.; Lin, L.; Chen, W.; Greenwood, E. M.; Pengsuparp, T.;
Pezzuto, J. M.; Hughes, S. H.; Flavin, T. M.; Cibulski, M.; Boulanger, W. A.; Shone, R. L. and
Xu, Z.-Q., J. Med. Chem., 1996, 39, 1303. (c) Iyer, P. R.; Iyer, C. S. R. and Prasad, K. J. R., Indian
J. Chem., Sect. B, 1983, 22B, 1055. (d) Rybertt, J. and Valderrama, J., Revista Latinoamer. Quim.,
1978, 9, 220. (e) Looker, J. H.; McMechan, J. H. and Mader, J. W., J. Org. Chem., 1978, 43, 2344.
(f) Szell, T. and Eiden, F., Arch. Pharm. Ber. Deut. Pharm. Gesell., 1972, 305, 81. (g) Chakravarti,
D.; Saha, M. and Das, R., J. Indian Chem. Soc., 1971, 48, 765. (h) Szell, T.; Kovacs, K.; Zarandy,



1682 KOSTANECKI-ROBINSON REACTION

M. S. and Erdohelyi, A., Helv. Chim. Acta, 1969, 52, 2636. (i) Cook, D. and McIntyre, J. S.,
J. Org. Chem., 1968, 33, 1746. (j) Elliott, K. and Tittensor, E., J. Chem. Soc., 1959, 484. (k) Trivedi,
P. L.; Sethna, S. M. and Shah, R. C., J. Indian Chem. Soc., 1943, 20, 171. (l) Sethna, S. M. and
Shah, R. C., J. Indian Chem. Soc., 1940, 17, 601. (m) Sethna, S. M. and Shah, R. C., J. Indian
Chem. Soc., 1940, 17, 487. (n) Sethna, S. M. and Shah, R. C., J. Indian Chem. Soc., 1940, 17,
239.

3. (a) Pardanani, N. H. and Trivedi, K. N., J. Indian Chem. Soc., 1972, 49, 599. (b) Save, S. R. and
Trivedi, P. L., J. Indian Chem. Soc., 1972, 49, 25. (c) Save, S. R. and Trivedi, P. L., J. Indian
Chem. Soc., 1971, 48, 675. (d) Szell, T.; Dozsai, L.; Zarandy, M. and Menyharth, K., Tetrahedron,
1969, 25, 715. (e) Re, P. D. and Cimatoribus, L., Experientia, 1962, 18, 67. (f) Shah, M. V. and
Sethna, S., J. Chem. Soc., 1960, 3899. (g) Shah, D. N. and Shah, N. M., J. Am. Chem. Soc., 1955,
77, 1699. (h) Sen, A. B. and Kakaji, T. N., J. Indian Chem. Soc., 1952, 29, 950. (i) Sen, A. B. and
Kakaji, T. N., J. Indian Chem. Soc., 1952, 29, 127.

4. (a) Jerzmanowska, Z. and Basinski, W., Roczniki Chem., 1977, 51, 2283. (b) Da Re, P.; Colleoni,
A. and Verlicchi, L., Annali Chim. (Italy), 1958, 48, 762.

5. (a) Ahluwalia, V. K. and Kumar, D., Indian J. Chem., Sect. B, 1976, 14B, 326. (b) Ahluwalia,
V. K. and Kumar, D., Indian J. Chem., 1975, 13, 981. (c) Shaikh, Y. A. and Trivedi, K. N.,
J. Indian Chem. Soc., 1972, 49, 713.

6. (a) Thanawalla, C. B. and Trivedi, P. L., J. Indian Chem. Soc., 1959, 36, 49. (b) Thanawalla, C.
B. and Trivedi, P. L., Curr. Sci., 1958, 27, 20.

7. Re, P. D. and Cimatoribus, L., J. Org. Chem., 1961, 26, 3650.

8. (a) Szell, T., J. Chem. Soc. C, 1967, 2041. (b) Hauser, C. R., Org. React., 1954, 8, 91. (c) Heilbron,
I. M.; Hey, D. H. and Lowe, A., J. Chem. Soc., 1934, 1311. (d) Baker, W., J. Chem. Soc., 1933,
1381. (e) Baker, W. and Robinson, R., J. Chem. Soc., 1925, 127, 1981. (f) Allan, J. and Robinson,
R., J. Chem. Soc., 1924, 125, 2192. (g) Blumberg, M. and von Kostanecki, S., Ber., 1903, 36,
2191.



376
Kowalski Ester
Homologation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kowalski et al. in 1985.1 It is a one-carbon extension of
a carboxylic acid chain of an ester with methylene dibromide by means of strong base treat-
ment at very low temperature and quenched by an alcohol. Thus it is known as the Kowalski
homologation,2 Kowalski chain homologation,2b,3 or Kowalski ester homologation.2a,4 The
original procedure involves the formation of dibromomethyllithium, to which the ester is
added to form a tetrahedron species, which may undergo either of the two paths when
treated with an excess amount of a base to form α-bromo-α-keto dianions through either
dibromoenolate or bromoenolate; the dianion then rearranges to alkynolate anion, which
is quenched by alcohol to give an ester with one more carbon via ketene.1,5 This reaction
has obvious advantages over the Arndt-Eistert Synthesis because the latter requires further
activation and involves diazomethane and diazoketones.2a,5 However, this procedure also
bears some limitations, such as the moderate yield, small scale (< 2.5 mmol scale), and
application of low temperature.4c,5 On the basis of a mechanism study, this reaction has
been modified by first formation of dibromoketone, which is then treated with LHMDS to
form bromoenolate or dibromoenolate and further by an excess amount of butyl lithium to
give the alkynolate anion. Such two-step modification not only increases the yield but also
scales up the reaction to the 25-mmol level, and even 100-mmol level in one case.5 It has
been found that the R group of the carboxylic acid in the ester can be a primary, secondary,
or tertiary alkyl group or an aryl, alkenyl, or alkynyl as well as some lactones.1,5 In addition,
the stereochemistry is retained during the migration of the R group.2a,5
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is the modified mechanism proposed by Kowalski.5
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0°C RT
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D. MODIFICATION

This reaction has been modified from a one-pot synthesis to a two-step reaction so that
both higher yields and larger reaction scales can be achieved.

E. APPLICATIONS

Besides the general extension of an ester carbon chain, this reaction has been used to
synthesize β-amino acid ester with retention of stereochemistry2a and the siloxyacetylene
derivatives.2b

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

N

Bn
CO2Me

H CH2Br2
N

Bn

H
CO2Me

+

1. LiTMP, –78°C
2. LiHMDS, –78°C
3. s-BuLi, –78°C

4. n-BuLi, –20°C
5. MeOH, H+, r.t.

85%

Reference 2a.

A solution of LiTMP was prepared as follows: 1.1 mL n-BuLi in hexanes (3.1 mmol)
was added to a stirred, cold (0◦C) solution of 0.6 mL TMP (3.3 mmol) in 4.3 mL THF. In
a separate flask, a stirred mixture of 216 mg methyl (S)-N-benzylpipecolinate (0.9 mmol)
and 0.2 mL CH2Br2 (3.1 mmol) in 4.3 mL THF was cooled to −78◦C. After 30 min, the
LiTMP solution was cooled to −78◦C and added to the ester/CH2Br2 mixture dropwise via
a double-ended needle. After 15 min, a cold (−78◦C) solution of LiHMDS in THF (2.8 mL,
3.1 mmol) was added dropwise via a double-ended needle. The mixture was then allowed to
warm to −20◦C and was then recooled to −78◦C. A solution of s-BuLi in hexanes (3.6 mL,
4.7 mmol) was added dropwise. The mixture was then warmed to −20◦C, and a solution
of n-BuLi in hexanes (1.1 mL, 2.8 mmol) was added. The mixture was warmed to room
temperature, stirred for 1 h, and then quenched over a 20-min period into 12 mL stirred acidic
methanol at 0◦C. [Acidic methanol was prepared by the slow addition of acetyl chloride to
ice-cooled dry methanol (1:5 volume ratio)]. The mixture was diluted with 150 mL ether
and washed with saturated aqueous NaHCO3. The aqueous phase was reextracted with ether
(2 × 50 mL), and the combined organic extracts were washed with brine and dried over
MgSO4 and concentrated in vacuo. Purification by flash chromatography (hexane/EtOAc,
9:1→3:2) gave 195 mg methyl (S)-N-benzylpiperidin-2-ylacetate, in a yield of 85%, Rf =
0.55 (hexane/EtOAc, 1:1).

Reference 2b.

A solution of 1.50 g dibromoketone (4.78 mmol) in 27 mL THF was cooled to −78◦C. In
a separate flask, a 1.21-mL solution of hexamethyldisilazane (HMDS) (5.70 mmol) in 27 mL
THF was cooled to 0◦C and treated with 2.0 mL 2.5 M n-BuLi in hexanes (5.0 mmol). This
colorless LiHMDS solution was immediately added dropwise via an addition funnel to the
dibromoketone solution over a 25-min period. The reaction mixture was stirred for 20 min
at −78◦C and treated with 4.2 mL 2.5 M n-BuLi in hexanes (10.5 mmol) via syringe. After
30 min, 1.39 mL freshly distilled tri-isopropylsilyl trifluoromethylsulfonate (TIPSOTf)
(5.18 mmol) was added. The reaction mixture was allowed to warm to 0◦C, cooled to
−78◦C, quenched with 50 mL saturated aqueous NaHCO3, extracted with hexanes (2 ×
50 mL), dried over MgSO4, filtered, and concentrated. The product was purified by bulb-
to-bulb distillation (0.1 mmHg, oven temperature 80–120◦C) to afford 1.48 g siloxyalkyne
as a colorless oil, in a yield of 100%.

Other references related to the Kowalski ester homologation was cited in the literature.6
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Krapcho Decarboxylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was studied comprehensively by Krapcho beginning as early as 1967.1 It is
an alkali halide promoted alkylative decarboxylation of active esters (e.g., β-keto esters, β-
diesters, α-cyano esters) in polar or dipolar aprotic solvents (e.g., DMF, DMSO, HMPA,)1e

and is generally known as the Krapcho decarboxylation2 or Krapcho condition.3 Occasion-
ally, it is also referred to as the Krapcho decarbalkoxylation.4 In addition, the corresponding
decarboxylation on methyl esters is known as the Krapcho decarbomethoxylation,5

and the decarboxylation of ethyl esters is referred to as the Krapcho decarbo-
ethoxylation.5a,6

A few exemplary decarbalkoxylation systems are NaCN/DMSO,7 LiCl/HMPA/H2O,8

LiCl/DMSO/H2O,9 LiBr/HMPA/H2O,10 LiI/NaCN/DMF/H2O,11 NaCl/DMF/H2O,12 and
tetramethyl-ammonium acetate (Me4NAc).13 Among the halides salts, NaCl, NaBr, KCl,
and Me4NBr in solvents such as DMSO and HMPT have been used for the internal
alkylative decarboxylation,14 and LiCl in HMPT has been used for external alkylative
decarboxylation.15 In addition, it has been found that many β-keto esters with an α-
hydrogen proceed decarboxylation rapidly in wet DMSO.1e Although the common use
of iodides in this reaction is due to their prior application for cleavages of methyl ester,1e

the application of tetramethylammonium acetate can avoid the loss of stereohomogenecity
of the double bond; the latter condition is usually superior to the consecutive hydrolysis
and decarboxylation.13a Among the alkali chlorides, LiCl works better than NaCl due to
the difference in solubility of these two salts in DMSO.1e It should be pointed out that
LiF is ineffective, presumably because LiF exists as contact ion pair in the solution;1e in
contrast, LiCl or KCN is the most effective salt to remove ethyl ester in wet DMSO.1e

When LiCl is used, the reaction is accompanied by the formation of lithium carbonate
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(Li2CO3);1e in addition, even though the reaction rate depends on the concentration of
LiCl, the reaction is not in first-order kinetics in terms of LiCl concentration, since the
largest rate increase has been observed in the presence of 5 eq. LiCl, and a much smaller
rate enhancement is noticeable afterward.1e Other than the listed alkali halides, MgCl2,
Na3PO4·12H2O and lithium acetate (LiAc) are somewhat effective for the alkylative decar-
boxylation, and the effectiveness of Na3PO4·12H2O is due to its high pH in aqueous
solution.1e

It has also been found that electron-withdrawing substituents facilitate the alkylative
decarboxylation, whereas steric hindrance might retard the occurrence of such reaction.
For example, diethyl and dimethyl disubstituted malonates do not practically undergo the
decarboxylation when heated in DMSO/H2O.16

B. GENERAL REACTION SCHEME

CO2R3

X

R1

R2
X

R1

R2

LiCl or KCN

DMSO/H2O

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = Me, Et, etc.
X = CN, C(O)R, CO2R

C. PROPOSED MECHANISMS

The insensitive isotopic effect observed in the presence of LiCl or KCN indicates a
nucleophilic catalytic mechanism.1e However, due to steric hindrance, the decarboxyla-
tion may proceed via either BAC2 or BAL2 mechanism, where BAC is for acyl cleavage
and BAL is for alkyl cleavage. BAC2 mechanism involves a tetrahedral intermediate orig-
inating from the attack of a nucleophile on the carbonyl group, while BAL2 takes place
via a SN2 pathway on the alkyl moiety.17 For example, the isolation of ethanol from the
reaction of diethyl diethylmalonate indicates that the BAC2 mechanism is competitive,
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whereas the absence of methanol in the reaction of dimethyl diethylmalonate by
KCN/H2O/DMSO and the 35.1 times rate enhancement are consistent with a dominant
BAL2 pathway.1e Both BAC2 and BAL2 mechanisms are displayed using ethyl and methyl
esters, respectively.

D. MODIFICATION

1,4-Diazabicyclo[2.2.2]octane (DABCO) has been used for the cleavage of β-keto
esters.18

E. APPLICATIONS

This reaction has general application for the mild removal of ester groups from the
activated esters.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N Ph

CO2Et

CO2Et

LiCl
N Ph

CO2Et

DMSO/DMF/H2O
180°C

97%

Reference 5a.

A solution of 12.0 g 6-(N-benzyl-N-methylamino)-4,4-di(ethoxycarbonyl) hex-1-ene
(34.6 mmol) and 3.2 g LiCl (76 mmol) in 32 mL DMSO, 6.5 mL DMF, and 0.5 mL water
was heated at 180◦C for 6 h under nitrogen. The resulting dark brown reaction mixture was
cooled to room temperature and poured into 150 mL water. The mixture was extracted with
dichloromethane (5 × 100 mL), and the combined organic phases were washed with ice
water (3 × 100 mL) and brine (100 mL). Drying over sodium sulfate and condensation under
reduced pressure gave a brown oil, which was purified by flash chromatography on silica
gel, using hexane/EtOAc (1:1) as the eluent to afford 9.26 g 6-(N-benzyl-N-methylamino)-
4-ethoxycarbonyl-1-ene, in a yield of 97%. This product was further purified by vacuum
distillation at 143–146◦C (0.11 mmHg), Rf = 0.54 (ether/hexanes, 1:1).

CO2Me
MeO2C DMF, 120°C MeO2C

LiI · 3H2O/NaCN

100%

Reference 13a.
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A mixture of 83 mg 1-(2′-dicarbomethoxyethyl)-4-tert-butylcyclohexene (0.294 mmol),
225 mg lithium iodide trihydrate (1.2 mmol), 13.3 mg NaCN (0.294 mmol), and 5 mL
DMF was heated at 120◦C for 12 h. After cooling to room temperature, the solution was
poured into water and extracted with ether (2 × 75 mL). The combined ethereal solution
was washed with water, 10% aqueous HCl solution, and brine. After drying and evaporation
in vacuo, the crude oil was purified by preparative TLC using chloroform as the eluent to
afford 66 mg 1-(2′-carbomethoxyethyl)-4-tert-butylcyclohexene, in a yield of 100%.

Other references related to the Krapcho decarboxylation are cited in the literature.19
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Kriewitz Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kriewitz in 1899.1 It is the condensation between
formaldehyde and olefins to form unsaturated primary alcohols under conditions of high
temperature (e.g., 170oC). In this reaction, water or acetic acid is usually applied as the
solvent, and an acid is added as a catalyst, such as sulfuric acid.2 Under these conditions,
formaldehyde and some ketones function as an enophile.3 The double bond in the new unsat-
urated alcohol is adjacent to its original position in the starting olefin,4 with the exception
of camphene, which gives an allylic alcohol.5 For the acylic olefins in this condensation,
the isobutylene-type olefins are much more reactive than the monosubstituted olefins or
1,2-disubstituted olefins.4 The further extension of this reaction involving an intramolec-
ular condensation of an α-alkoxycarbenium ion with a double bond to form a hydropyran
derivative is known as the Prins-Kriewitz cyclization.6

B. GENERAL REACTION SCHEME

CH2O
∆

R′R
OH

R′R +

(R, R′ = H, alkyl, aryl)
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C. PROPOSED MECHANISMS

It is believed that a six-membered ring like transition state is involved in this conden-
sation, as shown here. It is predicted that in the presence of an acid, the carbonyl group
would be protonated and even polarized to be more electrophilic, thus the condensation is
accelerated. As for the steric hindrance, the major product should be in trans-configuration,
as in the case of forming trans-3-octen-1-ol exclusively from 1-heptene.4

D. MODIFICATION

This reaction has been modified to form tetrahydropyran derivatives from the intramolec-
ular condensation of α-alkoxycarbenium ion and internal double bond.6

E. APPLICATIONS

This reaction has limited application in organic synthesis. Although it was once used in
the production of butadiene or isoprene for the rubber industry, this reaction was found to
be less attractive than dehydrogenation and the cracking processes.2

F. RELATED REACTIONS

This reaction is related to the Prins Reaction.

G. CITED EXPERIMENTAL EXAMPLES

OPh

CH2OC2H4OCH3

SiMe3

EtAlCl2

CH2Cl2 O

Ph78%

Reference 6.

To a solution of 3.0 mL dry CH2Cl2 containing 32.3 mg olefin (0.0921 mmol) at −78◦C
was added 0.10 mL 25.9% EtAlCl2 in heptane (0.28 mmol). The resulting solution was
maintained at −78◦C for 3 h, allowed to warm to room temperature, maintained there for
2 h, and then cooled to −78◦C, and quenched with 5 mL cold (0◦C) 2 M NaOH. The two
layers were separated, and the aqueous layer was extracted with CH2C12 (2 × 10 mL).
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The combined organic fractions were washed with 10 mL brine, and dried over MgSO4.
Purification of the residue on silica gel (hexane/EtOAc 99:l → 49:l) gave 15 mg of 2-(2-
phenylethyl)-2,3,4,7-tetrahydrooxepin as a clear oil, in a yield of 78% with 95% purity by
TLC analysis.

O

O

O

∆ AcO

+
AcOH/Ac2O

30.8% conversion
60% yield

Reference 4.

A mixture of 200 g 2-heptene (2.04 mol), 55 g paraformaldehyde (1.83 mol), 96 g acetic
acid (1.60 mol), and 18.4 g acetic anhydride (0.20 mol) was heated in a stainless-steel bomb
at 180–190◦C with agitation for 40 h. The reaction mixture was filtered and separated from
24 g of an aqueous layer. The organic layer was distilled to remove 182.5 g of starting
materials, which contained 138.5 g unreacted 2-heptene. Continued distillation gave 62.3 g
crude acetate in a yield of 60% (based on 2-heptene consumed), b.p. 98–107◦C (30 mmHg).

Other references related to the Kriewitz condensation are cited in the literature.7
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Kröhnke Pyridine Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kröhnke et al. in 1961.1 It is the synthesis of 2,4,6-
trisubstituted pyridine derivatives involving the formation of pyridinium ylide from pyridine
and α-bromoketone, which undergoes the 1,4-Michael addition to an α,β-unsaturated com-
pound to form 1,5-dicarbonyl compounds and cyclizes with ammonium acetate. Therefore,
it is generally known as the Kröhnke pyridine synthesis2 or Kröhnke reaction.2b,3 In this
reaction, the intermediate 1,5-dicarbonyl compounds do not need to be isolated from reac-
tion mixture.2b,4 Because three different substituents can be introduced into pyridine ring,
this reaction becomes the ideal model for combinatorial synthesis,2b,4,5 and a library pool
containing pyridine from 95 to over 2002b has been generated by this reaction.

B. GENERAL REACTION SCHEME

R1

O

Br
R1

O

N

Br–

R2 R3

O

NH4OAc

NR1 R3

R2

Pyridine
+

C. PROPOSED MECHANISMS

Illustrated below is the mechanism of the Kröhnke pyridine synthesis in which an
ammonium ion attacks the carbonyl group close to R3. It should be pointed out that the
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ammonium ion can also attack the carbonyl group adjacent to R1 as the first step for the
cyclization.

D. MODIFICATION

This reaction has been modified to produce 2,4,6-trisubstituted pyridines from isoquino-
linium ylide instead of pyridinium ylide.6

E. APPLICATIONS

This reaction has wide application in the preparation of substituted pyridine derivatives.

F. RELATED REACTIONS

This reaction is related to the Chichibabin Pyridine Synthesis, Guareschi-Thorpe Con-
densation, and Hantzsch Dihydropyridine Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

OOMe

OMe

I2
OOMe

OMe

N
I–

O

N

MeO

MeO

Pyridine NH4OAc, ∆

50% 50%

+

Reference 7.

2,6-Dimethoxyacetophenone (48.0 mmol) was heated in 20 mL pyridine until a clear
solution was obtained. Crystalline iodine (17.4 g, 57.0 mmol) was added portionwise, and the
resulting solution was refluxed for 1 h and then cooled to room temperature. The brownish
precipitate was filtered off and successively washed with absolute pyridine (3 × 15 mL) to
give 9.29 g 1-[2-(2,6-dimethoxyphenyl)-2-oxo-ethyl]-pyridinium iodide as a pale yellow
solid, in a yield of 50%, m.p. 201–203◦C (water).

Anhydrous ammonium acetate (110.0 g) was heated in 100 mL acetic acid at 110◦C until
it dissolved. Then 18.19 g Kröhnke salt (47.0 mmol) was added, and the mixture was left
at 110◦C until the Kröhnke salt dissolved. (-)-Pinocarvone (43.0 mmol) was added, and the
solution was stirred at 110◦C for 48 h. Water (20 mL) was then added, and the mixture was
extracted with EtOAc (3 × 50 mL). The combined organic layers were washed successively
with water (3 × 50 mL) and 30 mL brine, and dried over MgSO4. The solvent was removed
in vacuo to afford an oil that was purified via flash chromatography on 25 g silica gel using
petroleum ether, followed by a 9:1 mixture of petroleum ether and EtOAc to give 50% (+)-5-
(2,6-dimethoxyphenyl)-10,10-dimethyl-6-aza-tricyclo[7.1.1.02,7]undeca-2(7),3,5-triene.

N

N

N

N

N

O

O

Br

O

N

N

N

N

N

O

O

N

O

Br–

NH4OAc
Pyridine

Acetone
AcOH, ∆

85%

+

N

N

N

N

N

N

81%

Reference 8.
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A mixture of 0.032 g 2-(bromoacetyl)-4′′′′-[2-(1,3-dioxolan-2-yl)ethenyl]-
4,4′:2′,2′′:4′′,4′′′:2′′′,2′′′′-quinquepyridine (0.053 mmol) and 0.010 mL pyridine (0.12 mmol)
in 30 mL acetone was stirred at room temperature for 12 h. The solvent was evaporated
in vacuo, and the residue was dissolved in CHCl3 and then introduced dropwise to cyclo-
hexane while being stirred. The resulting precipitate was collected by filtration and dried
in vacuo to afford 0.031 g 4′′′′-[2-(1,3-dioxolan-2-yl)ethenyl]-2-(2-pyridiniumylacetyl)-
4,4′:2′,2′′:4′′,4′′′:2′′′,2′′′′-quinquepyridine bromide as a light brown solid (unstable >

20–25◦C) that was used immediately for the final step (85% yield)
A solution of 0.024 g pyridinium salt (0.035 mmol) and 0.170 g ammonium acetate

(2.2 mmol) in 50 mL acetic acid was refluxed for 19 h. After cooling, the solvent was
evaporated in vacuo and the resulting black solid was washed with CHCl3 and isolated
by filtration to give 0.013 g cyclo 2,2′:4′,4′′:2′′,2′′′:4′′′,4′′′′:2′′′′,2′′′′′:4′′′′′,4-hexipyridine as a
dark brown solid, in a yield of 81%.

Other references related to the Kröhnke pyridine synthesis are cited in the literature.9
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Kuhn-Roth Oxidation

(Kuhn-Roth C-Methyl
Determination, Kuhn-Roth

Degradation, Kuhn-Roth
Determination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kuhn and Roth in 1933.1 It is a method for quantifying
the number of methyl groups attached to the carbon atom in an organic molecule, which
involves the oxidation of such an organic compound with chromic acid in the presence
of sulfuric acid, followed by steam distillation to collect the generated acetic acid and
quantification of the acetic acid via acid/base titration.2 In addition, the collected acetic acid
can be further analyzed by conversion of acetic acid into lithium acetate, pyrolysis of lithium
acetate to acetone, and transformation of acetone into iodoform by hypoiodite.3 Therefore,
this reaction is generally known as the Kuhn-Roth C-methyl determination,4 Kuhn-Roth
chromic acid oxidation,5 Kuhn-Roth degradation,2b,5,6 Kuhn-Roth determination,2a,7 or
Kuhn-Roth oxidation.2b−2d,3,6e,8

Depending on the nature of the organic molecules, the ratio of chromic acid and sulfuric
acid varies, such as the use of 4 N chromic acid/H2SO4 in 4:1 (v/v),3 or 5 N chromic
acid/concentrated sulfuric acid (2:1).7a After acetic acid is separated from the reaction
system by steam distillation, it can be quantified using alkali hydroxide of different concen-
trations, from as low as 0.07 N2c to 1.0 N.2b When 1.0 N NaOH is used, phenolphthalein
can be applied as the end point indicator.2b Besides determining the number of methyl
groups, this method can also measure the number of ethyl groups on the cyclic compounds,
which will be separated in the form of propionate.2b After separation of acetic acid, the
excess amount of chromic acid is usually reduced by hydrazine.5
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1700 KUHN-ROTH OXIDATION

It should be pointed out that the Kuhn-Roth oxidation pertains only to the oxidation at
an extra-nuclear carbon atom, with a general reactivity order of C6H5-CH(R2) > R3CH
> CH2(R2) > RCH3 (R = aliphatic chain).4b The Kuhn-Roth oxidation can determine the
number of methyl groups in monoalkylbenzenes with acceptable accuracy up to 20 carbon
atoms on the side chains,7a however, it fails in the oxidation of toluene, ethylbenzene, and
isopropylbenzene to give the expected amount of acetic acid.4b In the case of t-butylbenzene,
the oxidation occurs exclusively at the ring.4b

B. GENERAL REACTION SCHEME

R
∆ Me OH

O

n

H2CrO4/H2SO4 R = alkyl, aryl
n > 1

C. PROPOSED MECHANISMS

Although no details of the mechanism are available for Kuhn-Roth oxidation, the reaction
is proposed to involve the hydrogen abstraction and hydride abstraction mechanism.4b It
is reasonable that the oxidation occurs initially at the location carrying the most active
hydrogen, such as the tertiary proton in aliphatic compounds or the benzylic proton of
alkylbenzenes. After such a proton is abstracted, alcohol is formed. Further oxidation of the
resulting alcohol gives ketones, presumably accompanied by the cleavage of an alkyl group
in the tertiary alcohol, and finally aliphatic acid is generated. Such an aliphatic acid holding
an active α-hydrogen will undergo hydrogen abstraction, decarboxylation, and formation
of a new aliphatic acid with a shortened carbon chain, until acetic acid is reached. However,
a contradictive conclusion of the oxidation of ethylbenzene would be a potential challenge
for this explanation.4b,7a An example of Kuhn-Roth oxidation on ethylcyclohexane to form
propionic acid2b is displayed here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This method was extensively used in the structural elucidation of natural products before
modern spectroscopy was available.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

OH

HO

O

O
O

MeO

OH

O5 N H2CrO4/H2SO4

140°C

Reference 8e.

To a 50-mL flask containing 90 mg 14C labeled canescin were added 10 mL 5 N chromic
acid and 2 mL concentrated sulfuric acid slowly. A slow stream of clinical oxygen was
passed, and the flask was heated to 140◦C for 4 h with reflux. On cooling, the condenser was
washed down with a small amount of distilled water, then 30% hydrazine solution was added
dropwise until the color was completely green. After acidification with 4 mL phosphoric
acid, the solution was steam distilled, and the distillate was made slightly alkaline with
0.1 N NaOH, as indicated by phenolphthalein. Evaporation gave sodium acetate, which
was either converted into the p-bromophenacyl ester by standard methods or degraded by
the Schmidt procedure; the products being measured as barium carbonate and N-methyl-
2,4-dinitroaniline. In this experiment, 1 equivalent of acetic acid was found.

Other references related to the Kuhn-Roth oxidation are cited in the literature.9
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Kuhn-Winterstein Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kuhn and Winterstein in 1928.1 It is the conversion of
adjacent diols into corresponding olefins by means of a diphosphorus tetraiodide reduction
and is known as the Kuhn-Winterstein reduction.2 This reaction is tolerable for the diols
with a terminal acetylene group if the experimental conditions are carefully handled,3 such
as the addition of diol in anhydrous pyridine to the supersaturated solution of diphosphorus
tetraiodide in carbon disulfide.2 In most cases, this reaction gives trans-olefins as major
products,3 unless the diol group is a part of a ring.2

B. GENERAL REACTION SCHEME

R
R′

OH

OH

P2I4
R

R′

C. PROPOSED MECHANISMS

It is known that alcohols can be converted into halides when they are refluxed with red
phosphorus and halogen (e.g., Br2);4 therefore, it is assumed that the diol is also converted
into iodide as an intermediate that then undergoes the elimination in the presence of a base
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1704 KUHN-WINTERSTEIN REDUCTION

(e.g., pyridine). The brown color indicates the formation of iodine.2 Shown here is part of
the tentative mechanism.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be used to convert the diols into corresponding olefins.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

OH

P2I4/CS2

Pyridine
19%

Reference 2.

Diphosphorus tetraiodide (50 g, 88 mmol) was finely ground in a mortar, and
extracted with 2.5 L dry carbon disulfide for 3 h in a Soxhlet extractor. Trans-1,2-
diethynylcyclohexane-1,2-diol (10 g, 61 mmol) in 500 mL dry pyridine was added with
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stirring over 10 min. The solution immediately turned brown and was then stirred at room
temperature for 2 h. The carbon disulfide was removed under reduced pressure, and the
residue was extracted with ether. The ether extract was washed successively with sodium
hydroxide (2 N) solution, 12% sodium thiosulfate solution, 1.5 Nsulfuric acid, water, sat-
urated sodium bicarbonate solution, and saturated sodium chloride solution. The extract
was dried over MgSO4 and evaporated. The resulting brown residue (1.8 g) was chro-
matographed on 200 g silicic acid-Supercel using pentane as the eluent, to afford 1.48 g
1,2-diethynylcyclohexene as a colorless liquid, in a yield of 19%, b.p. 52–53◦C (18 mmHg,
under nitrogen).

Other references related to the Kuhn-Winterstein reduction are cited in the literature.5
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Kutscheroff Acetylene

Hydration

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Fittig and Schrohe in 18751 and subsequently extended
by Kutscheroff in 1881.2 It is an acid-catalyzed hydration of alkynes into ketones. In this
reaction, dilute sulfuric acid and mercuric salt are used as catalysts,3 and mercuric chloride
can form a complex with acetylene in aqueous solution.4 This reaction has been used to
prepare ketones from higher alkynes, such as propyne,5 and vinylacetylene6 as well as in
commercial production of acetaldehyde from acetylene.3

B. GENERAL REACTION SCHEME

R
H2O R

OH2SO4/HgSO4

C. PROPOSED MECHANISMS

A tentative mechanism is proposed for the hydration of acetylene, as shown below.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare methyl alkyl ketones and for the commercial
production of acetaldehyde.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

70% MeOH
∆

O

H2SO4/HgSO4

79.8%

Reference 3.

To a 500-mL three-necked flask equipped with a mercury-sealed stirrer, reflux condenser,
and a dropping funnel were added 1.0 g HgSO4, 1.0 g H2SO4, and 150.0 g 70% methanol.
The mixture was kept at 60 ± 1◦C, and 41.0 g 1-hexyne (0.5 mol) was added with good
stirring over a period of 1 h. The reaction mixture was then stirred at 60◦C for an additional
3 h and cooled to room temperature. The solvent methanol was removed by fractional
distillation through an efficient double-jacketed column packed with a single monel wire
spiral. The residue was saturated with solid NaCl, and the two layers were separated. The
organic layer was washed with brine, Na2CO3, and brine again; dried over CaCl2; and
distilled from a modified Claisen flask. The portion of the distillate boiling between 124◦
and 128◦C was retained as 2-hexanone, in a yield of 79.8%.

Other references related to the Kutscheroff acetylene hydration are cited in the literature.7
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Lander Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Wheeler and Johnson in 18991 and was explored
extensively by Lander starting in 1900.2 It is a thermal conversion of alkyl imidates (also
known as imino ethers3) intoN-alkyl amides in the presence of an alkylting agent. Therefore,
it is generally referred to as the Lander rearrangement.4

In this 1,3-shift process,5 when the alkyl group of the alkylating agent is different from
that of the substrate, mixed alkyl amides are obtained;6 however, when the alkylating agent
of a lower alkyl group is used for the pyrolysis of alkyl imidates, the N-alkyl amides more
likely form, with the alkyl groups substituted by the lower one.2e Such trend of alkyl group
replacement was postulated as early as in 1897 for the conversion of 2-methoxyquinoline
or 2-ethoxyquinoline into N-methyl-2-quinolone with excess methyl iodide.7

It should be pointed out that this rearrangement also occurs smoothly in the absence
of an alkylting agent, as shown in the transformation of N-substitued imidates to N,N-
disubstituted amides during the distillation in vacuo,5 and the reaction under such condition
is now known as the Chapman Rearrangement.8

B. GENERAL REACTION SCHEME

R1 O
R3

N
R2

R1 N
CH3

O

R2

CH3I

∆

R1 = alkyl, aryl
R2 = alkyl, aryl
R3 = alkyl
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C. PROPOSED MECHANISMS

Different mechanisms have been proposed for this reaction, including a radical
process,4b,8 an ionic proces9 and even a concerted rearrangement.10 In addition, experimen-
tal evidence indicates that this rearrangement is an intramolecular process.5 An illustration
of such rearrangement by two possible pathways is displayed below.

D. MODIFICATION

This reaction has been extended to the thermal conversion of 2-methylthiobenzthiazole
to 2,3-dihydro-3-methylthiobenzthiazole-2-thione in the presence of a methiodide salt.11

In addition, the Chapman Rearrangement and Hilbert-Johnson Reaction can be considered
as the extensions of the Lander rearrangement.

E. APPLICATIONS

This reaction is often used to convert methoxypyridines into N-methylpyridones.12

F. RELATED REACTIONS

This reaction is closely related to the Chapman Rearrangement and Hilbert-
Johnson Reaction.

G. CITED EXPERIMENTAL EXAMPLES

∆

CH3I

N

N

OMe

OMe

N
H

H
N

O

O

Me

Me

∆
N

N

O

O

Me

Me
53%62%

Reference 4a.
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A mixture of 140 mg 4,8-dimethoxy-1,5-naphthyridine and 34 mg methyl iodide (molar
ratio = 3:1) was heated at 220◦C for 12 h. The resulting crude product was boiled with ben-
zene to remove any 1,5-dimethyl-1,5-naphthyridine-4(1H),8(5H)-dione present and then
gradient sublimed at 275◦C. The white crystalline sublimate was dissolved in warm dilute
aqueous NaOH, and the resulting violet solution was adjusted to pH 2 with concentrated
HCl. The precipitate was collected and recrystallized from a large volume of water to afford
74 mg pure 3,7-dimethyl-1,5-naphthyridine-4(1H),8(5H)-dione, in a yield of 53%, m.p. >
300◦C. However, when 280 mg pure 4,8-dimethoxy-1,5-naphthyridine was heated at 226◦C
for 10 h, and the crude product was dissolved in boiling benzene and filtered hot through a
thin pad of Norit A on Celite, 174 mg 1,5-dimethyl-1,5-naphthyridine-4(1H),8(5H)-dione
was obtained as a white crystalline after cooling and filtration, in a yield of 62%, m.p.
268.5–272◦C.

N OMe

N OMe

Me
BF4

–

N O

Me

~ 100%

+

Reference 4c.

A sealed tube containing 0.138 g O-methylvalerolactim and 0.029 g N-methyl-2-
methoxy-3,4,5,6-tetrahydropyridinium fluoroborate was heated at 130◦C for 2 h. After the
reaction, the mixture was taken up by 1.2 mL CH2Cl2, and 0.019 g N-methyl-2-methoxy-
3,4,5,6-tetrahydropyridinium fluoroborate was precipitated by the addition of 8.0 mL Et2O.
GLPC analysis of the solution using phenyl ether as an internal standard indicated a
104 ± 5% yield of N-methylvalerolactam.

Other references related to the Lander rearrangement are cited in the literature.13
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Larock Indole Synthesis

(Larock Heteroannulation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Larock et al. in 1991.1 It is a palladium-catalyzed
chemoselective and “ligandless” heteroannulation between ortho-iodoanilines and disub-
stituted alkynes to form substituted indole derivatives. Therefore, this reaction is generally
known as the Larock heteroannulation2 or Larock indole synthesis.3

This reaction is affected by various factors, including an added base, lithium halide and
its stoichiometry, the presence or absence of ligand PPh3, and the reaction temperature.1,4

Specifically, for the reaction of 0.25 mmol ortho-iodoaniline with 0.75 mmol alkyne (3 eq.),
using 5 mol % of Pd(OAc)2 as the catalyst and 5 eq. of base in 10 mL DMF, it is not at
all necessary to have a ligand (e.g., PPh3) present.4 The bases tested for this reaction are
KOAc, NaOAc, K2CO3, and Na2CO3; the potassium salts are obviously better than the
sodium salts, and KOAc is always superior to K2CO3, except when no other reagent is
added, such as LiCl.4 For example, when KOAc is used as the base, only 1 eq. of LiCl is
needed, and an excess amount of LiCl will result in a lower reaction rate, lower yield, and
contamination from further insertion. Under these conditions, the reaction must be carried
out at temperature > 120◦C and the addition of 5 mol % of ligand will lower the yield.4

However, when K2CO3 is used as a base, LiBr or LiI can be used as the LiCl substitute, and
ligand has no effect on this reaction; in contrast, in the presence of 1 eq. LiCl, the reaction
temperature can be lowered to 100◦C. Therefore, the best condition for the Larock indole
synthesis is to use 5 mol % Pd(OAc)2 and either KOAc or K2CO3 as the base, with 1 eq.
LiCl and 2–5 eq. alkynes.4 On the other hand, this reaction is very versatile, as indicated
by its tolerance of diversified substituents on the alkynes and nitrogen atom of anilines. For
example, the substituents on the nitrogen atom of anilines can be methyl, acetyl, tosyl, etc.,1
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and the alkynes can bear alkyl, aryl, alkenyl, hydroxyl, and silyl groups.1 Even bulky ter-
tiary alkyl or trimethylsilyl groups are readily accommodated by this reaction.4 In addition,
this reaction is highly regioselective, whereas the more sterically bulky group ends up at
the 2-position.1,4 However, for the case of diethyl acetal of 2-butynal, no regioselectivity
was observed that may have been caused by an electronic effect.4 It has been found that for
the reaction between o-iodoacetylaniline and alkynes with hindered or unhindered hydrox-
yalkyl group, the migration of the N-acetyl group from nitrogen to the alcohol group does
sometimes occur, which may arise from the base-catalyzed intramolecular transfer of acetyl
group.4

B. GENERAL REACTION SCHEME

I

NHR1

R2

R3

N

R1

R2

R3

+
Pd(OAc)2/LiCl/KOAc

DMF, ∆

R1 = H, Me, CH3CO, Tosyl
R2 = alkyl, aryl, alkenyl, hydroxyalkyl, trialkylsilyl
R3 = alkyl, aryl, alkenyl, hydroxyalkyl, trialkylsilyl

(if R2 > R3)

C. PROPOSED MECHANISMS

Although a mechanism has been proposed to rationalize the reaction that contains a
several steps for the catalytic cycle,1,4,5 a different mechanism is proposed here. The original
mechanism includes the following steps in the catalytic cycle: (a) reduction of Pd(OAc)2 to
Pd(0) to initiate the catalytic cycle, (b) coordination of chloride to palladium, (c) oxidative
addition of aryl iodide to Pd(0), (d) coordination of alkyne to palladium atom and subsequent
regioselective syn-insertion into the arylpalladium bond, (e) nitrogen displacement of the
halide in the resulting vinylic palldium intermediate to form a palladacycle, and (f ) reductive
elimination to form indole and the regenerated Pd(0) reenters the catalytic cycle.

As mentioned, this ligandless reaction proceeds in the presence of a base, 1 eq. LiCl,
using a catalytic amount of Pd(OAc)2. The presence of LiCl may have two effects: coordi-
nation with palladium and enhancement of solubility. In addition, the catalytic amount of
Pd(OAc)2 can be reduced to Pd(0) by any reducing reagent in the reaction solution, which
then inserts into o-iodoaniline. At this stage, one or two solvent molecules may coordinate
with palladium to stabilize the complex, and the role of the solvent in the complex can be
replaced by ligand if a ligand presents. After that, an alkyne coordinates with the complex,
and an alkenyl palladium species forms. When an ortho amino group coordinates with
palladium, the proton on the nitrogen atom is more acidic than it’s used to be, which can
be deprotonated by the existing base. Finally, reductive elimination affords the substituted
indole molecule, and Pd(II) species can be reduced to Pd(0) and enter the catalytic cycle
again. This new mechanism is displayed here.

Carbonate is a stronger base than acetate, so when acetate is used as the base, the reaction
occurs > 120◦C; whereas when K2CO3 is used as base, the reaction temperature can be
lowered to 100◦C.
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D. MODIFICATION

This reaction has been modified to occur between o-iodoaniline and allene to form
3-methyleneindolines,6 and between o-alkynylhaloarene and amines to form indole
derivatives.7 More importantly, this reaction has been successfully extended to ortho-
bromoanilines or ortho-chloroanilines by carefully choosing ligand, base, solvent,
and concentration.5 For example, 1,1′-bis(di-tert-butylphosphino)ferrocene or tricyclo-
hexylphosphine has been used as a ligand; the former is the best ligand discovered so
far, whereas the latter does not result in normal by-products.5

E. APPLICATIONS

This reaction has been used to prepare a variety of heterocycles, including 5-aza-
indoles;8 5-,6-, and 7-aza-indoles;9 pyrrolo[3,2-c]quinolines;10 12-methoxy-Na-methyl-
vellosimine;2c (+)-12-methoxyaffinisine;2c and (-)-fuchsiaefoline.2c
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F. RELATED REACTIONS

This reaction is related to the Hegedus Indole Synthesis, Castro Indole Synthesis, and
Mori-Ban Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

OMe

NH2

I

N

N
EtO

OEt
TES

N

N
EtO

OEt
N
H

OMe

TES

+
2% Pd(OAc)2, K2CO3

LiCl, DMF, 100°C
75%

Reference 2b.

To a 2-L round-bottomed flask were added 102 g 2-iodo-6-methoxyaniline (0.41 mol),
179 g Schöllkopf derivative (0.49 mol), 17.4 g LiCl (0.41 mol), 141.3 g K2CO3 (1.02 mol);
1.84 g Pd(OAc)2 (8.2 mmol), and 700 mL anhydrous DMF. The mixture was then degassed
with a vacuum pump three times at room temperature (with argon). The suspension that
resulted was heated for 36 h at 100◦C under an atmosphere of argon. After the con-
sumption of iodoaniline, as monitored by TLC, the reaction mixture was cooled to room
temperature and diluted with EtOAc. The mixture was washed with H2O (5 × 20 mL) to
remove DMF. The organic layer was washed with brine, dried over Na2SO4, and con-
centrated under reduced pressure. Purification by flash chromatography over silica gel
(2% EtOAc/hexane) provided 149 g (5R,2S)-3,6-diethoxy-2-isopropyl-5-[7-methoxy-2-
(triethylsilyl)-3-indolyl]methyl-2,5-dihydropyrazine as a yellow oil, in a yield of 75%.

NH2

Cl

N
H

N
H

+
5% Pd(OAc)2/10% Dt

 BPF

2.5 eq. K2CO3, 2 mL NMP
130°C
76%

+

91:9

Reference 5.

To an oven-dried reaction vial were added 11 mg Pd(OAc)2 (0.05 mmol), 47 mg
1,1′-bis(di-t-butylphosphino)ferrocene (0.1 mmol), and 346 mg potassium carbonate
(2.5 mmol). The vial was purged with argon. Then 123 �L 2-chloro-4-methylaniline
(1 mmol), 192 �L 1-phenyl-1-pentyne (1.2 mmol), and 2 mL NMP were added via syringe.
The reaction was heated to 130◦C, stirred at the same temperature; and monitored by HPLC.
The reaction was complete after 4 h. The ratio of the regioisomer was 91:9. The mixture
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was filtered through a pad of Celite. The cake was washed with EtOAc. The organic solvent
was washed with water and brine, dried over MgSO4, filtered, and concentrated to give a
brown residue. The product was purified via column chromatography.

Other references related to the Larock indole synthesis are cited in the literature.11
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Lawesson’s Reagent

A. GENERAL DESCRIPTION OF THE REACTION

The full name of this reagent is 2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane
2,4-disulfide (or -disulphide),1 2,4-bis(4-methoxyphenyl)-2,4-dithioxo-1,3,2,4-dithiadi-
phosphetane,2 4-methoxy-phenylthionophosphine sulphide dimmer,2 or (p-methoxy-
phenyl)thionophosphine sulfide.3 Although it was not initially invented by Lawesson,4

it is known as the Lawesson’s reagent (LR)5 after Lawesson who extensively studied the
reactivities of this reagent and made it a popular chemical reagent.1a,6 Lawesson’s reagent
is a powerful, mild, and versatile7 thiation1a,8 (also called thionation1b,3,9 or sulfuration10)
agent that efficiently converts oxygen functionalities into their thio-analogs. First, it converts
the carbonyl group into thiocarbonyl group, as shown in the transformation of ketone into
thioketone,6b,11 amide to thioamide,11,12 ester to thioester,13 urea to thiourea,14 trimethylsi-
lyl ferrocenoketone to analgous thioketone,12b enaminoaldehyde to enaminothioaldehyde,9a

enaminoketone to enaminothioketone,9a oxalamide to oxala-thioamide,10,15 flavones to
thioflavones,11 isoflavones to thioisoflavones,11 lactones to thiolactone,11 and coumarin
to 2H-chromene-2-thione.6d,16 Second, the Lawesson reagent also converts the carbon-
oxygen single bond into a carbon-sulfur single bond, as indicated in the transformation of
benzylic and related alcohols into corresponding thiols;9e,17β-lactone to β-thio lactone;18

and orthoesters, acetals, or epoxides to their thio-analogues.19 Third, because of the versa-
tility in replacing oxygen functionalities, this reagent has been used for the cyclization of
compounds containing at least two oxygen functionalities. This type of reaction includes
the conversion of 1,4-dicarbonyl compounds into 2,5-disubstituted thiophenes;20 4-hydroxy
enone17a or 4-keto enol8a into thiophene derivatives; α-keto amide into 1,3-thiazoles;20a,21

nonenolizable 1,4-, 1,5-, 1,6-, and 1,7-diketones into 1,3-dithietanes;22 and β-keto esters
in combination with sulfur to dithiolethiones.9c More importantly, this reagent has been
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used to convert two ester groups into an olefinic bond in combination with 1,1,3,3-
tetramethylthiourea, as demonstrated by the synthesis of hemibrevitoxin B and brevitoxin
B.13a,13b If two oxygen functionalities coexist within a molecule, it has been found that the
hydroxyl group is superior to amido group toward the Lawesson’s reagent;9e similarly, an
amido group is superior to an ester group in terms of reactivity.23 This is parallel to the
electron density on those groups, in which the oxygen functionality with more enriched
electron should react faster with the Lawesson’s reagent.14 In some cases, the steric hin-
drance also influences the selectivity.9d It is interesting that the thionation of dibenzyl
ketone ends up with styrenyl thiol as the major product.24 Other applications of Lawesson’s
reagent are indicated by the reductive coupling of phenalenone to peropyrene,25 the thion-
ation of phosphonamidate oxygen (i.e., converting P=O bond to P=S bond),9d thionation
of S-oxide in thioketene to form thiirane-2-thione,26 thionation of S-oxide in thioketone to
give dithiirane,27 synthesis of β-lactams in combination with a Schiff base,1b and thionation
on organometallic compounds3,9b such as converting the W=O bond to W=S.28 Neverthe-
less, it is believed that the Lawessons reagent (ArPS2)2 breaks into 2 eq. active species
(ArPS2), which is involved in all the functional transformation.8b Although this reagent
is very versatile, it does have some disadvantages during functional group transformation.
For example, due to its relatively high molecular weight, this reagent is normally used for
small-scale reactions.9c In addition, the by-products derived from this reagent generally
cannot be separated by simple extraction but usually by column chromatography.9c

B. GENERAL REACTION SCHEME
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OMe

C. PROPOSED MECHANISMS

Only the mechanism for the formation of thioketone from ketone is illustrated here.
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D. MODIFICATION

The thionation from the Lawesson’s reagent has been improved by using P4S10 and
hexamethyldisiloxane as the thionation reagent, from which the by-products can be easily
removed by extraction and column chromatography after the thionation.9c

E. APPLICATIONS

Besides the extensive applications of the Lawesson’s reagent as already mentioned,
this reagent has been used to synthesize many five- and six-membered phosphorus
heterocycles,9e and sulfur-containing heterocycles;9e in addition, this compound has also
been used as the racemization-free coupling reagent in peptide synthesis,29 and the 1,3-
dipole indicator.8b

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

S

OHS S
S

SLawesson's reagent

15%
Toluene, ∆

Reference 8a.

To a solution of 0.834 g 1,2-C5H3(CTpOH)(COTp) (2.92 mmol) in 90 mL dry toluene
was added 1.59 g Lawesson’s reagent (3.94 mmol). The solution was refluxed for 8 h
under stirring. After cooling to room temperature, the solution was concentrated to an oil
via rotary evaporation and further dried on the Schlenk line for 2 h. The oil was cooled
over liquid nitrogen, then extracted using cold pentane. The organics were filtered, and the
volatiles were removed via rotary evaporation, giving an oil. The crude oil was purified
by silica gel column chromatography (30:70, toluene/pentane) to yield 1,3-dithienyl-
4H-cyclopenta[c]thiophene as a cream-colored solid. Rechromatographing the second
fluorescent fraction, containing a mixture of 1,3-dithienyl-4H-cyclopenta[c]thiophene and
an unknown compound (96:4, hexane/Et2O) yielded another batch of 1,3-dithienyl-4H-
cyclopenta[c]thiophene, in total amount of 0.125 g, in a yield of 15.0%. m.p. 98–101◦C
(MeOH).

NN

N

N

Ar

ArAr

O

NH2

Ni N

N

N

N

Ar

ArAr

S

NH2

Ni

Lawesson's reagent

Benzene, ∆
97%

Reference 9a.
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A solution of 273 mg nickel enaminocetone (0.26 mmol) and 152 mg Lawesson’s reagent
(2.66 mmol) in 150 mL benzene was refluxed until consumption of all starting material
(∼2 h). After evaporation of the solvent, the residue was chromatographed on a silica
gel column (dichloromethane/hexane, 1:1). After crystallization from dichloromethane/
methanol, 270 mg green nickel enaminothioketone (0.254 mmol) was isolated, in a yield
of 97%.

Other references related to the Lawesson’s reagent are cited in the literature.30
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Lebedev Process

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Lebedev in 1928.1 It is a one-step industrial produc-
tion of butadiene from ethanol at temperature of 400–450◦C in the presence of a catalyst
with both dehydration and dehydrogenation processes. Therefore, this reaction is generally
known as the Lebedev process.2 Occasionally, it is also referred to as the Lebedev con-
tact process,3 Lebedev method,4 Lebedev reaction,2f or Lebedev synthesis.5 The butadiene
produced by this process is used for production of synthetic rubber.2f The best catalyst
for this process is a silica gel impregnated with tantalum oxide (SiO2-Ta2O5),2d silica-
magnesium-tantalum, and silica-magnesium-chromium.6 Furthermore, it has been found
that the addition of copper gives good results if sufficient acetaldehyde is maintained.2d

On the other hand, it has been reported that diethyl acetal, vinyl ethyl ether, diethyl ether,
n-butanol, n-butanediols, n-butyraldehyde, ethylene, acetylene, and tetrahydrofuran are not
major intermediates in this process,7 even though some of these chemicals have been pro-
posed in the mechanism to rationalize this process. For example, Lebedev proposed a radical
mechanism and claimed that acetaldehyde and ethylene were the intermediates to form 1,3-
butadiene.8 Some other mechanisms proposed are the dehydrogenation and dehydration of
ethanol to both ethylene and acetylene, which form butadiene;2f the formation of butanedi-
ols from ethanol and acetaldehyde, which dehydrates to give butadiene;9 and the formation
of diethyl ether, which gives butadiene.10 However, none of these mechanisms make sense
from the advanced organic chemistry point of view, and the most important evidence for
the real mechanism is that conversion of crotonaldehyde and ethanol to butadiene is eas-
ier than that of ethanol and acetaldehyde, and acetaldehyde is produced by the time the
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crotonaldehyde is converted into butadiene.2d,2e It has been found that the silica compo-
nent in the catalyst facilitates the condensation of acetaldehyde to crotonaldehyde, whereas
tantalum promotes the deoxygenation of crotonaldehyde using ethanol as the hydrogen
donor.7

B. GENERAL REACTION SCHEME

OH
SiO2-Ta2O5

400–450°C

C. PROPOSED MECHANISMS

It is believed2e that this reaction involves the following consecutive steps: dehydrogena-
tion of ethanol to acetaldehyde, condensation of acetaldehyde into acetaldol, dehydration
of aldol product to crotonaldehyde, and deoxygenation of crotonaldehyde. This mechanism
is illustrated here.

D. MODIFICATION

N/A

E. APPLICATIONS

This process was used for the production of butadiene for synthetic rubber by both the
former Soviet Union and Germany during World War II.
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F. RELATED REACTIONS

This reaction is closely related to the Ostromislensky Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Because this is an industrial production process, no preparative experimental procedure
is provided here.

Other references related to this reaction are cited in the literature.9
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Lehmstedt-Tanasescu

Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Although acridone was not first synthesized by Lehmstedt,1 it was Lehmstedt who
extensively explored the methods for the preparation of acridones, including the reac-
tion between anthranilic acid and chloro-nitrobenzene,2 desulfurization of thioacridone
by copper,3 and treatment of ortho-nitro benzaldehyde with chloro-nitrobenzene and sul-
furic acid.4 Among these methods, the one between o-nitrobenzaldehyde and halobenzene
is known as the Lehmstedt-Tanasescu method5 or Lehmstedt-Tanasescu reaction.5,6 In
addition, this preparation of acridone is also referred to as the Tanasescu synthesis.7

B. GENERAL REACTION SCHEME

NO2

O

H

X H2SO4
N
H

O

X

Cat. NaNO2
+

C. PROPOSED MECHANISMS

As limited mechanistic information is available, only a tentative mechanism is proposed
here, although it may not correctly explain the experimental results. In this mechanism,
sodium nitrite is converted into nitrous acid under acidic conditions, which reduces the
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nitro group to a nitroso group, and the nitrous acid itself is oxidized to nitric acid. The nitric
acid then oxidizes the alcohol into a ketone. A part of this mechanism is outlined here.

D. MODIFICATION

This method has been extended to the reaction between anthranilic acid and
chlorobenzene.2

E. APPLICATIONS

This reaction has limited application in the preparation of acridone derivatives.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

CHO

NO2Cl

Cl NaNO2

H2SO4
N
H

ClCl

O

+

53%

Reference 5.

A mixture of 18.5 g crude 2-nitro-4-chlorobenzaldehyde (0.1 mol) prepared from the
oxidation of 2-nitro-4-chloro-toluene by concentrated sulfuric acid in acetic anhydride,
78.8 g chlorobenzene (0.7 mol), 37.5 mL conc. H2SO4, and 0.35 g NaNO2 was treated for
6 days by alternating 9 h of shaking and 15 h of standing. At the end of each 2-day period
(except the last) 10 mL conc. H2SO4 containing 0.1 g NaNO2 was added to the reaction
mixture. The mixture was poured into 500 mL water and steam distilled until no further
aldehyde solidified in the condenser. The residue from the steam distillation was filtered
and digested twice with benzene, leaving 14 g 3,9-dichloroacridone as a dark yellow solid,
in a yield of 53%, m.p. > 315◦C.

Other references related to the Lehmstedt-Tanasescu reaction and acridone synthesis are
cited in the literature.8
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Lemieux-Johnson Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Lemieux and Johnson in 1956.1 It is a conver-
sion of an olefin into two individual aldehydes by means of an oxidative cleavage of
a carbon-carbon double bond with osmium tetraoxide-sodium periodate. Therefore, it is
known as the Lemieux-Johnson oxidative cleavage,2 Lemieux-Johnson reaction,3 or sim-
ply Lemieux-Johnson oxidation.4 In addition, the combination of osmium tetraoxide and
sodium periodate is referred to as Lemieux-Johnson reagent.5 It should be pointed out that
a lactol may be obtained directly from the oxidation of the olefin with a hydroxyl group
near the olefinic bond.4a

B. GENERAL REACTION SCHEME

R1
R2

OsO4-NaIO4

R1 H

O

R2 H

O
+

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

Without added sodium periodate, olefins are converted only into cis-diols by OsO4 upon
workup, therefore, it is plausible that sodium periodate further oxidizes osmium species
and triggers the cleavage of carbon-carbon bond, as shown here.
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D. MODIFICATION

This reaction has been improved by addition of 2,6-lutidine to suppress the side reactions
and increase the yields of aldehydes.6 In addition, this oxidation has been modified by using
osmium tetraoxide and oxone as oxidants, which directly convert 1,2-disubstituted olefins
into two individual carboxylic acids.3 On the basis of this modification, osmium tetraoxide
has been made to be a three-dimensional networked nanomaterial that, in combination with
oxone, forms a superior heterogeneous catalyst, which even oxidizes alkynes into carboxylic
acids.7

E. APPLICATIONS

This reaction is very useful for the conversion of olefins into aldehydes.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

OMe

OMe

O

OH

OMe

OMe

OsO4 (cat.)
NaIO4 (2 eq.)

H2O/dioxane (1:3)
19%

Reference 4a.

To a solution of 100 mg 2-allyl-3-hydroxymethyl-1,4-dimethoxynaphthalene (0.4 mmol)
in 5 mL water and 15 mL dioxane was first added a catalytic amount of osmium tetroxide
(10 mg), and then 170 mg sodium periodate (0.8 mmol) was added portionwise over a
period of 1 h. The suspension formed was stirred for 3 days, poured into water, extracted
with ether, washed with brine, dried over MgSO4, and evaporated at reduced pressure. Flash
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chromatography on silica gel with 40% EtOAc in hexane gave 20 mg 3,4-dihydro-5,10-
dimethoxy-1H-naphtho[2,3-c]pyran-3-ol, in a yield of 19%.

CO2HOsO4 (cat.)/Oxone (4 eq.)

DMF, r.t.
91%

Reference 3.

To a 0.2 M DMF solution of 4,4′-dimethyl trans-stilbene was added 0.01 eq. of OsO4
(2.5% in t-BuOH) under stirring; 5 min later, 4 eq. Oxone was added in one portion, and the
solution was stirred at room temperature until the solution became colorless. This usually
marked the completion of the reaction which was verified by TLC. Na2SO3 (6 eq. w/w)
was added to reduce the remaining oxidant, and the solution was stirred for an additional
hour. EtOAc was added to extract the products and 1 N HCl was used to dissolve the salts.
The organic extract was washed with 1 N HCl (3 ×) and brine and dried over Na2SO4;
the solvent was removed under reduced pressure to obtain the crude product, which was
purified by silica gel column chromatography to give 91% p-toluic acid.

Other references related to the Lemieux-Johnson oxidation are cited in the literature.8
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Leuckart Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Leuckart in 1885.1 It is the reductive amination of car-
bonyl compounds (i.e., aldehydes and ketones) with ammonium formate or the combination
of formic acid and formamides to give primary, secondary, or tertiary amines. Therefore,
it is generally known as the Leuckart reaction.2,3 Occasionally, it is also referred to as
the Leuckart reductive amination,2b Leuckart alkylation,4 Leuckart synthesis,5 or Leuckart
reduction.6 This reaction occurs between a carbonyl compound and formamide, or ammo-
nium formate, or a combination of formic acid and formamide,3m,3o,3p from which the
primary and secondary amines are obtained as the formyl derivatives; tertiary amines are pro-
duced as the formates.3m Although it has been reported that higher yields might be obtained
if formamide rather than ammonium formate is used in this reaction,5d more evidence has
indicated that ammonium formate is the actual reactant.3q For example, benzophenone
condenses with ammonium formate only in diethylene glycol solution at 120–130◦C and
does not react with formamide.3q In this reaction, formic acid and formates function as
reducing reagents or hydride donors,2hh,3c,7 so that tertiary amine can be prepared either
from the reaction between aldehyde and a formamide (or a monoalkylformamide) or from
the reaction between an aldehyde (or a ketone) and a dialkylformamide.3o Interestingly, it
has been found that ammonium formate, ammonium sulfate, and magnesium chloride can
catalyze the condensation between carbonyl compounds and dialkylformamides to form ter-
tiary amines.3o,3q Even though the Leuckart reaction is not a moisture-sensitive reaction,3b

it has been proved that if water is removed from the reaction, the yields of the corre-
sponding amines will be increased for any reagents other than formamide, in the following
order: formamide < ammonium formate ∼ combination of formamide and ammonium for-
mate < combination of formamide and formic acid.3m However, if water is not removed,
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then the combination of formamide and ammonium formate give the best yields at low
temperature.3m When the reaction is carried out at a temperature <100◦C, it has been
found that the higher the reaction temperature, the higher the yield of tertiary amines and
the lower the yield of secondary amines. Likewise, at a lower reaction temperature, the
reaction with a higher concentration of formic acid gives higher yield of secondary amines.
However, the concentration effect of formic acid at a high reaction temperature is not as
effective as that at low temperature.3m

B. GENERAL REACTION SCHEME

R1

R2

O

R1

R2

O
NH4

+HCO2
–

∆

∆

R1

R2

NHCHO

R1

R2

NHCHO

H+

H+

R1

R2

NH2

R1

R2

NH2
HCONH2 + HCO2H

R1 = alkyl, aryl

R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

The mechanism of this reaction has already been studied.2tt,3mTherefore, the mechanism
is illustrated by the formation of a primary amine from a ketone and the combination of
formamide and formic acid, as shown below.

D. MODIFICATION

This reaction has been modified to occur in the presence of an excess amount of formic
acid by Wallach,8 thus the reaction under such conditions is known as Leuckart-Wallach
alkylation9 or Leuckart-Wallach reaction.10 In addition, this reaction has been modified
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to produce primary amines in high yield using ammonium formate (NH4
+HCO2

−) as a
reducing agent and Cp*Rh(III) as a catalyst at relative low reaction temperatures.10a

E. APPLICATIONS

This reaction has wide application in the preparation of primary, secondary, and tertiary
amines.

F. RELATED REACTIONS

This reaction is related to the Eschweiler-Clarke Methylation.

G. CITED EXPERIMENTAL EXAMPLES

NO2

O

∆

NO2

HN H

O

∆

NO2

NH2

HCONH2/HCO2H 30% HCl

99% > 99%

Reference 2b.

A mixture of 25.0 g 1-(3-nitrophenyl)-1-butanone (129 mmol), 77 mL formamide,
and 35 mL formic acid was refluxed until the reaction was complete (followed by 1H
NMR spectroscopy). After cooling to ambient temperature, 200 mL water was added, and
the mixture was extracted with Et2O (3 × 100 mL). The combined organic layers were
washed with brine, dried over Na2SO4, and concentrated to furnish 28.7 g (±)-1-butyl-1-
(3-nitrophenyl)formamide as a red oil, in a yield of 99%.

A mixture of the formamide and 100 mL 30% HCl was refluxed for overnight. After
cooling to ambient temperature, 200 mL water was added. The reaction mixture was care-
fully adjusted to pH 10 with 33% aqueous NaOH and extracted with Et2O (3 × 100 mL).
The combined organic layers were washed with brine, dried over Na2SO4, and concentrated
to furnish >99% (±)-1-butyl-1-(3-nitrophenyl)amine as a red oil.

O

1 M HCl

NH2

[RhCp*Cl2]2, HCO2NH4

MeOH, ∆

92%

Reference 9a.

To a 1000-mL Schlenk tube containing 257 mg [RhCp*Cl2]2 (0.416 µmol) and 26.2 g
HCOONH4 (416 mmol) was added 9.71 mL acetophenone (83.2 mmol) and 83.2 mL
MeOH. The reddish brown mixture was frozen, and the whole system was evacuated. The
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system was closed and then stirred at 70◦C for 7 h. After the resulting dark green solution
was cooled to room temperature, 160 mL 1 M HCl was added, and the mixture was washed
with CH2Cl2 (2 × 20 mL) to remove the neutral compounds. After the addition of 15 mL
cold 12 M NaOH solution to the aqueous layer, the mixture was extracted with CH2Cl2
(6 × 50 mL). The combined organic layers were dried over anhydrous Na2SO4. Filtration
and evaporation under reduced pressure gave 9.3 g α-amino ethylbenzene, in a yield of 92%
with > 99% purity as determined by 1H NMR and GC analyses. Further distillation at 83◦C
(44 mmHg) afforded 8.6 g α-amino ethylbenzene, in a yield of 85%.

Other references related to the Leuckart reaction are cited in the literature.11
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Leuckart Thiophenol

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Leuckart in 1890.1 It is the synthesis of thiophe-
nol involving the reaction between a diazonium salt and potassium ethylxanthate to form
diazonium ethylxanthate, which decomposes upon heating to both diarylthiocarbonate and
aryl xanthate that then afford thiophenol upon alkaline hydrolysis. Therefore, this reac-
tion is simply known as the Leuckart thiophenol synthesis2 or Leuckart synthesis.2,3 It has
been found that aryl xanthate, diarylthiocarbonate, and ethyl ethylxanthate all are produced
in this reaction, and the yield of diarylthiocarbonate is slightly higher than that of ethyl
ethylxanthate.2 It is clear that aryl xanthate is not the intermediate in the formation of
diarylthiocarbonate. Even though the decomposition of diazonium salt may produce a free
radical, the formation of diarylthiocarbonate presumably involves a heterolytic mechanism,
since the yield of diarylthiocarbonate is lower in methanol than that in water. Further evi-
dence for the heterolytic mechanism is the detection of phenol arising from aryl carbonium
and the absence of biaryl in reaction mixture. Although the presence of a large group at the
ortho-position of diazonium salt can increase the yield of diarylthiocarbonate and the ratio
of diarylthiocarbonate over aryl xanthate, there is no significant electronic effect from the
substituent at the para-position, because diazonium salt with either a methoxy or a nitro
group at the para-position gives similar yields of diarylthiocarbonate, and the orientation of
substituents in both diarylthiocarbonate and aryl xanthates is the same as those in the initial
diazonium salt. In comparison, the replacement of ethyl group by isopropyl or benzyl group
in potassium ethylxanthate does not significantly affect the yield of diarylthiocarbonate. It
has been found that the best yield of diarylthiocarbonate can be obtained when a 1:1 ratio
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of diazonium salt and potassium ethyl xanthate are used, and the increase of acidity defi-
nitely lowers the yield of diarylthiocarbonate.2 It is believed that the ethyl xanthate anion
exists in the mesomeric form, which attacks the diazonium salt followed by loss of ethanol,
giving the intermediate of ArSC(O)S− that then attacks the second diazonium ion to form
diarylthiocarbonate.4

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Even though a fragmental mechanism has been provided in the literature, a new mecha-
nism is proposed here considering all the experimental results, including the rationalization
on the 1:1 ratio between diazonium salt and potassium ethyl xanthate, and the pathway to
form diarylthiocarbonate.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction provides a general method to prepare thiophenols.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2Br SHBr1) NaNO2/HCl

2) KSC(S)OEt/Na2CO3/H2O, ∆

40%

Reference 5.

m-Bromoaniline ( 43 g, 0.25 mol) was diazotized at 5◦C with 49 mL conc. HCl and 17.2 g
NaNO2 (0.25 mol) in 110 mL water. The solution of the diazonium salt was added over a
1.5-h period to a solution of 40 g potassium ethyl xanthate (0.25 mol) and 33.0 g Na2CO3
(0.3 mol) in 250 mL water at 70◦C. The mixture was maintained at this temperature for an
additional hour, the resulting oil was separated, the aqueous phase was extracted twice with
ether, and the ether layers were combined with the oil. The ether was removed on a steam
bath in a stream of nitrogen, and the residual oil was added to a solution of 40 g NaOH in
250 mL MeOH and 40 mL water. The mixture was refluxed for 2 h under nitrogen, diluted
with 4 L water, and acidified with hydrochloric acid. The resulting oil was separated, the
aqueous phase was washed with methylene chloride, and the latter was combined with
the oil and dried over anhydrous Na2SO4. Distillation at 100–104◦C (10 mmHg) yielded
19.1 g m-bromothiopheno1, in a yield of 40%. The m-bromothiophenol was redistilled at
123–124◦C (40 mmHg) for further purification.

NH2

HO

SH

HO

1) NaNO2/HCl

2) KSC(S)OEt/NaOH/H2O, ∆
48.4%

Reference 6.

p-Aminophenol (110 g, 1.0 mol) was mixed with excess of 10% HCl (2.25 mol). The
solution was cooled <15◦C and diazotized by the gradual addition of 70 g NaNO2 (1.0 mol)
while the temperature was maintained between 1.5◦ and 20◦C by means of ice. The diazo
solution was then run slowly beneath the surface of a hot solution of 224 g potassium ethyl
xanthate (1.4 mol) in 650 g water, and the reaction mixture was stirred vigorously and
kept at 70 –75◦C to ensure complete decomposition of the intermediate diazo combination.
When all the diazo solution was in, the temperature was raised to 90◦C and maintained for
30 min. The xanthate ester was then decomposed by adding 160 g solid NaOH (4 mol) and
refluxing for several hours, the mixture was then strongly acidified with an excess of 50%
H2SO4 and further refluxed in the presence of zinc and benzene to reduce any disulfide that
may have been formed. The crude thiohydroquinone was separated as an oil, washed with
dilute hydrochloric acid and water, and distilled in vacuo to afford 61.0 g thiohydroquinone
as a clear colorless liquid, in a yield of 48.4%, b.p. 133–137◦C at 11.0 mmHg.

Other references related to the Leuckart thiophenol synthesis are cited in the literature.17
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Levinstein Process

A. GENERAL DESCRIPTION OF THE REACTION

This reaction presumably was first reported by Levinstein. It is the preparation of bis(2-
chloroethyl)sulfide by bubbling dry ethylene gas through sulfur monochloride at 35◦C
and distilling the remaining material.1 This reaction is generally known as the Levinstein
process2 and is occasionally referred to as the Levinstein reaction.3 The product produced
from this process normally contains up to 70% of bis(2-chloroethyl)sulfide, and another 30%
of bis(2-chloroethyl)polysulfides,2h,2i ranging from trisulfide to nonasulfide,2h depending
on the conditions under which the reaction was carried out, including the temperature, degree
of agitation, the rate of addition of ethylene, and the nature of sulfur monochloride used.2i

The product of bis(2-chloroethyl)sulfide is often known as mustard gas.1,2e,2g,2h,3,4 In addi-
tion, it is also called Levinstein mustard gas,5 which has been applied as vesicant agent on
the battlefield.2a As a result, this compound also gained other names, such as “H,” the com-
pound made from the Levinstein process;2c,6 “HD,” the distilled or nearly pure mustard,2b,6

containing about 5% of impurity2b (e.g., 2-chloroethyl 2-chlorovinyl sulfide2g); “sulfur
mustard,” also called “LOST” or “S-LOST” after the two German chemists (Lommell and
Steinkopf) who suggested its use as a chemical weapon;7 “yellow cross” for its identify-
ing mark during World War I;6,7 “yperite,” for the site of its first use;6,7 and “HT,” for
the 60:40 mixture of HD and bis(2-chloroethylthio)ethyl ether.2b Interestingly, it has been
found that ethylene does not react with pure sulfenyl chloride, but this reaction proceeds
extremely fast in carbon tetrachloride, probably due to the low solubility of ethylene in
sulfenyl chloride.1 The formation of polysulfide is due to the disproportionation of sulfur
monochloride to sulfur dichloride and trisulfurdichloride; the latter then reacts with ethylene
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to form bis(2-chloroethyl)trisulfide and higher-order sulfides.1 At higher reaction temper-
atures (e.g., 60◦C), the yield of mustard gas is increased up to 80%, and sulfur deposits
immediately; at lower temperatures (e.g., 20◦C), the yield of mustard gas is lowered to 61%,
and sulfur appears in the mustard gas in a few weeks.2i

B. GENERAL REACTION SCHEME

H2C CH2 S2Cl2 Cl
S

Cl+ Cl
Sn

Cl+

n = 3 ~ 11

C. PROPOSED MECHANISMS

Shown below is the mechanism for the interchanges between sulfides.

D. MODIFICATION

The production of mustard gas has been improved by the chlorination of thiodiglycol,
which does not precipitate solid after distillation.8

E. APPLICATIONS

The reaction has been used for the production of the mustard gas for military usage.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Because this reaction is primarily for the industrial production of mustard gas, no
laboratory preparation is provided here.

Other references related to the Levinstein process are cited in the literature.9
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Lieben Iodoform Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Lieben in 1870.1 It is an alkaline degradation of
compounds with acetyl or methylcarbinol groups by means of iodine treatment to form
volatile iodoform. This reaction has been widely used to test the presence of acetyl or
methylcarbinol groups and is known as the Lieben reaction,2 Lieben iodoform reaction,2d,3

iodoform test of Lieben,4 or Lieben test.5 It is believed that the positive test of methylcarbinol
group is because of the oxidation of such groups by hypoiodite generated in situ from the
alkaline disproportionation of iodine.2d Similarly, other compounds that can generate the
acetyl group under the test conditions also give a positive result,2a such as the retro Aldol
Reaction of α,β-unsaturated compounds.6 In addition, compounds with groups capable of
exerting excessively high steric hindrance have also been reported to be positive toward
the Lieben test.2d Unfortunately, some ketones, such as α-chloroacetophenone, acetome-
sitylene, propiophenone,5b pinacolone, and similar compounds involving steric hindrance7

result in a negative test. While the original procedure involves the treatment of compounds
with iodine and excess of base5b and can detect compounds at concentrations as low as
1 part in 2000,1 it often gives ambiguous results because of the anesthetic action of the
iodoform on the olfactory nerve.8

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

A mechanism including the disproportionation of iodine, oxidation of methylcarbinol
into acetyl group, and the final formation of iodoform is illustrated below.

D. MODIFICATION

Because of the importance of this reaction for structural identification in the early days, it
has been modified to occur in dioxane with a slight excess of iodine-potassium iodide solu-
tion at 60◦C to test water-insoluble compounds.4a In addition, this test has been improved
from being an older test to a color test by the addition of pyridine, quinoline, or their
homologs to the alkali hypochlorite or hypobromite solution, by which a carmine red or pink
color develops immediately if an acetyl or methylcarbinol group exists.8 Further improve-
ment has been done to differentiate between the acetyl and the methylcarbinol groups by the
addition of ortho-nitrobenzaldehyde in the alkaline solution, by which methyl ketone can
undergo the Baeyer-Drewson Indigo Synthesis, whereas compounds with methylcarbinol
groups won’t. Under these conditions, the negative Lieben test indicates the absence of
acetyl and methylcarbinol groups, whereas a positive Lieben test but negative indigo reaction
shows the presence of methylcarbinol group, and both positive tests from Lieben iodoform
reaction and the indigo reaction implies the presence of methyl ketones.2d

E. APPLICATIONS

This reaction had wide application in the structural elucidation of organic compounds
before the modern spectroscopy. In addition, this reaction has been used to prepare α-
monoiodo and α-diiodoketones by using a less than theoretical amount of iodine.9

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

O

NaOH/H2O

O

I
I2 (0.4 eq.) /KI

Reference 9.

A mixture of 80 g pinacolone and 800 mL 5% NaOH solution was cooled in an ice and
salt mixture, and 80 g iodine, dissolved in aqueous potassium iodide, was added through
a rapidly revolving hollow stirrer. The addition was complete in 2 h. The solution was
immediately shaken with ether, and the resulting ether solution was washed with water. The
solution was dried over Na2SO4, and the ether was removed. The strongly lachrymatory
liquid thus obtained was distilled at 92–98◦C (20 mmHg) to afforded 6 mL α-iodopinacolone
as a liquid, which was shaken with mercury to remove the iodine color and redistilled twice
at 48–49◦C (2 mmHg). (No yield was given for the original experiment.)

R

O
CHI3

1) NaOH/dioxane

2) I2-KI
3) NaOH

Reference 2d.

About 100 mg of the compound being tested was dissolved in 5 mL dioxane in a 150 ×
16 mm test tube, followed by the addition of 1 mL 10% NaOH. The iodine reagent was
added dropwise with shaking until a slight excess of iodine caused a definite dark color that
did not disappear on standing. The test tube was then placed in a water bath maintained at
60◦C, and the dropwise addition of the iodine reagent was continued until the definite dark
color persisted as before; but the warming at 60◦C should not last > 2 min. The excess
of iodine was removed with a few drops of 10% NaOH solution, and the test tube was
filled with cold water, allowed to stand for 15 min, and filtered. The characteristic odor of
iodoform was readily distinguishable. As a confirmation, the crystals collected on the filter
paper were dried at 100◦C for 1 h and identified by their melting point. (Iodoform melts at
114–121◦C).

Other references related to the Lieben iodoform reaction are cited in the literature.10
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Liebeskind-Srögl
Cross-Coupling

A. GENERAL DESCRIPTION OF THE REACTION

This reaction can be traced back to 1996 when Liebeskind used copper (I) 2-thio-
phenecarboxylate as a mediator for the coupling between alkyl tributyltin and alkyl halides.1

This reaction had been extensively investigated by Liebeskind, in collaboration with Srögl,2

and became a very useful palladium-catalyzed coupling reaction between an aryl boronic
acid and a general sulfur containing molecules to form a variety of compounds, including
ketones, thioethers, alkynes, and biaryls. Therefore, it is known as the Liebeskind-Srögl
coupling,3 Liebeskind-Srögl cross coupling,2f,2g,4 or Liebeskind-Srögl thiol ester-boronic
acid cross-coupling.5 It should be pointed out that this reaction occurs under very mild,
nonbasic conditions. For the coupling between aryl boronic acid and 4-halo-n-butylthiol
esters, the presence of a catalytic amount of sodium iodide is crucial to facilitate the
alkylation-activated coupling to form phenyl ketones. Among the tested palladium cat-
alysts, trans-di(µ-acetato)-bis[o-(di-o-tolylphosphino)-benzyl]dipalladium(II) is the most
efficient catalyst for this coupling.2d Other types of thioesters can also couple with aryl
boronic acid to form ketones in the presence of a stoichiometric amount of copper(I)
thiophene-2-carboxylate (CuTC) and a catalytic amount of palladium catalyst,4b where
Cu(I) carboxylate activates both the carbon-sulfur bond for oxidative addition of palladium
and the transmetalation by coordinative delivery of the carboxylate to the boron atom.2e,2h

Under these conditions, sodium iodide is not necessary. In contrast to the Suzuki Coupling,
aryl boronic acid can also couple with aryl or alkenyl iodide under nonbasic conditions in
the presence of a palladium catalyst and Cu(I) carboxylate, so that the base-labile groups can
tolerate this coupling condition.2d In addition, the coupling between the protected methyl
thiopseudourea and phenyl boronic acid catalyzed by palladium in the presence of copper
(I) thiophenecarboxylate provides a method for benzamidine derivatives.2g However, it has
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been found that the solvent is very crucial for the coupling between heteroaryl vinyl ether
and aryl boronic acid, by which amide-based solvents, including DMF, DMA, and DMI
(1,3-dimethyl-2-imidazolidinone), are the best solvents, and Pd(PPh3)4 is the best palladium
catalyst.4a In addition, the π-electron-deficient heteroaryl thioether can also couple either
with aryl boronic acid under similar conditions (palladium catalyst and Cu(I) carboxylate)2f

or with aryl, alkenylstannanes in the presence of a catalytic amount of palladium catalyst
and more than a stoichiometric amount of Cu(I) carboxylate—For example, CuTc or cop-
per(I) 3-methylsalicylate (CuMeSal)6 or copper(I) bromide dimethylsulfide complex.7 Even
thiourea can similarly couple with aryl boronic acid with the help of microwave irradiation.3

For the preparation of alkynes from the coupling between alkynyl thioether and aryl boronic
acid, it has been found that the reagent (e.g., CuCl, CuBr, CuI) and base (K2CO3, NaOAc)
in the Sonogashira Coupling are not very effective. For this special case, dioxane and THF
are found to be the best solvents, and any palladium catalyst and readily available copper
(I) carboxylate are good for this coupling.2e The thioethers used for this coupling can easily
be prepared from the coupling between aryl boronic acid and alkyl, heteroaryl, and alkyl
N-thioimide in the presence of catalytic copper (I) carboxylate.8

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general mechanism for the coupling between thioether and aryl boronic acid is illus-
trated below, using Pd(PPh3)4 as the catalyst, in the presence of a stoichiometric amount of
copper (I) 2-thiophenecarboxylate as the transmetalation agent.
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D. MODIFICATION

This reaction has been modified to occur efficiently under microwave irradiation.3

Besides copper (I) 2-thiophenecarboxylate, Cu(I)-3-methylsalicylate (CuMeSal)6,8,9 and
copper diphenylphosphinate10 have also been developed as mediators.

E. APPLICATIONS

This reaction, like other coupling methods has wide application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Suzuki Coupling and Sonogashira Coupling.

G. CITED EXPERIMENTAL EXAMPLES

N

N

O
O

Br

SMe

O

OMe

B(OH)2

N

N

O
O

Br

O

OMe

+
5 mol% Pd(PPh3)4

1.5 eq. CuTC/THF
71%

Reference 2h.

A mixture of 415 mg 4-methoxyphenylboronic acid (2.73 mmol), 446 mg CuTC
(2.34 mmol), 523 mg tert-butyl [5-bromo-2-(methylthio)-6-oxopyrimidin-1(6H)-yl]acetate
(1.56 mmol), and 5 mol % Pd(PPh3)4 was placed in a flask. After three vacuum/argon cycles,
15 mL dry and degassed THF was added. The reaction was stirred for 12–18 h at 50–60◦C
and monitored by LC/MS. When the reaction was complete, the mixture was cooled to
ambient temperature, EtOAc was added, and the mixture was filtered through a medium
frit sintered glass funnel. The filtrate was washed with 1 N NaHSO4, saturated NaHCO3,

and brine. The organic layer was dried over MgSO4, filtered, and concentrated to a vis-
cous solid. The residue was purified by flash chromatography (CH2Cl2/MeOH, 200:1) to
afford 439 mg tert-butyl [5-bromo-2-(4-methoxyphenyl)-6-oxopyrimidin-1(6H)-yl]acetate
as a pale yellow solid, in a yield of 71%.

N
H

NH

S

Ph

EtO2C

Me N
H

N

Ph

Ph

EtO2C

Me

PhB(OH)2/Pd(PPh3)4

CuTC/THF/microwave
81%

Reference 3.
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A microwave process vial was charged with a stir bar. To this vessel were added DHPM
(69.1 mg, 0.25 mmol), 45.7 mg PhB(OH)2 (0.375 mmol), 142.9 mg Cu(I) thiophene-2-
carboxylate (CuTC) (0.75 mmol), and 8.7 mg Pd(PPh3)4 (3.0 mol %). The reaction vessel
was flushed with argon and sealed. Through the septum was added 5 mL anhydrous THF,
and the reaction vessel was irradiated at 100◦C for 25 min. After cooling, the mixture
was transferred to a round-bottomed flask and was adsorbed on silica gel. The residue
was purified by flash chromatography on silica gel (hexanes/EtOAc, 3:1) to yield 81%
dihydropyrimidine as a semisolid.

Other references related to the Liebeskind-Srögl cross-coupling are cited in the
literature.11

H. REFERENCES

1. Allred, G. D. and Liebeskind, L. S., J. Am. Chem. Soc., 1996, 118, 2748.

2. (a) Zhang, S. J.; Zhang, D. W. and Liebeskind, L. S., J. Org. Chem., 1997, 62, 2312. (b) Liebeskind,
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Lindlar Hydrogenation

(Lindlar Reduction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported in 19471 and optimized by Lindlar in 1952.2 It is a
stereoselective reduction of alkynes to cis-alkenes by hydrogen in the presence of pal-
ladium that is impregnated onto calcium carbonate and then deactivated by lead acetate
and quinoline. Therefore, this reaction is often known as the Lindlar reduction3 or Lindlar
hydrogenation,3a–3c,3e and the palladium on calcium carbonate poisoned with lead acetate
and quinoline is referred to as the Lindlar catalyst.1,3d,4 The Lindlar catalyst exists as a slurry
mixture resulting in a heterogeneous hydrogenation.1,4a It has been found that palladium
coated on BaSO4 is superior to CaCO3, presumably because of the stability of the solid
support toward acid.5 This catalyst is prepared by reduction of PdCl2 with CaCO3 slurry
followed by the addition of lead acetate and 0.05–1 eq. quinoline.4d It has been found that
the addition of quinoline lowers the reduction rate6 but efficiently enhances the selectivity
by inhibiting alkene surface interaction.7 Although the addition of lead acetate has been
suggested to block the most active catalyst sites and prevent overreduction of alkenes to
alkanes,1 it has been found that lead acetate does not block certain active sites but rather
acts to modify the surface structure of the catalyst, such as the formation of the Pd3Pb alloy
particle.1,4d Such modifications on the catalyst surface also increase the selectivity.4d It is
believed that the stereoselective reduction of alkynes to only cis-alkenes is because one
face of the triple bond is shielded by the Lindlar catalyst so that hydrogen is restricted to
approach the triple bond from the other side. In this reduction, the solvent also plays an
important role. It has been reported that the cis/trans ratio was dramatically enhanced from
10:1 to 25:1 by changing the solvent from MeOH to hexane/EtOAc (1:1), and the cis/trans
ratio was further increased to 86:1 by the addition of quinoline in hexane/EtOAc (1:1).3d
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Even though the palladium in the Lindlar catalyst is known to be reduced to zero valence,
it has been found that the palladium in Lindlar catalyst is still electron-deficient with a
bond energy ∼2.1 eV higher than that of Pd(0).4a Because of such an electron deficiency,
alkynes are more strongly absorbed onto the catalyst, and once they are reduced to alkenes,
the alkenes are released from the catalyst without overreduction to alkanes because of the
relatively weaker interaction between catalyst and alkenes. However, an unprotected amino
group sitting near the alkyne group will accelerate the overreduction of alkenes and reduce
the selectivity,4b simply because of the strong electron-donating ability. In this case, the
addition of 1 eq. of ethylenediamine in the reaction mixture will reduce the overreduction
to a minimal level.4b

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A possible mechanism for the hydrogenation is illustrated here, where acetate and
quinoline all coordinate with palladium.

D. MODIFICATION

This reaction has been modified by the addition of MnCl2 to enhance the selectivity
during hydrogenation.8 In addition, it has been found that palladium on Al2O3 is superior to
the Lindlar catalyst operating under same conditions (e.g., temperature, hydrogen pressure,
and Pd/substrate ratio).4a

E. APPLICATIONS

This reaction has broad application in natural product synthesis.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 9.

To a solution of 8.5 mg lactone (0.013 mmol) in 1 mL 1-hexene and 1 mL EtOAc
was added 2 mg Lindlar catalyst. The resulting suspension was vigorously stirred under a
hydrogen balloon for 1.5 h. The mixture was filtered through a pad of Celite and washed
with EtOAc. Concentration of the filtrate gave a residue, that was purified by silica gel
chromatography (20% EtOAc/hexane) to afford 8.0 mg cis-macrolactone, in a yield of 94%.

H2N

Ph

PhH2NH2/Lindlar catalyst

DME/DMF
97%

Reference 4b.

To a solution of 2.5 g alkyne (12.4 mmol) in 25 mL DMF was added 1.0 mL ethylenedi-
amine (15 mmol) followed by 100 mg Lindlar catalyst. The reaction flask was evacuated,
purged with hydrogen five times, and then stirred under a hydrogen atmosphere for 4 h.
The reaction mixture was filtered over Celite and washed with 25 mL isopropyl acetate.
The resulting solution was washed with 37 mL 2 wt % NH4Cl and water (2 × 25 mL). The
organic solution was concentrated to yield 2.45 g cis-aminoalkene as an oil, contaminated
with 2.5% trans-aminoalkene and 0.5% aminoalkane in a yield of 97%.

Other references related to the Lindlar hydrogenation are cited in the literature.10
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Lobry de Bruyn-Alberda

van Ekenstein Transformation
(Lobry de Bruyn-van Ekenstein

Transformation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Lobry de Bruyn in 1895,1 and explored extensively
by Lobry de Bruyn and Alberda van Ekenstein.2 It is the reciprocal interconversion of
carbohydrates into their isomers in an alkaline solution through the enediolic intermediate.
The name of reaction given here is probably the only one time the full name of the people
who discovered such reaction. It is known as the Lobry de Bruyn-Alberda van Ekenstein
rearrangement,3 Lobry de Bruyn-Alberda van Ekenstein transformation,3f,4 Lobry de
Bruyn-Albreda van Ekenstein C-2 epimerization,5 or Lobry de Bruyn-van Ekenstein
transformation.6

It is a very general glycochemical reaction3b catalyzed by hydroxide, regardless of the
counterions, and depends only on the base concentration and temperature.7 For example,
the treatment of glucose by either KOH, NaOH, NH4OH, Mg(OH)2, Na2CO3, or K2CO3
will end up with the same equilibrium between glucose, mannose, and fructose.7 Like-
wise, galactose can form an equilibrium with tagatose and talose.8 It is found that such
interconversion catalyzed by a base is essentially similar to the group transfer reaction
of glucose-6-phosphate catalyzed by isomerase.3b,9 It is interesting that sorbose does not
occur in such a transformation;10 and under treatment of lead hydroxide, glucose yields
only mannose, and fructose gives neither of its corresponding aldose isomers (i.e., glucose
and mannose).7 In addition, it has been found that carbohydrates may degrade under basic
conditions to lower analogs via retro-aldol condensation.4c,8
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B. GENERAL REACTION SCHEME

CHO

OHH

HHO

OHH

OHH

CH2OH

CHO

HHO

HHO

OHH

OHH

CH2OH

OH–

CH2OH

O

HHO

OHH

OHH

CH2OH
Glucose
(63.5%)

Mannose
(2.5%)

Fructose
(31.0%)

OH–

C. PROPOSED MECHANISMS

An interchange from glucose to mannose and fructose is illustrated here; a similar
conversion from fructose or mannose to glucose can be depicted likewise.

D. MODIFICATION

N/A
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E. APPLICATIONS

This reaction can be used to prepare carbohydrate isomers on the basis of available
carbohydrate molecules.

F. RELATED REACTIONS

This reaction is related to the Aldol Condensation.

G. CITED EXPERIMENTAL EXAMPLES

O
HO

HO
NHAc

OH

O
O
HO

NHAc
OH

OH

O
HO

HO
NHAc

OH

O
O
HO OH

NHAc
OH

Aq. Ca(OH)2

23% conversion; starting material was then degraded 
by β-N-acetylhexosaminidase, and the mixture was

separated by gel filtration column with 18% yield

Reference 5.

N,N ′-Diacetylchitobiose (500 mg, 1.18 mmol) was dissolved in 25 mL saturated
lime solution and left overnight at laboratory temperature. Dowex 50WX2 in H+ form
was used for the neutralization and the removal of Ca2+ ions. The mixture was evap-
orated and dissolved in 25 mL 50 mM citrate-phosphate buffer (pH 5.3) and the
β-N-acetylhexosaminidase from Aspergillus oryzae (20 U) was added. The mixture was
incubated at 37◦C (typically 2 h) until all N,N ′-diacetylchitobiose had disappeared (TLC).
The enzyme was then deactivated by 5 min boiling, and the mixture was evaporated to
1–2 mL. The sample was loaded onto a Bio Gel P2 column (2.6 × 80 cm, flow rate 12 mL/h,
void volume 190 mL) and eluted with H2O to afforded 18% 4-O-(2-acetamido-2-deoxy-β-
d-glucopyranosyl)-2-acetamido-2-deoxy-d-mannopyranose.

Other references related to the Lobry de Bruyn-Alberda van Ekenstein transformation
are cited in literature.11
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and Kren, V., J. Carbohydr. Chem., 1998, 17, 1351. (e) Koell, P. and Papert, G., Liebigs Annalen
Chem., 1986, 1568. (f) Tilley, B. E.; Porter, D. W. and Gracy, R. W., Carbohydr. Res., 1973, 27,
289. (g) Mizuno, T., Kagaku Ryoiki, 1972, 26, 762.

4. (a) Ekeberg, D.; Morgenlie, S. and Stenstrom, Y., Carbohydr. Res., 2005, 340, 373. (b) Paquette,
L. A. and Hofferberth, J. E., Org. React., 2003, 62, 477. (c) Kabyemela, B. M.; Adschiri, T.;
Malaluan, R. M. and Arai, K., Ind. Eng. Chem. Res. 1999, 38, 2888. (d) Yaylayan, V. A.; Ismail,
A. A. and Huyghues-Despointes, Al., Special Pub. - Royal Soc. Chem., 1994, 151, 69. (e) Walker,
T. E.; Unkefer, C. J. and Ehler, D. S., J. Carbohydr. Chem., 1988, 7, 115. (f) Andrews, G. R. and
Prasad, S. K., J. Dairy Res., 1987, 54, 207. (g) Hatt, B. W., Chem. Ind. (London), 1975, 617.
(h) Brooks, R. D., “A Kinetic Study of the Rate of Cleavage of the Glycosidic Bond of Methyl-
b-Glucopyranoside in an Alkaline Medium,” doctoral thesis, the Institute of Paper Chemistry,
Appleton Wisconsin, Jan. 1966. (i) Sumere, C. F. van and Kint, J., Mededel. Vlaanse Chem. Ver.,
1964, 26, 63. (j) Siddiqui, I. R. and Purves, C. B., Can. J. Chem., 1963, 41, 382.
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Lombardo Methylenation

(Lombardo Olefination, Lombardo
Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Lombardo in 1982.1 It is a modification of the Takai-
Nozaki Methylenation2 (also known as the Nozaki-Hayashe Methylenation3) to convert
ketones/aldehydes into alkenes using the “low temperature aged” carbenoid reagent gen-
erated from zinc, dibromomethane, and TiCl4. Therefore, this reaction is known as the
Lombardo methylenation,2,4 Lombardo olefination5 or Lombardo reaction;2,6 and the com-
bination of Zn/CH2Br2/TiCl4 is known as the Lombardo reagent4a,4e,5b,6a,7 or Lombardo’s
reagent.8 However, because this reaction is closely related to the condition reported by
Takai, Oshima and co-workers in 1978,9 this reaction is also referred to as the Lombardo-
Oshima methylenation,7b,10 Lombardo-Takai olefination11 or Takai/Oshima-Lombardo
methylenation;12 and the Lombardo reagent is also referred to as the Lombardo-Oshima
reagent.10

The Lombardo reagent is usually prepared by addition of TiCl4 to a precooled suspen-
sion of zinc dust in a solution of dibromomethane in dry THF at very low temperature
(e.g., −40◦C), and aged for 2 days at 4◦C before the methylenation.4a Different from the
Wittig Reaction, the Lombardo methylenation is highly selective and occurs under nonbasic
conditions.13 This reaction is especially valuable for the methylenation of keto ester, for
which the Wittig Reaction fails,14 and for the olefination of β,γ-unsaturated enones with-
out enolization.15 Thus the Lombardo methylenation is an alternative olefination method
when Wittig Reaction or Tebbe Olefination is not applicable.3,10,11b,13,16 However, it also
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has some disadvantages, such as the lengthy preparation of the reagent,6a the heterogenous
nature of the reaction condition,6a the need for a large excess of reagent,11 and the low yield
in conversion of ketene into allene.6a An excess amount of reagent makes the workup and
isolation very difficult.11

B. GENERAL REACTION SCHEME

R1 R2

O

R1 R2

Zn/CH2Br2/TiCl4 R1 = alkyl, aryl
R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

It is plausible that the Lombardo methylenation proceeds via an analogous pathway of
Tebbe Olefination, as illustrated below.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been widely used for the methylenation of carbonyl functionality.

F. RELATED REACTIONS

This reaction is related to the Takai Olefination and Tebbe Olefination.
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G. CITED EXPERIMENTAL EXAMPLES

CO2H

O THF

CO2H

Zn/CH2Br2/TiCl4
OAc

1) LiAlH4/Et2O

2) Ac2O/pyridine

44% (3 steps)

Reference 17.

To a suspension of 24.9 g activated zinc (381 mmol, 10.9 eq.) in 150 mL anhydrous
THF with 10 mL dibromomethane (142.5 mmol, 4.1 eq.) cooled at −45◦C, was added
12.0 mL TiCl4 (109 mmol, 3.1 eq.) dropwise. When the formation of yellow smoke had
subsided, the mixture was warmed to 0◦C and maintained with good stirring for 2 days.
Anhydrous CH2Cl2 (40 mL) was added, followed by the dropwise addition of 5.97 g (+)-
(1R)-cis-2,2-dimethyl-3-acetyl-cyclobutanecarboxylic acid (35.1 mmol) in 35 mL CH2Cl2.
The mixture was stirred for 30 min and then at room temperature for 3 h. To this reaction
mixture was then added 100 mL hexane and 1.5 N HCl (slow initially, total 140 mL). The
mixture was stirred for 30 min and then separated. The aqueous layer was extracted with
hexane twice, and the combined extracts were dried over Na2SO4, filtered, and evaporated to
afford (+)-(1R)-cis-2,2-dimethyl-3-isopropenyl-cyclobutanecarboxylic acid. The acid was
immediately taken up by Et2O and reduced with LiAlH4 to prevent epimerization and finally
transformed into corresponding acetic acid ester: (+)-(1R)-cis-2,2-dimethyl-3-isopropenyl-
cyclobutane-methyl acetate, in a total of 44% yield, b.p. 83–86◦C.

O

O

H

HH

H

O

THF

O

H

HH

H

O

Zn/CH2Br2/TiCl4

79%

Reference 7a.

A 10 mL 1.0 M solution of TiCl4 in CH2Cl2 (10 mmol) was added dropwise over
10 min to a vigorously stirred suspension of 2.87 g activated zinc dust (44.0 mmol) and
dibromethane (1.01 mL, 2.43 g, 14.0 mmol) in 25 mL THF at −40◦C. The mixture was
warmed to 0◦C, and then stirred in a cold room at 0◦C for 18 h. A portion (0.5 mL) of this
Lombardo reagent was added dropwise over 5 min to a solution of 10 mg (5b,13a)- and
(5a,13a)-8-methyl-18-nor-16-oxaandrostan-4,17-dione (0.0344 mmol) in 1 mL CH2Cl2 at
0◦C, and the reaction was then stirred at 0◦C for 30 min. The mixture was poured into
15 mL saturated aqueous NaHCO3 and then extracted with 20 mL Et2O. The separated
organic phase was washed with 20 mL water, and both separated aqueous layers were then
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extracted with 20 mL Et2O. The combined organic extracts were dried over MgSO4 and
then evaporated in vacuo. Chromatography of the residue on silica gel using EtOAc/light
petroleum (b.p. 40–60◦C) (3:17) as the eluent gave 7.8 mg (5a,13a)-8-methyl-4-methylene-
18-nor-16-oxaandrostan-17-one as white needles, m.p. 130–135◦C, in a yield of 79%.

Other references related to the Lombardo methylenation are cited in the literature.18
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Lossen Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Lossen in 1872.1 It is a thermal or alkaline conversion
of hydroxamic acid into an isocyanate via the intermediacy of its O-acyl, sulfonyl, or
phosphoryl derivative. In the presence of water, amine, or alcohol, the isocyanate is converted
into amine, urea or urethane, respectively. Therefore, this reaction is generally known as
the Lossen rearrangement.2,3 Occasionally, it is also referred to as the Lossen reaction,4

Lossen degradation,5 or Lossen transformation.6

Initially, this reaction was thought to occur via a similar mechanism of Curtius Rear-
rangement or Hofmann Rearrangement7 by means of the formation of an univalent nitrogen
intermediate (known as nitrene), from which the alkyl group migrates from the carbon to
the nitrogen atom to form isocyanate.7 However, such idea of the reaction mechanism is
challenged on the basis of the modern valence theory, thus a few mechanisms are pro-
posed to rationalize the Lossen rearrangement,2k,2n,3bb,4c,4f including the one proposed by
Jones and Hurd.8 In addition, the recently accepted mechanism2k,2n,3bb,4c,4f involves the
deprotonation of N-H from a base, followed by the concurrent migration of an alkyl group
and release of a carboxylate (or sulfonate or phosphonate) if the hydroxamic acid is acti-
vated by an acyl group (or correspondingly by a sulfonyl or phosphoryl group2n). It has
been found that the rearrangement rate is directly proportional to the acidity of the leaving
group or the conjugate acid of the leaving group if the leaving group is an anion;2h in addi-
tion, in the case of O-benzoyl phenylhydroxamic acid, the electron-donating group on the
phenyl and electron-withdrawing group on the benzoyl moiety will facilitate the rearrange-
ment, especially when these substituents are in the meta- or para-positions.4c It has been
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found that the stereochemistry of the migrating group is retained after the migration.2l,3bb

Unfortunately, because of the intrinsic self-condensation reaction between the hydroxamic
acid and the isocyanate, and the general unavailability of hydroxamic acid,2b this reaction
had not been widely used in organic synthesis until recent modifications.2f In fact, the
desired hydroxamic acid can easily be prepared from the reaction between hydroxamine
and acyl halide, ester, or anhydride.3bb The Lossen rearrangement has been modified by
the addition of a water-soluble carbodiimide,2j application of lithium aluminum hydride
as base and reducing reagent,2m or protection of hydroxamic acid with a t-butylcarboxyl
group2b as well as carrying out the reaction in the presence of formamide2f and using an
enzyme to catalyze the reaction.2e,3x

B. GENERAL REACTION SCHEME

R N
O

R′

O

H

R
N

C
O

Base or ∆ R = alkyl, aryl
R′ = acyl, sulfonyl, phosphoryl

C. PROPOSED MECHANISMS

A simple mechanism is depicted here for this rearrangement, including the formation of
isocyanate derivatives.

D. MODIFICATION

This reaction has been modified to occur under different conditions, such as the addition
of carbodiimide, and formamide, as described in Section A.
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E. APPLICATIONS

This reaction has general application in the preparation of amine, urea, and urethane
derivatives.

F. RELATED REACTIONS

This reaction is related to the Curtius Rearrangement and Hofmann Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

N
O-t-Bu

O
O

MsO

NH
O-t-Bu

O

10 mol % Zn(OTf)2
2,6-DTBP, BnOH

CH3CN, ∆

81%

Reference 2b.

To a solution of 610 mg N-(t-butyloxycarbonyl)-N-(methanesulfonyloxy)cyclopent-
3-enylcarboxamide (2.0 mmol) in 10 mL CH3CN were added 238 mg benzyl alcohol
(2.2 mmol), 382 mg 2,6-di-t-butylpyridine (2.0 mmol), and 72 mg zinc triflate (0.2 mmol).
The mixture was heated with stirring at 85◦C for 16 h and then cooled to room tem-
perature. It was then diluted with 50 mL EtOAc, washed with water, 1 M H3PO4, and
brine (50 mL each). The combined aqueous layers were back extracted with ethyl acetate
(2 × 50 mL); the combined organic layers were dried over MgSO4, filtered, and concen-
trated in vacuo. The residue was flash chromatographed (4:1, hexanes/EtOAc) to afford
352 mg N-(benzyloxycarbonyl)cyclopent-3-enylamine as a colorless solid, in a yield of
81%, m.p. 50–52◦C.

N
O2N

O

O

O

NO2

NO2
1) EtOH/H2O/NaOH
2) H2SO4

81%

O2N

NH

O
NH

O

O2N

+

9:1

Reference 9.
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To a 22-L, of clean, three-necked flask were added 4.650 L deionized water and 10.75 L
absolute ethanol. To this solution was added 236 g NaOH (5.9 mol, 4.04 eq.). The resul-
tant solution was cooled to 10◦C, and 620 g N-(2,4-dinitrophenoxy)-4-nitronaphthalimide
(1.46 mol, 1.0 eq.) was added. The mixture was stirred for 44 h at ambient temperature until
the completion was detected by TLC (CHCl3/MeOH, 95:5). The pH was adjusted to 3 with
175 mL conc. H2SO4, and the mixture was cooled to < 10◦C and filtered. The wet filter
cake was reslurried in 3 L deionized water, and the pH was adjusted to 7–8 by the addition
of saturated aqueous NaHCO3 solution. The mixture was filtered, washed with water and
95% ethanol, and dried under vacuum to yield 254 g 5-nitrobenz[cd]indol-2(1H)-one, in a
yield of 81%. 1HNMR analysis of the product showed that the product was contaminated
with ∼10% of the regioisomer 6-nitrobenz[cd]indol-2(1H)-one.

Other references related to the Lossen rearrangement are cited in the literature.10
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Luche Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Luche in 1985.1 It is the modification of the ini-
tial aqueous allylation of carbonyl compounds (in 1983) via the intermediacy of tin in the
presence of a catalytic amount of hydrobromic acid (HBr),2 to the zinc mediated allyla-
tion of carbonyl compounds using ultrasonic irradiation in saturated aqueous NH4Cl/THF
solution.1 Thus the new reaction condition is referred to as the Luche reaction.3 In paral-
lel, Li4 and Chan5 extended the Barbier-Grignard-type reaction to successfully proceed in
aqueous media and contributed to the new area called “green chemistry.”6

As a weak acid, ammonium chloride is often added to the reaction media to activate the
metal surface1a so that the yield can be dramatically enhanced.7 However, it is intriguing that
under acidic conditions, zinc reduces proton to hydrogen; in addition, the expected allylzinc
intermediate reacts violently with water,3b but these strong trends do not burden the pro-
cess of the Luche reaction. When 1,3-dichloropropene, preferably 3-iodo-1-chloropropene
is used in this reaction, 1,3-butadienes are obtained; however, when this reaction is inter-
rupted by base treatment after the initial allylation to carbonyl group, vinyloxiranes are
obtained as final products.8 It has been found that when both ketone and aldehyde groups
exist, aldehyde reacts in preference;1b likewise, aromatic aldehyde prevails in this reac-
tion in the presence of an aliphatic aldehyde.4c For the reaction between aldehyde and
bromopropenyl methylcarbonate to give the rearranged allyl methylcarbonate, it has been
found that a mixture of diastereomers are obtained, and the ratio of syn/anti depends on
the nature of the aldehyde. For example, syn adducts are preferentially formed from the
conjugated aldehydes whereas the anti adducts prevail when nonconjugated aldehydes are
used.9 Moreover, as Luche pointed out, in the presence of a catalytic amount of nickel acety-
lacetone [Ni(acac)2], allylzinc bromide undergoes conjugate addition with α,β-unsaturated
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carbonyl compounds.1c However, the corresponding branched allylzinc chloride (e.g., 2-
methyl allylzinc chloride) adds only to the carbonyl group of α,β-unsaturated compounds,
even in the presence of nickel and a variety of ligands,10 presumably due to the steric hin-
drance of the side chain. In addition, when a zinc-copper couple is used, alkyl halide reacts
with α,β-unsaturated carbonyl compounds and nitriles via a conjugate addition under the
conditions of the Luche reaction.11,12 It is interesting that the allylation of carbonyl com-
pounds with allyl bromide with terminal substituents undergoes γ-allylation rather than
α-allylation, affording carbon skeleton rearranged products.6a

Besides zinc, some other metals have also been applied to facilitate the aqueous ally-
lation of carbonyl compounds. It has been found that the combination of manganese and
copper, even only a catalytic amount of copper in any oxidation state [e.g., Cu(0), Cu(I),
or Cu(II)], is a highly regioselective mediator for the allylation of aromatic aldehydes in
the presence of aliphatic aldehdyes, and this reaction is highly effective when combined
with a catalytic amount of acetic acid or in aqueous NH4Cl. The high regioselectivity is
attributed to the difference in reductive potentials of the two types of aldehydes.13 On the
other hand, the metal indium—due to its lower first ionization potential than that of zinc, tin,
and even magnesium and its insensitivity to boiling water or alkali—has been found to be
the ideal mediator for the allylation of carbonyl compounds in aqueous solution. For exam-
ple, the indium mediated allylation proceeds smoothly at room temperature without any
other promoters; in addition, only a catalytic amount is needed in combination with zinc.7

B. GENERAL REACTION SCHEME

R1 R2

O
Br

R1

OH

R2

+
Zn/NH4Cl

THF/H2O
ultrasound

R1 = alkyl, aryl
R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

Although the details of the mechanism are still under debate,1a,14 the Luche reaction
probably proceeds via radical mechanism,3b,5a,15 similar to that of Barbier-Grignard-type
reaction occurring in aqueous solution,4d as outlined here.
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D. MODIFICATION

This reaction has been modified to proceed in aqueous solution using reverse-phase silica
gel to substitute the co-solvent THF so that the slurry of zinc, C-18 silica gel, allyl bromide,
and aldehyde are stirred in a saturated aqueous NH4Cl solution at room temperature in an
open vessel, affording comparable yields of products.3b In addition, when the combination
of zinc and indium trichloride are used as the mediator, much cheaper allyl chloride is
an effective allylation agent.16 Moreover, other types of aqueous allylation protocols have
been developed, including the application of gold,4b manganese,4c,5b magnesium,4d tin,17

and indium.18 Especially for the case of indium, acetylene can directly add to aldehyde in
the presence of an indium salt;6c it is worth pointing out that the indium mediated reac-
tion between the aldehydes and a propargyl bromide with a terminal aliphatic or aromatic
substituent gives the allenylation products exclusively.4e

E. APPLICATIONS

This reaction has important application in modern organic synthesis, especially with
respect to increasing environmental concerns.

F. RELATED REACTIONS

This reaction is related to the Barbier Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Cl
CHO+

Zn/NH4Cl

THF/H2O
87.8% OH

Reference 3b.

To a solution of 2.27 g heptaldehyde (19.9 mmol) in 20 mL saturated aqueous NH4Cl
and 4 mL THF, was added 1.56 g zinc (24 mmol) and 2.36 mL crotyl chloride (24 mmol).
The reaction mixture exposed to the air was stirred overnight at room temperature, and the
suspension (containing zinc salts) was then extracted with Et2O, and the ether layer was
dried over MgSO4. Upon evaporation of Et2O, the residue was quickly passed through a
silica gel pad to afford 2.97 g 3-methyl-1-decen-4-ol as a 1:1 mixture of erythro to threo
products, in a yield of 87.8%, Rf = 0.5 (EtOAc/hexane, 1:9).

CHO

CH2OH

Cl

CH2OH

HO

+
Mn/cat. Cu

H2O, r.t.
66%

Reference 5b.
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To a 25-mL flask were added 136 mg 4-(hydroxylmethyl)benzaldehyde (1 mmol), allyl
chloride (230 mg, 3 mmol), 165 mg manganese (3 mmol), 6.4 mg copper (0.1 mmol), and
2 mL water. The flask was stoppered and stirred vigorously at room temperature for 8 h
followed by quenching with 1 N HCl and extracted with Et2O. The combined ethereal
solution was washed with brine, dried over anhydrous MgSO4, and concentrated in vacuo.
The crude product was purified by flash column chromatography using hexanes/EtOAc
(2:1) as the eluent to give 117 mg 1-(4-(hydroxymethyl) phenyl)-3-buten-1-ol, in a yield of
66%.

Other references related to the Luche reaction are cited in the literature.19

H. REFERENCES

1. (a) Pétrier, C. and Luche, J.-L., J. Org. Chem., 1985, 50, 910. (b) Pétrier, C.; Einhorn, C. and
Luche, J.-L., Tetrahedron Lett., 1985, 26, 1449. (c) Pétrier, C.; Souza-Barbosa, J. C.; Dupuy, C.
and Luche, J.-L., J. Org. Chem., 1985, 50, 5761.

2. Nokami, J.; Otera, J.; Sudo, T. and Okawara, R., Organometallics, 1983, 2, 191.

3. (a) Tanaka, K.; Kishigami, S. and Toda, F., J. Org. Chem., 1991, 56, 4333. (b) Wilson, S. R. and
Guazzaroni, M. E., J. Org. Chem., 1989, 54, 3087.

4. (a) Keh, C. C. K.; Wei, C. M. and Li, C.-J., J. Am. Chem. Soc., 2003, 125, 4062. (b) Wei, C. M.
and Li, C.-J., J. Am. Chem. Soc., 2003, 125, 9584. (c) Li, C.-J., Acc. Chem. Res., 2002, 35, 533.
(d) Zhang, W.-C. and Li, C-J., J. Org. Chem., 1999, 64, 3230. (e) Yi, X.-H.; Meng, Y.; Hua, X.-G.
and Li, C.-J., J. Org. Chem., 1998, 63, 7472.

5. (a) Chan, T. H.; Yang, Y. and Li, C.-J., J. Org. Chem., 1999, 64, 4452. (b) Li, C.-J.; Meng, Y.; Yi,
X.-H.; Ma, J. H. and Chan, T.-H., J. Org. Chem., 1998, 63, 7498. (c) Li, C.-J. and Chan, T.-H.,
Organometallics, 1991, 10, 2548.

6. (a) Li, C.-J. and Chen, L., Chem. Soc. Rev., 2006, 35, 68. (b) Li, C.-J., Green Chem., 2002, 4, 1.
(c) Wei, C. M. and Li, C.-J., Green Chem., 2002, 4, 39.

7. Li, C.-J., Chem. Rev., 1993, 93, 2023.

8. Chan, T. H. and Li, C.-J., Organometallics, 1990, 9, 2649.

9. Lombardo, M.; Pasi, F. and Trombini, C., Eur. J. Org. Chem., 2006, 3061.
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400
Luche Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Luche in 1978.1 It is a reduction of carbonyl group
into an alcohol using the combination of sodium borohydride (NaBH4) and cerium chlo-
ride (CeCl3) in methanol as the reducing reagent. Therefore, it is generally known as
the Luche reduction,2,3 and the combination of NaBH4 and CeCl3 is referred to as the
Luche reagent.4 This reaction occurs under very mild conditions, and can tolerate a vari-
ety of functional groups within the same substrates, including the azido (N3),5 peroxide
(-OO-),5 ester,6 α-halocarbonyl,5,7 cyano,5 epoxide,8 lactone,6a,9 cyclopropanyl,4e vinyl
ester,5 t-butoxycarbamido,5 phenoxycarbamido,10 acetal,2j ketal,6c,11and carbonate12.
More importantly, this reduction always gives 1,2-addition3i,5,13 products if the carbonyl
group is conjugated to an alkenyl,2g,2i,2j,4,6,8−10,11a,12,14 aryl,2d or alkynyl2a,5,15 group. In
addition, this reduction also demonstrates chemoselectivity between ketone and aldehyde
groups, and often the ketone is reduced in the presence of an aldehyde group;5 if both conju-
gated aldehyde and isolated aldehyde group exist in the same substrate, then the conjugated
aldehyde group is often reduced. This is because CeCl3 functions as a Lewis acid that
catalyzes the acetalization of the aldehyde group with methanol, and the isolated aldehyde
group forms the acetal first and will remain during the reduction.5 Similarly, the isolated
ketone will not be reduced if a conjugated aldehyde or ketone group coexist. In addition,
this reduction also provides a certain level of stereoselectivity and diastereoselectivity.2a

Generally speaking, the selectivity at lower temperatures would be higher than that of the
reduction conducted at higher temperatures;2d for the reduction of cyclohexanone series,
the Luche reduction affords cyclohexanol with the hydroxyl group at the equatorial posi-
tion via the axial attack.2g,2j,5 Besides cerium chloride, other lanthallides are also suitable
for such reduction,16 and it has been found that the stereoselectivity is in a bell-shape
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correlation with the size of lanthallides, in the order of TbCl3 > EuCl3 ∼ HoCl3 > CeCl3 ∼
ErCl3 > LaCl3.2e

B. GENERAL REACTION SCHEME

R R′

O

R R′

OHNaBH4/CeCl3/MeOH
R = H, alkyl, aryl
R′ = H, alkyl, aryl

C. PROPOSED MECHANISMS

It is believed that the coordination between cerium and the oxygen atom of the carbonyl
group further polarizes the carbonyl group so that the 1,2-reduction is favored, as displayed
below.

D. MODIFICATION

The combination of LiAlH4 and CeCl3 has been used for similar reduction conditions
but with less 1,2-reduction selectivity.5

E. APPLICATIONS

This reaction has very broad application in organic synthesis.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2a.

To a solution of 100 mg (2R)-2-((1R)-hydroxy-1-hept-3-yn-2-one)-1-[((1S,2R)-2-
(1-methyl-1-phenylethyl) cyclohexyoxy) carbonyl]-5-(triisopropylsilyl)-2,3-dihydro-4-
pyridone (0.161 mmol) in 7 mL methanol was added 66 mg cerium(III) chloride
heptahydrate (CeCl3·7H2O, 0.177 mmol) in one portion. After being stirred for
10 min, the mixture was cooled to −50◦C, and 9 mg sodium borohydride
(0.241 mmol) was added. The reaction mixture was stirred for an additional 10 min,
quenched with 10 mL water, and extracted with CH2Cl2 (3 × 10 mL). The com-
bined extracts were dried over MgSO4 and concentrated under reduced pressure.
The residue was purified by radial PLC (silica gel, 30% EtOAc/hexanes) to give
96 mg (2R)-2-((1R,2S)-dihydroxy-hept-3-yne)-1-[((1S,2R)-2-(1-methyl-1-phenylethyl)-
cyclohexyloxy)carbonyl]-5-(triisopropylsilyl)-2,3-dihydro-4-pyridone as a colorless oil, in
a yield of 96%.

N

O

Cbz OTBS

EtO N

OH

Cbz OTBS

EtO
NaBH4/CeCl3

86%

Reference 2b.

A 100-mL flask was charged with 555 mg (2R)-2-(tert-butyldimethylsilyloxymethyl)-
6-ethoxy-3-oxo-3,6-dihydro-2H-pyridine-1-carboxylic acid benzyl ester (1.32 mmol), a
magnetic stir bar and 6 mL CH2Cl2. The mixture was cooled to −78◦C in a dry ice–acetone
bath under a nitrogen atmosphere. To this solution was added a 10 mL 0.4 M CeCl3 solution
in methanol. After additional stirring and continued cooling, 75 mg NaBH4 (1.98 mmol,
1.5 eq.) was added. The reaction was stirred at −78◦C until only alcohol was visible by
TLC (∼2 h). The reaction mixture was diluted with 15 mL ether and quenched at −78◦C by
the addition of 4 mL 1 M NaHSO4. This mixture was stirred for 20 min and separated. The
aqueous layer was extracted with ether (4 × 10 mL), and the combined organic layers were
washed with brine and dried over Na2SO4, filtered, and concentrated under reduced pressure.
Flash chromatography provided 477 mg (2R,3R)-2-(tert-butyldimethylsilyloxymethyl-6-
ethoxy-3-hydroxy-3,6-dihydro-2H-pyridine-1-carboxylic acid benzyl ester as a colorless
oil, in a yield of 86%, Rf = 0.36 (EtOAc /hexanes, 1:4).

Other references related to the Luche reduction are cited in the literature.17
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MacDonald-Fischer

Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by MacDonald and Fischer in 1952.1 It is the degra-
dation of hexoses into pentoses involving the steps of formation of dithioacetal, oxidation
to unsaturated disulfone by means of perphthalic acid, hydrazine treatment, and benzalde-
hyde splitting of the corresponding hydrazone. Therefore, the whole process is known as
the MacDonald-Fischer degradation.2 In addition, when the unsaturated disulfone is dis-
solved in aqueous ammonia or methanol saturated with ammonia, 2-deoxy-2-amino sugar
is resolved.1 This reaction in combination with mass spectroscopy was used to study the
structure and stereochemistry of carbohydrates.2c,2d,3

B. GENERAL REACTION SCHEME

CHO

OHH

HHO

OHH

OHH

CH2OH

EtSH

HCl

CH(SEt)2

OHH

HHO

OHH

OHH

CH2OH

Ac2O

CH(SEt)2

OAcH

HAcO

OAcH

OAcH

CH2OAc

C(SO2Et)2H

HAcO

OAcH

OAcH

CH2OAc

NH2NH2

CHO

HHO

OHH

OHH

CH2OH

Oxidation
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C. PROPOSED MECHANISMS

A tentative mechanism is proposed here to rationalize the degradation of disulfones.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to degrade the carbohydrates and study the structure and
stereochemistry of carbohydrates.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

CH(SEt)2

OAcH

HAcO

OAcH

OAcH

CH2OAc

CO2H

CO3H

NH2NH2

CHO

HHO

OHH

OHH

CH2OH

CH(SO2Et)2H

HAcO

OAcH

OAcH

CH2OAc

64% 73%

Reference 1.

To an ice cold solution of 20.0 g d-glucose diethyl mercaptal pentaacetate in 200 mL
dry ether was added 35.21 g monoperphthalic acid in ether (4.8 eq.). The solution was
cooled in ice for 1 h and then allowed to stand at room temperature for an additional 16 h.
The ether was removed under reduced pressure, and the residue was extracted with CHCl3
(4 × 75 mL). The chloroform was washed with saturated aqueous NaHCO3 and then with
water and was dried over Na2SO4. Then CHCl3 was removed under reduced pressure to
give 19.9 g d-arabo-3,4,5,6-tetraacetoxy-1,1-bis-(ethanesulfonyl)-hexene-1 as a crystalline
material, m.p., 134–146◦C. Two recrystallizations from diisobutyl ketone followed by one
from isopropyl alcohol and one from methyl ethyl ketone by addition of petroleum ether
(b.p. 35–60◦C), gave 12.9 g pure product with a constant melting point of 160–162◦C, in a
yield of 64%.

d-arabo-3,4,5,6-tetraacetoxy-1,1-bis-(ethanesulfony1)-hexene-1(5g) was added to
100 mL methanol; to this was added 4.5 mL 85% hydrazine hydrate in water. The material
dissolved rapidly and, after 4 h at room temperature, the solvent was removed at reduced
pressure, then 50 mL water was added, and the mixture was extracted with CHCl3
(4 × 20 mL). To the aqueous layer was added 35 mL benzaldehyde, 0.5 g benzoic acid, and
40 mL ethanol. The mixture was refluxed for 3 h. After cooling, the mixture was extracted
with CHCl3 (3 × 20 mL) and then 20 mL ether. The mixture was washed with 400 mL
water, and concentrated to 10 mL. Charcoal was added, and water was removed from the
filtered solution in a vacuum oven at 40◦C. Then 5 mL hot methanol was added; after 24 h
at 4◦C, the crystalline residue was washed twice with cold methanol and dried in vacuum
over CaCl2 to give 1.10 g d-arabinose, in a yield of 73%.

Other references related to the MacDonald-Fischer degradation are cited in the
literature.4
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Madelung Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Madelung in 1912.1 It is a synthesis of indole
derivatives by means of the treatment of ortho-alkyl N-acylaniline with a strong base
(e.g., potassium alkoxide) at high temperature (e.g., 300–400◦C). Therefore, this reac-
tion is known as the Madelung indole synthesis,2 Madelung synthesis,2b,2c,3 Madelung
cyclization,4 or Madelung reaction.2b,5 It has been improved by using sodium amide or
lithium amide as a base to substitute for potassium alkoxide,5c so that the reaction can occur
at a relatively lower temperature. In addition, it has been reported that when butyl lithium
is used as base, the reaction can take place at room temperature.3a,6 In addition, ortho-alkyl
N-benzoyl anilines react at relatively lower temperatures.7 However, this method is difficult
for the preparation of nitro- or halogen-substituted indoles.8

B. GENERAL REACTION SCHEME

R′

N
H

O

R′′

KOR

∆ N
H

R′

R′′

R′ = H, alkyl, aryl

R′′ = H, alkyl, aryl

R = Me, Et, But
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C. PROPOSED MECHANISMS

It is believed that the removal of a benzylic proton to form a benzylic anion is the
important step in this reaction. As potassium alkoxide or sodium alkoxide is not strong
enough to deprotonate benzylic proton, thus a very high temperature is required for this
reaction to proceed. However, if sodium amide, a even stronger base, is used, the reaction can
occur at a relatively lower temperature; similarly, if amino group of aniline is protected by
benzoyl group, a stronger electron-withdrawing group, then the acidity of benzylic proton
is enhanced, thus a lower temperature is good enough for the Madelung indole synthesis.
An illustrative mechanism is shown below.

D. MODIFICATION

This reaction has been modified by using lithium amide5c or butyl lithium3a,6 as base so
that the reaction can take place at milder conditions.

E. APPLICATIONS

This reaction is useful for the preparation of unsubstituted indole and indoles with
substitutents at 2-position.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Me

N
H

Ph

O

MeO N
H

PhMeO

n-BuLi/THF

20%

Reference 3a.

To an ice-cooled solution of 2.41 g N-(2-methyl-5-methoxyphenyl) benzamide
(10 mmol) in 20 mL dry THF was added 13.75 mL 1.6 M n-butyllithium in hexane (22 mmol)
dropwise under a nitrogen atmosphere. This mixture was stirred at room temperature for
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20 h, then cooled to 0◦C and treated dropwise with 11 mL 2 N HCl. The organic layer
was separated, and the aqueous layer was extracted with ether (3 × 20 mL). The combined
organic layers were washed with brine, dried over Na2SO4, and concentrated in vacuo to
obtain a black residue, which was then purified by flash chromatography (silica gel, toluene
as the eluent) and crystallization from toluene to give 0.45 g 6-methoxy-2-phenylindole as
a white solid, in a yield of 20%, m.p. 177–178◦C.

N
H

O

N
Na+

N
H

NaNH2, Et2O

240 – 260°C

EtOH/H2O

80 – 83%

–

Reference 9.

To a 1-L flask was added a mixture of 64 g finely pulverized NaNH2, 100 g acetyl-o-
toluidine, and ∼50 mL dry ether. Then the flask was swept out with dry nitrogen, followed by
a slow current of dry nitrogen passing through the mixture. The flask was heated in a metal
bath to 240–260◦C over a 30-min period and was maintained at this temperature for 10 min.
A vigorous evolution of gas occurred, the cessation of which indicated the completion of
this reaction. The metal bath was removed to allow the flask to cool, then 50 mL 95% ethanol
and 250 mL warm water (∼50◦) were added successively. The decomposition of the sodium
derivative of 2-methylindole and of any excess NaNH2 were completed by warming the
mixture gently with a Bunsen burner. The cooled reaction mixture was extracted with ether
(2 × 200 mL), and the combined ether extracts were filtered, and concentrated to ∼125 mL.
The solution was then transferred to a 250-mL Claisen flask and distilled at 119–126◦C
(3–4 mmHg) as a water-white liquid, which rapidly solidified in the receiver to a white
crystalline mass and weighed 70–72 g, in a yield of 80–83%, m.p., 56–57◦C. This product
could be further purified by dissolving it in 100 mL methanol, adding 30 mL water, and
allowing the solution to stand in the ice chest for 5 h.

Other references related to the Madelung indole synthesis are cited in the literature.10
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Maillard Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Ling and Malting in 1908 who studied the color forma-
tion in beer from sugars and amino groups.1 Because the color is generally brown-like, this
reaction is sometimes called nonenzymatic browning reaction.2 However, it was Maillard
who reported the coloring reaction between reducing sugars and amino groups in 19123 and
initially realized the significance of this reaction in plant pathology, geology, and medicine;
therefore, this reaction is generally known as the Maillard reaction.4,5 In fact, this reaction is
probably the most complicated organic reaction that involves any reaction between a reduc-
ing sugar and molecules with a free amino group (e.g., amino acids, peptides, and proteins).
Depending on the source of reducing sugars and amino compounds, the products formed
show different colors and flavors.2b Nonetheless, the end products are nitrogenous hetero-
cyclic molecules with different substituents on nitrogen that give the brown-like colors.4b

Generally speaking, this reaction involves three stages: the nucleophilic addition of an
amino group to the aldehyde group of reducing sugar leads to glycosylamine, which then
undergoes the Amadori Rearrangement to yield ketosyl compounds irreversibly and give
different products via various reaction pathways, such as enolization, Aldol Condensation,
dehydration, fragmentation of amino acid, and polymerization.2a,6 The overall outcome of
this reaction is the browning, fluorescence (by advanced glycation end products, AGEs2a),
and cross-linking of protein.4e The products of the Maillard reaction are generally known as
the Maillard reaction products (MRPs)4a or melanoidins.4f Among these products, some are
reported to have antimutagenic7 and antioxidant8 activity, whereas other products are unde-
sired, such as those in milk powder. It has been found that the activity of water, pH, reaction
duration, and temperature all affect the extent of this reaction.4d Further information about
this reaction can be located in the relevant books.9
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B. GENERAL REACTION SCHEME

Shown below is a specific reaction between d-glucose and n-butylamine.4b,4c

CHO

OHH

HHO

OHH

OHH

CH2OH

H2O, ∆
N O

OH

HO

OHO

N N

OH

HO

OHO

n-BuNH2/AcOH
+

C. PROPOSED MECHANISMS

It is assumed that the isolated products are correct as shown in the reaction scheme,
and a tentative mechanism (partially) is outlined here to indicate the possible route for the
formation of such product.4c
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has important application in sitology.

F. RELATED REACTIONS

This reaction is related to the Amadori Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

CHO

OHH

HHO

OHH

OHH

CH2OH

H2O, ∆ N O

OH

HO

OHO

n-BuNH2/AcOH

~ 0.1%

Reference 4c.
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A mixture of 36.0 g d-glucose (0.2 mol), 30 mL n-butylamine (0.3 mol), and 21.0 mL
acetic acid (0.35 mol) in 150 mL water was refluxed for 30 min. After it was cooled, the
solution was extracted with 250 mL EtOAc. The organic layer was washed with 150 mL
water and concentrated under reduced pressure. The mixture was separated by column
chromatography on silica gel (20 cm × 5.5 cm (i.d.), EtOAc/MeOH, 100:3). A dark brown
fraction (Fraction A, 30 mL) was followed by a light yellow fraction (Fraction B, 20 mL) and
an intense yellow-orange fraction (Fraction C, 50 mL) in front of a light yellow fraction and
a broad brown zone. Fraction C was further separated by thin-layer chromatography, using
acetone/CHCl3 (5:4) as the eluent. An intense yellow zone of Rf = 0.65 was extracted with
acetonitrile/methanol (6:1) and concentrated under reduced pressure to afford 4-hydroxy-
5-methyl-2-(N-butyl-3-hydroxy-5-(2-hydroxyethyl) pyrrolyl-2-methylidene)-2H-furan-3-
one as a yellow-orange oil, in a very poor yield (0.1%).

Because this reaction has been studied extensively, it is impossible to collect all the
references here; additional citations can be found in the literature.10
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Maitland-Japp Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Japp and Maitland in 1904.1 It is a one-pot three-
component condensation to form multisubstituted tetrahydropyran-4-ones involving a
ketone and 2 equivalent of aldehydes. According to the tradition of naming a reaction, such
condensation should be known as the Japp-Maitland reaction, but it is generally referred
to as the Maitland-Japp reaction.2 When this reaction was carried out in a basic medium, a
mixture of stereoisomers were obtained in low yields,3 as shown in the original preparation
of 2,6-diphenylmethyltetrahydro-4-pyranones from benzaldehyde and 2-butanone by Japp
and Maitland.1 Such reaction was not known for many years due to its long reaction time
(e.g., > 7 days), use of excess aqueous reagents, low yield, and lack of generality.2b

In contrast, when the reaction is promoted by a Lewis acid, the enantioenriched
aldol products can be transformed into enantioenriched tetrahydropyran-4-ones without
the loss of enantiomeric integrity.2c In fact, enantiomerically pure 2,6-cis-disubstituted
tetrahydropyran-4-ones can be obtained in high yields.2c

B. GENERAL REACTION SCHEME

O

CHO O

O

+ Aq. NaOH
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C. PROPOSED MECHANISMS

This reaction consists of an Aldol Condensation, a Knoevenagel Condensation, and a
Michael Reaction.2c In addition, it may involve an olefinic intermediate, as evidenced in
the condensation between a triethylcarbinol and a benzaldehyde to give 2,6-diphenyl-3,5-
dimethyl-4-ethyl-4-tetrahydropyranol.4 An illustration of the reaction route is provided
here.

D. MODIFICATION

This reaction has been extended to use the dienolates of β-ketoesters,2a,2c,2d in which
two different substituents can be mounted to the 2- and 6-positions of tetrahydropyran-4-
ones due to the marked difference in the reactivity of the two enolate carbons by reacting
with different aldehydes.2d

E. APPLICATIONS

N/A

F. RELATED REACTIONS

This reaction is related to the Aldol Condensation and Michael Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O CHO
NaOH

O

O

Ph Ph

+
EtOH/H2O

14%

Reference 3.
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A mixture of 223 g benzaldehyde (2.1 mol), 72 g 2-butanone (1 mol), 575 g 66% ethanol
(12.5 mol), 1080 g water (60 mol), and 80 mL 10% NaOH (2 mol) was vigorously stirred
for 8 days. The thick yellow oily layer was washed with water and taken up in ether, and
the ethereal solution was dried over Na2SO4. Evaporation of the solvent gave a residue that
was fractionated under reduced pressure (2–3 mmHg). The final fraction (b.p. 186–192◦C)
solidified upon standing, which was purified by crystallization in methanol to give 38 g
r-2,cis-6-diphenyl-trans-3-methyltetrahydro-4-pyranone as shining crystals, in a yield of
14%, m.p. 82–83◦C.

Reference 2d.

To a stirred solution of 53 mg 3-keto-5-hydroxyl undecanoic acid methyl ester
(0.23 mmol), 29.7 mg benzaldehyde (0.28 mmol) in 2 mL CH2Cl2 was added 44 µL boron
trifluoride etherate (0.35 mmol). The yellowish reaction mixture was stirred at room tem-
perature for 90 min and then diluted with 30 mL ethyl acetate. This solution was washed
with saturated aqueous Na2S2O3 (× 3), brine (× 1) and dried over anhydrous MgSO4.
Upon removal of solvent, the residue was purified by flash column chromatography using
petroleum ether/EtOAc (20:1) as the eluent to afford 80% pyran derivative in a 1:2 ratio, as
shown.

Other references related to the Maitland-Japp reaction are cited in the literature.4

H. REFERENCES

1. Japp, F. R. and Maitland, W., J. Chem. Soc., 1904, 85, 1473.

2. (a) Clarke, P. A. and Martin, W. H. C., Tetrahedron, 2005, 61, 5433. (b) Clarke, P. A.; Martin, W. H.
C.; Hargreaves, J. M.; Wilson, C. and Blake, A. J., Org. Biomol. Chem., 2005, 3, 3551. (c) Clarke,
P. A.; Martin, W. H. C.; Hargreaves, J. M.; Wilson, C. and Blake, A. J., Chem. Commun., 2005,
1061. (d) Clarke, P. A. and Martin, W. H. C., Org. Lett., 2002, 4, 4527.

3. Sivakumar, R.; Satyamurthy, N.; Ramalingam, K.; O’Donnell, D. J.; Ramarajan, K. and Berlin,
K. D., J. Org. Chem., 1979, 44, 1559.

4. (a) Clarke, P. A. and Martin, W. H. C., Tetrahedron Lett., 2004, 45, 9061. (b) Duke, F. R. and
Freeland, M. Q., J. Am. Chem. Soc., 1955, 77, 1675.



405
Majetich Annulation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Majetich in 1985.1 It is a Lewis acid or fluoride
promoted intramolecular cyclization of allylsilanes with their intrinsic olefinic group. Thus
it is generally called the Majetich annulation. The special case of a 7-trialkylsilyl-1,5-diene
system forming vinyl cyclobutanes when promoted by fluoride is known as the Majetich
cyclobutane annulation or Majetich reaction, whereas cyclopentanes or cyclohexanes may
form if a Lewis acid is used to promote the reaction.2 This is because the fluoride ion confers
an anti-orientation of the silyl alkene through kinetic control, and the Lewis acid prefers
the synclinal orientation.3 This reaction is especially useful for the preparation of bicyclic
ring systems, such as 5-5, 6-5, 5-7, and 6-7 ring systems, via the intramolecular addition
of allylsilanes to cycloalkenones.4 It has been found that the formation of cyclohexane
in a bicyclic ring system promoted by the Lewis acid is not sensitive to the size of the
existing cycloalkenone, and the regioselectivity is not affected by the silicon ligand either.
This particular reaction prefers an excess amount of Lewis acid and may lead to silyl
dienol ethers if no acidic hydrolysis or incomplete hydrolysis is applied during the workup
process.3 Comparably, when a corresponding annulation is promoted by fluoride, it is better
to carry out the reaction in DMF in the presence of three equivalent of HMPA, rather than
the conventional solvent of THF.3
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B. GENERAL REACTION SCHEME

Me3Si R

TiCl4

KF
R

R

R

and/or

R = H, alkyl

C. PROPOSED MECHANISMS

A mechanism modified from Majetich is illustrated below to demonstrate the formation
of a 6-membered ring and a 6-membered ring in a bicyclic system when promoted by a
Lewis acid and fluoride, respectively.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of bicyclic systems.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

Si

Me

Me
CPh3

O

Si

Me

Me
CPh3

+
1. TiCl4/CH2Cl2

2. NH4Cl

85%

Reference 5.

To 3 mL CH2Cl2 solution containing 37.2 mg 1-acetyl cyclohexene (0.3 mmol) at
–78◦C was added 0.36 mL 1.0 M TiCl4 in CH2Cl2 dropwise via syringe. After the mix-
ture was vigorously stirred for 5 min, 0.12 g allyltrityldimethylsilane (0.36 mmol) was
added dropwise as a solution in CH2Cl2. The reaction temperature was slowly allowed
to reach 0◦C over 4 h. The reaction was monitored by TLC (1:4, EtOAc/hexanes) and
quenched by the addition of saturated aqueous NH4Cl, resulting in a colorless mixture.
The layers were separated, and the aqueous layer was extracted with CH2Cl2. The organic
layers were combined, dried over Na2SO4, filtered, and concentrated. The residue was
purified via flash chromatography (9:1, hexanes/EtOAc) to afford 0.11 g trans-1-acetyl-
8-(dimethyltritylsilyl)bicyclo[4.3.0]-nonane as a colorless solid, in a yield of 85%, m.p.
152–153◦C.

SiMe3

H

O

TBAF
H

O

H

ODMF/HMPA
+

30% 18%

Reference 3.

A reaction vessel containing 4-Å molecular sieves was flame dried under vacuum for
5 min and placed under nitrogen. A DMF solution (3 mL) containing 35 mg anhydrous
TBAF (0.13 mmol) was added to the flask and stirred for 20 min, followed by the addition
of HMPA (0.54 mL, 3.0 mmol). A solution of 150 mg (Z)-4-[4-(trimethylsilyl)-2-butenyl]-
3-vinyl-2-cyclopenten-1-one (0.64 mmol) in 2.0 mL DMF was added dropwise via syringe
pump at room temperature over a 2-h period. The resulting mixture was stirred for an
additional 12 h. Standard ethereal workup afforded 112 mg crude oily residue. Purification
on silica gel (hexane/EtOAc, 10:1) provided 18 mg cis-3a,4,7,7a-tetrahydro-3a-ethenyl-2-
indanone, in a yield of 18%, Rf = 0.72 (hexane/EtOAc, 1:1). Further elution provided
32 mg 1,2,4,5,9,9a-hexahydro-6H-cyclopentacycloocten-2-one, in a yield of 30%, Rf =
0.50 (hexane/EtOAc, 1:1).

Other references related to the Majetich annulation are cited in the literature.6
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Malaprade Reaction

(Malaprade Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Malaprade in 1928.1 It is an oxidation of adjacent diols
with periodic acid or its salt in aqueous solution. Thus it is generally known as the Malaprade
reaction.2,3 Occasionally, it is also referred to as the Malaprade oxidation.4 In this oxidation,
solvents such as methanol, ethanol, and acetic acid, can be added to the reaction solution to
increase the solubility of organic substrates. Similar to the Criegee Glycol Oxidation, this
reaction is also assumed to involve an acidic cyclic ester intermediate that decomposes to
yield aldehyde and/or ketone.5 This reaction has been extended to the cleavage of α-hydroxy
carbonyl compounds, 1,2-dicarbonyl compounds, α-amino alcohols, α-amino acids,6 and
polyhydroxy alcohols.7 In these oxidations, the hydroxyl group is oxidized to an aldehyde
or a ketone group, the carbonyl group is oxidized to a carboxyl group, and the amino group
is converted into an aldehyde group and ammonia (or a substituted amine in the case of a
secondary amine). In the case of an adjacent polyhydroxyl alcohol, the reaction occurs at
the terminal hydroxyl group, and middle hydroxyl groups are converted into formic acid.7a

It has been found that this reaction proceeds faster under acidic conditions than that in
neutral or basic solutions.8 This reaction has been successfully used for the degradation of
carbohydrates and in structural analysis.2h,9

B. GENERAL REACTION SCHEME

HO

R4R2

OH
R3R1

R1 R2

O

R3 R4

OHIO4 or NaIO4 +
R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl
R4 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

HO

R4R2

OH
R3R1

O

I
O

HO

OHIO4

O

R4R2

OH
R3R1

H O

R4R2

O
R3R1

I
HO

OH
O

O H

O

R4R2

O
R3R1

I
O
OHHO

HO

R1 R2

O

R3 R4

O

H3IO4

+

H2O, HIO3

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the oxidation of vicinal diols, amino alcohols,
and similar structures.

F. RELATED REACTIONS

This reaction is related to the Criegee Glycol Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

O

OH

OH

OH

OH
OTBS

OOTBS

OTBS

H5IO6 O

O

OH
OTBS

O

OTBS

TBSO

HO

86%

Reference 10.

To a solution of 500 mg (2R,3S,4S,5R,6R,7R,8R,9S)-4,5,10-tris[(tert-butyl-
dimethylsilyl)oxy]-8,9-O-(l-methylethylidene)-2,3,6,7-decanetetrol (0.75 mmol) in 15 mL
THF at 0oC was added 188 mg periodic acid (0.82 mmol). After being stirred at 0oC for
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1 h, the reaction mixture was diluted with 50 mL Et2O; washed with saturated NaHCO3
(10 mL), H2O (10 mL), and brine (10 mL); and dried over Na2SO4. Flash chromatogra-
phy on silica gel (4:l, hexanes/Et2O) afforded 400 mg lactol as a colorless oil, in a yield
of 86%.

Other references related to the Malaprade reaction are cited in the literature.11
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407
Malonic Ester Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

It is a general reaction using dialkyl malonates, mostly diethyl malonate, as starting
material, and is commonly known as malonic ester synthesis.1 In general, being activated
by two electron-withdrawing ester groups, the α-methylene protons of dialkyl malonates
are relatively acidic with a pKa ∼13 and can be readily deprotonated by sodium ethoxide
to form the corresponding carbanions, which then participate in the reactions that other
carbanions usually undergo, such as the nucleophilic substitutions and nucleophilic addi-
tions. For the nucleophilic substitution, mostly via the SN2 mechanism, alkyl halides,1j,2

sulfates,2b carbonates,3 and mesylates1b are all suitable alkylating reagents. It has been
found that the alkylation rate is related to the acidity of α-proton,4 and in the presence of
an excess amount of malonic acid ester, the yield of monosubstitution is improved.2a On
the other hand, when the substitution on the secondary mesylate proceeds under almost
neutral conditions, it results in a complete inversion of stereochemistry.1a In addition,
malonic acid ester can function as an acid to facilitate the inversion of chirality without
the occurrence of substitution.5 Meanwhile, the fast alkylation of preformed enolate from
alkyl malonic acid ester can afford the vinyl malonic acid ester.6 During the alkylation
of malonic acid ester, the reversible cleavage of formed alkyl malonic acid ester or dialkyl
malonic acid ester gives a simple alkyl ester;3b,3c furthermore, the cleavage of the dialkyl
malonic acid ester is faster than that of monosubstituted or unsubstituted malonic acid
ester.3c For the reaction between sodium malonic acid ester and 2-bromo-2-nitropropane
or 2-chloro-2-nitropropane, only the reaction with 2-chloro-2-nitropropane undergoes the
expected substitution, whereas sodium 2-nitropropane and ethyl bromomalonate are gener-
ated from the reaction with 2-bromo-2-nitropropane.7 These alkylated malonic acid esters
are used to synthesize barbiturates8 with urea or α-amino acid ester or α-amino acid and
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alkyl nitrite.9 It is interesting that the allyl group can be applied as the protecting group
of α-proton, which can be removed by Ti(OPr)4; therefore, monosubstituted malonic acid
ester can be easily obtained from allylic malonic acid ester.10

On the other hand, the sodium malonic acid ester enolate also undergoes nucleophilic
addition reaction. For example, the addition to epoxide in the presence of AlCl3 results in
the formation of γ-hydroxy carboxylate11 and γ-butyrolactone;12 the addition of enolate to
α-carbonyl acetylene yields 2-pyrone ester,13 of which the alkyl group is from the solvent,
regardless of the starting malonic acid ester.13a Similarly, the addition of sodium malonic
acid ester enolate to imino acetylene gives 2-pyridones.14 The addition of acyl halide leads
to the formation of β-ketoester.15 In the presence of Mn(OAc)3, malonic acid ester adds to
cyclopropylidene involving a free radical.16 In a special case, the malonic acid ester enolate
can undergo either nucleophilic substitution or nucleophilic addition when it reacts with
α-chloro-aldehyde, depending on the aprotic solvent (e.g., THF) or protic solvent (e.g.,
H2O).17 The malonic ester synthesis has been modified for traceless synthesis on solid
support.18 After the desired reaction, one of the ester groups can be removed via hydrolysis,
decarboxylation, and reesterification; however, the ester group can also be removed through
pyrolysis at temperatures ∼ 470◦C.19

In general, malonic acid ester can be prepared from (a) α-chloroacetic acid and NaCN,8

(b) carboxylation of aliphatic acid enolate then esterification with diazomethane,20 and
(c) aliphatic acid enolate with diethyl carbonate.3c

B. GENERAL REACTION SCHEME

CO2Et

CO2Et
R X

NaOEt
CO2Et

CO2Et
R R CO2Et+

1) Hydrolysis
2) Decarboxylation

3) Esterification

(R–X = halide, tosylate, mesylate, carbonate)

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified for traceless synthesis via solid support.18
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E. APPLICATIONS

This reaction has very general application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to Acetoacetic Ester Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

CO2Et

CO2Et

Mn(OAc)3

∆

CO2Et

CO2Et+
AcOH/Ac2O

68%

Reference 16.

The mixture of 130 mg benzylidenecyclopropane (1.0 mmol), 530 mg Mn(OAc)3·2H2O
(2.0 mmol), and 160 mg diethyl malonate (1.0 mmol) in 5 mL AcOH/Ac2O (9:1) was
stirred at 65◦C under a nitrogen atmosphere for 10 h. The mixture was diluted with 40 mL
brine and extracted three times with EtOAc. The organic phases were combined, dried
over MgSO4, and concentrated. The residue was purified via silica gel chromatography
(n-hexane/ EtOAc, 10:1) to afford 196 mg 2-(3,4-dihydro-naphthalen-2-yl)-malonic acid
diethyl ester as a oil, in a yield of 68%.

Reference 14.

To a THF solution of 0.4 mmol sodium methoxide was added 0.5 mmol dimethyl methyl-
malonate in 2 mL THF at room temperature, followed by 2 mL THF solution containing
0.2 mmol alkynyl imine. The mixture was refluxed for 7 h and then cooled to room tem-
perature. Brine (10 mL) was added to quench the reaction, and the mixture was extracted
with CH2Cl2 (3 × 15 mL). The combined organic layers were dried over Na2SO4 and
concentrated. The residue was purified by preparative TLC to give 47% 2-pyridone
and 42% decarboxylated 2-pyridone, respectively.

Other references related to the malonic ester synthesis are cited in the literature.21
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Mandelic Acid Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

Mandelic acid is α-hydroxyl phenyl acetic acid. Mandelic acid and its derivatives are
very useful in medicinal chemistry;1 some of them have been used in pharmaceutical
applications.2 A few methods have been developed to synthesize mandelic acid and even
optically pure mandelic acid. Shown here is the general method for the preparation of
mandelic acid from benzaldehyde and sodium cyanide.

B. GENERAL REACTION SCHEME

O

H
NaHSO3

NaCN

HCl
OH

CN

OH

C
O

OH
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C. PROPOSED MECHANISMS

D. MODIFICATION

Because NaCN is extremely poisonous, other methods have been developed to prepare
mandelic acid and its derivatives, as shown in Section G.

E. APPLICATIONS

Mandelic acid and its derivatives have found wide application in the pharmaceutical
industry.3

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

OH

O
OH

O

NaOH

HO

HO

OH

OH

O

Al2O3
+

Reference 4.

Catechol (5.00 g, 45.41 mmol) was dissolved in aqueous NaOH prepared from 3.21 g
NaOH (80.3 mmol) and 55.0 mL water; then 2.04 g Al2O3 (20 mmol) was added. After
5 min, 50% aqueous solution containing 7.10 g glyoxylic acid (48.0 mmol) was added to
the reaction mixture, and the resulting mixture was heated at 60◦C for 24 h under vigorous
stirring. The reaction mixture was then allowed to precipitate for 10 min and Al2O3 was
removed by filtration. The filter cake was washed with 20 mL 1 M NaOH. The combined
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aqueous solution was acidified to pH 3-4 with 6.0 mL 37% HCl and extracted with ethyl
acetate to recover the unreacted catechol (1.2 g). The aqueous solution was further acidified
to pH 1 by 2 mL concentrated HCl and extracted with ethyl acetate to isolate 5.1 g mandelic
acid derivative (28.08 mmol) with 77.5% conversion, and 90.5% selectivity.

O

H
1) NaHSO3, NaCN

2) HCl

OH

C
O

OH

Reference 5.

In a 4-L wide-mouthed glass jar fitted with a mechanical stirrer was placed a solution
of 150 g sodium cyanide (3 mol) in 500 mL water and 318 g benzaldehyde (3 mol). The
stirrer was started, and 850 mL saturated sodium bisulfite solution was added to the mixture,
slowly at first and then in a thin stream. The time of addition was 10–15 min. During the
addition of the first half of the solution, 900 g cracked ice was added to the reaction mix-
ture, a handful at a time. The layer of mandelonitrile, which appeared during the addition of
the sulfite solution was separated from the water in a separatory funnel. The water was
extracted once with ∼150 mL benzene, the benzene was evaporated, and the residual
mandelonitrile was added to the main portion.

The crude nitrile (∼ 290 mL) was placed at once in a 25-cm evaporating dish, and
conc. HCl (425 mL) was added. The hydrolysis was allowed to proceed in the cold for
∼12 h, after which the mixture was heated on a steam bath to remove the water and excess
hydrochloric acid. After being heated for 5–6 h, the mixture was cooled and the ammonium
chloride and mandelic acid mixture that separated was filtered. The filtrate was then
evaporated to dryness. This residue was added to the solid material obtained earlier. The
product was deeply colored and had to be dried in the air and light for at least 24 h. The total
yield of the crude mandelic acid–ammonium chloride mixture was 370–390 g, depending
on the amount of moisture. The mixture of ammonium chloride and mandelic acid was
ground in a mortar, transferred to a 2-L flask, and washed twice with 750-mL portions
of cold benzene. The insoluble portion was transferred to a suction funnel and sucked
dry.

The mandelic acid was separated from the ammonium chloride by extraction with hot
benzene. This was best done by dividing the solid mixture into 10 approximately equal parts.
One of these portions was placed in a flask with 1 L boiling benzene. After a few minutes,
the hot benzene solution was decanted through a suction funnel. The filtrate was cooled in
an ice bath, and the mandelic acid that crystallized was filtered with suction. The benzene
was returned to the extraction flask containing the residue from the first extraction, and a
new portion of the ammonium chloride–mandelic acid mixture was added and extracted as
before. The process was repeated until the mandelic acid was completely removed from
the ammonium chloride. The amount of pure white mandelic acid, melting at 118◦C, was
229–235 g, with a corresponding 50–52% yield.

Other references related to the mandelic acid synthesis are cited in the literature.6
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Mannich Reaction

(Mannich Condensation, Mannich
Aminomethylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mannich and Kroesche in 1912.1 It is a multicompo-
nent condensation between an amine (1◦, 2◦ amine or ammonia), an enolizable carbonyl
compound (donor),2 and a nonenolizable carbonyl compound (acceptor) to form a β-amino
carbonyl compound3 (ketone or ester4), with the concomitant formation of both carbon-
carbon and carbon-nitrogen bonds, known as the Mannich base.2,4,5 Thus this reaction is
generally known as the Mannich reaction,6,7 or Mannich condensation.8 For the special
case of condensation in which the nonenolizable carbonyl compound is formaldehyde, a
methylamino group is introduced onto the enolizable carbonyl compound. This special
condensation is commonly referred to as the Mannich aminomethylation.6e,9,10 In addition,
the Mannich reaction has been extended to different variants, such as the aza-Mannich
reaction,11 halo-Mannich reaction,12 azido-Mannich reaction process,2 (or azido ketone
Mannich reaction),13 vinylogous Mannich reaction,14,15 nitro-Mannich reaction,16 borono-
Mannich reaction,17 and List-Barbas-Mannich reaction.6c,18 The aza-Mannich reaction is
the condensation between imines,11b the halo-Mannich reaction is the one accompanied by
the formation of a haloalkyl group,12b and the azido-Mannich reaction generates an imine
in situ from the degradation of an azido group in the presence of triflic acid.19 Similarly,
the vinylogous Mannich reaction is the condensation between imine and conjugated enolate
to form 6-amino-α,β-unsaturated carbonyl compound,15 the nitro-Mannich reaction is
the condensation between imine and nitro-alkane,16g−16j,16o and the List-Barbas-Mannich
reaction is the proline-catalyzed stereoselective Mannich reaction.6c The Mannich reaction
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can also be divided into direct and indirect Mannich reactions: aldehyde (as acceptor),
unmodified ketone (as donor), and amines are used directly in the direct Mannich reaction;20

in the indirect Mannich reaction, either the ketone is converted into a preformed enolate or
its equivalent (such as enolate, enol ether, or enamine), or the acceptor carbonyl compound
is transformed into an imine intermediate.21 In addition, besides the enolate equivalent
undergoing the Mannich reaction, the electron-rich phenols also undergo the Mannich
reaction with an imine component,6b,6e,22 whereas an electron-deficient phenol such as
2,6-dinitrophenol fails for this reaction.6e

The Mannich reaction is one of the most popular reactions in modern organic synthesis
because it generally occurs under very simple conditions and gives desired compounds in
high yields with two potential chiral centers.6e Consequently, it has been extensively mod-
ified beside the variants already noted, including the coupling of (a) aldimines, such as the
reaction between aldimine and silyl enol ether4 or silicon enolate,23 aldimine and fluorovinyl
ether,24 chiral aldimines and silyloxydienes,25 and fluorinated aldimines with aliphatic
aldehydes;26 (b) iminium ions, such as the reaction between cyclic iminium ions and enol
derivatives (enol silane, vinyloxytrimethylsilane),27 and cyclic N-alkoxycarbonyl pyrrolin-
ium ion and 2-trimethylsilyloxyfuran;15b (c) hydrozones, such as the coupling between
chiral N-acylhydrazones and silyl enolates,28 hydrazones with ketene silyl acetal,29 and
hydrazone ester and silicon enolates;30 (d) imino esters, such as the reaction between α-
imino ester and aldehydes,3a N-PMP-protected α-imino glyoxylate and α,α-disubstituted
aldehyde,31 α-imino ester and a glycinated Schiff base,32 and N-acylimino ester and silyl
enol ethers or vinyl ethers.33 Furthermore, the Mannich reaction also occurs between the
coupling of acetate enolate equivalent and α-amido sulfones or PMP-imines,34 glyoxylate
imines and ketene acetals,35 alkynyl imine and silylketene acetals,36 and phosphonylimine
and hydroxyketones.37 Moreover, the direct Mannich reaction has also been modified to
occur between aldehydes, ketones, and carbamtes;3b between aldehydes, secondary amines,
and methoxytris-(pentafluorophenyl)silane (i.e., MeOSi(C6F5)3).38

It is interesting that the condensation between electron-rich phenol, amine, and a
chiral α-N,N-dibenzylamino aldehyde has been reported to be temperature sensitive,
with high syn selectivity at high reaction temperatures while high anti selectivity is
observed at low reaction temperatures.22a Similar to the Aldol Condensation, the Mannich
reaction can be promoted or catalyzed by either acid or base. Furthermore, different
protic acids or Lewis acid alone or in combination with a different chiral ligand or
auxiliary group is used to enhance the stereoselectivity of the Mannich reaction, such
as proline,20,26,31,39 (S)-amino sulfonamide,3a BINOL phosphate,40 N-spiro chiral
quaternary ammonium bromide,32 and dodecylbenzenesulfonic acid41 as well as Lewis
acids, such as Cu(OAc)2,9b CuClO4,33,42 Cu(OTf)2-chiral diamine complexes,16i,16j,42,43

ZnX2,44 ZnCl2,28 Zn(OTf)2·H2O,25 ZnF2 with diamine complex,30 Et2Zn with (S, S)-
linked BINOL,45 dinuclear zinc catalyst,46 chiral zirconium catalyst4 (e.g., Zr(O-
t-Bu)4, (S)-6,6-BINOL23), Bi(OTf)3·4H2O,47 Sc(OTf)3,29 InCl3 in MeOH,48

Y[N(SiMe3)2]3/TMS linked BINOL,37 AuCl3-PPh3,3b RuCl2(PPh3)3,49 and AgOAc
with ligand.36,50 On the other hand, chiral basic molecules such as pyrrolidines with
substituents at the 2- and 4-positions (or 3- and 5-positions) are also good catalysts for the
Mannich reaction.51 Finally, the Mannich reaction has also been modified to occur under
various conditions, such as microwave irradiation,6a phase-transfer reaction,32,52 in ionic
liquid,49 in aqueous solution without organic co-solvent,30 VO(acac)2 catalyzed reaction
via the generation of iminium ions in situ from amine oxides,22c and immobilization of
chiral ligand onto silica surface.2d This reaction is very useful in organic synthesis.
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B. GENERAL REACTION SCHEME

N
H H H

O

R1
R2

O R1
R2

O

N

+ +
Acid or base

(R1, R2 = H, alkyl, aryl)

C. PROPOSED MECHANISMS

The mechanism of Mannich reaction under both acidic (Scheme 1) and basic (Scheme 2)
conditions are outlined, using formaldehyde, dimethylamine, and a general ketone as
example.

SCHEME 1. Mannich reaction under acidic conditions.

SCHEME 2. Mannich reaction under basic conditions.

D. MODIFICATION

This reaction has been extensively modified as described in Section A.

E. APPLICATIONS

This reaction has very broad application in organic synthesis, especially for the prepa-
ration of stereoselective compounds under catalytic conditions.
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F. RELATED REACTIONS

This reaction is related to the Betti Reaction and Robinson-Schöpf Condensation.

G. CITED EXPERIMENTAL EXAMPLES

NO2
n-BuLi

N

OLi

O
+

Ph

N

OMe

THF THF–
Ph

Et

NO2

NH

OMe

> 95%
anti/syn = 9:1

Reference 16h.

A solution of 0.56 mL 2.5 M n-butyllithium in hexanes (1.40 mmol) was added to 20 mL
THF solution containing 0.13 mL 1-nitropropane (1.40 mmol) over 10 min at −78◦C under
nitrogen. The mixture was stirred for 10 min. A solution of 10 mL THF containing 1.0 mmol
N-(o-methoxy)benzyl benzaldimine was then added, and the mixture was stirred at −78◦C
for 10 min. Then 0.14 mL AcOH (2.4 mmol) was added, and the mixture was stirred for an
additional 20 min before being allowed to warm to 25◦C over 30 min. Saturated aqueous
NaHCO3 (10 mL) and 20 mL Et2O were then added, and the organic phase was separated,
washed with 10 mL saturated aqueous NaHCO3, dried over MgSO4, and evaporated to yield
crude β-nitroamine, in a yield of 95% with a syn/anti ratio of 1:9.

N

O

Ph

OH

N
PMP N

O

Ph

OH

NH
PMP

+
1) LDA

2) ZnCl2

79%

Reference 53.

At −78◦C, a solution of 1 mmol propionamide in 10 mL THF was slowly added to
20 mL THF containing 2 mmol LDA. After being stirred for 1 h at this temperature,
the mixture was allowed to reach room temperature and was stirred for another 15 min.
The reaction was then cooled to −78◦C, and a solution of 2 mmol ZnCl2 in 10 mL THF
was added. The reaction was stirred for 1 h at −78◦C and then allowed to warm to 0◦C,
at which time a solution of 4 mmol imine was slowly added. The mixture was stirred
until TLC analysis indicated full conversion, and water (2 mmol) was then added. The
resulting ZnO precipitate was filtered off and washed with CH2Cl2, and 40 mL saturated
aqueous Na2CO3 was added to the filtrate. The crude reaction mixture was extracted with
CH2Cl2. The combined organic fractions were collected, dried over Na2SO4, filtered, and
concentrated. The residue was purified by flash column chromatography (hexanes/EtOAc,
2:8) to afford 79% (2R,3R,1′S,2′S)-(+)-3-(4-methoxyphenylamino)-N,2-dimethyl-N-(2′-
phenyl-2′-hydroxy-1′-methylethyl)butanamide, m.p. 86–89◦C (Et2O).

Other references related to the Mannich reaction are cited in the literature.54
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Marckwald Asymmetric

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Marckwald in 1904.1 It is the synthesis of chiral
l-valeric acid (α-methyl propanoic acid) from the pyrolysis of brucine salt of racemic
α-methyl-α-ethylmalonic acid.1,2 Therefore, it is generally known as the Marckwald asym-
metric synthesis.3 Occasionally, it is also referred to as the Marckwald method.4 In this
reaction, the brucine salts of racemic α-methyl-α-ethylmalonic acid essentially exist as a
pair of diastereomers that are separated by fractional crystallization; the one with lower
solubility is isolated. Upon pyrolysis of such crystalline salt at 170◦C, the corresponding
brucine salt of l-valeric acid forms upon decarboxylation, resulting in a 10% e.e.2c In
addition, Marckwald defined the asymmetric synthesis as reactions that produce optically
active molecules from symmetrically constituted compounds with the use of optically active
materials and exclusion of any analytical processes, such as resolution.5 However, this work
was challenged as not being a true asymmetric synthesis because the procedure was similar
to that of Pasteur.3d In fact, the fractional crystallization of the diastereomers is a resolution
process. This process is used as base for many other preparations of chiral molecules, such
as tartaric acid;6 and under its influence, the kinetic resolution and true asymmetric synthe-
sis have been developed in modern organic synthesis.7 The asymmetric synthesis has been
redefined by Morrison and Mosher as the reaction by which an achiral unit of the substrate
is converted into a chiral unit in such a manner that the two resulting stereoisomers are
produced in unequal amounts.8
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B. GENERAL REACTION SCHEME

HO2C

HO2C
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MeO

MeO

O

NH

H

H

H

CO2H
CO2

10% e.e.
170°C 

C. PROPOSED MECHANISMS

For achiral molecules that, when coupling with a chiral molecule (mostly alkaloids,
such as brucine, cinchonidine, and sparteine), form a pair of diastereomers with different
physical properties that can be separated by the methods of fractional crystallization, column
chromatography, etc., resulting in the enantiomeric resolution. No actual mechanism is
necessary for this reaction.

D. MODIFICATION

The original asymmetric synthesis has been extensively improved in modern organic
synthesis, such as in the Sharpless Epoxidation, asymmetric hydrogenation, and enzymatic
hydrolysis.

E. APPLICATIONS

The original procedure has some application in the preparation of chiral molecules.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

N
H

CO2H O

N
H

CO2HO

OHH2O, pH 7.2

Acylase I
+

Reference 9.
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A solution of 54 g dl-α-methylbutyryl-l-norleucine (0.25 mol) was treated with lithium
hydroxide to pH 7.2 and then diluted to a volume of 10 L. After the addition of 1.5 g acylase
I powder, the mixture was incubated at 37◦C. After 40% completion of the hydrolysis, as
determined by the manometric ninhydrin-CO2 method on aliquots withdrawn periodically
over a period of ∼14 h, the pH of solution was adjusted to 5 by 2 N HCl. After the addition
of Norit A, the digest was filtered to remove the major portion of the protein. After the
readjustment of the pH to 8.5, the solution was concentrated in vacuo to a volume of
∼500 mL, then acidified to pH 1.7 by concentrated HCl, and extracted twice with ether.
The organic layers were combined and dried over anhydrous sodium sulfate. Removal of
the solvent left a thick oily residue, which was a mixture of the free α-methylbutyric acid
and residual α-methylbutyryl-l-norleucine. These were separated by dissolving the residue
in a small amount of dry ether and adding a large excess of petroleum ether. The free acid
remained in solution, whereas the acylated amino acid was separated as a white, oily mass.
The residue was again dissolved in ether and again precipitated with excess petroleum ether.
Both supernatant solutions were combined, and the solvent was removed by a stream of air.
The residual oil was twice fractionated by distillation at 10 mmHg to yield 4.3 g of the final
product, b.p. 69◦C; αD at 25◦C was + 11.25◦ for a 2-d.cm tube. Using a d25 value of 0.94,
the calculated [α] D

25 = + 6.0◦.
The residual α-methylbutyryl-l-norleucine that had been precipitated from ether solution

by excess petroleum ether was refluxed with 200 mL 2 N HCl for 2.5 h. After cooling to
25◦C, the solution was extracted with ether as above, and the residual oil was subjected to
fractional distillation at 10 mmHg. The clear liquid boiled at 69–69.5◦C, and after the second
distillation amounted to 6.2 g. The αD at 28◦C was −5.5◦ for a 2-d.cm tube, and using a d25
value of 0.94, the calculated [α] D

25 was –3.0◦. The original α-methylbutyryl-l-norleucine
when treated in the same fashion, did not yield any optical activity.

Other references related to the Marckwald asymmetric synthesis are cited in the
literature.10
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Markownikoff Rule and
Anti-Markownikoff Rule

(Markovnikov Rule and
Anti-Markovnikov Rule)

A. GENERAL DESCRIPTION OF THE REACTION

The Markownikoff rule1 or Markovnikov rule2 was first formulated by Markownikoff in
1870,3 and specifies the orientation of the electrophilic addition of hydrogen halides to asym-
metrical alkenes or alkynes in which hydrogen itself attaches to the least-substituted carbon
atom in a double bond (or triple bond). This rule has been extended to the heterolytic addition
of a polar molecule to an alkene or alkyne, of which the more electronegative atom (or group)
of the polar molecule attaches to the carbon with more substituents. However, in the presence
of peroxide, the order of addition for hydrogen bromide to alkene is reversed.4 Furthermore,
during the hydroboration of alkene or alkyne, hydrogen also attaches to the carbon atom
with more substituents.5 Such a reverse addition order to alkene or alkyne is known as
the anti-Markownikoff rule1d,1f,6 (or anti-Markovnikov rule2b,7) or contra-Markownikoff
rule.8 Likewise, the addition reaction that follows the Markownikoff rule is referred to as
the Markownikoff addition6f,9 or Markovnikov addition,10 and the addition reaction
against the Markownikoff rule is called anti-Markownikoff addition.6f In general,
Markownikoff rule is followed when an electron-withdrawing or partially positive group
exists on the double bond, in spite of steric hindrance.6f For example, the hydrob-
oration of 1,1,1-trifluoropropene yields 74% secondary alcohol;11 similarly, 87–92%
of Markownikoff addition products were observed for 1-(trimethylsilyl)cyclopentene
and 1-(trimethylsilyl)cyclohexene under kinetic conditions.12 Similarly, dimethylchlorosi-
lylethylene, methyldichlorosilylethylene, trichloromethylsilylethylene,13 and vinyl halide14
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all give the Markownikoff products in addition reactions. Moreover, the ozonolysis of
1,2-dibenzoylpropene is found to follow the Markownikoff rule as well.15 It is interest-
ing that the acid-promoted cleavage of the cyclopropane ring also follows a modified
version of the Markownikoff rule in that the ring opens between the carbons with the
most and least alkyl substituents.16 On the other hand, the hydroboration of an alkene
with an alkyl group (or electron-donating group) often yields the anti-Markownikoff
product.5 For example, the hydroboration of alkylethylenes give 93–94% terminal alco-
hol, while 1,1-dialkylethylene and trialkylethylene yield 98–99% terminal alcohols.6f

Even the addition of alkyl nitrite to styrenes in the presence of a cobalt complex and
tetrahydroborate ion exclusively gives the anti-Markownikoff product.6c It is interesting
that the addition of alkyl dichlorocarbamates to vinylsilanes always gives [2-chloro-2-
(trialkylsilyl)ethyl]carbamates as the anti-Markownikoff product, either through an ionic
or a radical mechanism.6e

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

For the addition of hydrogen halide to asymmetrical alkenes, the proton first adds to
the least-substituted carbon atom of the double bond, so that a more stable carbocation can
form as an intermediate, then the halide attacks the carbocation to give the Markownikoff
product. However, if a strong electron-withdrawing group exists on a carbon atom of the
double bond, then the attachment of the proton to such a carbon atom will result in a
relatively stable carbocation intermediate, and anti-Markownikoff product may predominate
in such addition, as shown here by the addition of hydrobromide to propene and 1,1,1-
trifluoropropene.

D. MODIFICATION

The acid-promoted cleavage of the cyclopropane ring similarly follows the Markownikoff
rule.



CITED EXPERIMENTAL EXAMPLES 1835

E. APPLICATIONS

This rule is normally used to rationalize the addition products.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 6b.

1,3-Dibromo-5,5-dimethylhydantoin (DBH) (114 mg, 0.4 mmol) was placed in a
polyethy1ene vial, followed by a few milliliters of CH2Cl2. A substantial amount of
DBH was not soluble until 62 µL HF-pyridine (2.17 mmol) was added. Then 208 mg
17β-hydroxy-9(11)-androsten-3-one (0.72 mmol) was added, and the solution was stirred
at room temperature for 1.5 h. Product was isolated in CH2Cl2 and then purified by
column chromatography (benzene/EtOAc, 4:1) to afford 202 mg 9α-bromo-11β-fluoro-
17β-hydroxyandrostan-3-one as a white solid, m.p. 138–140◦C.

Ph CO
PtCl4

OPh Me
100%

+
THF, ∆

Reference 17.

A solution of 50.5 mg PtCl4 (0.15 mmol) in 2.0 mL THF containing 5% H2O was placed
in a mini autoclave equipped with a magnetic bar and was stirred for 20 min at 100◦C under
200 psi CO. To this green solution was added 1.05 g 1-phenyl-1,4-pentadiyne (7.5 mmol).
The CO pressure was reduced to 20 psi, and stirring was continued at 80◦C for 3 h. Then
the reaction mixture was dried over MgSO4, evaporated, and chromatographed on silica
gel (hexan/ether) to afford 100% 1-phenyl-4-methyl furan. (Note: 2.0 mL THF in original
procedure might not be enough to dissolve 1.05 g of the alkyne.)

Other references related to the Markownikoff rule and anti-Markownikoff rule are cited
in literature. 18
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Martinet Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Martinet in 1913.1 It is a synthesis of dioxindole
derivatives by alkali treatment of the condensation products from substituted anilines and
ethyl or methyl ester of oxomalonic acid in the absence of oxygen.2 Thus it is known as
the Martinet reaction.3 In the presence of oxygen, the dioxindoles are further oxidized into
isatins.2 This reaction has been extended to the preparation of α- and β-naphthisatins.4

B. GENERAL REACTION SCHEME

H
N

R

CO2Et

CO2Et
O

N

R

O

CO2Et

OH

N

R

O

OH

+
Base

(R = H, alkyl, aryl)

C. PROPOSED MECHANISMS

A detailed mechanism is illustrated here for the reaction between aniline and ethyl
oxomalonate.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the preparation of oxindole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2

MeO

OMe

MeO

CO2Et

CO2Et
O

N

R

O

CO2Et

OH
MeO

OMe

MeO

H
N O

O

+
5% NaOH

O2, ∆

Reference 3.

A solution of 1.8 g 3,4,5-trimethoxyaniline in 10 mL glacial acetic acid was treated with
1.9 g ethyl oxomalonate (dihydrate). The resulting olive green solution was heated on the
steam bath for 10 min and then kept for 2 h at room temperature. Diluting the solution with
125 mL water and then adding solid ammonium carbonate to give a final pH of 8 caused
the precipitation of 2.7 g 4,5,6-trimethoxy-3-hydroxy-3-carbethoxyoxindole as a light tan
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solid, in a yield of 86.8%. Recrystallization from a mixture of ether-benzene-petroleum
ether afforded pure product as colorless prisms, m.p. 189–190 ◦C. A solution of 450 mg
above oxindole in 5.0 mL 5% NaOH solution was heated on a water bath, and a stream
of air was passed through the solution for 10 min. The resulting light yellow solution was
brought to pH 4 by the dropwise addition of 95% formic acid. The orange microcrystalline
solid separated was collected and washed with water. Recrystallization from ethanol-water
afforded 100 mg orange platelets, m.p. 194–195 ◦C(dec).

Other references related to the Martinet reaction are cited in the literature.5
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Martin’s Sulfurane

A. GENERAL DESCRIPTION OF THE REACTION

Martin’s sulfurane1 was first reported by Martin in 1971.2 It is a ketal analog3 of
diarylsulfoxide with 2-phenyl-2-hexafluoropropanol prepared either from the treatment of
diarylsulfide with one equivalent of 2-phenyl-hexafluoro-2-propyl hypochlorite followed
by one equivalent potassium alkoxide of 2-phenyl-hexafluoro-2-propanol,4 or from the
treatment of diarylsulfide with two equivalents potassium alkoxide of 2-phenyl-hexafluoro-
2-propanol with one equivalent of chlorine at −78◦C.2b,4 The second procedure is especially
useful for the preparation of symmetrical sulfurane in high yield.4 During the preparation,
moisture must be avoided at all stages because of the high sensitivity toward moisture.2b As
a result, the Martin’s sulfurane is a very powerful dehydration reagent and can be applied
to efficiently dehydrate alcohols under very mild conditions.5 In general, dehydration of
tertiary alcohols takes place via an E1 mechanism,5b,5c whereas dehydration of secondary
alcohols occurs by a mechanism with considerable E2 character with a strong preference for
the formation of trans-olefin5b,5c (>95% selectivity).6 However, dehydration of primary
alcohols without active β-hydrogen often results in asymmetrical ethers.5b,5c In addition,
the Martin’s sulfurane can also dehydrate the diols, by which epoxide can be prepared
from trans-1,2-diol5a,7 and oxetane and tetrahydrofuran can be formed from the treatment
of 1,3-diol5a and 1,4-diol,5a respectively. In contrast, the dehydration of 1,4-hydroquinone
from Martin’s sulfurane results in 1,4-quinone.3 More importantly, the dehydration by
Martin’s sulfurane can complete in seconds5c at a very low temperature (e.g., −50◦C),5c

which often provides advantages over other dehydrating reagents. For example, both
sulfuric acid and phosphorus pentoxide fail to yield any olefin from tricyclopropylcarbinol,
whereas 32% olefin is produced from the dehydration by the Martin’s sulfurane.5c

However, it should be pointed out that the Martin’s sulfurane, together with the Burgess
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reagent and DAST, fails to dehydrate a tertiaryl alcohol to form an exo-double bond.8 It is
interesting that the spirosulfuranes, also developed by Martin, have been found much less
reactive than the acyclic sulfuranes.9 Other sulfuranes, such as tetraoxysulfurane,10 5-bis
[α,α-bis(trifluoromethyl)-benzenemethanolato]-10-phenylphenothiazine, 5-bis-[α,α-bis(tri-
fluoromethyl)benzenemethanolato]-10-phenoxathiin, and 5-bis[α,α-bis(trifluoromethyl)-
benz-enemethanolato]thianthrene,11 have also been developed for the dehydration of
alcohols.

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Although the dehydration of tertiary alcohol shows strong E1 elimination character, an
alternative mechanism for the dehydration of t-BuOH is presented here.

D. MODIFICATION

Other sulfurane derivatives have been developed for the hydration of alcohols.10,11

E. APPLICATIONS

This reagent is very useful for the dehydration of alcohols and the formation of olefins
and cyclic ethers (e.g., epoxides, oxetanes, and THF).

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 12.

To an 1.2 mL CH2Cl2 solution containing 3.9 mg alcohol (0.0052 mmol) was added
23.0 mg Martin’s sulfurane dehydrating reagent (0.0340 mmol). The mixture was stirred
for 10 min at room temperature and concentrated to 0.1 mL. A solution of trifluoroacetic
acid/THF/water (1:10:5) was added, and the mixture was stirred for 35 min at 0◦C. Et2O
(10 mL); 5 mL saturated NaHCO3 was added, and the resulting mixture was stirred for
1 h at 0◦C. The aqueous phase was extracted with Et2O-EtOAc, and the combined organic
layer was dried over anhydrous MgSO4. After filtration, the solution was concentrated
to 0.3 mL and exposed to flash column chromatography (silica gel, hexane/EtOAc). The
fractions containing aglycon were pooled, concentrated to 0.2 mL, and then subjected to
HPLC (Mightysil Si 60, 250–10 [5 µm], flow rate 4 mL/min, hexane/EtOAc as the eluent).
The fractions, including pure aglycon (retention time 10 min 15 s), were concentrated to
0.2 mL, diluted with 3 mL MeOH, and then concentrated to 0.2 mL. This process was
repeated, and the concentrate was taken up by 5 mL MeOH. In the end, 2.3 mg aglycon
was obtained (0.0032 mmol), with a total yield of 61% for the two steps.

OSEM

OTBS

OH

CH2Cl2, r.t.

OSEM

OTBS
Martin's sulfurane

95%

Reference 6b.

To a solution of 20 g alcohol (43.5 mmol) in 400 mL CH2Cl2 at room temperature was
added Martin’s sulfurane reagent until the completion of the reaction as monitored by TLC
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analysis. The mixture was then concentrated in vacuo and chromatographed to give 18.26 g
diene (95% yield) and its isomer (95:5). A small amount was further purified by PTLC to
give an analytically pure sample.

Other references related to the Martin’s sulfurane are cited in the literature.13
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Mattox-Kendall Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mattox and Kendall in 1948.1 It is a synthe-
sis of α,β-unsaturated ketones by means of dehydrobromination of phenylhydrazone
of a semicarbazone derivative of the corresponding α-bromoketone. Therefore, it is
often known as the Mattox-Kendall reaction.2 Occasionally, it is also referred to as
the Kendall synthesis3 or Mattox-Kendall dehydrobromination.4 Although this reaction
is primarily used for the transformation of steroids—such as the conversion of 2-
bromo-3-ketoallo-steroids,2b 4-bromo-3-ketosteroid,2b 2,2-dibromo-3-ketoallosteroids,2b

and 6-bromo-3-ketosteroids2b—into corresponding conjugated ketones, it is also appli-
cable for other cyclic α-bromo ketones5 or alicyclic ketones.5 The dehydrobromination of
intermediate hydrazone can be achieved using either pyruvate,6 or pyruvic acid.7 How-
ever, it has been reported that the rigorous purification of α-bromo ketone is essential for
a high yield of corresponding conjugated ketone.6 On the other hand, even though the α-
bromo ketones can also be dehydrobrominated directly by a base such as collidine,8 such
dehydrobromination does not give conjugated enone under these conditions. It should be
pointed out that the Mattox-Kendall reaction does not work for 2-bromo-1-tetralone and
2-bromo-1-keto-1,2,3,4-tetrahydrophenanthrene,5 from which the bromo is replaced by a
methoxy group upon boiling with methanol. In addition, this reaction does not work for
methyl 4β-bromo-3-ketocholanate.9
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B. GENERAL REACTION SCHEME

Br

O

PhNHNH2

Br

N

H
N

Ph

O

Pyruvic acid

C. PROPOSED MECHANISMS

The mechanism is illustrated here using pyruvate as a base.

D. MODIFICATION

This reaction has been extended to directly eliminate hydrogen bromide by using colli-
dine as a base.

E. APPLICATIONS

This reaction is very useful in the preparation of conjugated enones, especially in steroids.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 8.

A mixture of 30 g 4-phenylcyclohexanone, 27.3 g N-bromosuccinimide, 0.05 g benzoyl
peroxide, and 150 mL carbon tetrachloride was cautiously heated on a water bath. When the
exothermic reaction had subsided, the mixture was refluxed for 20 min, cooled, filtered, and
concentrated in vacuo. The remaining solution was deposited on ice and gave 48 g 2-bromo-
4-phenylcyclohexanone in a quantitative yield that was recrystallized from cyclohexane and
melted at 104–105◦C.

To a hot solution of 1.0 g 2-bromo-4-phenylcyclohexanone in 30 mL acetic acid was
added 0.52 g 2,4-dinitrophenylhydrazine, and the mixture was refluxed for 2 min. The corre-
sponding dinitrophenyl hydrazone precipitated initially dissolved, and no crystals appeared
upon cooling. The mixture was therefore diluted with CHCl3, and the solution was washed
with 5% Na2CO3 solution and water, dried over Na2SO4, and concentrated. The dark solid
that remained was recrystallized from butanol. In addition to some amorphous insoluble
material, 1.0 g brown-red crystals was obtained, in a yield of 88%, m.p., 122◦C

Alternatively, a solution of 1.0 g anti-2,4-dinitrophenyl hydrazone in 30 mL acetic acid
was refluxed for 2 min in an atmosphere of nitrogen. Water was added, and the precipitate
formed was recrystallized from butanol to give 0.6 g 4-phenylcyclohex-2-en-1-one, in a
yield of 83%, m.p., 122◦C.

Other references related to the Mattox-Kendall reaction are cited in the literature.10
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McCormack Cycloaddition

(McCormack Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by McCormack in 1953.1 It is a synthesis of phospholene
oxides involving the cycloaddition of dihalophosphines with 1,3-dienes and subsequent
hydrolysis. Therefore, it is generally known as the McCormack reaction2 or McCor-
mack cycloaddition.2f,2i,3 Occasionally, this reaction is also referred to as the McCormack
synthesis.4 The resulting products are called the McCormack adducts3k or McCormack
cycloadducts.3b,5 In general, this reaction is performed neatly2a without any solvent added.
In addition, this reaction is often sluggish2e,2g and takes days or weeks to complete for less
reactive dienes.2e,2g,2h,3h In contrast, the cycloaddition of phosphenium ion with 1,3-diene
is much faster,2e,2h,3a taking as little as 15 min2g because of the highly electrophilic nature
of phosphenium;2h the actual reaction time is depends on steric and electronic factors.2eIt
is interesting that even though 1,3-cycloheptadiene reacts with methyldichlorophosphine to
give the corresponding adduct, 1,3-cyclohexadiene fails to undergo such cycloaddition.2f,3b

This reaction has been modified to react with ethylene chlorophosphite (2-chloroethyl
dichlorophosphite) to produce chlorophosphine oxide2a and react with phosphorus tri-
bromide to form bromophosphine.2b Besides the general preparation of phospholene
oxides, this reaction has been used to prepare bicyclic phospholene oxides, including
hexahydrophosphindole 1-oxide,3e hexahydrophosphindole,3b and 7-phenyldinaphtho[2,1-
b:1,2-d]phosphole.2c In addition, the corresponding phospholene sulfides can be prepared by
addition of hydrogen sulfide to the McCormack cycloadducts.3k Similar to the Diesl-Alder
Cycloaddition, the McCormack cycloaddition is also reversible,2f and has been applied to
the preparation of dioxyphosphoranes,6 for example.
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that the lone-pair electrons of phosphorus in dihalophosphine is involved
in the cycloaddition, as demonstrated below.

D. MODIFICATION

This reaction has been modified to react with 2-chloroethyl dichlorophosphite and
phosphorus tribromide.

E. APPLICATIONS

This reaction has very general application in the preparation of phospholene oxides.

F. RELATED REACTIONS

This reaction is related to the Diels-Alder Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2c.
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A mixture of 1.11 mL PhPCl2 (8.17 mmol) and 0.4 g bis-dialin (1.54 mmol) was
refluxed at 220◦C for 3 h under nitrogen. After cooling to room temperature, the solu-
tion was poured carefully into 20 mL 15% KOH aqueous solution. The resulting yellow
solid was filtered off, washed with 10 mL 15% KOH aqueous solution, and dissolved in
CH2C12. The organic phase was washed with water and dried over Na2SO4. The solvent was
removed by rotary evaporation, and the crude product was purified by flash chromatography
(n-hexane/CH2Cl2, 8:1) and recrystallized from CH2Cl2/petroleum ether to afford 22%
7-phenyldinaphtho[2,l-b:l′, 2′-d] phosphole, m.p. 157–8◦C.

Reference 3c.

Methylphosphorous dichloride (37.4 g, 0.32 mol) was added to a mixture of 29.3 g
1,2-dimethylenecyclohexane (0.27 mol), 400 mg copper stearate, and 100 mL hexane in a
wide-mouthed brown bottle with a Teflon-lined cap. The bottle was loosely capped until
the initial exothermic reaction had subsided. As the solid cycloadduct formed, additional
solvent was added (three 25-mL portions) to keep the adduct covered. The bottle was tightly
sealed and allowed to stand for 13 days. The solid cycloadduct was filtered off, washed with
petroleum ether (35–60◦C, 3 × 50 mL), and added cautiously to 150 mL ice-cold, saturated
NaHCO3 solution. The resulting solution was extracted continuously with chloroform for
48 h. The chloroform extract was dried, filtered, and concentrated to give a brown solid
residue. Distillation at 106–107◦C (0.03 mmHg) gave 37.6 g phospholene oxide as a
colorless oil, in a yield of 82%, which quickly solidified to a white, hygroscopic solid.

Other references related to the McCormack cycloaddition are cited in the literature.7
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McFadyen-Stevens Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by McFadyen and Stevens in 1936.1 It is a synthesis
of aromatic or heterocyclic aldehydes from base-catalyzed thermal decomposition of acyl-
benzenesulfonylhydrazides in ethylene glycol. Therefore, it is generally known as the
McFadyen-Stevens reaction.2 Occasionally, it is also referred to as the McFadyen-Stevens
reduction,2g McFadyen-Stevens synthesis,3 or McFadyen-Stevens aldehyde synthesis.2i,4

The general procedure of this reaction is to add 5 equivalents of solid sodium carbonate
to the solution of acylbenzenesulfonylhydrazides in ethylene glycol at 160◦C for a short
time (1.25 min) then rapidly cooled it to obtain 70% of the corresponding aldehydes.2i

However, the optimal condition for this reaction is to pyrolyze the acylbenzenesulfonylhy-
drazides in an aprotic solvent in the presence of an equivalent of base and solid powder;2e the
aprotic solvent can be DMSO, DMF, or dimethylacetamide (DMA),2e and solids include
“charcoal, copper, zinc, diatomaceous earth (Super Cel), glass wool (Pyrex), powdered
soft glass, sodium carbonate, barium carbonate and barium hydroxide.”2i It has been
found that this decomposition is accelerated by electron-donating groups and retarded by
electron-withdrawing substituents with a slop of -1.38 (ρ) for the Hammett plot.2e It is
plausible that the decomposition of acylbenzenesulfonylhydrazide of aliphatic carboxylic
acids to aldehydes holds similar mechanistic characters, in which the failure to yield cor-
responding aldehydes is attributed to the successive reaction of aliphatic aldehydes under
basic conditions,2e whereas the aldehydes without α-protons, such as pivalaldehyde2g and
apocamphane-1-carboxaldehyde,2g or cyclopropanecarboxaldehyde, due to the “unsatura-
tion” properties of the cyclopropane ring,5 can be obtained accordingly.
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B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to occur with only one equivalent of base in the presence
of a solid powder.

E. APPLICATIONS

This reaction has general application in the conversion of carboxylic acid into corres-
ponding aldehydes.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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73%

Reference 2i.

To a stirred hot mixture of 0.5 g N-benzenesulfonylbenzhydrazide, 0.2 g powdered soft
glass (finer than 30 mesh), and 5 mL ethylene glycol in a test tube was added anhydrous
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sodium carbonate. The mixture was stirred at 160◦C with a wad of glass wool. At the end
of the reaction period, the test tube was quickly transferred from the heating bath to an ice
bath. The reaction mixture was then washed through a sintered glass filter with methanol
into a 0.05 M solution of 2,4-dinitrophenylhydrazine in 0.5% of methanolic hydrochloric
acid. After several hours, the precipitate was washed with 5–10 mL acidic methanol and
dried to a constant weight. The yield of this reaction was 73%.

Other references related to the McFadyen-Stevens reaction are cited in the literature.6
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McLafferty Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported from mass spectroscopy of butyric acid by Happ and
Stewart in 1952,1 but it was McLafferty who initially worked out the cyclic transition state
and indicated the importance of such fragmentation pattern for the ionized organic molecules
in mass spectroscopy beginning in 1956.2 Thus this reaction is generally known as the
McLafferty rearrangement3,4 and is occasionally referred to as the McLafferty reaction3j,5 as
well. This reaction is generally defined as the rearrangement of monounsaturated molecular
ion or radical ion with the cleavage of α,β-bond of the unsaturated system along with the
concomitant transfer of a γ-hydrogen via a six-membered transition state by the formation
of a pair of unsaturated fragments, regardless of which fragment holds the charge. This
reaction, though without practical value in synthetic organic chemistry, is one of the most
common fragmentations and studied most extensively in the field of mass spectroscopy.

It has been found that, during the fragmentation, the structural, steric, and electronic
factors determine the actual fragmentation paths.3j Taking carbonyl compounds as an exam-
ple, the critical activation barrier is in the range of 0.2–0.8 eV,3c corresponding to 4.61–
18.45 Kcal/mol in energy. It has been found that the attachment of an electron-withdrawing
group to a carbonyl group and an electron-donating group to the carbon with γ-hydrogen
will enhance the McLafferty rearrangement.3m On the other hand, the ionization potential
of enol is generally lower than that of olefin; thus the enolic ion and olefin are formed
through the fragmentation; unless the charged olefin is more stable, in this case the neutral
enol and charged olefin will be the fragmentation products, as shown by the fragmentation
of aliphatic aldehydes.3j The latter case is known as the reverse McLafferty rearrangement,6

complementary McLafferty rearrangement3m or McLafferty rearrangement with charged
olefinic product.3j The special rearrangement of alkyl formate for the formation of
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HC(OH)2
+ (m/z = 47) ion is called the [R-2H] loss reaction or McLafferty + 1

rearrangement.3g In addition, as γ-hydrogen migrates through the overlapping of the orbitals
of hydrogen and the oxygen of the carbonyl group, it is anticipated that the distance between
the migrating γ-hydrogen and the oxygen, as well as the angle τ between the plane of car-
bonyl group and the γ-hydrogen, will be as small as possible.3j It is hypothesized that if the
distance between γ-hydrogen and oxygen were >1.8Å, then no McLafferty rearrangement
would be expected.3j In addition, the angle τ can be in the range of 0–90◦, and it has been
reported that when the angle is ∼ 45◦, the activation energy is ∼ 76 Kcal/mol.7 No McLaf-
ferty rearrangement is reported with a τ value > 50◦.3k However, in the case of 12-keto
steroids possessing a C-17 side chain with a C-20 hydrogen atom (e.g., 12-ketopregnanes,
12-ketoergostanes, and 12-ketocholanates), there is a very strong peak exhibited at m/z =
233 through the McLafferty rearrangement, though the distance between hydrogen and
oxygen is predicted to be 3Å.3m Such a rearrangement is believed to occur after the cleav-
age of a ring. It should be pointed out that other functional groups, such as deuterium,3j

phenyl,8 trimethylsilyl3n and trimethylstannyl,9 can also migrate. In general, hydrogen has
a higher migrating tendency over deuterium, with an isotopic effect in the range of 0.5–1.0
for ketones, esters, and aromatic and heterocyclic substrates;3j secondary hydrogen is easier
to migrate than the primary hydrogen.3k

In contrast to the migration of hydrogen, which has an analogous photochemical reac-
tion ( i.e., Norrish Type II Reaction3j,10), the migration of the trimethylsilyl group does not
have a similar analogue in corresponding photochemistry.3n Different from the migration
of hydrogen, almost all molecular ions of aldehydes, ketones, thioketones, carboxylic acids,
and acetates that contain a δ-silyl group can undergo a silyl group migration through a seven-
membered transition state, with a higher migration ability for a small silyl group in acyclic
carbonyl compounds than that for a larger silyl group in cyclic carbonyl compounds.3d How-
ever, if the molecule contains a site or group of lower ionization potential than carbonyl,3j

as in the case of amino ester,10 amino ketone,11 ω-amino ester,12 isopropyl pyruvate,13 and
α-hydroxy ketones,14 no McLafferty rearrangement is observed, because those groups will
be first ionized.

Mechanistically, the McLafferty rearrangement can be either concerted with “simulta-
neous hydrogen transfer and β-cleavage,” or stepwise with the “initial hydrogen transfer
being followed by β-cleavage,”3j More and more experimental evidence supports the step-
wise mechanism rather than the concerted one,3e,3g,3h although they cannot be differentiated
from theoretical studies.15 Furthermore, the infrared multiple photon (IRMP) activated dis-
sociation of the butyrophenone molecular cation shows the involvement of a distonic ion
as the intermediate, which provides solid support for the stepwise mechanism.3h

Besides the carbonyl compounds, organic molecules with other types of multiple bonds
also undergo similar rearrangements, such as hydrazones, oximes, and semicarbazones.3j

Even the molecules of epoxides without a double bond, undergo the MaLafferty rearrange-
ment but in two distinct pathways: “inside” and “outside.”16

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Shown here is a stepwise mechanism for the McLafferty rearrangement of a carbonyl
compound, including a hydrogen transfer to oxygen and the subsequent β-cleavage of the
α,β-bond. In this mechanism, n-bonding carbonyl group is the highest occupied molecular
orbital (HOMO) in carbonyl compounds, so that it is often excited, losing one electron to
form a radical cation, which undergoes the β-cleavage to afford the two fragments.

D. MODIFICATION

N/A

E. APPLICATIONS

This rearrangement has very wide application in structural elucidation using mass spec-
troscopy as the tool.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

No practical experiment is available for synthetic purposes. More references related to
the McLafferty rearrangement are cited in the literature.17
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McMurry Coupling

(McMurry Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

Although the initial study on the reductive coupling of carbonyl compounds to olefins
by a low-valent titanium reagent had been conducted concurrently by Tyrlik (TiCl4-
Mg)1 and Mukaiyama (TiCl4-Zn)2 by 1973, it was McMurry who pioneered in the
application of using low-valent titanium as a reducing reagent for a variety of func-
tional groups (e.g., nitro, oxime)3 and extensively studied the scope of the coupling
of carbonyl compounds begining in 1974, using LiAlH4, LiBH4, LiH, CaH2, etc. in
combination with TiCl3 or TiCl4.4 Therefore, this reaction is generally known as the
McMurry coupling,5,6 or McMurry reaction.5e,5f,7,8 Occasionally, it is also referred
to as the McMurry condensation,7e McMurry cross-coupling,5a,5t,8b,9 McMurry reduc-
tive coupling,5f,10 McMurry pinacol coupling,7c,11 McMurry synthesis,7d McMurry
olefination,12 or McMurry olefin synthesis.13 The combination of TiCl3 and Zn/Cu couple
in DME7h or TiCl3-Li in DME14 is known as the McMurry reagent, which is usually in
colloidal status.14 It has been reported that the active reducing species in the McMurry
coupling is Tin+ (0<n<3) rather than Ti(0),7g as supported by a similar reactivity of TiO2
single crystal after sputtering off the terminal oxygen by Ar+ bombardment.15

In general, this reaction gives trans-olefins in preference,5o,5t,7h,14 but sometimes con-
taminated with pinacol.14 However, the formation of the predominant cis-stilbene from
acetophenone under the McMurry coupling condition is because of the π -π preassociation.5t

In addition, the cis-olefins are formed in the case of intramolecular cyclization to form
macrocycles, such as zearalenone5k and helicene.5p On the other hand, this reaction pri-
marily works for the coupling of aromatic carbonyl compounds,3,14 and generally requires
high temperatures and prolonged time for deoxygenation.7f,14 The inability to effectively
couple aliphatic carbonyl compounds into olefins is probably due to the strong alkyl-oxygen
bond in the intermediate pinacolates.14 In mechanistic terms, the McMurry coupling has
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been proposed to involve the metallocarbenoid species to account for the formation of
alkanes/olefins through direct deoxygenation of the carbonyl compounds.8j,8l However, the
widely accepted mechanism consists of two defined steps: the pinacol reaction and the
deoxygenation of pinacol to form olefin.5s,5t,7b,7e,14 In this reaction, the reducing species
donates an electron to the carbonyl compound to generate a radical anion, which dimerizes
to form a pinacol product; the coupling of pinacol with low-valent titanium followed by
deoxygenation results in the olefins. Because of the versatility of this reaction in the for-
mation of olefins, especially in macrocycles, the McMurry coupling has been extensively
modified to enhance the chemoselectivity and diastereoselectivity and shorten the reaction
time. Some of the modifications are (a) the pretreatment of commercial titanium powder
with chlorosilanes for the coupling of carbonyl compounds in THF, DME, EtOAc, or pyri-
dine but not MeCN;7g (b) the addition of 10 equivalents of pyridine with respect to TiCl3
to the THF-solvated low-valent titanium reagent;5s (c) the addition of a substoichiometric
amount of iodine to a low-valent titanium reagent (TiCl3-Li-THF);7f and (d) refluxing a
mixture of a substoichiometric amount (0.25 eq.) of arenes (e.g., naphthalene), TiCl3, and
Li (or Mg) in THF or DME.14 In addition, in the presence of a ligand (e.g., catechol), the
McMurry coupling can be used to prepare pinacols with diastereoselectivity.7c

B. GENERAL REACTION SCHEME

R1 R2

O

R3 R4

O R1

R2

R3

R4

+
Li/TiCl3

DME

R1 = alkyl, aryl
R2 = H, alkyl, aryl
R3 = alkyl, aryl
R4 = H, alkyl, aryl

C. PROPOSED MECHANISMS

Two mechanisms involving the intermediate of either pinacol or metallocarbenoid are
outlined in Scheme 1 and Scheme 2.

SCHEME 1. McMurry coupling involving a pinacol intermediate.
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SCHEME 2. McMurry coupling involving a metallocarbenoid intermediate.

D. MODIFICATION

This reaction has been modified by the addition of pyridine5s or a substoichiometric
amount of iodine7f or arenes14 to the reaction solution and by treatment of the titanium
powder with chlorosilane.7g

E. APPLICATIONS

This reaction has wide application in the preparation of olefins.

F. RELATED REACTIONS

This reaction is related to the Barton-Kellogg Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

THF, r.t.

Me

Ph

Ph

Me

Me

Ph

Me

Ph

Li/TiCl3/Naphthalene

49% 21%

+

Reference 14.

To a stirred suspension of 0.23 g lithium (33 mmol) in 20 mL dry THF under argon
was successively added 1.55 g TiCl3 (10 mmol) in 20 mL THF and 0.32 g naphthalene
(2.5 mmol) at room temperature. After the mixture was refluxed for 3 h, a thick dense
homogeneous black mass of activated Ti species was obtained and was cooled to ambient
temperature. To this solution was added 0.3 g acetophenone (2.5 mmol) in 5 mL THF under
stirring. After the mixture was stirred at room temperature for 3 h, acetophenone disappeared
as shown by TLC. Then the reaction mixture was diluted with hexane and quenched with
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aqueous saturated NH4Cl solution. The supernatant was passed through a bed of Celite. The
eluent was removed by evaporation, and the naphthalene in the residue was separated by
vacuum sublimation (50◦C/10 mmHg). The remainder was subjected to preparative TLC
(EtOAc/hexane, 5:95) to afford 70% 2,3-dimethylstilbene with an E/Z ratio of 7:3.

Reference 7e.

To a mixture of 1.09 g [TiCl3·DME1.5] (3.8 mmol), 1.076 g Zn(Cu) (15.1 mmol), and
0.31 mL pyridine (3.8 mmol) in 15 mL dry DME at 0◦C was added 261.3 mg (Rp)-
formylphosphaferrocene (1.05 mmol). The mixture was stirred at 0◦C for 1 h and quenched
by the addition of 10 mL saturated aqueous K2CO3. The mixture was filtered, and the
solid residue was washed once with EtOAc. The organic layer was separated, and the aque-
ous phase was extracted once with EtOAc. The combined organic phases were dried over
Na2SO4, filtered, and evaporated to dryness, giving an orange powder, which was fur-
ther purified by chromatography on alumina with CH2Cl2/MeOH (100:1) to afford 67%
threo-pinacol as an orange powder.

Other references related to the McMurry coupling are cited in the literature.16
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Meerwein Arylation

(Meerwein Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Meerwein et al. in 1939.1 It is a copper salt-initiated
reaction between an aryl diazonium salt and an alkene (or an alkyne, arene) that is acti-
vated by an electron-withdrawing group. Therefore, it is generally known as the Meerwein
arylation2,3 or Meerwein reaction.2b,2f,2h,2j,4 The final products are the mixtures resulting
from aryl addition and substitution.2j It is known that this reaction involves a single-electron
transfer2a reductive cleavage of aryl diazonium salt by CuCl to form an aryl radical, which
normally adds to the β-position of the activated alkenes to form a more stable radical.2i,4bb

Subsequently, the new formed radical couples with a halide to form the addition prod-
uct, or undergoes proton abstraction to give the substituted product. It is interesting that
for the reaction between p-chlorobenzenediazonium chloride and maleic or fumaric acid,
the resulting mixture of substituted fumaric acid and maleic acid are in an approximately
ratio of 2:1, indicating the intermediate from aryl radical attack is unable to retain its
configuration.2j It should be pointed out that a few factors strongly influence this reac-
tion, such as the substrate, solvent, temperature, pH, and catalyst. On the one hand, the
alkenes are generally activated by either the electron-withdrawing groups (e.g., halogens)
or by conjugation with unsaturated functional groups (e.g., aryl, vinyl, cyano, and carbonyl
groups).2g On the other hand, the aryl diazonium salt with an electron-donating group, espe-
cially at the ortho-position, often depresses the yield of the Meerwein reaction.2g Among
the suitable solvents, acetone is the best followed by acetonitrile.4dd These unsaturated
solvents may be involved in some fundamental way in this reaction.4dd To produce a high
yield of product, this reaction is often carried out at a very low temperature2e in a buffer
with pH regulated between 2 and 4.4dd At low pH, the competition from that Sandmeyer
Reaction of the aryl diazonium salt becomes important, whereas at high pH, various side
reactions start to take place to form resinous products.4dd Although zinc, cadmium, and
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mercuric salts as well as copper powder have shown certain levels of catalytic activity,
cupric chloride is the most effective catalyst.3f However, with increasing cupric salt con-
centration, the corresponding yield of the reaction decreases.4bb Overall, this reaction is best
carried out in 65:35 acetone/water (v/v) at 0–25◦C in the presence of 1–2 mol % CuCl2,
2 eq. of LiCl, and an excess amount of alkene at pH ∼ 2 under an oxygen-free atmo-
sphere; CaO rather than NaOAc is added in some cases to neutralize the generated HCl.2e

This reaction so far has been used to react with vinyl ferrocene,2d fluorinated olefins,2g

benzene,4cc nitrobenzene4cc and chlorobenzene.4cc In addition, the reaction with vinyl sul-
fones forms α-halo-β-arylsulfones;2i likewise, the reaction with anthracene yields 9-aryl
and 9,10-diaryl anthracenes;2h and the reaction with vinyl acetate or vinyl bromide forms
6- and 4-substituted indoles,2e respectively. Furthermore, this reaction has been modified
to generate the aryldiazonium salt from arylamine and alkylnitrite.2f The ionic analogue
of Meerwein arylation has been conducted photochemically by irradiation of aryl halide or
diazonium salt with alkene present.2a,2b

B. GENERAL REACTION SCHEME

R
Z ArN2

+Cl–
CuCl2

R
Z

Ar

R
Z

Ar

Cl

+
acetone/H2O

+

R = H, alkyl, CO2H, etc.
Z = Halo, CN, CO2H, ester, etc.

C. PROPOSED MECHANISMS

It is known that cupric chloride can be reduced by acetone to cuprous chloride,2h thus
a novel mechanism is proposed here by which cuprous chloride can form a coordination
complex in which the cuprous atom not only receives two pairs of electrons from nitrogen
and chloride but also donates an electron pair to an electron-deficient aromatic ring, attaching
to a strong electron-withdrawing diazo group. Single-electron transfer from a cuprous atom
to an aromatic ring, and concomitant evolving nitrogen generates the aryl radical; at the
same time, cuprous chloride is oxidized to cupric chloride again. The addition of an aryl
radical to an electron-deficient alkene produces a new radical, which is then oxidized by
cupric chloride to form carbocation and cuprous chloride. The coupling of a carbocation
with chloride results in the addition product, whereas the β-elimination of a proton from
carbocation yields the aryl-substituted product. The details of the mechanism are outlined
here.
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D. MODIFICATION

This reaction has been modified by using alkyl nitrite to produce the aryldiazonium
salt.2f In addition, an ionic analogue of Meerwein arylation has been developed in which
an aryl cation is generated photochemically.2a,2b

E. APPLICATIONS

This reaction has general application in the preparation of substituted styrene derivatives
and aryl derivatives, especially for substituted indoles that are difficult to make by the
traditional Fischer Indole Synthesis.2e

F. RELATED REACTIONS

This reaction is related to the Sandmeyer Reaction.

G. CITED EXPERIMENTAL EXAMPLES

NO2

NH2

NO2

OAc

Cl

N
H

1) NaNO2, HCl, urea
2) Vinyl acetate, LiCl
    acetone/H2O (65:35)

3) CuCl2 · 2H2O

Fe/AcOH/NaOAc

Ethanol-H2O

50%

90%

Reference 2e.

2-Nitroaniline hydrochloride, prepared by heating a mixture of 1.38 g 2-nitroaniline
(10.0 mol) and 2.50 mL conc. HCl (12 M, 30.0 mmol) for several minutes, was cooled to
−5◦C in an ice-salt bath, and a 3-mL cold aqueous solution of 725 mg NaNO2 (10.5 mmol)
was added over 15 min under stirring, while the temperature of the mixture was held between
−5◦ and 2◦C. The mixture was stirred for an additional 15 min, and 30 mg urea (0.60 mmol)
in 5 mL cold water was added. This cold solution was added over 10 min to a stirred mixture
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of 2.77 mL vinyl acetate (30.0 mmol) and 0.85 g LiCl (20.0 mmol) in 50 mL 65:35 (v/v)
acetone/water in a 100-mL two-necked flask fitted with a gas bubbler that was cooled to
−5◦C under an atmosphere of argon. A cold solution of 0.26 g CuCl2·2H2O (1.5 mmol) in
5 mL water was then added over 10 min, and the evolution of nitrogen commenced. The
temperature of the reaction mixture was held between 3◦ and 10◦C for 2 h and then warmed
to room temperature over 2 h. After an additional 2 h, nitrogen evolution had ceased, and
acetone was evaporated. The reaction mixture was poured into 50 mL water and extracted
with dichloromethane (3 × 30 mL). The combined extracts were washed successively with
water and brine and dried over anhydrous magnesium sulfate. Evaporation of the solvent
and purification by flash column chromatography in 70 g silica gel (35% dichloromethane
in hexanes) gave 1.21 g 1-acetoxy-1-chloro-2-(2-nitrophenyl)ethane as a light yellow oil,
in a yield of 50%.

In a 250-mL one-necked flask, fitted with a reflux condenser, were placed 1.21 g
l-acetoxy-l-chloro-2-(2-nitrophenyl)ethane (5.00 mmol), 0.98 g 200 mesh iron powder
(17.5 mmol), 2.10 g acetic acid (35.0 mmol), 0.68 g sodium acetate dihydrate (5.0 mmol),
and 100 mL 80:20 (v/v) ethanol/water. The mixture was refluxed for 2 h under an atmo-
sphere of argon. The reaction mixture was cooled, the ethanol was evaporated, and the
residue was extracted with dichloromethane (3 × 30 mL). The combined extracts were
washed successively with water and brine and dried over potassium carbonate. Evapora-
tion of the solvent and purification by flash column chromatography on 50 g silica gel
(dichloromethane /hexanes, 50:50) gave 0.53 g indole, in a yield of 90%, m.p. 52–53◦C.

Other references related to the Meerwein arylation are cited in the literature.5
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Meerwein-Ponndorf-Verley

Reduction
(Meerwein-Ponndorf-Verley

Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported concurrently by Meerwein and Schmidt1 and Verley2

in 1925, and by Ponndorf3 in 1926, respectively. It is an aluminum alkoxide-catalyzed
reduction of carbonyl compounds (ketones and aldehydes) to corresponding alcohols
using another alcohol (e.g., isopropanol) as the reducing agent or hydride source.
Therefore, it is generally known as the Meerwein-Ponndorf-Verley reduction (MPV)4,5

or Meerwein-Ponndorf-Verley reaction.6 Occasionally, it is also referred to as the
Meerwein-Ponndorf reduction,7 Meerwein-Ponndorf reaction,8 or Meerwein-Schmidt-
Ponndorf-Verley reaction.9 About 12 years later, Oppenauer reported the reversion of this
reaction in which alcohols were reversely oxidized into carbonyl compounds.10 Since then,
the interchanges between carbonyl compounds and alcohols in the presence of aluminum
alkoxide are generally called the Meerwein-Ponndorf-Oppenauer-Verley reduction11 or
Meerwein-Ponndorf-Verley-Oppenauer reaction.4e,4k,6e,11,12

The formation of equilibrium between carbonyl compounds and alcohols is general
for this reaction, except for the reduction of trifluoromethyl phenyl ketone.13 The
Meerwein-Ponndorf-Verley reduction has advantages of chemoselectivity, mild reaction
conditions, operational simplicity, low cost, and scalability.4a,14 In addition, this reaction
does not affect other double bonds or triple bonds as well as other enolizable carbonyl
compounds (e.g., β-keto ester, β-diketone). The catalysts suitable for this reaction include
aluminum alkoxide and some transition-metal alkoxides (e.g., zirconium,4g,4h,15 iron,15a
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titanium,4d and lanthanide4f ), which are used as homogenous catalysts; in addition, Al-,
Ti- and Sn-β zeolites4d are also found to be efficient catalysts for this reduction. It is known
that this reaction involves the following steps: (a) coordination of a carbonyl compound
to the metal atom of the alkoxide catalyst, typically Al(O-i-Pr)3, to increase the positive
character of the carbonyl group;16 (b) internal hydride transfer from an alkoxide ligand
to the carbonyl group coordinating to the metal atom through a six-membered transition
state,6e,9,11,15a,16,17 to generate a new alkoxide ligand and carbonyl compound; and (c)
dissociation of the new carbonyl compound and alcoholysis of the mixed metal alkoxide to
release the alcohol and regenerate the catalyst.15a The increased positive character of the
carbonyl compound during coordination is supported by the Hammett ρ constant of 1.296
for the equilibrium between substituted benzophenones and the secondary alcohol,4l and
the internal hydride transfer is evidenced by the fact that such transfer takes place in the
absence of any alcohol.6m The alcoholysis is found to be the rate-determining step.18 The
advantage of using Al(O-i-Pr)3 as a catalyst is that acetone formed can easily be removed
by heating to shift the equilibrium toward the alcohol,18 although the removal of acetone is
not necessary for most reactions.19 It has been reported that when an acid in half equivalent
amount of aluminum was added, the reduction rate was remarkably enhanced, especially
when CF3CO2H was added.4k It is interesting that the reduction of carbonyl compounds
by lithium alkoxide involves a radical intermediate.4j

Because the reaction often forms equilibrium, it has been modified to enhance the
yields of reduction by using freshly prepared nonaggregated aluminum alkoxide9 or by
a slow addition of carbonyl compounds into the aluminum alkoxide solution.19 In addi-
tion, this reaction has been modified to reduce carbonyl compounds enantioselectively by
application of a chiral diol as auxiliary (e.g., 1,2:5,6-di-O-isopropylidene-d-mannitol,4g,20

enantiopure 2,2′-dihydroxy-1,1′-binaphthyl9) or a chiral samarium catalyst.4i,21 Moreover,
the tandem Michael addition–MPV reduction and subsequent desulfurization can convert
α,β-unsaturated ketones into saturated secondary alcohols or allyl alcohols in high enan-
tioselectivity (e.g., 95% e.e.).22 It is interesting that the reduction of α-amino aromatic
ketone by catalytic Al(O-i-Pr)3 resulted in an alcohol with high anti selectivity through
the chelation of nitrogen to aluminum, whereas a similar reduction of an α-hydroxy ketone
produced the alcohol with high syn selectivity.4a

B. GENERAL REACTION SCHEME

R1 R2

O Al(O-i-Pr)3

i-PrOH R1 R2

OH
R1 = alkyl, aryl
R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been extensively modified by the application of different catalysts or
the addition of a chiral ligand as described in Section A.
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E. APPLICATIONS

This reaction has wide application in the reduction of carbonyl compounds.

F. RELATED REACTIONS

This reaction is closely related to the Oppenauer Oxidation as well as Cannizzaro
Reaction and Tishchenko Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

NHCBz

CF3

F3C
OH

NHCBz

CF3

F3C

Toluene, ∆
97%

96.4% e.e.

Al(O-i-Pr)3/i-PrOH

Reference 4a.

A mixture of 267 mg (S)-α′-N-carboxylbenylamino-ethyl-3,5-ditrifluoromethyl-
phenylketone (0.637 mmol, 1 eq.), 26 mg Al(O-i-Pr)3 (0.2 eq.), and 0.536 mL i-PrOH
(11 eq.) in 0.8 mL toluene (1.3 mL/mmol) was heated at 50◦C under nitrogen for 15 h.
The reaction was cooled and quenched with 4 mL 1 N HCl and 4 mL EtOAc. The organic
layer was washed with 4 mL water and concentrated. The crude product was further
purified by a hexane tituration to give 260 mg (1R,2S)-1-(3′,5′-bistrifluoromethylphenyl)-
2-benzyloxycarbonylamino-1-propanol as a white solid, in a yield of 97% with > 99%
enantiomeric excess (ChiralPak AD-H (4.6 × 150 mm) column, 0.1:10:90 of TFA/i-
PrOH/heptane, 1.5 mL/min at 30◦C; retention times for desired 1R,2S enantiomers: 2.6 min
and for undesired: 4.7 min, m.p., 141–142◦C.

Reference 5p.
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To a 20 mL dichloromethane solution of 100 mg (-)-10-mercaptoisoborneol (0.54 mmol)
was added 0.57 mL 0.94 M dimethylaluminum chloride (0.55 mmol) dropwise at room
temperature. After the mixture was stirred for 1 h, a 5 mL dichloromethane solution of
2-trans-nanoyl styrene (0.45 mmol) was added dropwise, and the mixture was stirred for
12 h at room temperature. The reaction mixture was quenched with a saturated NH4Cl
solution, and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL). The combined
organic layer was washed with brine, dried over MgSO4, filtered, and concentrated in vacuo.
The residue was purified by column chromatography (hexane/EtOAc, 10:1 to 7:1) to afford
(3S)-1-[(1S,4R)-2-oxobornane-10-sulfenyl]-1-phenyl-3-undecanol as a colorless oil, in a
yield of 90%. To the ethanol solution of the compound was added 2 mL Raney Ni W-2
suspension in ethanol, and the mixture was stirred for 40 min at room temperature. The
mixture was filtered with Celite and concentrated in vacuo. A preparative TLC afforded
99% of alcohol with 98% e.e.

Other references related to the Meerwein-Ponndorf-Verley reduction are cited in the
literature. 23
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Meerwein’s Salt

(Meerwein’s Reagent)

A. GENERAL DESCRIPTION OF THE REACTION

This salt was first reported by Meerwein et al. in 1937.1 Generally speaking, any com-
bination of a trialkyloxonium2 with a strong Lewis acid could be called Meerwein’s salt,3

such as triethyloxonium hexachloroantimonate (V) (Et3O+SbCl6−),4 and triethyloxonium
hexafluorophosphate (Et3O+PF6

−).5 However, Meerwein’s salt, or known as Meerwein’s
reagent,6 specifically means triethyloxonium tetrafluoroborate (Et3O+BF4

−),3a,6e,7 which
can easily be prepared from diethyl ether, BF3, and epichlorohydrin.8 This reagent has
been widely used as an alkylating agent for heteroatom nucleophiles, such as amides,
lactams9 (for O-alkylation to form amide acetals7f,9b), amines (for N-alkylation until
quaternization),7e α-pyridones (for both N- and O-alkylation),10 thiocarbonyl compounds
(for S-alkylation),7b etc. In the presence of a superacid,2 especially the magic acid (FSO3H +
SbF5),11 Meerwein’s salt can even react with a carbon nucleophile, such as benzene and
toluene. It should be pointed out that triethyloxonium hexachloroantimonate has been iden-
tified as the only Meerwein’s salt used to prepare crystalline aromatic radical cations from
any aromatic compounds with an oxidation potential <1.5 V.4

B. GENERAL REACTION SCHEME

O
BF4+

–
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C. PROPOSED MECHANISMS

No mechanism is needed for this reagent.

D. MODIFICATION

Other combinations of trialkyloxonium and Lewis acid are added to this group of salts,
including triethyloxonium hexachloroantimonate (Et3O+SbCl6−)4 and triethyloxonium
hexafluorophosphate (Et3O+PF6

−).5

E. APPLICATIONS

This reagent has been widely used as an alkylating agent.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N
BnO

BnO
BnO S

OBn H
Et3O+ BF4

– N
SEt

BnO

BnO
BnO

OBn

CH2Cl2, 1.5 h
95%

Reference 7b.

To a solution of 300 mg gluconothiolactam (0.54 mmol) in 13 mL dry CH2Cl2 at 0◦C
was added 112 mg triethyloxonium tetrafluoroborate (0.59 mmol). The mixture was stirred
at 0◦C for 1.5 h, then the solvent was removed under vacuum to afford 298 mg ethyl
2,3,4,6-tetra-O-benzyl-D-gluconoiminothioether, in a yield of 95%.

Reference 12.

To a stirred mixture of 163 mg 6-nitro-1H indazole (1 mmol) and 3 mL EtOAc was
added 192 mg trimethyloxonium tetrafluoroborate (1.3 mmol). The mixture was stirred at
room temperature for 5 h under nitrogen and then diluted with 20 mL EtOAc and washed
with 20 mL saturated NaHCO3 solution. The organic layer was separated, and the aqueous
layer was extracted with EtOAc (20 mL × 2). The combined organic layers were dried
over anhydrous MgSO4, filtered, and evaporated. The residue was purified by column
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chromatography (1:1, EtOAc/hexane) to afford 154 mg 2-methyl-6-nitro-2H-indazole as a
yellow solid, in a yield of 87%, mp 158–160◦C (EtOAc).

Other references related to the Meerwein’s salt are cited in the literature.13
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Meinwald Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Meinwald in 1963.1 It is a Lewis acid-promoted
conversion of epoxide to carbonyl compounds (ketones or aldehydes).2 Therefore, it is
generally known as the Meinwald rearrangement.2,3 The Lewis acids used for this reac-
tion include BF3·Et2O,4 ZnBr2,3b MgBr2,4 InCl3,5 and methylaluminium bis(4-bromo-2,
6-di-tert-butylphenoxide).6 In addition, protic acid is also found to be suitable for this
rearrangement.3b It should be pointed out that this reaction is generally carried out under
anhydrous conditions in the presence of a stoichiometric or an excess amount of Lewis acid
with protection by an inert atmosphere.2 The nature of the products is determined by the
migratory aptitude of the substituents attached to the epoxide moiety, the solvent and Lewis
acid used. Recently, this reaction was carried out using a catalytic amount of Lewis acid.2,7

B. GENERAL REACTION SCHEME

O

R1 R2 R1
R2

O

H
R2

O

R1

Lewis acid and/or

R1 = alkyl, aryl
R2 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

Demonstrated below is the reaction mechanism using the Lewis acid MgBr2.

D. MODIFICATION

This reaction has been modified to take place in the presence of a catalytic amount of
Lewis acid.2,7

E. APPLICATIONS

This reaction has general application in the conversion of epoxides into aldehydes and
ketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

THF
CH3

CHO
H

60% e.e.

1 mol % IrCl3 · xH2O

100%
Racemic

Reference 2.

To 1 mL THF solution containing 1 mg IrCl3·xH2O (3.35 × 10−3 mmol) was added
45 mg (R)-α-methylstyrene oxide (0.335 mmol). The reaction mixture was stirred at 50◦C
and monitored by GC. After about 2 h, the reaction completed, and the solvent was removed
to afford 100% racemic α-methylphenylacetaldehyde.
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Reference 3b.

To a solution of 35 mg epoxide (0.11 mmol) in 3 mL benzene was added 117 mg
anhydrous zinc bromide (0.52 mmol), and the mixture was stirred at 70 ◦C for ∼10 min.
After cooling to room temperature, the mixture was diluted with ether, washed with water
and brine, and dried over MgSO4. Upon removal of the solvent, the residue was purified by
column chromatography to afford 27 mg ketone as a colorless oil, in a yield of 80%.

Other references related to Meinwald rearrangement are cited in the literature.8
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Meisenheimer Complexes

(Anionic σ Complexes)

A. GENERAL DESCRIPTION OF THE REACTION

Although this type of structure was first reported by Jackson et al. in 1900 for the
reaction between picryl ether and potassium alkoxide,1 it was Meisenheimer who actu-
ally isolated and characterized the structure of such molecule for the first time in 1902.2

Since then, the stable or transient anionic σ complexes3 formed from electron-deficient
aromatic compounds and a variety of organic and inorganic bases4 are generally called
the Meisenheimer complexes.5 Occasionally, this type of molecule is also referred to
as the Meisenheimer adducts,6 Meisenheimer compounds,7 Meisenheimer σ-adducts,8

Meisenheimer σ complexes,9 Jackson-Meisenheimer adducts,10 or Jackson-Meisenheimer
complexes.5z,11

The Meisenheimer complexes are the intermediates of most nucleophilic aromatic sub-
stitution (SNAr) reactions,5c,5z,12 which consist of two-step mechanisms:5z,13 the formation
of Meisenheimer complexes and the expelling of a leaving group to resume the aromaticity
of the products. It is known that the aprotic solvent,5z,14 especially DMSO, is best for the
formation of such σ complexes,15 and the addition of a nucleophile to the aromatic ring is
the rate-limiting step.13a,15 In general, only aromatic compounds that contain at least one
strong electron-withdrawing group can form Meisenheimer complexes,16 and the activating
groups can be nitro,5i,17 cyano,18 carbonyl,19 sulfonyl,19 fluoroalkyl,19 and many differ-
ent heterocycles (including oxadiazole,19,20 triazole,19 and benzazole19). These activating
groups have two obvious features during the formation of the Meisenheimer complexes:
to reduce the electron density on the aromatic ring and to stabilize the formed complexes
after the addition of the nucleophiles.19 The nucleophiles involved in the formation of
the Meisenheimer complexes can be categorized as H-, C-, O-, N- and S-nucleophiles,
which attack the electron-deficient aromatics through the corresponding atoms. Among
the Meisenheimer complexes studied so far, almost half the complexes are generated
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through the attack of O-nuclephiles, primarily the alkoxide nucleophiles,5z except for a
few cases of aryloxide nucleophiles.12c The C-nucleophiles known include the carbanions
generated from nitromethanes21 and carbonyl compounds (ketones and aldehydes) with
α-hydrogen;12b the N-nucleophiles are primary and secondary amines5c,22 and anilines.23

Specifically, hydride-Meisenheimer complexes from H-nucleophiles are generated from
enzymatic reduction and are important intermediates for the biodegradation of high explo-
sives (e.g., TNT).17a,17c,17e In addition, some bidentate nucleophiles, such as enolate and
phenoxide, can add to the aromatic ring through either an O- or a C-attack,12b,14a and
pyrrolide and indolide anions can function as either C- or N-nucleophiles.14a It is interest-
ing that anion generated from solvent DMSO (dimsyl dianion) is a tridentate, attacking the
aromatic ring through the O-, S-, and C- atom.14a On the other hand, even though it has
been predicted that the O-attack is preferred over C-attack for the enolate nucleophiles,24

most of the Meisenheimer complexes from enolates are actually the C-attack ones. This
is because that the O-attack is a kinetic controlled process whereas C-attack of enolate is
under thermodynamical control.12b The formation of σ complexes from the C-attack of eno-
late, known as the Janovsky Reaction, has been widely applied in pharmaceutical tests.12b

Besides the benzene derivatives, other substituted aromatics such as naphthalenes5y,13b and
phenanthrenes25 can also form corresponding Meisenheimer complexes. Kinetically, the
nucleophile would preferentially add to the meta-position of the leaving group; in contrast,
for the case of 2,4,6-trinitrofluorobenzene, the dominant Meisenheimer complex is the one
formed by addition at position 1. This regioselectivity is referred to as K3T1 (“kinetic
preference for reaction at the 3-position but thermodynamic preference for formation of
the C-1 adduct”).12a The formation of the Meisenheimer complexes has been used in the
Sanger protein sequence5c as well as in many other synthetic applications.17d,19,20,25 The
formation of the Meisenheimer complexes has been modified using a micellar catalyst13a

or an electrochemical reduction via a charge-transfer complex between trinitrofluorenone
and electron-donating molecules (e.g., pyrrole, indole, and carbazole).5i

B. GENERAL REACTION SCHEME

NO2O2N

NO2

OEt

NaOMe

DMSO

NO2O2N

NO2

EtO OMe

–

C. PROPOSED MECHANISMS

N/A

D. MODIFICATION

The formation of the Meisenheimer complexes has been modified to take place under
electrochemical reduction conditions through a charge-transfer complex between electron-
deficient aromatics and electron-donative heterocycles.5i
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E. APPLICATIONS

The Meisenheimer complexes have been widely observed in nucleophilic aromatic
substitution reactions.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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Reference 26.

To a stirred solution of 128 mg indene in 2 mL CH2Cl2 was added 226 mg 4,6-
dinitrobenzofuroxan (1 mmol) at room temperature. The solution turned orange, and some
precipitate was formed after 2 h. After 24 h at room temperature, the resulting yellow crys-
tals were filtered, washed with diethyl ether, and dried over P2O5 under vacuum to afford
the oxazine N-oxide, m.p. 165◦C (dec.)

O
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95%

Reference 19.
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To a three-necked reaction flask equipped with a nitrogen inlet and Dean-Stark trap
fitted with a condenser and a nitrogen outlet, were added 0.576 g K2CO3 (4.17 mmol)
and 0.410 g m-cresol (3.79 mmol) in a mixture of 8 mL DMAc and 12 mL toluene under
stirring. The mixture was heated to 150◦C to remove moisture via an azeotrope with toluene.
After 4–6 h, the mixture was dehydrated and cooled to ∼ 60◦C, then 0.6 g 1,4-bis(2-
benzoxazolyl)-2,5-difluorobenzene (1.72 mmol) in 8 mL DMAc was added and stirred at
155◦C for 20 h. The mixture was poured into 250 mL water containing 1% AcOH, and
the yellow precipitate was filtered, washed, and dried at 80◦C under vacuum for 24 h. The
crude product was purified by flash column chromatography (CH2Cl2) to afford 95% 1,4-
bis(2-benzoxazolyl)-2,5-bis(3-methylphenoxy)benzene as a light yellow crystalline, m.p.,
274◦C (DSC).

Other references related to the Meisenheimer complexes are cited in the literature.27
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Meisenheimer

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Meisenheimer in 1919.1 It is a thermal transformation
of tertiary aliphatic amine oxides (tertiary N-oxides) into substituted N-alkoxylamines2

or N-hydroxylamines,3 and is generally known as the Meisenheimer rearrangement.2–4

Occasionally, it is also referred to as the Meisenheimer N-oxide rearrangement,5 Meisen-
heimer reaction,6 or Meisenheimer transformation.7 In addition, depending on the location
of the migrating group attached, this reaction is specifically called [1,2]-Meisenheimer
rearrangement,8 or [2,3]-Meisenheimer rearrangement9 (or [2,3]-sigmatropic Meisen-
heimer rearrangement10). It is known that this reaction occurs through a radical mechanism
involving a homolytic cleavage of a nitrogen-carbon bond and the migration of an alkyl
group to form the N-alkoxylamine.3c,4i,4pp The migrating entity should be capable of sta-
bilizing the generated radical, although a case of unlikely migration of a tertiary group
has been reported (i.e., 3-homoadamantyl3c). However, this reaction does not apply to
aromatic N-oxides.2 It has been found that the aryl allyl N-oxides undergo a [2,3]-
sigmatropic rearrangement through a cyclic transition state.4m In contrast, the rearrangement
of N-propargylmorpholine N-oxide depends on the nature of the solvent, although such rear-
rangement is reported to take place through a similar cyclic transition state.3a For example,
in aprotic solvents, N-propargylmorpholine N-oxide undergoes a regular Meisenheimer
rearrangement; whereas in protic solvents (e.g., C1-C4 alcohols), the rate of Meisen-
heimer rearrangement is reduced, and the protonation results in the formation of an
enaminoaldehyde.3a This reaction has been used to differentiate the N-oxides from isomer-
ically hydroxylated metabolites through mass spectroscopy and to determine the position of
N-oxides.2 In addition, this reaction has been used for both the degradation of polyamines,4d
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and the living radical polymerization to produce a polymer with a narrow molecular weight
distribution.4i

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in organic synthesis, as well as in polymer chemistry
by either initiation of living radical polymerization4i or degradation of polyamines.4d

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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To a solution of 100 mg methyl (2S,3aR,8aS)-7-chloro-3a-hydroxy-8-methyl-3,3a,8,8a-
tetrahydro-2H-pyrrolo[2,3-b]indole-1,2-dicarboxylate (0.35 mmol) in 2 mL CH2Cl2 was
added 61 mg m-CPBA (0.33 mmol, 1.0 eq.) in 1 mL CH2Cl2 dropwise under stirring
at 0◦C. After 30 min, an additional 61 mg m-CPBA (0.35 mmol, 1.0 eq.) in 1 mL
CH2Cl2 was added dropwise, and stirring was continued at 0◦C for a further 30 min.
The solution was diluted with 5 mL CH2Cl2, washed with 10% aqueous Na2CO3, dried
over Na2SO4, and rotary evaporated. HCl in EtOAc (1 M, 5 mL) was added with
stirring to the residue. After 1 h, the solution was concentrated under reduced pres-
sure, and saturated aqueous NaHCO3 was added to adjust the pH to 8. The mixture
was extracted with CH2Cl2 (2 × 10 mL), and the organic layer was dried over
Na2SO4. Rotary evaporation and chromatography (hexanes/EtOAc, 1:1) gave 64 mg
methyl (2S,3aR,9bR)-6-chloro-9b-hydroxy-5-methyl-1,2,3,3a,5,9b-hexahydro-4-oxa-3,5-
diazacyclopenta[a]naphthalene-2-carboxylate as a yellow oil, in a yield of 61%, Rf = 0.13
(hexanes/EtOAc, 1:1).

N

Me

H

O
Tol

CHCl3

N
O

Me
O

H

Tol
m-CPBA

89%

Reference 4m.

To a well-stirred solution of 10 mmol tertiary amine in 50 mL CHCl3, was added 3.44 g
m-CPBA (10 mmol, 50%) in 50 mL CHCl3 at 0–5◦C over a period of 20 min. The reaction
mixture was stirred for additional 10 h. The reaction mixture was washed with an aqueous
solution of K2CO3 and dried over Na2SO4. The solvent was removed, and the residue was
purified by column chromatography over silica gel with petroleum ether to afford 89%
O-[2-(2-methylbut-3-enyl)]-N-methyl-N-phenylhydroxylamine as a viscous liquid.

Other references related to the Meisenheimer rearrangement are cited in the literature.11
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Menke Nitration

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Menke in 1925.1 It is a nitration of aromatic com-
pounds with cupric nitrate and acetic anhydride. Therefore, it is known as the Menke
nitration.2 This reaction is generally suitable for the aromatics with an electron-donating
substituent (activating group), such as amino, hydroxyl, and gives the highest ratio of ortho-
product.3 For example, the nitration of phenol with cupric nitrate in acetic acid yields only
othro-nitrophenol, whereas picric acid is produced in acetic anhydride;4 likewise, the nitra-
tion of aniline gives only ortho-nitroaniline.4 Under the Menke condition, it has been
found that the nitrate salts of iron,4,5 manganese,4 cobalt,4,5 nickel,4,5 copper,4,5 mercury,4

lithium,4 aluminum,5 cerium,5 and uranium5 are all effective for the nitration of aromatics.
Among these inorganic nitrates, cupric nitrate is the most effective reagent.4 It is believed
that under these conditions, diacetyl ortho-nitric acid and acetyl nitrate might be generated,
which are efficient nitrating agents;4–6 in addition, the excess of humidity would be scav-
enged by acetic anhydride.7 Although chloroform is the mostly used solvent, other solvents,
such as hexane, cyclohexane, nitromethane, acetonitrile, methylene chloride, and nitroben-
zene are also suitable for this reaction.6 It should be pointed out that the nitration rate is
faster in the solvent with a higher dielectric constant than that of a lower dielectric constant.6

The original protocol has been improved to use acidic monmorillonite clay supported cupric
nitrate, known as “claycop” as the nitrating agent in acetic anhydride, so that toluene can be
quantitatively converted into nitrotoluene isomers.8 It is interesting that the application of a
clay (e.g., H-ZSM-5 zeolite) impregnated with cupric nitrate or ferric nitrate—containing
large number of active sites in the interior regions of the channels—produces > 90% of
para-nitro isomer during nitration of toluene.9 In addition, by the use of excess amounts of
such claycop (e.g., 48-fold) and small amounts of fuming nitric acid, polynitrated aromatics
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1894 MENKE NITRATION

will be yielded. Under these conditions, not only the aromatics with an activating group
will be nitrated but also those aromatics with deactivating groups, such as chlorobenzene
and benzaldehyde, can be nitrated.9 This reaction has been further extended to occur in
trifluoroacetic anhydride to enhance the nitration yields.6

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Although it has been reported that diacetyl ortho-nitric acid and acetyl nitrate might be the
nitrating agents, it is proposed here that the reaction of cupric nitrate and acetic anhydride
yields the nitronium ion as the real nitration agent, which adds preferably at the ortho-
position of the aromatic, resulting in the ortho-nitrated product, as shown by the example
of toluene. This is because the newly generated carbocation is a tertiary carbocation, which
is closest to the electron-donating group.

D. MODIFICATION

The acidic monmorillonite clay-supported cupric nitrate has been applied to improve the
yield;8 in addition, the application of cupric nitrate impregnated on H-ZSM-5 zeolite with a
large number of internal active regions has altered the regioselectivity of nitration.9 Further
modifications have adapted the combination of cupric nitrate and trifluoroacetic anhydride
as the nitrating agent.6
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E. APPLICATIONS

This reaction has general application in the preparation of nitroaromatics with high
ortho-selectivity.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NO2

NO2

NO2O2N

CCl4/Ac2O

Claycop/HNO3 +

81.7% 12.4%

Reference 9.

To a suspension of 4.8 g claycop in 30 mL CCl4 and 15 mL acetic anhydride was added
1.07 mL toluene (10 mmol). The mixture was stirred vigorously at room temperature and
followed by GLC. The reaction mixture was then cooled in an ice bath, and 7.5 mL fuming
nitric acid was added dropwise. After the addition, the reaction mixture was kept at room
temperature with vigorous stirring until completion (∼4 h) and then filtered. The filter
cake was washed with CCl4, and the combined organic portions were washed with water
and dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography to afford 95% dinitrotoluene with a 86:13
ratio of 2,4-dinitrotoluene to 2,6-dinitrotoluene.

F
F

NO2

n-hexane

Cu(NO3)2/clay

53% (> 96% purity)

Reference 10.

In a 1-L pear-shaped evaporating flask, were added 26 g cupric nitrate trihydrate and
400 mL acetone, and the mixture was vigorously stirred for ∼5 min. K10 clay (30 g) was
then added, and stirring was continued for another 5 min. Then acetone was removed by
rotary evaporation on a water bath at 50◦C. After a dry solid crust adhered to the walls of
the flask was flaked off with a spatula, and the rotary drying under vacuum was resumed
for 30 min at the same temperature. This yielded the clay-supported cupric nitrate as a blue
free-flowing powder.
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To a solution of 0.96 g fluorobenzene (10 mmol) in 50 mL n-hexane was added 5 g clay-
supported cupric nitrate and 9.4 mL acetic anhydride (100 mmol). The mixture was stirred
vigorously at room temperature for 48 h, and then filtered under reduced pressure. The filter
cake was washed with n-hexane, and the organic solvent was combined, dried, and evapo-
rated. The residue was purified by silica gel column chromatography (cyclohexane/EtOAc,
9:1) to afford 53% nitrofluorobenzene, with 25:1 of ortho/para selectivity.

Other references related to Menke nitration are cited in the literature.11
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Menschutkin Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Menschutkin in 1890.1 It is a synthesis of a quaternary
ammonium salt from a tertiary amine and an alkylating agent and is generally known as the
Menschutkin reaction.2,3 Occasionally, it is also called the Menschutkin alkylation.4 Essen-
tially, this reaction is a type of nucleophilic substitution and can occur via either an SN1 or
an SN2 mechanism, thus it is widely used as a model reaction to study the substituent and
solvent effects on the reaction mechanism.2a,2f,2g,2i For example, the reactions of benzylic
systems with pyridine and N,N-dimethylanilines have been found to take place through
an SN2 mechanism with looser cationic transition states when the benzylic systems bear
electron-donating groups, whereas an SN1 mechanism is dominant for a comparable reac-
tion of benzylic systems carrying electron-withdrawing groups. However, such reactions
between benzylic systems and aromatic tertiary amines actually undergo independent SN1
and SN2 simultaneously.5 For comparison, the reaction between pyridine derivatives and
chloromethyl alkyl ethers or sulfides proceeds the SN1 mechanism.2b On the other hand,
the reaction rate is very sensitive to the polarity of the solvent, which varies by orders of
magnitude among the solvents with different dielectric constants.2a In general, the reaction
is fast in the solvents of high dielectric constants.2k In addition, it has been found that the
“catalytic effect of small amount of ‘active’ co-solvents dissolved in ‘inert’ solvent is much
larger than” predicted on the basis of purely dielectric constants.2g This reaction is highly
endothermic, with free energy change in the range of 103–105 Kcal/mol.6
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Depending on the nature of alkylating agents, the reaction might take place via either an
SN1 or an SN2 mechanism or both. Shown below is an SN2 mechanism.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is generally used for the preparation of quaternary ammonium salt.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

OH

Cl O
N

OH

O

Cl
+

Acetone, ∆
81%

+

–

Reference 2b.

To 25 mL anhydrous acetone was added 20 mmol 3-hydroxypyridine and 22 mmol
chloromethyl hexyl ether. The mixture was stirred and heated for 15 min and then kept
at 0–5◦C for 2 h, and filtered. The filtrate was dried by rotary evaporation at ∼ 45◦C and
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20 mmHg, washed with dry hexane, and then recrystallized from acetone. The hygroscopic
product was dried overnight at 50◦C and 8 mmHg.

Other references related to the Menschutkin reaction are cited in the literature.7
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Mentzer Pyrone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mentzer et al. in 1946.1 It is a synthesis of pyrone
or flavone derivatives from the reaction between phenols and β-ketoesters2 or malonates.3

This reaction is normally carried out by cooking the mixture at high temperature for a long
period.2

B. GENERAL REACTION SCHEME

HO OH

R OEt

O O

R′
∆

O R

R′

HO

O

O R

R′
OH O

OH

EtO OEt

O O
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R
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1902 MENTZER PYRONE SYNTHESIS

C. PROPOSED MECHANISMS

The mechanism for the reaction between a phenol and a β-ketoester is demonstrated
in Scheme 1, and the reaction between a phenol and a dialkyl malonate is outlined in
Scheme 2.

SCHEME 1. Reaction mechanism between phenol and ˇ-ketoester.

SCHEME 2. Reaction mechanism between phenol and dialkyl malonate.

D. MODIFICATION

This reaction has been modified to occur under microwave irradiation.2
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E. APPLICATIONS

This reaction can be used to prepare pyrone and flavone derivatives.

F. RELATED REACTIONS

This reaction is related to the Pechman Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2.

A mixture of 384 mg ethyl benzoyl acetate (2 mmol) and 126 mg phloroglucinol
(1 mmol) was irradiated with microwaves (ETHOS D, Millestone, at 80% of a total out-
put of 1000 W or with the temperature control set to 240◦C) for 3 min. The crude was
dissolved in 20 mL 10% aqueous NaOH solution and washed with Et2O (2 × 20 mL).
Then the aqueous layer was acidified with conc. HCl. The precipitate was filtered, washed
with water, and vacuum dried to give 243 mg chrysin, in a yield of 96%, m.p., 288–290◦C
(dichloromethane-methanol).

O

EtO OEt

O O

250°C

AlCl3

O O

OH

Ph

Ph

+

18.1%

Reference 3.

A mixture of 8.0 g diethyl malonate and 9.8 g deoxybenzoin in the presence of 500 mg
anhydrous aluminum chloride was heated at 250◦C for 1 h. The cold reaction mixture was
poured onto water, and NaOH was added. The aqueous solution was washed with ether, and
the aqueous layer was acidified with HCl. The aqueous acid solution was extracted with
ether, and the organic layers were combined, dried over Na2SO4, and concentrated to afford
2.4 g 4-hydroxy-5,6-diphenyl-2-pyrone as an oil that solidified upon standing, in a yield of
18.1%. The solid was triturated with ether to remove soluble impurities and recrystallized
from methanol to give a white solid, m.p. 187–188◦C.

Other references related to the Mentzer pyrone synthesis are cited in the literature.4
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Merrifield Solid-Phase

Peptide Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Merrifield in 1963.1 It is a synthesis of peptides and
small proteins in which the resinous polymer supported amino acid and succeeding peptide
repeatedly reacts with N-protected amino acids followed by deprotection until the desired
peptide or protein is assembled. Therefore, it is generally referred to as the Merrifield solid-
phase peptide synthesis2 (or SPPS3), and the polymeric resin—that is, 1% divinylbenzene
cross-linked polystyrene resin—is known as the Merrified resin.4 This reaction, essentially
because of the macroscopical insolubility of the resin in the chosen solvent,2d has made
peptide synthesis economical, simple, and rapid, which can be automatically carried out
due to its repetitive, stepwise nature.2d The initial protocol using N-benzyloxycarbonyl-
protected amino acid has been improved and developed into two complementary methods.
In the first method,3 the N-t-butyloxycarbonyl (Boc) protected amino acid is attached to
the solid phase via a linker moiety, the Boc group is then cleaved by trifluoroacetic acid,
and the resin is neutralized by a tertiary amine; subsequently, the second N-Boc amino
acid is added and linked to the resin in the presence of an activator. After the reaction
completes, the resin containing the peptide is washed thoroughly with solvent to remove
the unreacted material, and Boc is removed again in a similar manner to start a new coupling
cycle until the desired sequence of peptide (or small protein) is reached, and the peptide
(or small protein) is cleaved off from the resin by HF. By the same time, other protecting
groups on the side chains of amino acids are also removed. The second protocol uses 9-
fluorenylmethyloxycarbonyl (Fmoc) as the amino protecting group, which can be easily
cleaved by piperidine in DMF or N-methylpyrrolidone. After the peptide synthesis, the
small protein or peptide is released from the solid linker by the use of trifluoroacetic acid.
However, it has been found that the ongoing peptide chain may stop growing or lead to a low
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1906 MERRIFIELD SOLID-PHASE PEPTIDE SYNTHESIS

yield of peptide,2i due to the association of the peptide chain, the swelling problem of the
resin, etc.;2d in this case, the application of a mixed solvent of CH2Cl2 and DMF apparently
enhances the result.2i This method has been extended to oligonucleotide synthesis.5

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The deprotection of Fmoc group by piperidine is displayed here.
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D. MODIFICATION

This reaction has been modified extensively by application of different linkers, side chain
protecting groups, and different solvent systems.

E. APPLICATIONS

This reaction has been widely used for the synthesis of peptides and small proteins.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.
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A 50-mL solid-phase reaction vessel was charged with 1.50 g Boc-leucine Merrified
resin (0.80 mmol/g, 1.20 mmol). The resin was washed with CH2Cl2 (6 × 20 mL) and
20 mL of CH2Cl2/TFA/indole solution and was then shaken with 20 mL CH2Cl2/TFA/indole
solution for 30 min. The solution was drained, and the resin was washed with CH2Cl2
(6 × 20 mL), CH2Cl2/Et3N (10:1, v/v) (2 × 20 mL) and CH2Cl2 (6 × 20 mL). The resin
was shaken with 796 mg N-Boc-Phe-OH (3.00 mmol), 3.0 mL 1.0 M DCC in CH2Cl2
(3.0 mmol), and 15 mL CH2Cl2 for 2 h. The resulting white suspension was filtered, and
the residue was washed with 20 mL CH2Cl2 and EtOH (3 × 20 mL) to afford white beads.

These white resin beads were washed with CH2Cl2 (6 × 20 mL) and 20 mL of
CH2Cl2/TFA/indole solution, and then shaken with 20 mL CH2Cl2/TFA/indole for 30 min.
The solution was drained, the resin was washed with CH2Cl2 (6 × 20 mL) and CH2Cl2/Et3N
(10:1, v/v) (2 × 20 mL), CH2Cl2 (6 × 20 mL), and EtOH (3 × 20 mL). The resin was
dried in vacuo and transferred to a 25-mL, round-bottomed flask, and gently stirred with
20 mL DMF, 1.20 mL Et3N (8.61 mmol), and 1.08 g carbamoyl chloride at 50◦C for 2 h.
The suspension was transferred back to the 50-mL solid-phase reaction vessel and filtered,
and the resin was washed with 20 mL DMF and CH2Cl2 (3 × 20 mL) to give pale tan beads.

The pale tan resin was washed with CH2Cl2 (3 × 20 mL) and 20 mL CH2Cl2/TFA/indole
solution, and then shaken with 20 mL CH2Cl2/TFA/indole solution for 30 min. The solution
was drained, and the resin was washed with CH2Cl2 (6 × 20 mL), CH2Cl2/Et3N (10:1,
v/v) (2 × 20 mL), and CH2Cl2 (6 × 20 mL). The resin was washed with THF (3 × 20 mL)
and shaken with a solution of THF/MeOH/acrynitrile (15 mL, 5 mL, 5 mL) for 12 h. The
solution was drained, and the resin was washed with CH2Cl2 (3 × 20 mL) to yield a new
pale tan resin, which was shaken with 20 mL CH2Cl2 and 488 mg valylalanine methyl ester
isocyanate (1.4 mmol) for 3.5 h. The solution was drained, and the resin was washed with
CH2Cl2 (3 × 20 mL), and shaken with 20 mL 10 M methylamine in MeOH for 17 h. The
solution was collected, the resin was washed with MeOH (2 × 20 mL), and the combined
methylamine solution and MeOH washes were concentrated by rotary evaporation. The
methylamine treatment and MeOH washing of the resin were repeated, and the combined
residue from both treatments were concentrated by rotary evaporation to afford 769 mg of
a white solid. Silica gel column chromatography (MeOH-CHCl3) followed by radial-thin
layer chromatography (i-PrOH-CHCl3, 1:20) afforded 587 mg artificial β-sheet as a white
foam, in a total yield of 67%.

Other references related to the Merrifield solid-phase peptide synthesis are cited in the
literature.6
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429
Meyer-Hartmann Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hartmann and Meyer in 1894.1 It is the formation of
diaryliodonium salt from the reaction between iodosobenzene (PhIO) and iodoxybenzene
(PhIO2) in the presence of silver (I) oxide, known as the Meyer-Hartmann reaction.2 It has
been reported that the mixture of an equal amount of iodosobenzene and iodoxybenzene
is converted into diphenyliodonium hydroxide in the presence of alkali,3 and the resulting
diaryliodonium salt shows the chemical properties of ammonium hydroxide, thus termed a
diaryliodonium salt.4 In addition, iodoxybenzene itself could be converted to diphenyliodo-
nium hydroxide under similar conditions.5 Therefore, it is believed that silver (I) oxide, when
mixed with water or moisture, hydrates and causes basicity. What is more, this reaction even
takes place in the presence of a catalytic amount of silver (I) oxide.6 It is the iodine atom
in iodosobenzene that enters into the diphenyliodonium ion, whereas the iodine atom in
iodoxybenzene is oxidized to iodate.2 Although this reaction is time-consuming,7 it is still
the major method for preparing diaryliodonium salt, from which other iodonium salts can
be prepared.8 The diaryliodonium salt has wide application in industry. For example, it is
commonly used for lithography and as a polymerization initiator.9 A similar reaction for
preparing p-iodophenyl phenyliodonium bisulfate has also been developed by Meyer and
Hartman through the treatment of iodosobenzene with concentrated sulfuric acid.10
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A tentative mechanism is proposed here, which explains that only a catalytic amount
of silver (I) oxide is required. Between iodosobenzene and iodoxybenzene, the latter has
a higher tendency for silver hydroxide to attack because of its higher valent iodine atom.
Upon cleavage of hydrogen iodate, phenyl silver forms, which then adds to iodosobenzene.
Successive protonation from hydrogen iodate facilitates the formation of diphenyliodonium
iodate and the cleavage of silver hydroxide, which enters another catalytic cycle. The slow
reaction rate might arise from the gradual hydration of Ag2O and the slow addition of silver
hydroxide to iodoxybenzene.

D. MODIFICATION

This reaction has been modified by the replacement of Ag2O with sodium hydroxide.3

E. APPLICATIONS

This reaction can be applied to the preparation of diaryliodonium salts.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

IMeO

CHCl3-Et2O

IMeO

Cl

Cl
IMeO

O

IMeO
O

O

KI
IMeO

I

Chlorination Na2CO3/NaOH

Ag2O/H2O
39%

+
–

Reference 11.

3-Iodoanisole (20 g, 85.5 mmol) was chlorinated in a chilled chloroform-ether mixture.
Chilling with dry ice was necessary to precipitate the dichloride, which was air dried and
weighed 15.7 g (51.6 mmol, 60%), m.p. 62–64◦C. It was then hydrolyzed with 13 g Na2CO3
and 35 mL 5 N NaOH, washed with water and acetone, and dried at 50◦C under vacuum
to afford 7.3 g 3-methoxyiodosobenzene (29.2 mmol, 52%). This compound was shaken
in an amber jar for 40 h with 7 g iodoxybenzene, 1 L water and Ag2O freshly precipitated
from 15 g AgNO3. After filtration and clarification of the resultant solution, addition of a
KI solution yielded 5 g 3-methoxydiphenyliodonium iodide (11.4 mmol), in a yield of 39%,
m.p. 176–177◦C (Fisher-Johns apparatus, inserted at 100◦C).

Other references related to the Meyer-Hartmann reaction are cited in the literature.12
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Meyers Aldehyde Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Meyers in 1969.1 It is a 4,4,6-trimethyl-5,6-dihydro-
1,3-oxazines-based aldehyde synthesis involving the steps of deprotonation, alkylation,
reduction, and hydrolytic cleavage of the 1,3-oxazine ring. Therefore, it is known as the
Meyers aldehyde synthesis.2 During this process, the 5,6-dihydro-1,3-oxazines can be read-
ily prepared from the condensation of 2-methyl-2,4-pentanediol and nitrile in concentrated
sulfuric acid at 0◦C.3 The resulting 5,6-dihydro-1,3-oxazine is deprotonated by a lithium
reagent, and then alkylated with an alkyl halide. The alkylated product is subsequently
reduced by sodium borohydride or deuterium borohydride to tetrahydro-1,3-oxazine, which
is then hydrolyzed in dilute oxalic acid solution.4 It has been found that t-butyl lithium is
the best suitable reagent for the purpose of deprotonation, followed by n-butyl lithium and
phenyl lithium; other bases such as Grignard reagent, alkoxide, hydride, and dimethyl-
sulfinyl reagent all fail for deprotonation.3b On the other hand, alkyl bromides and iodides
are all good alkylating reagents, whereas alkyl tosylates do not work in this reaction.3b It
has been reported that a considerable quantity of amino alcohol is also produced during
the reduction from sodium borohydride,3b and such side reactions can be suppressed by
reduction under basic conditions (pH = 9) instead of acidic conditions (pH = 5).3b How-
ever, as shown in Section C, an equivalent of amino alcohol will be naturally generated
from the acidic hydrolysis of the tetrahydro-1,3-oxazine. The aldehydes produced in this
reaction can be obtained by steam distillation from oxalic acid solution1,3b,4a if they are
volatile enough, leaving the side product (e.g., amino alcohol) in the solution; otherwise
they can be extracted after refluxing the oxalic acid solution for 1–2 h.3b This reaction can be
used to prepare α,β-unsaturated aldehyde if the lithiated carbanion is allowed to react with
a carbonyl compound, especially with β,β-disubstituted acroleins;4a silimarly, cycloalkyl
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aldehyde4b and γ-hydroxy or γ-oxo aldehyde5 can also be produced from this reaction by
reacting lithiated carbanion with α,ω-dihaloalkane and epoxides, respectively. In addition,
this reaction can also be used for the synthesis of ketones6 by treatment of an excess amount
of lithium reagent or from 2-alkenylozaxine using Grignard reagent followed by lithium
reagent, etc.

B. GENERAL REACTION SCHEME

N

O

R

R
O

R′
1) BuLi
2) R′X

3) NaBH4
4) H3O+

R = H, alkyl, aryl
Bu = t-Bu, n-Bu
R′ = alkyl, benzyl, allyl
 X = I, Br, Cl

C. PROPOSED MECHANISMS

Shown here is the mechanism of the Meyers aldehyde synthesis, including the formation
of 5,6-dihydro-1,3-oxazine.



CITED EXPERIMENTAL EXAMPLES 1915

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of aldehydes and ketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

OH Cl N
N

O

ClH2SO4

Ph O
Cl

+

55–63%

1. BuLi/BnBr
2. NaBH4/EtOH

3. H+

Reference 3a.

To a 500-mL flask equipped with a thermometer, a stirrer, and a 125-mL addition funnel
was added 100 mL concentrated sulfuric acid. The acid was cooled to 0–5◦C in an ice-
acetone bath, and 41.6 g of chloroacetonitrile (0.55 mol) was added at such a rate that the
temperature was maintained at 0–5◦C. After the addition of the nitrile was completed, 59.0 g
2-methyl-2,4-pentanediol (0.4 mol) was added at such a rate that the same temperature was
maintained. The mixture was stirred for an additional 1 h and then poured onto 400 g crushed
ice. The aqueous solution was washed with CH2Cl2 (4 × 50 mL), and the CH2Cl2 extracts
were discarded. The cold aqueous acidic solution was carefully poured into a beaker cooled
at 0◦C, containing 400 g NaHCO3 and 300 mL Et2O. Upon becoming neutral, a red-yellow
oil appeared, which was taken up in the ether layer. The aqueous layer was extracted with
Et2O (4 × 200 mL) (water was added as needed), and the combined ether extracts were
dried over anhydrous K2CO3. The ether was removed by rotary evaporation, and the residue
was distilled through a 20-cm fractioning column to give 47–57 g 2-chloromethyl-4,4,6-
trimethyl-5,6-dihydro-l,3-oxazine as a colorless liquid, in a yield of 55–63%, b.p. 41◦C at
1.0 mmHg.

To 40 mL THF at –78◦C under nitrogen was added 11 mmol t-butyllithium in pentane,
followed by 1.76 g 2-chloromethyl-4,4,6-trimethyl-5,6-dihydro-1,3-oxazine (10 mmol) in
10 mL THF. The mixture was stirred for 30 min, and 10 mmol benzyl bromide was added
via syringe. The mixture was allowed to stir for 2 h, and quenched at –30◦C with cold
1 N HCl, then washed with pentane. The pentane extracts were discarded. The aqueous acid
solution was neutralized with NaHCO3, extracted with ether, and concentrated. Vacuum
distillation of the residue at 0.15 mmHg afforded 72% of 2-(1-chloro-2-phenylethyl)-4,4,6-
trimethyl-5,6-dihydro-1,3-oxazine, b.p. 98◦C (0.15 mmHg), which solidified from pentane,
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m.p., 65–66.5◦C. This oxazine was dissolved in 10 mL 95% ethanol to which 0.5 mL 40%
NaOH was added. To this solution was added more than one equivalent of NaBH4 dissolved
in a minimum amount of water, and the mixture was stirred for 1 h at 25◦C. Excess amounts
of sodium borohydride were destroyed at –45◦C with 3 N HCl to avoid halogen removal.
The alcohol was removed by rotary evaporation, and the residue was diluted with saturated
salt solution. Ether extraction was followed by washing the ethereal extracts with brine, and
drying over Na2SO4. Concentration afforded the tetrahydro-1,3-oxazine. This tetrahydro-
1,3-oxazine was hydrolyzed in diluted oxalic acid solution, and steam distillation afforded
2-chloro-3-phenylpropanal, b.p. 112◦C at 13 mmHg.

Other references related to the Meyers aldehyde synthesis are cited in the literature.7
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Meyer-Schuster
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Meyer and Schuster in 1922.1 It is an acid-catalyzed
transformation of secondary or tertiary α-acetylenic alcohols into α,β-unsaturated carbonyl
compounds, and is generally known as the Meyer-Schuster rearrangement2 or Meyer-
Schuster reaction.2h,3 When the acetylenic group is terminal, the resulting product is an
aldehyde.2n This reaction can be carried out either in acidic nonaqueous media or in highly
acidic aqueous solutions;3b the former conditions include the application of ether satu-
rated with dry HCl,2m,2n acetic anhydride,2m,2n acetyl chloride,2m,2n vanadium (V) salt,4

or polyphosphoric acid trimethylsilyl ester;2e the latter conditions use the mixture of acetic
acid and concentrated sulfuric acid.2m,2n The reaction involves three consecutive steps
as follows: protonation of hydroxy group, 1,3-shift of the protonated hydroxy group, and
enol/keto tautomerization.2h,3b Alternatively, this reaction may take place through an allenic
carbonium ion intermediate, from which the nucleophilic attack by water ends up with α,β-
unsaturated carbonyl compound.2p,5 Thus electron-donating solvent can electrostatically
solvate the intermediate cation and facilitate this reaction.2h,2m,3b Because intermediate
alkynyl cation cannot expel a proton from an adjacent carbon atom,2n tertiary α-acetylenic
alcohols exclusively undergo the Meyer-Schuster rearrangement.2m

B. GENERAL REACTION SCHEME

R1

HO

R2
R3

Et2O

R1

R2 R3

O

Acid R1 = alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

This reaction may proceed via an allenic cation intermediate generated by acidic dehy-
dration, as shown in Scheme 1, or through a 1,3-shift of the protonated hydroxy group as
shown in Scheme 2.

H+ R1

R2

R3
H2O

R1

R2

C C
R3 H2O

R1

R2

C
R3

OH2 H+

R1

R2

C
R3

O
H

R1

R2 R3

O

R1

HO

R2
R3

R1

H2O

R2
R3

+

+

+

+

SCHEME 1. Meyer-Schuster rearrangement involving an allenic cation intermediate.

SCHEME 2. Meyer-Schuster rearrangement involving a 1,3-shift of protonated hydroxyl group.

D. MODIFICATION

This reaction has been adapted to primary acetylenic alcohol by treatment of the mixture
of propargyl acetate and water with mercury(II) trifluoromethanesulfonate [mercuric triflate,
Hg(Tf)2] to give vinyl ketones under very mild conditions.6 In addition, this reaction has
been carried out at high temperatures without the addition of an acid catalyst.7

E. APPLICATIONS

This reaction is useful for the preparation of α,β-unsaturated carbonyl compounds.

F. RELATED REACTIONS

This reaction is related to the Rupe Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

HO

AcO
AcO

H

AcO AcO

O

AcO

O

I

II III IV

HCO2H, ∆

+ +

+

Reference 5.

A mixture of 5 g 20α-ethynylpregn-5-ene-3β,20β-diol 3-acetate and 25 mL 97% formic
acid was heated with stirring on a steam bath for 3–4 min. When everything went into
solution and a deep violet color developed, the solution was then poured over ice and
extracted with CH2Cl2, washed with 2 N Na2CO3 and water, and dried over Na2SO4. After
the solvent was evaporated, a brown residue was obtained, which solidified on standing.
Four spots were identified by TLC. The residue was dissolved in 10 mL benzene and diluted
with 10 mL hexane. The solution was then put on a column of 200 g alumina prepared in
hexane, and the material was chromatographically separated into various fractions. The first
fraction, in a total amount of 1 g, was eluted from the column with a 1:l mixture of benzene
and hexane, m.p., 141–142◦C (methanol) (I). The second fraction was solely eluted with
benzene that weighed 300 mg and contained two compounds, which were further separated
by column chromatography using 30 g alumina to give 200 mg compound I and 50 mg II,
m.p., 125–127◦C (methanol). The third fraction in an amount of 1.1 g was eluted from the
column with 2–5% ether in benzene and was identified as III, m.p. 176–178◦C (methanol).
The fourth fraction in an amount of 650 mg was eluted from the column with 4–10% EtOAc
in benzene as oil, which was further purified by column chromatography using 50 g alumina,
to afford 100 mg III and 450 mg compound IV, m.p., 119–121◦C (methanol).
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Reference 6.

To a stirred solution of 194 mg 4-cyclohexylbut-2-ynyl acetate (1.0 mmol) and
27 mg water (1.5 mmol, 1.5 eq.) in 9.5 mL acetonitrile was added 0.5 mL 0.1 M
Hg(OTf)2 (5 mol%) in acetonitrile at room temperature under argon. The mixture
was allowed to stir at the same temperature for 4 h. After the addition of aqueous
NaHCO3, the organic material was extracted with ether. Dried and concentrated mate-
rial was subjected to a column chromatography on silica gel using pentane and ether
as eluents to give 128 mg 1-cyclohexylbut-3-en-2-one (82%) and a mixture of bis(4-
cyclohexyl-3-oxobut-1-en-2-yl) mercury (1%), 4-cyclohexyl-3-oxobutyl acetate (2%),
and 4-cyclohexyl-2-oxobutyl acetate (6%). (All yields are based on NMR measure-
ments.)

Other references related to the Meyer-Schuster rearrangement are cited in the literature.8
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Michael Addition

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Michael in 1887.1 It is generally defined as the 1,4-
addition (or conjugated addition) of a nucleophile to an electron-deficient alkene or alkyne.
Thus this reaction is generally referred to as the Michael addition2,3 or Michael reaction.4,5

The nucleophiles are generally called the Michael donors,6 while the electron-deficient
alkenes or alkynes are known as the Michael acceptors,5d,7 and the addition products are
named the Michael adducts.5h,8 Generally speaking, the more electron-rich the nucleophile
is and the more electron-deficient the acceptor is, the easier the Michael addition occurs.
Thus some Michael additions can proceed in neutral media9 and even at room temperature
without any catalyst.10 Because both nucleophile and Michael acceptor become a part of
the Michael adduct, this reaction is one of the most atom-efficient reactions5e and has been
widely explored in many aspects. A part of the known nucleophiles include compounds
containing heteroatoms of lone-pair electrons, such as primary and secondary amines,7b

thiols,7e,8c,11 and fullerenol;12 neutral carbon-nucleophiles such as indoles,5e,13 (tert-
butyldimethylsiloxy) pyrrole,5h silyl ketene acetals, and enolsilanes;14 carbon-nucleophiles
with α-active protons, such as malonates,5b,5c,5f,5g β-ketoesters,7d silyl nitronates,15

and nitroalkanes;16 and anionic carbon-nucleophiles, such as enolates,6,9,17 chiral Fis-
cher aminocarbene complexes,18 α-lithiated vinylic sulfoxide,19 and enantio-enriched
allenyltitaniums;20 lithium eneselenolates generated from selenoamides;21 and acylperoxy
radicals.22 Accordingly, the Michael addition involving noncarbon nucleophiles is generally
referred to as hetero-Michael addition,7e,11e,23 such as the aza-Michael addition,24 oxo-
Michael addition,25 and phospha-Michael addition.26 Specifically, the Lewis acid-promoted
addition of silyl ketene acetals or enolsilanes to α,β-unsaturated carbonyl compounds to
generate 1,5-dicarbonyl compounds is referred to as the Mukaiyama-Michael Addition.14
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On the other hand, the initial Michael acceptors, such as α,β-unsaturated carbonyl
compounds7b (e.g., acrylates17,24b,27 and ethyl vinyl ketone28), have been extended to
a variety of electron-deficient alkenes or alkynes, such as 2-oxo-3-butynoate,7b 2-oxo-
3-pentynoate,7b cyclic enones5c,5f (e.g., cyclohexenone5g), chalcone,5b,11b acrynitrile,29

alkylidene malonates,13b,20 α,β-unsaturated imides,30 nitroalkenes,5c,31 nitrostyrene,5c

α-methylene lactones,5h 1,4-benzoquinones,5h 3-alkylidene-3H-indole 1-oxide,11d 3-
(E-enoyl)-4-phenyl-1,3-oxazolidin-2-ones,7f,32 and α,β-unsaturated iodonium salt.33

Although α,β-unsaturated aldehydes often give 1,2-addition products,15 they also undergo
regular Michael addition under certain conditions, such as in the reaction with 2-
alkoxypropenals.15,34 Furthermore, the carbon nucleophiles with α-active proton are often
treated with base before the Michael addition. The bases used for this reaction range from
strong bases such as butyl lithium to weak bases such as piperidine, quaternary ammonium
hydroxide, and tertiary amines.35 However, the Michael addition sometimes still requires a
prolonged reaction time,5f thus different catalysts have been used or developed to facilitate
the reaction or to enhance the diastereoselectivity and enantioselectivity of the Michael
adducts. Some such catalysts are the organometallic complexes: chiral (salen)-aluminum
complex,30 Ru[(S,S)-Msdpen](η6-hexamethylbenzene)((S,S)-MsDPEN) = (1S,2S)-N-
(methanesulfonyl)-1,2-diphenylethylenedi-amine),5c N-spiro C2-symmetric chiral qua-
ternary ammonium bifluoride,15 chiral Ni(II) complex of the Schiff base of
glycine with (S)-o-[N-(N-benzylprolyl)amino]benzophenone,36 Cu(SbF6)2-AdamBox,9

Cu(OTf)2-trisoxazoline,13b,37 copper(II) bis-(5-tert-butylsalicylaldehydate),9 Yb(OTf)3-
TMEDA,38 and late transition metal complexes of BINOL-derived salens;5g Lewis
acids such as BF3·OEt2,5h Cu(ClO4)2·6H2O,13b Hf(OTf)4,5i InBr3,13a and CeCl3·7H2O-
NaI;5e chiral amines such as DBU,16c (S)-2-[bis(3,5-dimethylphenyl)methyl]pyrrolidine,39

C2-symmetric (2S,5S)-2,5-diphenylpyrrolidine,39 (-)-quinine,25 and proline;31b polymer
catalysts such as antibody 38C240 and polymer-anchored chiral catalysts;41 and solid base
catalysts such as MgO42 and Mg-Al-O-t-Bu hydrotalcite.43 Furthermore, the solvent-free
Michael addition has been established by application of CeCl3·7H2O-NaI as catalyst5e or
microwave irradiation of reactants on BiCl3 or CdI2,44 EuCl3,45 CeCl3·5H2O,46 and alu-
mina surfaces.47 It is interesting that the thermal treatment or microwave irradiation of
1,5-ketodiesters or 1,5-diketones in DMSO in the presence of NaX (X = Cl, Br, I) results
in the retro-Michael addition.8a

B. GENERAL REACTION SCHEME

R1

R2

R3 R4 R2 R4

R1

R3

+
Base

Catalyst
R1 = CN, NO2, CO2Et, SO2Ph, etc.
R2 = CN, NO2, CO2Et, SO2Ph, etc.
R3 = H, alkyl, aryl
R4 = CHO, COR, NO2, CN, etc.

C. PROPOSED MECHANISMS

Shown here is the mechanism of reaction between ethyl malonate and vinyl methyl
ketone using NaOH as a base.
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D. MODIFICATION

This reaction has been extensively modified by application of different bases and catalysts
to enhance the diastereoselectivities and enantioselectivities.

E. APPLICATIONS

This reaction has wide application in organic synthesis and is probably one of the most
known organic reactions.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES
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To a suspension of 0.5 mmol Ni(II) complex of Schiff base arising from glycine and
(S)-o-[N-(N-benzylprolyl)amino]-benzophenone in 2.0 mL DMF was added 0.525 mmol
3-(trans-3′-methylpropenoyl)oxazolidin-2-one; the mixture was stirred at ambient temper-
ature for 10 min. Then 10 µL DBU (0.07 mmol) was added, and the reaction was monitored
by TLC. After the reaction completed (∼ 15 min), the mixture was poured into 80 mL icy
5% aqueous acetic acid and stirred with a glass bar to initiate crystallization of the product.
The crystalline product was filtered off, thoroughly washed with water, and dried in vacuo
to afford > 98% of the addition products. The diastereomeric isomers were isolated by
silica gel column chromatography (acetone/chloroform, 1/4), in a ratio of 2.4 to 1.

HO O

PhOMe

O

O

PhCl
O O

PhOMe

O

O

O O

PhOMe

O

O

(-)-Quinine
+

23%70%

Reference 17.

A suspension of 0.140 g 7-hydroxy-5-methoxy-4-phenyl-8-tigloylcoumarin (0.40 mmol)
in 2.5 mL chlorobenzene in the presence of 0.013 g (-)-quinine (0.041 mmol) was stirred
at 4◦C for 33 h under argon. After evaporation of solvent, 5 mL water was added. The
aqueous mixture was extracted with CHCl3 (3 × 20 mL). The organic solution was suc-
cessively washed with 20 mL 10% HCl, 20 mL water, 20 mL brine and dried over
MgSO4. Upon evaporation of solvent, the residue was purified by silica gel column chro-
matography (benzene/EtOAc, 10:1) to afford 0.032 g (8S,9S)-8,9-dihydro-8,9-dimethyl-
5-methoxy-4-phenyl-2H ,10H−benzo[1,2-b;5,6-b′]dipyran-2,10-dione (23%, m.p. 193–
194◦C) and 0.098 g (8R,9S)-8,9-dihydro-8,9-dimethyl-5-methoxy-4-phenyl-2H ,10H-
benzo[1,2-b;5,6-b′]dipyran-2,10-dione as colorless prisms, in a yield of 70%, m.p.,
219–221◦C.

Other references related to the Michael addition are cited in the literature.48
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Michaelis-Arbuzov

Rearrangement
(Arbuzov Rearrangement, Arbuzov
Reaction, Arbuzov Transformation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially discovered by Michaelis in 18981 and explored in great
detail by Arbuzov and several subsequent investigators.2 It is one of the most versa-
tile routes to form alkyl phosphonates containing one phosphorus-carbon bond from the
reaction of an ester of trivalent phosphorus (i.e., trialkyl phosphite) and alkyl halides. There-
fore, this reaction is generally known as the Michaelis-Arbuzov rearrangement,3 Arbuzov
rearrangement,4 or Arbuzov reaction.5 Occasionally, it is also referred to as the Arbu-
zov dealkylation6 or Arbuzov transformation.7 Besides the rearrangement of phosphites,
a similar reaction is also observed for dialkyl sulfite,8 sulfenate ester,9 alkoxysulfanes,10

and other thio-derivatives,11 and such an analogous rearrangement is referred to as the
thio-Arbuzov reaction.5s,9,10 It has been found that the Michaelis-Arbuzov rearrangement
can be promoted by metal-centered radicals,4f anode oxidation,4g or photo irradiation, and
the Arbuzov reaction occurring under photochemical illumination is generally called the
photo-Arbuzov rearrangement.4a,4e,12 In addition, this reaction can also be catalyzed by
ruthenium.4k This reaction has been used in the synthesis of phosphonates, phosphinic acid
esters, and phosphine oxides.

1929

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



1930 MICHAELIS-ARBUZOV REARRANGEMENT

B. GENERAL REACTION SCHEME

P
RO

OR
OR P

RO
OR

OR

R′
+

X – P
R′

OR
OR

O

RX+ R′X +

C. PROPOSED MECHANISMS

At least three mechanisms have been proposed for this reaction. The first one, originally
postulated by Arbuzov,2d consists of an alkylation reaction that yields an alkoxyphospho-
nium ion and a nucleophilic substitution from the conjugate nucleophile (X−), as shown
here. The second mechanism, suggested initially by Rumpf,13 is an autocatalyzed process,
in which the species that attacks the alkoxyphosphonium ion is the ester of trivalent phos-
phorus (i.e., phosphite) rather than the conjugate nucleophile X−. Although the majority
of experimental results support the first type mechanism, the autocatalyzed mechanism is
clearly favored in a few experiments, in which an ester of trivalent phosphorus reacts with
dimethyl sulfate or methyl triflate rather than alkyl halides.14 In addition, a radical mech-
anism was also proposed in 1982.15 According to the first two mechanisms, if R′ = R as
shown in Section B, only a catalytic amount of R′X is needed for the transformation of
trialkyl phosphite into phosphonate. In addition, it has been found that haloalkyl phosphites
can undergo an internal rearrangement upon heating.16

D. MODIFICATION

This reaction has been extensively modified. Besides the ruthenium-catalyzed, metal-
centered radical or photo-Arbuzov rearrangements as described earlier, alkyl halides have
been replaced by metal halides (e.g., NiCl2),17 trimethylsilyl chloride (TMSCl),18 and
organometallics.19

E. APPLICATIONS

The Arbuzov rearrangement has been widely used for the synthesis of a variety of phos-
phorus related compounds, including phosphonates,20 phosphinates,21 tertiary phosphine
oxides,22 phosphonyl, and phosphonyl halides.23 Some of these products can be used for
the Wittig Reactions, such as in the synthesis of carotene.24
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F. RELATED REACTIONS

The reaction between alkyl halides and the anion of diethyl phosphonate, made by the
ionization of the P-H bond by a very strong base, such as BuLi, to form a new carbon-
phosphorus bond is known as the Michaelis-Becker reaction.

G. CITED EXPERIMENTAL EXAMPLES

Br

Br P(OEt)3

Br

P
OEt

OEt
O

+

Reference 24.

To a distillation flask were added 107 g 1,8-dibromo-3,7-dimethyl-9-(2,6,6-trimethyl-
l-cyclohexen-l-yl)-2,6-nonadien-4-yne, 100 mL toluene, and 83 g triethyl phosphite. The
resulting mixture was heated at 145◦C for 4 h. Upon removal of the solvent, the residue
was distilled through a centrifugal molecular still to give 80.9 g 3,7-dimethyl-9-(2,5,6-
trimethyl-l-cyclohexen-1-yl)-2,6,8-nonatrien-4-yn-1-ylphosphonic acid diethyl ester, in a
yield of 70%, m.p. 28◦C.

I P(OEt)3
 Ni[P(OEt)3]4

160°C
P

O

OEt
OEt

+

Reference 17.

To a flask equipped with a dropping funnel and refluxing condenser were added 10 g
iodobenzene and 10 mg nickel tetra(triethyl phosphite). When the solution was heated to
160◦C, 9.37 g triethyl phosphite (56.4 mmol) was added in small portions (∼ 5 drops).
The solution became deep red upon each addition of phosphite. The color rapidly faded to
yellow, ethyl iodide was distilled into a cold trap, and an exotherm was observed. When
the reaction was completed (monitored by GLC), 9.88 g diethyl phenylphosphonate was
obtained via distillation at 0.1 mmHg, b.p. 94–101◦C, in a yield of 94%.

OH
OMe

PPh2Cl
Et3N

O

OMe

PPh2

P

OMe

Ph

Ph

O

TMSBr
+

80°C

Reference 18.

In a nitrogen-flushed reaction vessel was added a solution of 100 µL chloro diphenyl
phosphinite (0.56 mmol) in 5 mL dry THF, followed by 100 µL triethyl amine (0.8 mmol)
and 81 µL 2-methoxybenzyl alcohol (0.6 mmol) successively. After overnight stirring at
room temperature, triethyl ammonium salts were filtered off under nitrogen (glove box), and
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rinsed with dry Et2O. Solvents and remaining starting material were removed under vacuum.
The crude reaction mixture was transferred to a flame-dried, nitrogen-flushed pressure-
resistant reaction vessel, and 7 µL TMSBr was added. The reaction vessel was then made
airtight with a Teflon stopper, and after being stirred for 2 h at 80◦C, the crude reaction
mixture was submitted to silica gel column chromatography (acetone/dichloromethane,
1:9), to afford 139 mg 2-methoxybenzyl diphenylphosphine oxide, in a yield of 77%.

Other references to the Arbuzov rearrangement are cited in the literature.26
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Michael-Stetter Reaction

(Stetter Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Stetter et al. in 1973.1 It is a thiazolium-catalyzed
nucleophilic conjugate addition of an aldehyde to an electron-deficient alkene to form a 1,4-
bifunctional compound and is generally known as the Stetter reaction.2,3 Occasionally, it is
also referred to as the Stetter condensation.4 Furthermore, since this reaction is analogous
to the well-known Michael Addition, it is also called the Michael-Stetter reaction.5 Besides
thiazolium, imidazole and triazolium can also catalyze this reaction in a same way.2b,2f,5c,5d

In this reaction, it is suggested that the addition of a catalyst to aldehyde changes the carbonyl
group into an acyl anion equivalent,2c which then adds to an α,β-unsaturated compound
(ketone, ester, nitrile, etc.) to form the 1,4-dicarbonyl compound.5d In addition, this reaction
generally offers high enantioselectivity and diastereoselectivity,2c especially in the presence
of a chiral triazolium salt;2b,2c,2e moreover, the intramolecular reaction is capable of forming
tertiary ether, thioether, and quaternary stereocenters with very high enantioselectivity.2e

However, the catalytic activity of thiazolium, as well as triazolium salt, is generally low
for the Michael-Stetter reaction. Because the addition of acyl anion equivalent to α,β-
unsaturated compound produces a relatively stable adduct,2f thiazolium or triazolium salt
would not cleave from the adduct efficiently and resume another catalytic cycle.
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B. GENERAL REACTION SCHEME

N
S R1

O

H
R3

X

R2

R4

R1 X

O

R2 R3

R4

+ +
Base

R1 = H, alkyl, aryl
R2 = H, alkyl
R3 = H, alkyl, aryl
R4 = H, alkyl, aryl
X = COR, CO2R, CN, NO2, SO2R, etc.

C. PROPOSED MECHANISMS

As the mechanism of this reaction is not very clear, a tentative mechanism between an
aldehyde and an α,β-unsaturated ketone catalyzed by a thiazolium salt is displayed here.

D. MODIFICATION

N/A
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E. APPLICATIONS

This reaction has general application in the preparation of 1,4-bifunctional molecules
starting from aldehydes.

F. RELATED REACTIONS

This reaction is related to the Michael Addition.

G. CITED EXPERIMENTAL EXAMPLES

O

O CO2Et

Me N N
N

Bn CF3

KHMDS

BF4
–

O

O CO2Et

Me

H

+
Toluene, r.t.

94% yield
95% e.e., dr (30:1)

+

Reference 2c.

To a flame-dried, round-bottomed flask was added 13.0 mg triazolium salt (0.031 mmol)
and 2 mL toluene. To this solution was added 61 µL 0.5 M KHMDS solution (0.031 mmol)
via syringe, and the solution was stirred at ambient temperature for 5 min. Toluene and
HMDS were removed in vacuo by placement under high vacuum for 1 h. Then 3 mL
toluene was added, followed by a solution of 38.0 mg substrate in 2 mL toluene, and the
resulting solution was allowed to stir at ambient temperature for 24 h. The reaction was
quenched with 2 mL 15% AcOH/toluene and concentrated. The residue was purified by
flash column chromatography using mixture of hexane and EtOAc (6:1) as the eluent to
afford 35.7 mg (2R,3′S)-(4-oxo-chroman-3-yl)-propionic acid ethyl ester as a white solid,
in a yield of 94%. The product was tested to be pure enough with 95% e.e. and 30:1 dr,
Rf = 0.7 (hexane/EtOAc, 1:1).

N O

H
CO2Me

Bn

Bz O S

N

Ph

HO
Cl–

N O

H
CO2Me

Bn

Bz
O

N O

H
CO2Me

Bn

Bz
O

+
1,4-dioxane, Et3N, 6 h

+

63% 10%

+

Reference 6.
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To a solution of 163 mg 1-benzyl-2-benzoyl-4-methyl-5-oxo-6-methylene-1,2,3,5,6,6a-
hexahydrocyclopenta[c]pyrrole-1-carboxylic acid methyl ester (0.403 mmol) in 2 mL
1,4-dioxane were added 42 µL Et3N (0.30 mmol), 184 µL butyraldehyde (2.03 mmol),
and 22 mg 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride (0.080 mmol). The
reaction vessel was sealed with a rubber septum and heated to 70◦C for 6 h. The reac-
tion mixture was then poured into 50 mL water, and the aqueous layer was extracted with
Et2O (3 × 25 mL). The combined organic layers were washed with 20 mL brine, dried
over MgSO4, and concentrated under vacuum. After the addition of 5 mL hexanes to the
residue, a white precipitate formed. The precipitate was collected by decantation and puri-
fied by flash chromatography (hexanes/EtOAc, 9:1 to 2:1, v/v) to afford 121 mg of the
major diastereomer of 2-benzoyl-1-benzyl-4-methyl-5-oxo-6-(2-oxopentyl)-1,2,3,5,6,6a-
hexahydrocyclopenta[c]pyrrole-1-carboxylic acid methyl ester (63% yield) and 19 mg of
the minor diastereomer (10% yield).

Other references related to the Michael-Stetter reaction are cited in the literature.7
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Miescher Degradation

(Meystre-Miescher Degradation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Meystre and Miescher et al. in 1944.1 It is a mul-
tistep cleavage of the side chain of steroid, such as bile acid methyl ester, to the stage of
methyl ketone by sequential reactions with the phenyl Grignard reagent, dehydration of
resulting tertiary alcohol to alkene, α-bromination by N-succinimide bromide, dehydro-
bromination of allyl bromide to form a conjugated diene, and oxidation of the diene by
chromium trioxide. Thus it is known as the Miescher degradation2 or Meystre-Miescher
degradation.3

B. GENERAL REACTION SCHEME

O

OMe O

1) PhMgBr
2) NBS
3) Base
4) CrO3
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C. PROPOSED MECHANISMS

This reaction is a multistep process, and the reaction scheme displayed here illustrates
the mechanism.

O

OMe
PhMgBr

∆
NBS

Ph

Ph

Br

O

Ph

PhOCr

O

OH

Ph
Ph

H

Ph

Ph

H2O

O

Ph

Ph

CrO3Base

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has limited application in organic synthesis but is used primarily in steroid
chemistry.

F. RELATED REACTIONS

This reaction is related to the Barbier-Wieland Degradation.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

Preparation of 3α,6β-Dihydroxy-nor-cholanyldiphenylcarbinol

A solution of 1 Kg methyl hyodesoxycholate in 12 L hot toluene was added to 7 L
dry ether containing 39 mol PhMgBr. The ether was distilled off during the addition, and
the reaction mixture was refluxed overnight. The mixture was worked up in the usual way
to afford 1035 g crude 3α,6β-dihydroxy-nor-cholanyldiphenylcarbino1, m.p. 203–205◦C
(recrystallized twice from benzene).

Formation of 3α,6β-Dihydroxy-bis-nor-cholanyldiphenylethylene

3α,6β-Dihydroxy-nor-cholanyldiphenylcarbino1 (5 g) in a mixture of 100 mL acetic
acid and 5 mL acetic anhydride was refluxed for 4 h. The solution was concentrated and
poured into cold water. The suspended solid was coagulated by warming and dissolved
in 300 mL methanol. NaOH (12 g) in 20 mL water was added, and the solution was
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refluxed for 1 h, filtered, and diluted with water to afford 4.7 g 3α,6β-dihydroxy-bis-nor-
cholanyldiphenylethylene as solid, m.p. 181–183◦C. Recrystallization from 80% methanol
gave needles, m.p., 184–186◦C. (Note: The deacetylation is not necessary in this preparation,
so that the next step of acetylation can be skipped.)

Preparation of 3α,6β-Diacetoxy-bis-nor-cholanyldiphenylethylene

A solution of 68.7 g 3α,6β-dihydroxy-bis-nor-cholanyldiphenyl-ethylene in 360 mL
acetic acid and 36 mL acetic anhydride was refluxed for 3.5 h, cooled, filtered, and con-
centrated in vacuo. Petroleum ether (b.p. 100◦C) was added and distilled off under reduced
pressure to remove the last traces of acetic anhydride. The residue was crystallized from
CCl4 from which it separated with 31% of solvent which could be removed only by fusion;
weight 82.5 g, m.p. 80–92◦C. A sample of the glass remaining after drying in vacuo at
100◦C was crystallized first from acetone and then from methanol to afford white crystals,
m.p. 121.5–124◦C.

Formation of 3α,6β-Diacetoxy-pregnan-20-one

To a solution of 54.2 g 3α,6β-diacetoxy-bis-nor-cholanyldiphenylethylene in 800 mL
CCl4 was added 17.8 g NBS. The flask was illuminated with a 150-W reflector floodlight and
heated to reflux for 15 min. After cooling, the succinimide and excess N-bromosuccinimide
were removed by filtration. To this solution was added 81 mL dimethylaniline; the solvent
(CCl4) was distilled off, and the residue was heated at reflux temperature for 10 min. After
cooling, 300 mL 10% HCl was added and the mixture was shaken with ether and benzene.
The ether-benzene layer was separated, washed with water, and dried over Na2SO4. The
solvent was removed, and the residue was reacetylated by refluxing for 2 h with acetic
acid (100 mL) and 25 mL acetic anhydride. After removing the solvent in vacuo, 62 g
crude 1-(3,6-diacetoxy-etio-cholanyl)-1-methyl-4,4-diphenyl-1,3-butadiene was obtained.
This crude butadiene was mixed with 125 mL acetic acid, 125 mL CHCl3, and 25 mL H2O
and maintained at the temperature between 0◦ and 23◦C. Then the solution of 40 g CrO3 in
130 mL H2O and 640 mL acetic acid was added while maintaining at the same temperature.
After the oxidation, the excess CrO3 was destroyed with SO2, and the solvent was removed in
vacuo. The residue was shaken with water and extracted with a mixture of CHCl3 and ether,
which was washed with 5% NaHCO3 solution, water, dried over Na2SO4. Removal of the
solvent left 57 g residue, which was subjected to a ketone separation with Girard’s reagent P.
The ketone-containing fraction weighed 14 g and was crystallized from methanol containing
a little water, giving 3α,6β-diacetoxy-pregnan-20-one, m.p. 120–122◦C. Further column
chromatography on alumina afforded a fraction that after crystallization from petroleum
ether (b.p. 69◦C) and then from methanol melted at 131–133◦C.

Other references related to the Miescher degradation are cited in the literature.5
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Mignonac Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mignonac in 1921.1 It is a direct synthesis of primary
amines from catalytic hydrogenation of aldehydes or ketones over nickel in liquid ammonia
or in alcohol saturated with ammonia and is known as the Mignonac reaction.2 In addition,
this reaction can also be applied to the hydrogenation of an oxime for the preparation of
corresponding amine.3 It has been found that the yield of amines can be enhanced if the
intermediates from aldehydes or ketones with ammonia are isolated and the subsequent
hydrogenation is carried out in an organic solvent.3 In addition, this reaction has been
improved by reduction of aldehydes or ketones over Raney nickel with a hydrogen pressure
of 20–150 atms at temperatures ranging from 40◦ to 150◦C.4 However, this modification
often requires high-pressure equipment.5 An additional modification of this reaction is to
carry out the reduction of aldehydes or ketones over platinum oxide in the presence of an
excess amount of ammonium chloride in methanol that is saturated with ammonia, so that
the newly generated primary amine is protonated immediately from ammonium chloride
and can not further attack the rest of carbonyl compound.5

B. GENERAL REACTION SCHEME

R1 R2

O
NH3

MeOH R1 R2

NH2
+

Raney-Ni/H2 R1 = alkyl, aryl
R2 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified by the addition of an excess amount of ammonium
chloride in alcohol during the catalytic hydrogenation.

E. APPLICATIONS

This reaction has general application in the conversion of aldehydes or ketones into
primary amines.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O
NH3

140°C
77%

NH2
+

Raney-Ni/H2

Reference 6.

A mixture of 696 g acetone (12.0 mol) and 204 g ammonia (12 mol) was hydrogenated
in a stirred autoclave over 50 g Raney nickel at 140◦C and 740 psi of hydrogen. After the
reaction completed, the mixture was distilled to afford 545 g isopropylamine, in a yield of
77%, b.p. 31.5–32.5◦C.

PtO2

H2
Pt

NH2
1) Cyclohexanone
2) NH4Cl

50%
3) MeOH/NH3/H2O
4) H2

Reference 5.
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In a 300-mL reduction bottle were added 10 mL distilled water and 0.2 g platinum oxide,
and platinum oxide was reduced to platinum by shaking in an atmosphere of hydrogen for
∼ 10 min. Then 29.4 g cyclohexanone (0.3 mol), 20.0 g NH4Cl (0.37 mol), 225 mL absolute
MeOH saturated with ammonia, and 25 mL aqueous ammonia were added to the reduction
bottle. The mixture was reduced by shaking with hydrogen at 1–3 atms. Hydrogenation
was continued until a constant pressure reading indicated the completion of the reduction.
The shaker was then stopped, the bottle was vented, and the catalyst was allowed to settle.
The platinum was removed by filtering the mixture through a Hirsch funnel into a 1-L
round-bottomed flask, and any salt that collected on the filter was rinsed down with water.
The flask and contents were then removed to a hood and refluxed under a condenser for 1 h
to remove the excess ammonia. The solution was cooled, acidified to congo red paper with
concentrated hydrochloric acid, and evaporated to about half of its volume under vacuum.
Then 200 mL water was added, and the solution was washed with benzene (3 × 25 mL).
The benzene extracts were discarded. The aqueous solution was then made strongly basic
with 50% NaOH, the two layers formed were separated, and the water layer was extracted
three or four times with ether. The ether extracts and the oily layer were then combined,
washed with water, and dried over KOH. The cyclohexylamine was purified by distillation
through a 13-cm. column packed with glass helices, in a yield of 50%.

Other references related to the Mignonac reaction are cited in the literature.7
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Milas Hydroxylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Milas and Sussman in 1936.1 It is a transformation
of olefins into cis-diols by the oxidation with anhydrous hydrogen peroxide (H2O2) in tert-
butyl or tert-amyl alcohol in the presence of a catalytic amount of osmium tetroxide (OsO4).
Therefore, this reaction is known as the Milas hydroxylation, and hydrogen peroxide is
referred to as the Milas reagent.2 In the absence of OsO4, the hydroxylation of olefin by H2O2
is not likely to occur.1 However, OsO4 is not the only reagent to trigger this hydroxylation,
other transition metal oxides such as vanadium pentoxide and chromium trioxide are also
effective under similar conditions,3 even ultraviolet light can initiate the hydroxylation.4

It has been found that this reaction exclusively affords the cis-diols;3,5 although in some
cases, it further converts the diols into other products due to overoxidation. For example, the
hydroxylation of cyclohexene results in a large quantity of adipic acid,3 while the oxidation
of stilbene gives benzaldehyde quantitatively.4 It has been found that solvents have a very
important role in this reaction. For instance, the hydroxylation of alkene in the presence of
OsO4 in diethyl ether gives aldehyde predominantly.6 It is interesting that the hydroxylation
of conjugate dienes, as in the case of cyclopentadiene, affords cis-1,4-diols.7 This reaction
has been extended by Sharpless using tert-buyl peroxide as the oxidation agent under basic
conditions to suppress the by-products,2 such as the application of tetraethylammonium
hydroxide as the base in t-BuOH or tetraethylammonium acetate as the base in acetone.8
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B. GENERAL REACTION SCHEME

R2R1

H2O2

R2R1

OHHO

t-BuOH
cat. OsO4 (or V2O5, CrO3, UV)

R1 = H, alkyl, aryl
R2 = alkyl, aryl

C. PROPOSED MECHANISMS

Although a mechanism has been proposed for this reaction,9 it does not correctly present
the real reaction path. Thus a tentative mechanism is outlined here. In the current mecha-
nism, the peroxide bond in H2O2 is weakened through the bonding with osmium tetroxide,
functioning as a strong electron-withdrawing group, so that the peroxide can easily add
to the C=C double bond through a six-membered transition state, resulting in cis-diol. In
addition, osmium tetroxide leaves the catalytic cycle upon the formation of cis-diol. There
would be no reduction of osmium tetroxide by olefin to the Os(VI) complex, which is then
oxidized by H2O2 to OsO4.

D. MODIFICATION

This reaction has been modified by Sharpless to take place under basic conditions using
tert-butyl peroxide as a hydroxylation agent.2,8

E. APPLICATIONS

This reaction is very useful for the preparation of cis-diols from olefins.

F. RELATED REACTIONS

This reaction is related to the Sharpless Dihydroxylation and Prévost Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 10.

To a 2-L three-necked flask was added 196 g 3,4-dihydro-2H-pyran (2.3 mol) and 5 mL
osmium tetroxide catalyst prepared from 0.5 g OsO4 in 100 mL t-BuOH. While the flask
was cooled to −10◦ to 5◦C, 1320 mL 6% hydrogen peroxide in t-BuOH was added dropwise
under stirring over a period of 4 h. An additional 3 mL catalyst solution was added after
2 hours and after all of the peroxide solution had been added. The reaction is highly exother-
mic, and care must be exercised not to add the peroxide at too fast a rate. The solution was
allowed to stand overnight. The solvent was removed under reduced pressure at a bath tem-
perature of 60◦C or below. The residue (255 g) was acetylated by dissolving it in 600 mL
pyridine and adding 750 mL acetic anhydride at 10◦C. The solution was allowed to warm
to room temperature and stand overnight. After destruction of the unused acetic anhydride
by addition of excess 75% EtOH, the solvent was removed at reduced pressure. The residue
(335 g) was allowed to stand overnight, whereupon some crystallization was noted, leading
to 53 g 2-acetyl-3,4-dideoxyaldopentosyl 2-acetyl-3,4-dideoxyaldopentoside, which was
collected on a filter. The solid was recrystallized from MeOH, m.p. 132–133◦C. The fil-
trate, after separation of the disaccharide, was distilled at 1 mmHg to afford 135 g crude
2,3-diacetoxytetrahydropyran, b.p. 96–115◦C. Redistillation of this material gave 115 g
2,3-diacetoxytetrahedropyran collected at 108–120◦C and 2–5 mmHg.

OH

OH

Acetone/Et4NOAc · 4H2O
81%

t-BuOOH/OsO4

Reference 8.

A 1-L Erlenmeyer flask equipped with magnetic stirrer was charged with 200 mL acetone,
11.2 g (E)-4-octene (100 mmol), 6.5 g Et4NOAc·4H2O(25 mmol), and 18 mL (∼162 mmol)
90+% tert-butyl hydroperoxide. The mixture was stirred at room temperature until the
Et4NOAc had dissolved. The resulting solution was cooled in an ice bath and 10 mL
(i.e., 50 mg or 0.2 mmol of OsO4) of the catalyst solution containing OsO4 in tert-butyl
alcohol was added in one portion. The solution immediately became brownish purple. After
1 h, the ice bath was removed and the reaction mixture was allowed to warm to room temper-
ature, stoppered loosely, and stirred overnight. Ether (400 mL) was added, and the resulting
mixture was cooled by stirring in an ice bath. Then 50 mL of freshly prepared 10% NaHSO3
solution was added in one portion. The ice bath was removed, and stirring was continued
for 1 h, at which point the organic layer had become almost colorless. Solid NaCl was
added until the aqueous layer was saturated, and stirring of the two-phase mixture was
continued for several minutes. The organic layer was separated and washed with 50 mL
brine. The combined aqueous layers were extracted with ether (2 × 100 mL). The com-
bined organic layers were dried over Na2SO4 and when concentrated afforded an oil that,
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upon distillation, gave 11.8 g threo-4,5-dihydroxyoctane, in a yield of 81%, b.p. 87–90◦C
(3 mmHg).

Other references related to the Milas hydroxylation are cited in the literature.11
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Mislow-Evans

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mislow et al. in 1968,1 and was subsequently
developed by Evans into a valuable method for the synthesis of allylic alcohols.2 It is
a base-promoted [2,3]-sigmatropic rearrangement of allyl sulfoxide into relatively unsta-
ble allyl sulfenate, which then decomposes into the corresponding allylic alcohol in the
presence of a thiophilic reagent. Therefore, this reaction is generally known as the Mislow-
Evans rearrangement.3 Occasionally, this reaction is also referred to as the Mislow-Evans
reaction,3j Mislow-Evans-Braverman rearrangement4 or Mislow-Evans sulfenate-sulfoxide
rearrangement.5 This reaction is highly stereoselective3g,3k,3l and always gives trans-allylic
alcohol predominately if a bulky substituent presents on the allyl sulfoxide. Whereas allyl
sulfoxide without a bulky group yields the thermodynamically controlled mixture of allylic
alcohols.3mOn the other hand, this reaction is also sensitive to solvation.3j For example, the
rearrangement rate of allyl p-tolyl sulfoxide is reduced by factors of 29 or 332 at 67◦C in
ethanol and 2,2,3,3-tetrafluoro-1-propanol, respectively, if compared with the reaction in
methylcyclohexane.1 This is rationalized by the further stabilization of allyl sulfoxide by
solvation from a polar solvent, which increases the activation energy for the transformation
of allyl sulfoxide to sulfenate, a less polar structure than sulfoxide.3j

1952

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



CITED EXPERIMENTAL EXAMPLES 1953

B. GENERAL REACTION SCHEME

R1 S
R3

O

R2

∆

R3
S

O R2

R1

P(OMe)3
HO R2

R1

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = alkyl, aryl

C. PROPOSED MECHANISMS

R S
R′

O ∆
R

S
R′

O

R′
S

O

R

P(OMe)3 OH

R

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of trans-allylic alcohols.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O S

OO

O

PMBO

PvO

PvO
O

PMBO

OH

O O

P(OEt)3, s-collidine

Me(OCH2CH2)2-OH, ∆
91%

Reference 3e.
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A solution of 0.154 g vinylic sulfoxide (0.217 mmol), 0.18 mL triethyl phosphite
(1.05 mmol), and 0.14 mL s-collidine (1.05 mmol) in 2.7 mL MeOCH2CH2OCH2CH2OH
was heated at 150◦C for 15 h in a sealed vial under argon. After cooling, the reaction mixture
was diluted with EtOAc and washed with saturated aqueous NH4Cl and then water three
times. The combined aqueous layers were extracted with EtOAc. The combined organic lay-
ers were washed with brine, dried with anhydrous Na2SO4, and concentrated. The residue
was purified by silica gel column chromatography (EtOAc/hexanes, 2:3) to yield 0.117 g
allyl alcohol after drying in high vacuum at 50◦C to remove the residual s-collidine, in a yield
of 92%. (Note: The whole process involves a [3,3]-Claisen rearrangement and subsequent
Mislow-Evans rearrangement.)

Other references related to the Mislow-Evans rearrangement are cited in the literature.6
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Mitsunobu Reaction

(Mitsunobu Coupling, Mitsunobu
Esterification)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mitsunobu in 1967.1 It is the alkylation of com-
pounds with active protons by using primary or secondary alcohols as the alkylating agents
in combination with triphenylphosphine and diethyl azodicarboxylate (DEAD) or diiso-
propyl azodicarboxylate (DIAD), to form molecules like esters, ethers, thioethers, and
amines. Therefore, this reaction is generally known as the Mitsunobu reaction2 or Mit-
sunobu coupling.3 In addition, the specific reaction for forming esters by means of DEAD
(or DIAD) and PPh3 is generally referred to as the Mitsunobu esterification.4 Occasionally,
the Mitsunobu reaction is also called the Mitsunobu transformation (for the conversion of
alcohol into amines)5 or Mitsunobu cyclization (for the formation of cyclic compounds).6

Because of its intrinsic features of stereospecificity,7 as well as its occurrence in neutral
media and at room temperature8 without a prerequisite activation of alcohol,8b this reaction
has been extensively studied and used to synthesize a variety of compounds since 1970.

It is known that this reaction begins with the formation of a relatively stable
betaine,4b,4f,9 called the Morrison-Brunn-Huisgen intermediate,9a,9c,10 through the irre-
versible Michael-type nucleophilic addition of triphenylphosphine on the N=N double
bond of DEAD.4f,9b,9d Then the betaine intermediate abstracts a hydrogen atom from
the nucleophile carrying an active proton,9a and alkoxy phosphonium salt4i,4j,9a,9d,11 or
alkoxyphosphorane4i,4j,7c,9d,11c,12 forms, which then undergoes a normal SN2 displace-
ment from nucleophile to give the corresponding product. It has been found that both
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1956 MITSUNOBU REACTION

alkoxy phosphonium salt and alkoxy phosphorane should be involved as the intermediates
in this reaction,4i,4j depending on the order of the addition and the pKa of the nucleophile.
In addition, the position of equilibrium between these intermediates depends on the pKa
of the nucleophile and the polarity of the solvent.4j For example, only alkoxy phospho-
nium salt is observed when strong acid with low pKa, such as trifluoroacetic acid, is used
as a nucleophile,4j and dioxytriphenylphosphorane can be detected only when the nucle-
ophilic acid is added last.4k,11c In addition, this reaction is also evidenced to undergo
through a radical mechanism,4f,13 because a nitrogen radical has been detected when triph-
enylphosphine and an alkyl azodicarboxylate are mixed.4f Although this reaction takes
place smoothly in neutral media at room temperature, due to the strong affinity of triph-
enylphsophine for oxygen and DEAD for hydrogen, the nucleophiles employed must be
acidic enough—generally with a pKa of less than 11,14 preferably < 108b—to protonate
the betaine intermediate, which prevents the formation of other side products. The com-
pounds of carboxylic acid,4b,4c,4e,4f,4i phenol,3c,3g,15 phosphate,16 phosphonic acid,16 and
N-hydroxyimide11b are suitable oxygen nucleophiles; and phthalimide9d,17 and hydrogen
azide11b are suitable nitrogen nucleophiles. Other nucleophiles include hydrogen halide11b

and activated carbon acid.18

When secondary alcohols are used as alkylating agents, the stereochemistry
is generally inverted via the Walden Inversion, because of the nature of SN2
displacement.3f,7b,7c,9a,11d,14,15 However, examples with partial retention of stereo-
chemistry have also been reported.15 Especially for the intramolecular version of the
Mitsunobu reaction for the hindered alcohols, the products are formed with an exclusive
retention of configuration.11a The overall result of this reaction is the alkylation of nucle-
ophiles by alcohols, the simultaneous oxidation of triphenylphosphine to an oxide, and
reduction of DEAD to hydrazinedicarboxylate. Thus triphenylphosphine oxide and dialkyl
hydrazinedicarboxylate cannot be avoided in this reaction, which often prevents the desired
products from being isolated. Therefore, this reaction has been extensively modified to
ease the separation and purification of products. These modifications include the fixation of
either triphenylphosphine17 or dialkyl azodicarboxylate19 to polymers, thus the resulting
side products can be removed by simple filtration. In addition, phosphines with a basic
moiety, such as 2-pyridyl4l and 4-dimethylaminophenyl,20 are also used to improve the
reaction, and the corresponding phosphine oxide can easily be washed away by acid. Fur-
thermore, the nucleophile is also anchored to a fluorous reagent, to purify the product by
extraction.2r,8a

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general mechanism containing the formation of phosphonium salt and phosphorane
intermediates are displayed here.
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D. MODIFICATION

This reaction has been extensively modified, including the fixation of phosphine and
dialkyl azodicarboxylate onto a polymer or fluorous reagent and the introduction of a basic
moiety to a phenylphosphine.2r In addition, bis(2-(1-adamantyl)ethyl) azodicarboxylate
(BadEAD),10 bis(1-adamantylmethyl) azodicarboxylate (BadMAD),10 bis(5-norbornen-2-
ylmethyl) azodicarboxylate (DNAD),17 di-tert-butyl azodicarboxylate (DBAD),21 fluorous
azodicarboxylate (FDEAD),22 N,N,N ′,N ′-tetramethylazodicarboxamide (TMAD),23 and
1,1′-(azodicarbonyl)dipiperidine (ADDP),23 have also been developed for the Mitsunobu
reaction.

E. APPLICATIONS

This reaction has very wide application in organic synthesis, including the preparation
of esters, ethers, thioethers, amines, and azides.

F. RELATED REACTIONS

This reaction is related to the Appel Reaction, Staudinger Reaction, and Michaelis-
Arbuzov Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

HO

O
O(CH2)4(CF2)8F

O(CH2)4(CF2)8F

O(CH2)4(CF2)8F
HO THF

O

O
O(CH2)4(CF2)8F

O(CH2)4(CF2)8F

O(CH2)4(CF2)8F

+
PPh3/DIAD

93%

Reference 8a.
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To a round-bottomed flask was added 0.478 g 3,4,5-tris(5,5,6,6,7,7,8,8,9,9,10,10,11,
11,12,12,12-heptadecafluorododecan-1-yloxy)benzoic acid (0.30 mmol), 10 mL THF, and
0.211 g triphenylphosphine (0.804 mmol). The mixture was stirred under a nitrogen atmo-
sphere at room temperature. Then 0.30 mL 10% 3-butyn-2-ol (v/v) in THF (0.38 mmol)
was added to the reaction mixture, followed by 0.15 mL DIAD (0.76 mmol). The reaction
mixture was stirred for 40 h. The solvent was evaporated by rotary evaporation, and the
residue was recrystallized from CHCl3/MeOH (1:1). A white solid was isolated by filtra-
tion and dried over P2O5 under an oil pump vacuum to afford 0.458 g ester, in a yield
of 93%.

Reference 9d.

To a 2 mL THF solution of 0.120 g endo-2-deuterio-2-hydroxy-1R,5R-bicyclo[3.3.0]oct-
3-ene (0.96 mmol) at 0◦C, were added 0.30 g triphenylphosphine (1.14 mmol, 1.2 eq.),
0.20 gram DEAD (1.15 mmol, 1.2 eq.), and 0.14 g benzoic acid (1.14 mmol, 1.2 eq.). The
resultant solution was stirred for 1 h at this temperature, and then the solvent was removed
under reduced pressure, followed by the addition of 10 mL hexane/EtOAc (2:1). The solu-
tion was filtered, the solvent was removed under reduced pressure, and the crude product was
purified by silica gel chromatography (petroleum ether). The purified benzoate mixture was
then hydrolyzed by addition of 5 mL 5% NaOMe/methanol, and the resulting mixture
was stirred for 3 h. The solvent was removed under reduced pressure, and the crude
mixture was dissolved in 10 mL ether, washed once with 5 mL water and 5 mL brine,
dried over Na2SO4, filtered, and concentrated to provide 80% of alcohols, with 79% of
inversion.

Other references related to the Mitsunobu reaction are cited in the literature.24
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Moffatt-Swern Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Moffatt in 19651 and subsequently modified by
Swern in 1978,2 who introduced oxalyl chloride and triethylamine to the reaction system.
It is the oxidation of primary and secondary alcohols to carbonyl compounds (aldehydes
and ketones) from dimethyl sulfoxide (DMSO) in combination with oxalyl chloride and
triethylamine under anhydrous conditions. Therefore, it is generally known as the Moffatt-
Swern oxidation3 or simply the Swern oxidation.4 Occasionally, it is also referred to as
the Swern-Moffatt oxidation,3o or Moffatt oxidation.5 The combination of oxalyl chloride,
DMSO, and triethylamine is called the Swern-Moffatt reagent6 or Moffatt reagent.7 It is
known that this reaction involves the formation of an ylide through an alkoxydimethylsul-
fonium ion; if it is impossible to form the ylide, then there would be no such oxidation.8

Compared to chromium-based oxidation reagents, such as PCC9 and PDC,10 the Swern-
Moffatt reagent is less toxic. In addition, this reaction is also superior11 to the PCC and
Dess-Martin Periodinane Oxidation in some cases. On the other hand, this reaction does
not cleave the adjacent di-carbonyl functionality. For example, the Moffatt-Swern oxida-
tion converts terminal 1,2-diol into α-hydroxy aldehyde but not into an α-keto aldehyde,3o

whereas the modification using the combination of DMSO/EDC/Cl2CHCO2H can trans-
form α-hydroxyamide to α-ketoamide.4b Because this reaction is very mild and selective,
it has been widely used in organic synthesis, even for the preparation of some very unstable
aldehydes, which are subjected to subsequent transformation directly.12 For ketones that
are sensitive to triethylamine, they can be prepared by substituting triethylamine with the
Hunig’s base.6 However, this reaction also has some flaws. For example, it must be car-
ried out under anhydrous conditions because of oxalyl chloride; the reaction temperature
is often very low to avoid the Pummerer Rearrangement.13 In addition, this reaction may
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leave trace impurities that cannot be detected by spectroscopy or combustion analysis but
could affect some subsequent reactions, such as palladium catalyzed reactions.14 Moreover,
this reaction may cause the racemization of chiral molecules.3m

B. GENERAL REACTION SCHEME

R1 R2

OH

R1 R2

ODMSO/(ClCO)2

Et3N, CH2Cl2

R1 = alkyl, aryl
R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified to use the combination of DMSO/EDC/Cl2CHCO2H to
oxidize α-hydroxyamide to α-ketoamide;4b in addition, Hunig’s base has been substituted
for triethylamine for the preparation of ketones, which are sensitive to triethylamine.6

E. APPLICATIONS

This reaction has wide application in the preparation of ketones and aldehydes.

F. RELATED REACTIONS

This reaction is related to the Corey-Kim Oxidation and Pfitzner-Moffatt Oxidation.
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G. CITED EXPERIMENTAL EXAMPLES

N

Me

OMe

Me

OH

N

Me

OMe

Me

O
DMSO/(ClCO)2/CH2Cl2

Et3N, –70°C
92%

Reference 3c.

Into a dry flask containing 3.45 mL oxalyl chloride in 15 mL CH2Cl2 (6.9 mmol, 2.0 M)
cooled to −70◦C was added 0.83 mL DMSO (11.7 mmol) in 10 mL CH2Cl2 over 10 min.
The solution was stirred for an additional 10 min at −70◦C, and 1.54 g N-methyl-
4a-(3-methoxyphenyl)-8a-methyloctahydroisoquinoline-6-ol (5.32 mmol) in CH2Cl2 was
added over 30 min. After an additional 30 min at −70◦C, 1.11 mL Et3N (7.98 mmol)
was added, and the solution was warmed to room temperature, washed with 100 mL
saturated aqueous NaHCO3, dried over Na2SO4, concentrated, and purified via flash
chromatography (4% MeOH-CHCl3) to afford 1.40 g N-Methyl-4a-(3-methoxyphenyl)-
8a-methyl-6-oxooctahydroisoquinoline, in a yield of 92%.

OAc

TMS

O

OH

OAc

TMS

O

O

DMSO/(ClCO)2/CH2Cl2

Et3N, –78°C
95.5%

Reference 3m.

To a solution of 0.894 g oxalyl chloride (0.05 mmol) in 25 mL dichloromethane was
added a solution of 1.0 g DMSO (12.8 mmol) in 4.0 mL dichloromethane at −78◦C. A
solution of 2.02 g (+)-3-acetoxy-9-hydroxy-8(R)-methyl-2-((trimethylsilyl)methyl)-non-
1-en-4-one (6.41 mmol) in 6.0 mL dichloromethane was added, the solution was stirred
for 20 min, and then 2.41 g triethylamine (17.1 mmol) was added. The cloudy white
mixture was allowed to warm to −20◦C, whereupon the mixture was poured into a vigor-
ously stirred mixture of water (80 mL), ether (40 mL), and hexanes (40 mL). The organic
layer was extracted with 40 mL ether. The organic layers were washed with aqueous 10%
sodium bisulfate (2 × 40 mL) and brine (40 mL), dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to afford 1.91 g racemic 3-acetoxy-8-methyl-9-oxo-
2-((trimethylsilyl)methyl)non-1-en-4-one as a light yellow oil, in a yield of 95.5%. (Note:
The racemization might arise from the enolization after the formation of aldehyde under
basic conditions.)

Other references related to the Moffatt-Swern oxidation are cited in the literature.15
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Moore Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Moore in 1985.1 It is a synthesis of phenol (or
quinone) derivatives by means of the thermal cyclization of enyne-ketenes between C2
and C7 via an aryl/phenoxy biradical intermediate. Therefore, it is generally known as
the Moore cyclization.2 Occasionally, it is directly referred to as the Moore reaction.2d,3

It has been found that the biradical intermediate sometimes also shows the character of
zwitterions.2b,2d,2j Although the cyclization between C2 and C7 is strongly favored in
kinetics and thermodynamics,2d the formation of a five-membered fulvene biradical via
C2-C6 cyclization is also known, especially for the enyne-ketenes with a phenyl or other
radical-stabilizing group at the alkynyl terminus.1,ba,2d,4 For example, the thermal decompo-
sition of 4-phenylacetylenyl-2,3-dimethoxy-4-(trimethylsiloxy)-cyclobutenone in p-xylene
at 135◦C affords 52% cyclopenten-1,3-dione derivative but only 13% quinone.1 The forma-
tion of a biradical intermediate via C2-C7 cyclization has been evidenced in the formation
of spiroepoxide through the exo addition of an aryl radical to the proximal alkyne moiety
and subsequent proton abstraction from an adjacent methoxy group by the resulting vinyl
radical5and the partial cleavage of DNA during the decomposition of cyclobutenone.6

B. GENERAL REACTION SCHEME

C

R1

O

R2

OH

R1

R2
∆

1,4-cyclohexadiene
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been extended to the cyclization of ketenimine.7

E. APPLICATIONS

This reaction has special application in formation of phenol and related derivatives.

F. RELATED REACTIONS

This reaction is related to the Bergmann Cyclization and Myers-Saito Cyclization.

G. CITED EXPERIMENTAL EXAMPLES

N
C

O N
H

O

Sealed tube
230°C
81%

Reference 2b.

A solution of 0.186 g enyne-isocyanate (0.75 mmol) in 10 mL 1,2-dichlorobenzene was
refluxed for 14 days. The solvent was removed in vacuo, and the residue was purified by
column chromatography to afford 0.050 g 7,8-dihydrobenzo[k]phenanthridin-6(5H)-one
as brown crystals, in a yield of 27%. Similarly, a solution of 0.100 g same enyne-isocyanate
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(0.40 mmol) in 2 mL 1,2-dichlorobenzene in a sealed glass tube was heated at 230◦C for
24 h to afford 0.081 g 7,8-dihydrobenzo[k]phenanthrid in-6(5H)-one, in a yield of 81%,
m.p. 245–246◦C.

Reference 7.

To a solution of 180 µL 2-bromonaphthalene (1.3 mmol) in 8 mL dry THF cooled to
−78◦C under argon was added 0.74 mL 1.6 M n-BuLi in hexane (1.2 mmol). The solution
was stirred for 30 min, the anion was added via cannula to a −78◦C solution of 170 mg
3-tert-butoxy-3-cyclobutene-l,2-dione (1.1 mmol) in 30 mL dry THF. After being stirred
for another 30 min, the reaction mixture was poured into 20 mL 1% NH4Cl solution. The
aqueous layer was extracted with EtOAc (2 × 30 mL). The organic layers were combined,
washed with brine, dried over MgSO4, filtered, and evaporated. The resulting alcohol was
purified by flash column chromatography on silica gel (2:l, hexane/EtOAc) to give a white
powder, which was used without characterization. The alcohol was dissolved in 80 mL dry
p-xylene and refluxed under argon for 25 min. Upon cooling to room temperature, 550 mg
Ag2O (2.4 mmol) and 330 mg K2CO3 (2.4 mmol) were added, and the suspension was stirred
at room temperature for 1.75 h. The reaction mixture was then filtered through Celite and
evaporated to a bright yellow oil. The oil was purified by flash column chromatography on
silica gel (10:1, hexane/EtOAc) to give 140 mg 2-tert-butoxy-l,4-phenanthrenedione as a
bright yellow powder, in a yield of 48%.

Other references related to the Moore cyclization are cited in the literature.8
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Morgan-Walls Cyclization

(Pictet-Hubert Phenanthridine
Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pictet and Hubert in 18961 and subsequently modified
by Morgan and Walls.2 It is the synthesis of phenanthridine derivatives by means of the
treatment of N-acyl ortho-aminobiphenyls with ZnCl2 at high temperature1 or with POCl3.2

Therefore, it is known as the Pictet-Hubert phenanthridine synthesis.3 Due to the intrinsic
disadvantages of the original protocol, including the long reaction time and low yield,4 the
modification by Morgan and Walls using POCl3 as the dehydrating agent is often used to pre-
pare phenanthridine, even though such modification was unsuccessful for the transformation
of ortho-formamidobiphenyl itself to the parent phenanthridine scaffold.4 This modifica-
tion is referred to as the Morgan-Walls cyclization5 or Morgan-Walls reaction.4,6 Under
these reaction conditions, it is best to use a high-boiling solvent, such as nitrobenzene.7 In
addition, HBF4 has been found to be able to catalyze such a cyclization.6a

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The reaction mechanism under the initial Pictet-Hubert condition is displayed in
Scheme 1 and the modified Morgan-Wall condition is outlined in Scheme 2. It is believed
that the complexation of Lewis acid (e.g., ZnCl2) with oxygen polarizes the carbonyl group,
which facilitates the electrophilic substitution as shown below.

SCHEME 1. Mechanism under Pictet-Hubert condition.

SCHEME 2. Mechanism under Morgan-Walls condition.

D. MODIFICATION

The phenanthridine can be obtained from the reduction and dehydration of phenan-
thridone, which is easily prepared from the cyclization of o-biphenyl isocyanante with
AlCl3. In addition, the coupling between nitrile and biphenyl carbocation generated from
ortho-diazonium biphenyl salt is also a good method for phenanthridine (i.e., the Ritter
Reaction)8.



CITED EXPERIMENTAL EXAMPLES 1973

E. APPLICATIONS

This reaction is useful for the preparation of phenanthridine derivatives, especially for
6-substituted phenanthridines.5b

F. RELATED REACTIONS

This reaction is related to the Bischler-Napieralski Isoquinoline Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

HN CHO
PPA

∆

N

93.4%

Reference 8.

A mixture of 20 mL polyphosphoric acid and 2.0 g 2-formamidobiphenyl in a 100-mL
round-bottomed flask was heated at 140–160◦C for 1 h with constant stirring. The viscous
reaction mixture was then poured into 200 mL cold water. The resulting milky solution was
basified to pH 10 with a strong NaOH solution and allowed to stand several hours at room
temperature. The light pink solid was filtered, washed extensively with water, and dried to
give 1.70 g phenanthridine, in a yield of 93.4%, m.p. 104.5–106◦C. The product can be
further purified by recrystallization from ligroin to colorless needles, m.p. 106–107◦C.

Reference 6a.

A solution of 1.07 g 2-biphenyldiazonium tetrafluoroborate in 25 mL anhydrous CH3CN
was refluxed for 12 h under conditions without moisture. Nitrogen evolution was com-
plete in a few minutes. After cooling, the unreacted CH3CN was evaporated, and the solid
residue was treated with 15 mL CHCl3 and 5% aqueous NaOH. The organic layer was
extracted with 8% H3PO4 (3 × 15 mL). The combined extracts were washed with CHCl3,
neutralized with NaOH, and then extracted with CHCl3. The combined CHCl3 was dried
over Na2SO4, and 0.66 g 6-methylphenanthridine was obtained after the evaporation of
CHCl3, in a yield of 86%, m.p. 84◦C. GLPC analysis indicated that this product was
contaminated by 4.5% 2-fluorobiphenyl.

Other references related to the synthesis of phenanthridine are cited in the literature.9
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Mori-Ban Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mori and Ban in 1976.1 It is a synthesis of indole
derivatives by an intramolecular Heck Reaction of o-halo-N-allylanilines catalyzed by a
low-valent metal complex and is known as the Mori-Ban indole synthesis.2 In this reaction,
the low-valent metal can be nickel1 or palladium,3 but the ortho halogen must be bromine
or iodine.4 Often the o-iodo-N-allylaniline is more reactive than corresponding o-bromo
substrate.5 In addition, it has been found that the catalyst can be deactivated under the
reaction conditions, thus a periodic provision of fresh catalyst normally gives higher overall
yields than that using the same total amount of catalyst at once.5

B. GENERAL REACTION SCHEME

N

X

R2

R1

N

R2

R1

Ni or Pd catalyst

R1 = alkyl, aryl, CO2R, etc.
R2 = alkyl, aryl, CO2R, etc.
X = Br, I
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1976 MORI-BAN INDOLE SYNTHESIS

C. PROPOSED MECHANISMS

A general mechanism for this reaction is displayed below, using o-bromo-N-allylaniline
as the substrate and Pd(PPh3)4 as a catalyst.

D. MODIFICATION

This reaction has been modified by using a zirconocene complex as a catalyst;6 in
addition, a solid-phase supported substrate has been used in this reaction.7

E. APPLICATIONS

This reaction has general application for the synthesis of indole and indoline derivatives.

F. RELATED REACTIONS

This reaction is related to the Larock Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Ts
N

Br

OTBDMS

N
Ts

OTBDMS

H

Pd(OAc)2/PMe2Ph

Ag2CO3, DMSO, ∆
47%

Reference 8.
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A solution of 763 mg (S)-N-(2-bromophenyl)-N-(2-[(2-tert-butyldimethylsilanyloxy-
methyl-2-cyclohexenyl)-4-methyl-benzenesulfonamide (1.39 mmol), 15.6 mg Pd(OAc)2
(69.3 µmol), 20.0 µL Me2PPh (139 µmol), and 382 mg Ag2CO3 (1.39 mmol) in 14 mL
DMSO was heated at 120◦C for 24 h. After cooling to room temperature, the mixture
was filtered through the pad of Celite. Then EtOAc was added, and the organic layer
was washed with brine, dried over Na2SO4, and concentrated. The residue was purified
by silica gel column chromatography using hexane/CH2Cl2 (1:1) as the eluent to
afford 306.9 mg (4aS,9aS)-4a-(tert-butyldimethylsilanyloxymethyl)-9-(4-methylbenzene-
sulfonyl)-2,4a,9,9a-tetrahydro-1H-carbazole as a white solid, in a yield of 47%.

Reference 7.

Rink amid resin (7.5 g, 0.48 mmol/g, 3.6 mmol) was deprotected with 100 mL 20%
piperidine in DMF at room temperature for 1.5 h and then filtered and washed with DMF,
MeOH, and CH2Cl2. The deprotected resin was suspended in 36 mL DMF and treated
with 2.73 g DIC (21.6 mmol), followed by 3.56 g γ-bromocrotonic acid (21.6 mmol). The
mixture was stirred at room temperature for 30 min and then filtered and washed with
CH2Cl2 and DMF. The resulting resin was retreated with 36 mL DMF, 2.73 g DIC, and
3.56 g γ-bromocrotonic acid at room temperature for 30 min; it was then washed with DMF,
MeOH, CH2Cl2, and Et2O. It was dried in vacuo to give 7.41 g resin with a loading level
of 0.32 mmol/g, which was determined by cleaving an aliquot with 30% TFA in CH2Cl2
at room temperature for 80 min. Then 1.2 g of this resin (0.38 mmol) was suspended in
10 mL DMF and treated with 387 mg N,N-diisopropylethylamine (3.0 mmol), followed by
420 mg 2-iodoaniline (1.9 mmol). The reaction mixture was stirred at 80◦C for 18 h and then
filtered and washed with CH2Cl2, MeOH, and CH2Cl2. It was dried in vacuo to give 1.25 g
o-iodo-N-allylanlinide. A mixture of 230 mg of this o-iodo-anilide (0.070 mmol), 90 mg
N,N-diisopropylethylamine (0.70 mmol), and 167 mg α′-bromo-α,α,α-trifluoro-p-xylene
(0.70 mmol) in 2.5 mL DMF was stirred at 80◦C for 22 h and then filtered, washed sequen-
tially with MeOH and CH2Cl2, and dried in vacuo to give o-iodo-N-benzyl-allylanilide. The
resulting resin was then suspended in 4 mL DMF-H2O mixture (9:1) and treated with 29 mg
tetrabutylammonium chloride (0.11 mmol), 21 mg triethylamine (0.21 mmol), and 4.9 mg
bis-(triphenylphosphine)palladium(II) chloride (0.007 mmol). The suspension was stirred
at 80◦C for 8 h, at which time TLC indicated that the reaction was complete. The dark brown
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reaction mixture was filtered; washed sequentially with CH2Cl2, MeOH, and CH2Cl2; and
then dried in vacuo. The resulting resin was cleaved with 8 mL 30% TFA in CH2Cl2 at room
temperature for 1.5 h. The crude cleaved product obtained was dissolved in 25 mL EtOAc,
washed with 5 mL water to remove contaminated Et3N-TFA salt, and then washed with
5 mL brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The resulting product
showed 85% purity by reversed-phase HPLC (2 mL/min, 7:3 H2O/CH3CN (0.2% TFA), lin-
ear gradient to 5:95 in 30 min; Rf = 18.5 min). After purification by preparative TLC using
EtOAc/MeOH (95:5), 17.2 mg 2-[1-[4-(trifluoromethyl) benzyl]-1H-indol-3-yl]acetamide
was obtained as a colorless solid, in a total yield of 74% for four steps.

Other references related to the Mori-Ban indole synthesis are cited in the literature.9
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Morin Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Morin et al. in 1963.1 It is an acid-promoted stereospe-
cific transformation of penicillin sulfoxides into corresponding desacetoxycephalosporins2

and is generally known as the Morin rearrangement2,3 or Morin reaction.4 Occasionally,
this reaction is also referred to as the Morin process.5 This reaction involves the following
steps: (a) activation of sulfoxide by an acid, (b) generation of azetidinone sulfenic acid2 via
stereospecifically sigmatropic opening of the thiazolidine ring without concomitant rupture
of the β-lactam6 by abstracting a proton from the C-2 methyl group cis to the sulfoxide
S-O bond,2 (c) protonation of sulfenic acid, and (d) cyclization of protonated sulfenic acid
with the adjacent π-bond and the final deprotonation.5 This rearrangement is found to be
general for penicillin4a and hetacillin sulfoxides.4a Further evidence for the protonation
of sulfenic acid that cyclizes to adjacent π-bond has been demonstrated by the capture of
putative cationic intermediate by carbon nucleophiles, such as indole, furan, and anisole.3b

This reaction has clearly indicated the existence of a thermal equilibrium between the
sulfoxide and the sulfenic acid.7 In addition, it provides the first direct chemical correla-
tion between the penicillins and cephalosporins and a practical preparation of important
antibiotics containing deacetoxycephalosporin moiety.8

B. GENERAL REACTION SCHEME

N

SCbzHN
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H H O
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p-TsOH (cat.)
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C. PROPOSED MECHANISMS

Although it is assumed that the reaction involves the activation of sulfoxide by an acid,
formation of sulfenic acid, and cyclization with adjacent π-bond,2 no detailed mechanism
has been provided in literature. A tentative mechanism in full details is displayed here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has important application in the preparation of antibiotics containing
deacetoxy-cephalosporin moiety.

F. RELATED REACTIONS

This reaction is related to the Pummerer Reaction.
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G. CITED EXPERIMENTAL EXAMPLES
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TFA
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N
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O

O
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N

N N

O

O

O

S+

32% 15%

CHCl3, ∆

Reference 3b.

To a 250-mL round-bottomed flask fitted with a reflux condenser and magnetic stirrer
were added 680 mg sulfoxide (1.8 mmol), 90 mL CHCl3, and 10 mL trifluoroacetic acid
(130 mmol). The resulting rose-colored solution was refluxed for 18 h. The reaction mixture
was then transferred to a separation funnel and washed successively with two 125-mL
portions of 1 M Na2CO3 and 75 mL water. The aqueous washes were back extracted with
CHCl3, and the organic extracts were combined, dried over MgSO4, filtered, and evaporated
to give an amorphous solid residue. The residue was chromatographed using MPLC over
silica gel (hexanes/EtOAc, 4:3) to afford a white foam. Then the foam was fractionally
recrystallized from EtOAc/hexanes to afford 210 mg high pure thioether, in a yield of
32%, m.p. 189–192◦C (EtOAc/hexanes). The mother liquor was concentrated to give a
solid residue, which was recrystallized from EtOAc/hexanes to give 100 mg furan fused
thioether, in a yield of 15%, m.p. 249–251◦C (EtOAc/hexanes).

H H O

N

S

CO2Et
O

Ph

O N
O

H H
Ph

O

S

CO2Et

DMA, MeSO3H

Benzene, ∆
71%

Reference 9.

A solution of 963 mg β,β,β-trichloroethyl 6β-(phenylcarbothio)penicillanate 1-oxide
(α and β isomers, 1.98 mmol), 32 mL dry benzene, 24 mL N,N-dimethylacetamide, and
3 drops methanesulfonic acid were refluxed for 19 h under a Dean-Stark trap, protected
from moisture with a drying tube (temperature of external heating bath was maintained
between 110◦ and 120◦C). Removal of the solvent by distillation under reduced pressure
(temperature of bath ∼ 50◦C, 2–3 mmHg) and silica gel chromatography of the dark brown
residue using CH2Cl2 as an eluent gave 659 mg β,β,β-trichloroethyl 7β-(phenylcarbothio)-
deacetoxycephalosporanate as a white solid, in a yield of 71%. Recrystallization from
CH2Cl2/petroleum ether gave an analytically pure sample as thin, white needles, m.p.
175.5–176.0◦C.

Other references related to the Morin rearrangement are cited in literature.10
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Mosher’s Acid

A. GENERAL DESCRIPTION OF THE REACTION

This compound was first applied by Mosher et al. as early as 1968 to determine
the enantiomeric excess (% e.e.) of chiral molecules.1 It is α-methoxy-α-(trifluoro-
methyl)phenylacetic acid (MTPA), made from the reaction between α,α,α-trifluoro-
acetophenone and sodium cyanide in DME followed by alkylation with Me2SO4 and
subsequent hydrolysis.2 This molecule has a boiling point of 105–110◦C at 1 mmHg,3 and
90–93◦C at 0.3 mmHg,2a and has been widely used in the determination of enantiomeric
excess of chiral molecules. Therefore, MTPA is referred to as the Mosher’s acid,2a,4 its
derivative (i.e., acyl chloride) for the preparation of ester or amide from primary or sec-
ondary alcohol or amine is known as Mosher’s reagent,5 and the corresponding ester is
called the Mosher ester.4c,6 Unlike the preparation of mandelate or O-methylmandelate
derivatives,7 the racemization is impossible during the derivatization of Mosher’s acid2b,8

because no α-proton exists in this acid.5b In addition, both 1H NMR9 and 19F NMR10 can be
used to determine the % e.e. value of enantiomeric compounds, although it has been reported
that 1H NMR is superior to 19F NMR.5b It has been found that the % e.e. obtained from this
method is very consistent with the result determined from chiral HPLC (e.g., < 1% error).4c

In addition, this acid can also be used to determine the diastereomeric excess (% d.e.).6i More
importantly, not only can MTPA be used to determine the absolute configuration (R or S) of
alcohol by comparing the NMR signals of natural and synthetic alcohols,11 but it has also
been successfully used for the determination of stereochemistry of alcohols when there is
no available basis for comparison.6h,12 It has been found that while the chemical shift of one
group attached to the carbinyl location in (R)-(+)-MTPA ester moves upfield, the chemical
shift of the other group exclusively goes downfield; the reverse movement of chemical shifts
are observed for the same carbinol in (S)-(-)-MTPA ester.8a As demonstrated in Section C,
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1A and 1B are the diastereomeric esters prepared from (R)-(+)-MTPA and (S)-(-)-MTPA,
in which the (R)-(+)-MTPA ester always shows an upfield signal for the group L2 and a
downfield signal for the group L3, compared to the alternate diastereomer—that is the (S)-
(-)-MTPA ester.8a This is because the electron-withdrawing α-trifluoromethyl group, more
or less, eclipses the carbonyl group in the ester, and one of the group (L2 or L3) will yield
different time-weighted average preferential shieldings from the π-cloud of the α-phenyl
group, resulting in a different chemical shift movement, even though the carbinyl proton
is still located in the same relative position in each diastereomer.8a As shown in Section C
in the case of (R)-(+)-MTPA ester, L2 is juxtaposed with the phenyl group, which will be
deshielded from such phenyl group and move upfield; similarly, in the case of (S)-(-)-MTPA
ester, L3 is juxtaposed with phenyl group and will go upfield too.8a To determine the absolute
configuration of a given alcohol, both (R)-(+)-MTPA and (S)-(-)-MTPA esters are prepared,
and different NMR spectra are measured, including 1H NMR, COSY, and TOCSY, to assign
the chemical shifts for every proton; the critical chemical shifts of protons on the groups
attached to the carbinyl location are then used to calculate the difference of the chemical shift,
and the absolute configuration of that chiral center is determined according to the layouts
shown by 1A and 1B.7,8a For some alcohols, of which the chemical shift changes very small,
the corresponding (R)- and (S)-2-naphthylmethoxyacetic acid (2-NMA) esters are employed
to determine the configuration, due to their improved long-range anisotropic effects.12b

B. GENERAL REACTION SCHEME

Ph CO2H

MeO CF3

Ph CO2H

OMeF3C

(R)-(+)-MTPA (S)-(-)-MTPA

C. PROPOSED MECHANISMS

The correlation between the movement of chemical shift and the shielding/deshielding
of the carbinyl group from the phenyl group of Mosher’s acid is demonstrated here.
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D. MODIFICATION

Several analogues of Mosher’s acid have been developed for determining the stereo-
chemistry.12b,13 In addition, a modified Mosher’s method has been used to determined the
absolute configuration of some natural products.14 Moreover, the preparation of MTPA
has been improved to one-pot synthesis by the addition of trimethylsilyl trichloroacetate to
α,α,α-trifluoroacetophenone and subsequent hydrolysis.2a

E. APPLICATIONS

This compound has wide application in determination of enantiomeric excess and the
absolute configuration of chiral compounds.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 10.

To a stirred solution of 0.1 mmol (4R,1′S)- and (4S,1′S)-4-(1′-tert-butoxycarbonyl-
amino-2′-hydroxyethyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylic acid
ethyl ester in 1 mL anhydrous CH2Cl2 were added 29 mg (R)-α-methoxy-α-(trifluoro-
methyl)phenylacetic acid (0.12 mmol), 25 mg 1,3-dicyclohexylcarbodiimide (0.12 mmol),
and a catalytic amount of 4-N,N-(dimethylamino)pyridine. The mixture was stirred for an
additional 12 h at room temperature, then concentrated. The residue was taken into EtOAc,
washed with saturated aqueous NaHCO3 and brine, dried over Na2SO4, and concentrated.
The residue was purified by preparative TLC, affording the corresponding Mosher ester in
almost quantitative yield.

Other references related to the Mosher’s acid are cited in the literature.15
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Moureau-Mignonac
Ketimine Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Blaise in 1901,1 and subsequently explored by
Moureau and Mignonac extensively since 1913.2 It is a direct synthesis of ketimine involv-
ing the reaction between a nitrile and a Grignard reagent and careful hydrolysis at low
temperature with hydrogen chloride and finally with ammonia. Therefore, it is known as
the Moureau-Mignonac ketimine synthesis. It is found that the ratio of Grignard reagent
to nitrile from 4.85 to 2 has almost no effect on the yield of ketimine.3 Although many of
the resulting ketimines can be hydrolyzed to ketones4 or reduced to amines,5 some of the
synthesized ketimines are fairly stable toward hydrolysis, such as 2,2,6-trimethylcyclohexyl
phenyl ketimine,6 t-butyl-o-tolyl ketimine,7 and isopropyl 1-methyl-3-isopropylcyclopentyl
ketimine.3 The latter ketimine in particular can survive refluxing with 6 N HCl for a period
of 2 days.3 In addition, it has been found that the hydrolysis of ketimine depends on the
ketimine-enamine tautomerization (and/or resonance) and the steric hindrance.8 For the
monosubstituted aryl ketimine, the hydrolysis rate is in the order of meta > ortho > para.8

The reaction has been improved to decompose the nitrile-Grignard complex in a toluene
solution with anhydrous ammonia.9 In addition, this reaction has also been improved by
using a copper (I) salt to catalyze the addition of a Grignard reagent to nitrile5 and by the
decomposition of nitrile-Grignard complex in anhydrous methanol.7
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B. GENERAL REACTION SCHEME

R1 C N
1. R2MgBr

R1 R2

NH

2. MeOH

R1 = alkyl, aryl
R2 = alkyl, aryl

C. PROPOSED MECHANISMS

Displayed below is the reaction mechanism to hydrolyze the nitrile-Grignard complex
in anhydrous methanol.

R1 C N

R2 MgBr
R1 R2

N
MgBr

MeOH

R1 R2

N
MgBr

O
Me

H

MeOMgBr R1 R2

NH

D. MODIFICATION

This reaction has been modified to use copper (I) salt to accelerate the reaction5 and
anhydrous methanol to hydrolyze the nitrile-Gringard complex.7

E. APPLICATIONS

This reaction is one of the best reactions for the preparation of ketimines.

F. RELATED REACTIONS

This reaction is related to the Grignard Reaction.

G. CITED EXPERIMENTAL EXAMPLES

CN
t-BuMgCl/CuBr

THF

NMgCl
NH3

NH

95%

Reference 5.

To a mixture of 2.0 g benzonitrile (19.4 mmol), 10.7 mL 2 M tert-butylmagnesium
chloride in THF (21.4 mmol) and 40 mL THF, was added 50 mg CuBr (0.34 mmol),
and the mixture was refluxed under nitrogen for 14 h. After cooling to 0–5◦C (ice water
bath), the nitrogen inlet tube attached to the condenser was replaced by a soda lime trap
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and 10 mL anhydrous ammonia was condensed into the vessel. After allowing the mix-
ture to warm to ambient temperature, it was filtered through Celite and the filtrate was
concentrated at water-aspirator pressure on a rotary evaporator to afford 3.52 g α-(1,1-
dimethylethyl)-benzenemethanimine as a colorless oil, which was further purified through
Kugelrohr distillation to collect 2.97 g product, in a yield of 95%, b.p. 80–84◦C at 0.6 mmHg.

Reference 7.

To the anhydrous diethyl ether solution containing 0.5 mol ethylmagnesium bromide was
added 16 g propionitrile (0.285 mol) dropwise, and the mixture was refluxed for 4 h. After
cooling to room temperature, the stirred complex was decomposed by the dropwise addition
of 3 mol anhydrous methanol. Reaction was vigorous, and completion of the decomposition
gave a white slurry, crystalline solid that could be easily filtered, although at the intermediate
stage the mixture was sometimes gummy. Immediately following the decomposition, the
slurry was filtered, and the filtrate was treated with hydrogen chloride. Then the diethyl
ketimine hydrochloride (m.p. 104◦C) was isolated by filtration, and the diethyl ketimine
was regenerated with anhydrous ammonia and purified by distillation, in a yield of 50.5%,
b.p. 86.5◦C at 730 mmHg.

Other references related to the Moureau-Mignonac ketimine synthesis are cited in the
literature.10
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Mukaiyama Aldol Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mukaiyama et al. in 1974.1 It is a Lewis acid-
catalyzed nucleophilic addition of silyl enol ether to carbonyl compounds and is one of
the most important carbon-carbon bond-forming reactions in current organic synthesis.2

Therefore, this reaction is generally known as the Mukaiyama aldol reaction.3,4 In addi-
tion, it is also referred to as the Mukaiyama reaction,5 Mukaiyama aldol coupling,6 or
Mukaiyama aldolization.7 It has been reported that the configuration of the silyl ether will
determine the relative stereochemistry of the concomitantly forming vicinal stereocenters,
while the inherent chirality of the carbonyl compounds primarily will determine the car-
bonyl facial selectivity.6a The stereoselectivity can be enhanced by the application of a chiral
catalyst3d,5b or by the unbalanced one face shielding from a remote substituent.3f Some of
the Lewis acid catalysts used in this reaction are BF3·Et2O,3a InCl3,3f TiCl4,5n Cu(OTf)2,5b

and chiral (acyloxy) borane.3d This reaction has been extended to several different types
of nucleophiles, including the Danishefsky’s diene,3g ketene silyl acetals,3d imines,8 and
vinylogous silyl enol ether.5b

B. GENERAL REACTION SCHEME

R1
OTMS

R2 R3 R4

O

R2 R4R3

OH

R1

O

+
Lewis acid

R1 = alkyl, aryl
R2 = alkyl, aryl, OEt, OMe
R3 = H, alkyl, aryl
R4 = alkyl, aryl
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C. PROPOSED MECHANISMS

Displayed here is a general Mukaiyama aldol reaction catalyzed by Lewis acid TiCl4.

D. MODIFICATION

This reaction has been extended to use different Lewis acids as the catalysts and the
application of a variety of nucleophiles.

E. APPLICATIONS

This reaction has very broad application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Aldol Reaction and Mukaiyama-Michael Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

O

O OH

+
i-Pr2NH, n-BuLi

66%
syn/anti, 1.2:1

OTMS

O

TiCl4

CH2Cl2
+

O OH

53%
syn/anti, 1:5.8

Reference 3d.
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To a cooled (0◦C) and stirred solution of 2.8 mL i-Pr2NH (20 mmol) in 20 mL THF was
added 11.5 mL 1.54 M n-BuLi in hexane under argon. After being stirred at 0◦C for 30 min,
the solution was cooled to −78◦C, and 2.10 mL 3-methyl-2-cyclohexenone (18.1 mmol)
was added. The mixture was stirred at −78◦C for 30 min and then warmed to −18◦C; a
solution of 2.03 g 5-methyl-2-en-hexaldehyde (18.1 mmol) in 20 mL THF was added. After
being stirred at −18◦C for 15 min, the mixture was quenched with 3 mL saturated aqueous
NH4Cl, diluted with 200 mL EtOAc, and washed with saturated aqueous NH4Cl (3 ×
200 mL). The organic layer was dried and concentrated in vacuo. The residue was purified
by silica gel column chromatography (EtOAc/hexane, 1:8) to provide 2.64 g rel-(6R)-
6-[(1S,2E)-1-hydroxy-5-methyl-2-hexenyl]-3-methyl-2-cyclohexen-1-one and rel-(6R)-6-
[(1R,2E)-1-hydroxy-5-methyl-2-hexenyl]-3-methyl-2-cyclohexen-1-one as an inseparable
mixture (1.2:1), in a yield of 66%, Rf = 0.35 (EtOAc/hexane, 1:3).

For comparison, a solution of 666 mg (2R,3R)-2-O-(2,6-diisopropoxybenzoyl)tartaric
acid (1.80 mmol), 382 mg o-phenoxyphenylboronic acid (1.79 mmol), and 3-methyl-
2-cyclohexenone in 24 mL propionitrile was stirred for 30 min under argon to
prepare 1-methyl-3-trimethylsiloxyl-cyclohex-1,3-diene. A solution of 1.0 g 5-methyl-2-
en-hexaldehyde (8.92 mmol) and 2.46 g 1-methyl-3-trimethylsiloxyl-cyclohex-1,3-diene
(13.4 mmol) in CH2Cl2 was cooled to −78◦C, and a catalytic amount of TiCl4 was added
and stirred at the same temperature for 2.5 h; the mixture was quenched with 10 mL 0.2 M
HCl, warmed to room temperature, and stirred for an additional 1 h. The resulting mixture
was diluted with 100 mL EtOAc and washed with H2O (3 × 50 mL). The organic layer was
dried and concentrated in vacuo. The residue was purified by silica gel column chromatog-
raphy (EtOAc/hexane, 1:5) to provide 2.61 g crude mixture (10:1) of the above product as
a pale yellow oil, which was contaminated with o-phenoxyphenylboronic acid but used in
the next step without further purification.

Other references related to the Mukaiyama aldol reaction are cited in the literature.9
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448
Mukaiyama-Michael

Reaction
(Mukaiyama-Michael Addition,
Mukaiyama-Michael Conjugate

Addition)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Mukaiyama et al. in 1974.1 It is a Lewis acid-catalyzed
Michael conjugate addition of silyl enol ether to α,β-unsaturated compounds. Therefore,
it is generally referred to as the Mukaiyama-Michael reaction.2,3 Because this reaction is
essentially a conjugate addition, it is also known as the Mukaiyama-Michael addition2a,4 or
Mukaiyama-Michael conjugate addition.5 This reaction is a mechanistic complement for the
base-catalyzed Michael addition,2j,2l and often occurs at much milder conditions and affords
superior regioselectivity.2g Besides silyl enol ether, silyl ketene acetals are also suitable
nucleophiles in this reaction.2d,2i,2j,2k,4c For the hindered ketene silyl acetals, the Lewis acid
actually mediates the electron transfer from the nucleophiles to α,β-unsaturated carbonyl
molecules.2j,2k On the other hand, the α,β-unsaturated compounds, such as 3-crotonoyl-2-
oxazolidinone,6 alkylidene malonates,2f,7 and α-acyl-α,β-unsaturated phosphonates2i are
often applied as the Michael acceptors. It has been found that the enantioselectivity is very
sensitive to the reactant structures2g—for example, α-acyl-α,β-unsaturated phosphonates
especially prefers the unique syn- vs anti-diastereoselectivity in this reaction.2i In addition,
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the stereochemistry is improved in the presence of a chiral Lewis acid, such as [Cu(S, S)-
t-Bu-box](SbF6)2,7,8 titanium-BINOL complex (R)-L50,9 C2-symmetric bis(oxazoline)-
Cu(II) complexes,2g,7 and oxazaborolidinone.2b,4b Moreover, the recently developed chiral
imidazolidinone is also an effective catalyst for this reaction.2a,3d

B. GENERAL REACTION SCHEME

R1
OTMS

R2 R3

O
R2 R3

O

R1

O

+
Lewis acid

R1 = H, alkyl, aryl
R2 = alkyl, aryl, OEt, OMe, etc.
R3 = alkyl, aryl

C. PROPOSED MECHANISMS

It is believed that the coordination of α,β-unsaturated carbonyl compounds to Lewis acid
facilitates this reaction, as illustrated by the tentative mechanism given here.

D. MODIFICATION

This reaction has been extensively modified by application of different types of chiral
Lewis acid catalysts.

E. APPLICATIONS

This reaction has very wide application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Michael Addition and Mukaiyama Aldol Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

OTMS

Ph

O

Ph

N
H

N

t-BuBn

O

Ph

O OPh

+
DNBA, t-BuOH, i-PrOH

75%
90% e.e.

Reference 2a.

A mixture of 1 mmol trans-cinnamaldehyde, 0.3 mmol chiral 1-N-methyl-3-benzyl-5-
t-butyl-imidazolidinone, and 0.3 mmol 2,4-dinitrobenzenesulfonic acid (DNBA) in 0.5 mL
t-BuOH and i-PrOH (v/v, 5:1) was stirred at room temperature for 10 min. Then 5 mmol
1-(trimethylsilylox)ethylene was added, and the mixture was stirred for 4 h at room temper-
ature. The solution was concentrated in vacuo. The resulting residue was then purified by
silica gel chromatography to afford 75% (R)-5-oxo-3,5-diphenyl-pentanal, with 90% e.e.

N

O

PhSe
OBn

C5H11

O

O

H
N

O

PhSe
OBn

C5H11

O

O

H

OTMS

OMe

N

O

PhSe
OBn

C5H11

O

O

H
OMe

OH
1.

2. BF3 · OEt2
3. H3O+

+

100%

Reference 2c.

To a solution of 70 mg (1R,1′S,8S,9R)-1′-((1-phenylmethoxy)hexane)-1,2,8-tetra-
hydro-8-phenylselenyl-2-oxaindolizine-3,7-dione (0.140 mmol) and 103 mg 1-methoxy-
1-trimethylsiloxyethene (0.704 mmol) in 15 mL CH2Cl2 at −78◦C was added dropwise
22 mg boron trifluoride etherate (0.154 mmol). The reaction mixture was allowed to stir
at −78◦C for 30 min and then quenched with saturated aqueous NaHCO3. The organic
layer was separated and concentrated under reduced pressure. The crude residue was
redissolved in 7 mL THF, and then 1 mL H2O followed by 2 drops 5% HCl were added.
After 1 h, the reaction mixture was diluted with water and extracted with EtOAc. The
combined organic extracts were dried over MgSO4 and concentrated under reduced
pressure. The residue was purified by silica gel radial PLC (20% EtOAc/hexanes) to give
79 mg (1R,1′S,5R,8S,9S)-1-((1′-phenylmethoxy)hexane)-8-phenylselenyl-1,2,5,6,6a,8-
hexahydro-2-oxaindolizine-3,5-dione acetic acid methyl ester as a clear oil, which was an
inseparable mixture of diastereomers.

Other references related to the Mukaiyama-Michael reaction are cited in the literature.10
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3, 2101. (c) Krause, N. and Hoffmann-Röder, A., Synthesis, 2001, 171. (d) Ranu, B. C.; Saha, M.
and Bhar, S., J. Chem. Soc., Perkin Trans. I, 1995, 183. (e) Ranu, B. C.; Saha, M. and Bhar, S.,
J. Chem. Soc., Perkin Trans. I, 1994, 2197. (f) Ranu, B. C.; Saha, M. and Bhar, S., Tetrahedron
Lett., 1993, 34, 1989.

5. (a) Grzywacz, P.; Marczak, S. and Wicha, J., J. Org. Chem., 1997, 62, 5293. (b) Marczak, S.;
Michalak, K. and Wicha, J., Tetrahedron Lett., 1995, 36, 5425. (c) Marczak, S. and Wicha, J.,
Tetrahedron Lett., 1993, 34, 6627.

6. Suga, H.; Kitamura, T.; Kakehi, A. and Baba, T., Chem. Commun., 2004, 1414.

7. Evans, D. A.; Rovis, T.; Kozlowski, M. C.; Downey, C. W. and Tedrow, J. S., J. Am. Chem. Soc.,
2000, 122, 9134.

8. Evans, D. A.; Rovis, T. and Johnson, J. S., Pure & Appl. Chem., 1999, 71, 1407.

9. Kobayashi, S.; Suda, S.; Yamada, M. and Mukaiyama, T., Chem. Lett., 1994, 97.

10. (a) Giuseppone, N. and Collin, J., Tetrahedron, 2001, 57, 8089. (b) Evans, D. A.; Wills, M. C.
and Johnston, J. N., Org. Lett., 1999, 1, 865. (c) Paulsen, H.; Antons, S.; Brandes, A.; Logers,
M.; Muller, S. N.; Naab, P.; Schmeck, C.; Schneider, S. and Stoltefuss, J., Angew. Chem. Int. Ed.
Engl., 1999, 38, 3373. (d) Giuseppone, N.; Courtaux, Y. and Collin, J., Tetrahedron Lett., 1998,
39, 7874. (e) Iwasawa, N.; Yura, T. and Mukaiyama, T., Tetrahedron, 1989, 45, 1197. (f) Yura,
T.; Iwasawa, N.; Narasaka, K. and Mukaiyama, T., Chem. Lett., 1988, 1025. (g) Mukaiyama, T.
and Kobayashi, S., Heterocycles, 1987, 25, 245.



449
Müller-Cunradi-Pieroh

Process

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Müller-Cunradi and Pieroh in 1939.1 It is a Lewis
acid-catalyzed reaction between acetal and enol ether to form 3-alkoxy acetals via carbo-
cationic intermediate, and is known as the Müller-Cunradi-Pieroh process.2 The resulting
3-alkoxyacetals can be easily converted into 3-alkoxy aldehyde by treatment of formic
acid/sodium formate.2 However, this reaction often gives a mixture of products resulting
from the further reaction between 3-alkoxyacetal and enol ether.3 It is believed that the
formation of 1:1 adduct (i.e., 3-alkoxyacetal) depends on the relative reactivity of the initial
acetal and 3-alkoxyacetal,3 and only when the former reacts much faster than 3-alkoxyacetal
with enol ether would this reaction be a practical method for organic synthesis. It has
been found that if the acetal is much more labile toward acid-promoted hydrolysis than
3-alkoxyacetal, then 3-alkoxyacetal can be feasibly obtained by this method.3 The reac-
tion rate for acetals toward enol ether are found in the following order: saturated acetals <

aromatic acetals = ortho esters < α,β-unsaturated acetals.4

B. GENERAL REACTION SCHEME

R1 R2

RO OR

R3

OR

R1 OR

OR

R2

R3

OR

+
Lewis acid

R1 = alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl
R = Me, Et
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C. PROPOSED MECHANISMS

Because no mechanistic details are available for this reaction, a tentative mechanism is
provided here.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the preparation of β-alkoxyl acetals, aldehydes and ketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

EtO OEt O
BF3 · OEt2

OEt OEt

OEt+ 52%

Reference 2.

To a stirred mixture of 233 g 2,2-diethoxypropane (1.77 mol, 3 eq.) and 1.2 mL boron
trifluoride-etherate (9.5 mmol, 0.016 eq.) cooled at −10◦C was added 51.5 g ethyl propenyl
ether (0.6 mol, 1 eq.) slowly under nitrogen (∼30 min). The resulting mixture was stirred
at 0◦C for 3 h and then at room temperature for 2 h. Powdered K2CO3 was then added with
stirring until the solution turned orange. The reaction mixture was filtered through sintered
glass and distilled over K2CO3. Unreacted 2,2-diethoxypropane was collected first (91 g,
0.69 mol) followed by 67.7 g 1,1,3-triethoxy-2,3-dimethylbutane, in a yield of 52%, b.p.
110–115◦C at 110 mmHg.

Other references related to the Müller-Cunradi-Pieroh process are cited in the literature.5
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Myers-Saito Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Myers et al.1 and Saito et al.2 concurrently in 1989.
It is a thermal intramolecular cyclization of eneyne-allene via a σ,π-biradical intermediate
generated by the bonding between C2 and C7. Therefore, it is generally known as the Myers-
Saito cyclization3. In addition, this reaction is also sometimes referred to as the Myers-Saito
reaction3h,3m,4 or Myers-Saito enyne-allene cycloaromatization reaction.5 Compared to the
Bergman Cyclization, this reaction takes place smoothly even below room temperature,6

benefiting from a cyclic electron delocalization.7 Similarly, the partially conjugated σ,π-
biradical is less reactive than the σ,σ-biradical in the Bergman Cyclization.8 This reaction
has been reported to be an exothermic reaction,3i,3m,7,8 and its enthalpy is estimated to
be −13.5 Kcal/mol9 (or −9.7 Kcal/mol3i), its corresponding activation energy is ∼ 23.3
± 0.5 Kcal/mol9 at 25◦C. Besides the thermal initiation, this reaction can also be triggered
by light,10 acid,11 or base;12 however, the reaction rate is sensitive to the substituents on
alkyne and allene moieties.6 For example, when the hydrogen at the alkyne terminus is
replaced by an aryl or a sterically bulky group (e.g., t-Bu, SiMe3), the easily occurring
C2-C7 cyclization is switched to the Schmittel Cyclization by formation of a bond between
C2-C6.3m This reaction is very useful for building up polycyclic aromatic ring systems and
developing potential anticancer drugs,3m such as neocarzinostatin.9,13
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism of this reaction is illustrated here by the simplest enyne-allene via the
formation of a biradical intermediate.

D. MODIFICATION

This reaction has been extended to azaenyne-allene cyclization, the so-called aza-Myers-
Saito cyclization.14

E. APPLICATIONS

This reaction is very useful in the preparation of polycyclic aromatic ring systems.

F. RELATED REACTIONS

This reaction is related to the Bergman Cyclization and Schmittel Cyclization.

G. CITED EXPERIMENTAL EXAMPLES

Br

TMS

B(OH)2

TMS

C
Br

Me

CO2EtMe

Me

1. BuLi
2. B(OMe)3

3. Ag2O/H2O

AsPh3, Pd(PPh3)4
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MeEtO2C

TMS

Me

CH2

C

Me

Me

Me CO2Et

+

29%
41%

Reference 5.

To a stirred solution of 1.01 g (2-bromophenylethynyl)trimethylsilane (4 mmol) in
20 mL dry THF was added 3.25 mL 1.6 M n-BuLi in hexane (5.2 mmol) at −95◦C.
After the mixture was stirred for 10 min, 0.54 g trimethylborate (5.2 mmol) was added.
The solution was allowed to warm to −5◦C, and 3.71 g Ag2O in 16 mL water, 0.23 g
tetrakis(triphenylphosphine)-palladium (0.2 mmol), 0.49 g triphenylarsine (1.6 mmol), and
0.99 g bromoallene (4 mmol) were added successively. The reaction was stirred at 25◦C for
24 h. Ag2O was removed by filtration, and the crude product was diluted in 40 mL Et2O.
The organic layer was washed with 50 mL distilled water, 50 mL saturated NaHCO3, and
50 mL brine and dried over MgSO4. After filtration, the solvent was removed under reduced
pressure, and the residue was purified by column chromatography with hexane/Et2O (10:1)
to afford 0.39 g naphthalene (29%) and 0.44 g yne-allene (41%) as pale yellow oils.

Other references related to the Myers-Saito cyclization are cited in the literature 15.
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Nagata Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Nagata et al. in 1962.1 It is a conjugate hydrocya-
nation of an α,β-unsaturated carbonyl compound from diethylaluminum cyanide2 or the
combination of hydrogen cyanide and diethylaluminum chloride3 (or triethylaluminum4)
in an inert solvent. Therefore, it is generally known as the Nagata reaction.2d,5 The sol-
vents that are suitable for such reaction include ether, THF, and benzene.4 Although the
enol intermediate in a conjugate addition can be trapped when α,β-unsaturated ketones are
treated with trimethylsilyl cyanide and dimethylaluminum chloride,6 it is not always the
case. For example, the enols resulting from the addition of diethylaluminum cyanide to
some of the steroids could not be trapped through the formation of silyl enol ether or enol
acetate; however, they could be trapped by further reaction with bromine.2d Furthermore,
for the addition of Et2AlCN to α,β-unsaturated silyl oxonium, both 1,2- and 1,4-adduct are
obtained in CH2Cl2, whereas only 1,4-conjugate addition product is obtainable in THF.7

It has been found that diethylaluminum cyanide will not add to the simple 3-substituted
cyclohex-2-enone2c and α-sulfinyl quinone,8 probably because of steric hindrance. This
reaction has been extended to the hydrocyanation of an isolated carbonyl group of β-keto
sulfoxide by the addition of Et2AlCN to β-keto sulfoxide,8 and the hydrocyanation of
epoxide functionality by cleavage of the epoxide ring of an α-carbonyl epoxide.5

B. GENERAL REACTION SCHEME

R1

O

R2 R1

O

R2

CN
1. Et2AlCN
    or Et3Al/HCN R1 = H, alkyl, aryl

R2 = H, alkyl, aryl2. H3O+
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C. PROPOSED MECHANISMS

D. MODIFICATION

Other hydrocyanation reagents, such as KCN/Et2AlCN/18-crown-6,9 TMSCN,8 and
acetone cyanohydrin in combination with a catalytic amount of Cp2Sm(THF) 4

2 have been
used as the complements to Et2AlCN.

E. APPLICATIONS

This reaction is very useful for the introduction of a cyano group into the organic
compounds.

F. RELATED REACTIONS

This reaction is related to the Michael Addition.

G. CITED EXPERIMENTAL EXAMPLES

O

1. Et2AlCN/THF/toluene

O
CN

O
CN

2. 10% NaOH

+

82% 13%

Reference 2b.
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To a solution of 1.5 g 4,7,22(E)-ergostatrien-3-one (3.8 mmol) in 300 mL anhydrous
THF was added 11.4 mL 1.0 M Et2AlCN in toluene (11.4 mmol), and the solution turned
dark red. After being stirried for 3.5 h, the mixture was washed with an ice-cold 10%
NaOH solution (2 × 40 mL). (Caution! When the reaction is performed on a large scale,
add the aqueous components dropwise to avoid a violent exotherm.) The aqueous layer
was exhaustively extracted with CH2Cl2, the combined organic layers were dried with
anhydrous MgSO4 and filtered, and the solvent was evaporated in vacuo. The residue was
purified by flash chromatography using an eluent of hexane/EtOAc (from 8:1 to 0:1) to afford
1.3 g 5α-cyano-7,22(E)-ergostadien-3-one (82%) and 0.2 g 5β-cyano-7,22(E)-ergostadien-
3-one(13%). The α-isomer was recrystallized from EtOH to give white plates, m.p., 280–
282◦C, Rf = 0.30 (hexane/EtOAc, 3:1), and the β isomer was isolated as a white solid,
m.p., 120–123◦C, Rf = 0.15 (hexane/EtOAc, 3:1).

OTIPS

N3

Et2AlCN
OTIPS

CN
THF, ∆
60%

Reference 7.

To a 4-mL THF solution containing 74 mg triisopropylsilyl 3-azido-cyclohexenyl ether
(0.25 mmol, 1.0 eq.) was added 500 µL 1.0 M Et2AlCN in toluene. The mixture was
refluxed for 60 h and then cooled to 25◦C. Saturated aqueous NaHCO3 (20 mL) and 40 mL
Et2O were added, and the mixture was filtered through Celite. The phases were separated.
The extracts were washed with brine (2 × 10 mL), dried over MgSO4, and evaporated
in vacuo. The residue was purified by silica gel flash chromatography using an eluent of
hexane/EtOAc (4:1) to afford 42 mg 3-cyano-1-triisopropylsilyloxy-cyclohexan-1-ene as a
colorless oil, in a yield of 60%.

Other references related to the Nagata reaction are cited in the literature.10
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Nazarov Cyclization

(Nazarov Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Nazarov et al. in 1942.1 It is an acid-promoted cationic
pericyclic reaction that transforms a divinyl ketone into 2-cyclopentenone. Therefore, it is
generally known as the Nazarov cyclization,2 or Nazarov reaction.2bb,3 In general, this
reaction requires 1 eq. of strong Brønsted acid or Lewis acid2q,4 and undergoes a 4-π
electrocyclic, conrotatory cyclization2q,2u,2v,3m,3n,5 via a 3-oxy-pentadienylic cation.2q,5

Although this reaction gives a thermodynamically favored cyclopentenone with more
substituents,2tt,6 the classical reaction protocol generally lacks control over the position
of the endocyclic double bond (Scheme 1).6,7 It has been found that the presence of an
electron-donating group such as alkoxy on a vinyl group,8 or the presence of a bridge-headed
proton on the endocyclic intermediate2w facilitates the protic acid-promoted cycliza-
tion. Besides the conventional Lewis acid catalysts, such as BF3·Et2O,2q,4,9 SnCl4,2q,4

TiCl4,2q,4,9 and AlCl3,2q,4 more complicated Lewis acids have also been used for this
reaction, such as TMSOTf,3s,7a Cu(OTf)2,2q,3s,4 PdCl2(MeCN)2,10 Sc(pybox)(OTf)3,2u

Cu(pybox)(OTf)2,2v dicationic Ir(III) complex [IrMe(CO)(dppe)-(DIB)](BARF)2 (where
dppe = bis(diphenylphosphino)ethane, DIB = o-diiodobenzene, and BARF = [B(3,5-
C6H3(CF3)2)4]),2q and montmorillonite clay K10.11 In addition, MeSO3H was found to
be a superior protic acid for the Nazarov reaction.3s

It should be pointed out that this reaction has been carried out photochemically2v (i.e.,
the photo-Nazarov cyclization2x,2y,12), or under near-critical water conditions.3m More
importantly, it has been improved to occur in a controllable fashion, through a directed
Nazarov cyclization or an interrupted Nazarov reaction.2zz,3h,3k,3u,3v It is worth noting
that two practically directed Nazarov cyclizations have been developed, one by Denmark
by using the β-cation stabilizing effect and electrofuge of silicon (Scheme 2),2oo,2tt,6,13

and the other from Ichikawa by application of a β-cation destabilizing effect and the
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α-electron-donating effect of fluorine2ii,7 to control the regiochemistry (Scheme 3). Analo-
gous to silicon, tin is also used to direct the Nazarov cyclization.14 The interrupted Nazarov
reaction has been developed by West et al. to extend the reaction of the cationic endocyclic
intermediate with carbon nucleophiles.3l,9,15 Furthermore, this reaction has been extended
to imino-Nazarov cyclization of vinyl allenyl imine.12,16

B. GENERAL REACTION SCHEME

O

R1 R2

O

R1 R2

O

R1 R2

H+ or Lewis acid and/or R1 = H, alkyl, aryl
R2 = H, alkyl, aryl

SCHEME 1. Classical Nazarov cyclization.

O

TMS R2

R1

O

R2

R1Lewis acid

SCHEME 2. Silicon-directed Nazarov cyclization.

SCHEME 3. Fluorine-directed Nazarov cyclization.

C. PROPOSED MECHANISMS

A general mechanism catalyzed by a protic acid is illustrated here.
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D. MODIFICATION

This reaction has been extensively modified by the application of different Lewis acids
as catalysts.

E. APPLICATIONS

This reaction has very broad application in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Me

Me Me

SiMe3

O

BF3 · OEt2

CH2Cl2
Me

Me Me

OHH
Me

Me Me

H
H

O

+

10:1

75%

Reference 3l.

A solution of 50 mg dienone (0.19 mmol) in 19 mL CH2Cl2 was cooled to −78◦C, and
94 µL BF3·OEt2 (0.76 mmol) was added. After 10 min, the reaction was allowed to warm
to 0◦C and was stirred for 8 h. Water (10 mL) was added, and the phases were separated.
The aqueous layer was washed with Et2O (2 × 15 mL), and the organic layers were com-
bined, dried over MgSO4, filtered, and concentrated to give a colorless oil. Silica gel radial
chromatography (2 mm rotor; 9:1, hexanes/EtOAc) furnished 25 mg mixed cyclopentenone
in a ratio of 10:1, in a yield of 75%. Careful chromatography of this mixture produced pure
exo-diastereomer as a colorless oil, Rf = 0.37 (hexane/EtOAc, 9:1), and endo-diastereomer,
Rf = 0.34 (hexane/EtOAc, 9:1).

O
TIPS

Ph N

O

O

n-BuLi

THF

Ph

O

OMe

TIPS

SiO2

O

OMe

TIPS
Ph

Et3N

+

63%

Reference 3k.
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To a solution of 147 mg 3-methoxy-1-triisopropylsilyl propyne (0.65 mmol) in 3 mL
THF at −78◦C was added 0.25 mL 2.5 M n-BuLi in hexanes (0.63 mmol). After 30 min, a
solution of 125 mg enamide (0.54 mmol) in 1 mL THF was added dropwise via cannula. The
reaction was stirred at −78◦C for 1 h, quenched with 1 M HCl, and diluted with ether. The
aqueous phase was extracted with Et2O three times, and the combined organic extracts were
washed with brine, dried over MgSO4, and concentrated under reduced pressure. Removal
of a trace solvent was done under high vacuum for 1 h. The crude product was transferred
to a 4-dram vial charged with two glass beads. To a separate 4-dram vial containing 540 mg
activated silica gel (9.0 mmol) was added 90 µL triethylamine (0.65 mmol). The mixture
was stirred for 10 min and then transferred to the vial that contained the crude enone.
The reaction was stirred at room temperature for 3 h. Direct purification of the reac-
tion mixture by silica gel flash column chromatography with 5% EtOAc in hexanes gave
cyclopentenone (126 mg) as a colorless oil, in a yield of 63%, Rf = 0.33 (5% EtOAc in
hexanes).

Other references related to the Nazarov cyclization are cited in the literature.17
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Neber Rearrangement

(Neber Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Neber et al. in 1926.1 It is the transformation of
a ketoxime O-arylsulfonate into an α-amino ketone involving the deprotonation of an
α-methylene hydrogen by a base and the subsequent acidic hydrolysis of the resulting azirine
intermediate. Therefore, this reaction is generally known as the Neber rearrangement2 or
Neber reaction.2u,3 Different from the Beckmann Rearrangement,4 in which the configura-
tion of oxime controls the reaction direction, the Neber rearrangement does not hold such
stereospecificity.2u,2x In addition, the amino group is generally introduced to the α-position
with a higher acidic hydrogen in ketoxime O-arylsulfonate.2u,2x This rearrangement is gen-
erally carried out in ethanol by treatment of the ketoxime tosylate with sodium ethoxide,
followed by the acidic hydrolysis.2c For cyclic ketones, the amino group is generally intro-
duced at the equatorial positions at the α-carbon.5 For 2,4-dinitrophenylacetone, even a
weak base, like pyridine, is enough to trigger the rearrangement, as demonstrated in the
isolation of the resulting azirine-pyridine hydrochloride complex.6 It is interesting that the
aldoxime tosylate usually results in the formation of corresponding nitrile or isonitrile under
similar conditions.2x,7 It should be pointed out that the starting material is usually prepared
by the treatment of oxime with p-toluenesulfonyl chloride in pyridine.2u
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B. GENERAL REACTION SCHEME

R1
R2

N
O

S
O O

R1
R2

O

NH2

1. NaOEt

2. H3O+

R1 = alkyl, aryl
R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

Although it has been proposed that this reaction is initiated by an alkoxide addition to
C=N double bond followed by the loss of tosyloxy group to form a nitrene intermediate,
which inserts to the α-carbon to form an alkoxy ethylenimine,2u more experimental evi-
dence indicates that the Neber rearrangement involves an initial base-induced elimination
of the more acidic α-proton accompanied by the loss of the tosyloxy group to give azirine
ring.2c,2x

D. MODIFICATION

This reaction has been modified by using a liquid-liquid phase transfer catalyst.2c

E. APPLICATIONS

This reaction has general application in the preparation of α-amino ketones.

F. RELATED REACTIONS

This reaction is related to the Beckmann Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2b.

To a stirred solution of 23.3 mg tosyl oxime (0.0236 mmol) in 3.5 mL EtOH at 0◦C was
added 450 µL 50% aqueous KOH dropwise over 1 min. The reaction mixture was stirred
at 0◦C for 3 h; then 5 mL 6 N aqueous HCl was added. The reaction mixture was heated
to 60◦C for 10 h, cooled to 23◦C, and purified by loading to a reversed-phase Sep-Pak
column with water containing 0.1% TFA (w/v) and by washing with 15% acetonitrile in
water containing 0.1% TFA (w/v) to remove salts and then in 70% acetonitrile in water
containing 0.1% TFA (w/v) to collect the crude product. The solvents were removed under
reduced pressure to afford the hemiaminal intermediate, which was immediately mixed with
60 mg K2CO3 (0.434 mmol) in 2 mL THF; 200 µL H2O was added at 23◦C. The reaction
mixture was stirred for 10 min and purified by a similar procedure for the hemiaminal
intermediate to afford the crude product. After the solvents were removed under reduced
pressure, the crude material was further purified by reversed-phased HPLC. Concentration
under reduced pressure provided 15.0 mg amino ketone as an orange/red oil, in a yield of
96%.
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Ph
Ph

N
OH

CH2Cl2
Ph

Ph

O

NHBz

N

C6H4-4-CF3

C6H4-4-CF3

Br

TsCl, chiral ammonium salt, MeOH

KOH, toluene

PhCOCl/pyridine 80% yield
51% e.e.

Chiral ammonium salt =

Reference 2c.

cis-Benzyl phenyl ketoxime (63 mg, 0.3 mmol), 69 mg p-toluenesulfonyl chloride
(0.36 mmol), 14 mg chiral quaternary ammonium salt (0.015 mmol, 5 mol %), and 123 µL
MeOH (3 mmol, 10 eq.) were dissolved in 3 mL toluene. Then 1 mL 50% aqueous KOH
was added to the mixture dropwise at 0◦C. This mixture was stirred vigorously at 0◦C for
48 hours. The resulting mixture was diluted with cooled water, and the organic layer was
separated. The aqueous layer was extracted with ether. The combined organic layers were
dried over MgSO4. Upon removal of solvent, the residue was dissolved in 3 mL CH2Cl2.
Pyridine (485 µL, 6 mmol) and 174 µL benzoyl chloride (1.5 mmol) were added sequen-
tially, and the mixture was stirred at room temperature. After several hours, ∼6 mL 6 N
HCl was added, and the biphasic mixture was stirred vigorously for 3 h. The mixture was
extracted with ether and dried over Na2SO4. After removal of the solvent, the residue was
purified by silica gel column chromatography (ether/CH2Cl2/hexane, 1:30:20) to afford
76 mg α-benzamidylbenzyl phenyl ketone, in a yield of 80% and 51% e.e.

Other references related to the Neber rearrangement are cited in the literature.8
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Neber-Bössel Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first described in 1929 by Bössel,1 who was a student of Neber. This
reaction was subsequently extended by Neber and co-workers.2 It is the transformation of
an o-amino mandelic acid into a 3-hydroxy-cinnoline involving the diazotization of the
o-amino mandelic acid, reduction by stannous chloride, and subsequent acidic cyclization.
Therefore, this reaction is generally known as the Neber-Bössel synthesis.3

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general mechanism is shown here for the formation of 3-hydroxycinnoline.
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D. MODIFICATION

This reaction has been modified by treatment of isatin with Grignard reagent to form
α-substituted o-amino mandelic acid, from which 4-substituted 3-hydroxycinnoline can be
prepared.3b

E. APPLICATIONS

This reaction provides a general synthesis of cinnoline derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N
H

O

O

1. PhMgBr, Et2O, ∆
CO2K

NH2

OHPh

N

OH

O

Ph

NH2

N
N

OH

Ph

2. KOH, ∆

1. NaNO2/HCl

2. SnCl2/HCl

1. KOH/MeOH, ∆

2. HCl
46%

Reference 3b.

To the flask equipped with a dropping funnel and a Soxhlet extracter (modified for
constant return of the extract) and protected by a drying tube was added 5.0 g magne-
sium turnings and 50 mL dry ether, followed by a crystal of iodine and a few drops of a
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solution of 32.0 g bromobenzene in 50 mL dry ether. When the reaction started, the remain-
der of the bromobenzene was added at such a rate so as to maintain the moderate reflux
(30–45 min). When all of the bromobenzene had been added, the ether solution was refluxed
for an additional 15 min, then 300 mL dry benzene was introduced through the dropping
funnel, and the Soxhlet thimble was charged with 10.0 g isatin. The benzene solution was
refluxed for 24 h. To the mixture was added 100 g 10% H2SO4, and the mixture was steam
distilled to remove the biphenyl; 1.5–2 L of distillate was collected. After the residue in the
still pot had been cooled to 10–15◦C in the ice bath, the solid formed was collected and
digested with 200 g 10% NaOH. After the basic solution had been treated with charcoal
and filtered, the pH of the solution was adjusted to 2 by 6 N H2SO4. The solid formed was
collected and washed liberally with water to remove the Na2SO4 which separated with the
product. The 3-phenyldioxindole remaining was recrystallized from 75 mL 50% EtOH or
50% acetic acid to give 8.5 g nearly colorless needles, m.p. 209–211◦C.

A mixture of 10.0 g 3-phenyldioxindole (0.044 mol) and 100 g 5% KOH (0.088 mol)
solution was refluxed for 3–4 h. After the solution had been cooled, 3.1 g NaNO2 (0.044 mol)
was added, and the resulting solution was added dropwise with stirring to 90 mL cold conc.
HCl. A solution of diazotized α-phenylmandelic acid was added to a precooled (0–5◦C),
vigorously stirred solution of 28.8 g SnCl2·2H2O in 80 mL conc. HCl. A pale yellow solid,
thought to be a tin salt, began to separate well before the addition of the diazonium solution
was complete. The final mixture was stored overnight in the refrigerator, during which time
the solid coagulated. The resultant solid was collected and washed thoroughly with water.
After drying, the crude product weighed 8.1 g, m.p., 153–220◦C. Recrystallization from
benzene gave 3.8 g 1-amino-3-phenyldioxindole, m.p. 168.5–169.5◦C.

A mixture of 1.0 g 1-amino-3-phenyldioxindole (4.2 mmol), 8.42 mL 1.984 N KOH
solution and 10 mL MeOH was refluxed for 2 h. The hot solution was neutralized by the
dropwise addition of 8.46 mL 1.974 N HCl, which effected the immediate separation of
the canary yellow product along with some of the starting material. After the mixture had
been cooled, the solid was collected, washed thoroughly with water, and recrystallized from
150 mL 95% EtOH, giving 0.42 g 4-phenyl-3-cinnolinol as yellow blades, m.p., 294–302◦C
(dec.)

No further references related to the Neber-Bössel synthesis are found in the literature.
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Nef Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Konovalov in 18931 and subsequently by Nef in
1894.2 It is the transformation of a primary or secondary nitroalkane into the correspond-
ing carbonyl compound (i.e, an aldehyde or a ketone)3 by means of deprotonation of the
nitroalkane to an aci-nitro compound followed by hydrolysis with a strong acid. Therefore,
this reaction is generally known as the Nef reaction.4 Occasionally, it is also referred to as the
Nef transformation5 or Nef conversion.6 It should be pointed out that the primary nitroalka-
nes can also be converted into carboxylic acids under similar conditions,4j,4ee depending
on the proton donating capability of the acid.4ee For example, 4-nitrobenzyl nitronate when
treated with 4 N H2SO4 gives 93% of 4-nitrophenyl nitromethane, whereas it forms 86%
4-nitrobenzhydroxamic acid in 31 N H2SO4 (i.e., 85% H2SO4).4ee Moreover, it has been
found that the yield of a ketone is generally low if the alkaline solution of a nitroalkane
is added to the acid or exposed to an excess amount of acid.4oo However, this does not
mean that the Nef reaction will occur only at low proton concentration.4x Furthermore, if
there exists a considerable resonance stabilization in nitroalkane,4ee,4rr such as the conjuga-
tion with an olefinic moiety,4uu or a steric hindrance,4rr the Nef reaction will proceed with
difficulty or not at all. It is very easy to monitor the reaction because of its characteristic
transitory blue color.4tt

B. GENERAL REACTION SCHEME

R1 R2

NO2

R1 R2

O1. Base

2. Acid

R1 = alkyl, aryl
R2 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

A revised scheme based on a reported mechanism4nn is shown here.

D. MODIFICATION

Being anionic carbonyl synthons, the nitroalkanes have been explored extensively for
their conversion into the corresponding carbonyl compounds. For example, the embedment
of a nitroalkane onto an activated basic silica gel4x or the blockage of the C-protonation of
nitronate with a protonated concave pyridine.4m The reaction under the latter condition is
called the soft Nef reaction.4m In addition, the introduction of a γ-trimethylsilyl group is
proved to smooth the Nef reaction.4n Moreover, when a primary nitroalkane is treated with
nitrite/acetic acid, a carboxylic acid is resolved.7 Furthermore, the oxidative Nef reaction
has successfully converted the nitro cyclohexadienes into the substituted phenols via a
nucleophilic addition.4c,4g,4j

E. APPLICATIONS

This reaction has general application in the synthesis of aldehydes and ketones, espe-
cially for 1,4-diketones8 and dihydrofurans.9 The 1,4-diketones can be prepared by the
combination of a Michael reaction between a nitroalkane and an α,β-unsaturated ketone
followed by a Nef reaction, whereas dihydrofurans can be synthesized by the Nef reaction
followed by cyclohydration.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O O

H

NO2
O

1. CTABr, NaOH, H2O

2. 3.75 M H2SO4

48%

Reference 9.
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To a 50-mL flask were added 0.147 g cetyltrimethylammonium bromide (CTABr,
0.4 mmol), 3.6 g NaOH (90 mmol), and 30 mL water; the resulting solution was warmed
to 50◦C. Then 0.546 g rel(6aR,10aS)-8,9-dimethyl-6a-nitro-6a,7,10,10a-tetrahydro-6H-
benzo[c]chromen-6-one (2.0 mmol) was added rapidly, and the alkaline solution was stirred
for 1 h. The final orange mixture was cooled to 0◦C and added dropwise to a 100-mL flask at
0◦C containing 15 mL 3.75 M H2SO4 solution. The heterogeneous mixture was left under
stirring at this temperature for 5 min and then warmed to room temperature for 1 h. The
mixture was transferred into a 250-mL separatory funnel, saturated with NaCl, and extracted
with ethyl acetate. The combined organic layers were dried over Na2SO4 and evaporated
under reduced pressure. The gummy solid obtained was purified by column chromatogra-
phy to give 0.190 g 2,3-dimethyl-1,4-dihydrodibenzo[b,d]furan as a white solid, in a yield
of 48%, m.p., 91–93◦C (petroleum ether).

N

NH2N NH2

OH

NO2 N

NH2N N
H

OH
1. NaOH

2. H2SO4

50%

Reference 4d.

To an aqueous solution of 0.34 g NaOH (8.5 mmol) in 5 mL water was added
0.148 g 2,6-diamino-5-(1-nitromethyl)-3-phenylpropyl)-3H-pyrimidin-4-one (1.58 mmol)
at room temperature. The mixture was stirred for 2 h and then was slowly added to a
cold aqueous solution prepared from 1.37 g 98% H2SO4 (14 mmol) and 5 mL water.
The resulting mixture was stirred at 0◦C for 1 h and at room temperature for an addi-
tional hour. The color of the mixture changed to gray. Concentrated NH4OH was added
at 0◦C to adjust the pH to 7. The precipitated solid was collected and purified by silica
gel column chromatography (EtOAc/MeOH, 9:1) to give 0.2 g 2-amino-5-phenethyl-3,7-
dihydropyrrolo[2,3-d]pyrimidin-4-one as a light yellow solid, in a yield of 50%.

Other references related to the Nef reaction are cited in the literature.10
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Negishi Cross-Coupling

(Negishi Coupling, Negishi
Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Negishi et al. in 1977.1 It is a palladium or nickel-
catalyzed coupling between an aryl or alkenylzinc, zirconium or aluminum reagent2 and an
alkenyl or aryl halide or triflate; specifically, it is an organozinc reagent-mediated coupling
with an alkenyl or aryl halides/triflates. Therefore, it is generally known as the Negishi
cross-coupling,2,3 Negishi coupling,3m,3y,3z,3aa,3ll,4 or Negishi reaction.3p,3dd,3nn,4x,4z,4ee,5

In addition, the zirconium based coupling is known as the zirconium-Negishi reaction.6

The Negishi cross-coupling can tolerate a variety of functional groups that include
olefin,3dd ether,3aa,3dd nitrile,3aa,3dd ester,3ddnitro,3aa and amino3aa groups. The aryl zinc
reagents can be prepared from aryl bromides (or iodides) by insertion of an activated Rieke
zinc,3y,7 or prepared through transmetallation by treatment of an ortho-aryl halide with
lithium base (e.g., LDA) followed by ZnBr2 or ZnCl2.3jj Generally speaking, if the desired
alkenyl zinc reagent are readily accessible via hydrometallation or carbometallation, the
aryl electrophile (e.g., halide/triflate) can be added to the organozinc reagent as one-pot
synthesis.2 However, the common alkenyl electrophiles, such as vinyl bromide, vinylidene
bromide, and especially the alkenyl triflates or phosphates prepared from corresponding car-
bonyl compounds, prefer the coupling with arylzinc reagents.2 This reaction is commonly
catalyzed by a transition metal of palladium or nickel with triaryl or trialkyl phosphines as
ligands, such as PdCl2(dppf)2,3al Pd[P(t-Bu)3]2,3aa,3nn,4bb,4cc (Pd2(dba)3/PCy3/NMI),3dd

4% Ni(cod)2/8% s-Bu-Pybox,3p,4x or Pd2(dba)3/P(2-furyl)3.4cc It has been found that
the ligand has a substantial impact on the course of the Negishi cross-coupling.3dd For
example, the decrease of the ratio of phosphine to palladium lowers the yield of the
desired compound,3ddwhereas the application of an electron-enriched ligand such as
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P(t-Bu) 3aa,3nn,4bb,4cc
3 or especially dicyclohexyl o-(2,6-diisopropylphenyl)phenyl phos-

phine allows the coupling of two bulkyl aryl moieties,3aa with a load of palladium of
< 0.01%. In addition, Pd-N-heterocyclic carbene (NHC) catalyst facilitates the coupling at
room temperature,3o,3p whereas the normal Negishi cross-coupling requires high tempera-
ture and long reaction time.3y

B. GENERAL REACTION SCHEME

R1 ZnX R2 Y
∆

R1 R2+
Pd or Ni catalyst R1 = alkyl, vinyl, aryl

R2 = alkyl, vinyl, aryl
X = I, Br, Cl, TfO, etc.
Y = I, Br, Cl, TfO, Ts, etc.

C. PROPOSED MECHANISMS

A general modified mechanism is shown here, based on References 3z and 5a.

D. MODIFICATION

This reaction has been modified for various conditions, such as the application of
microwave irradiation3b,3y and the application of phosphine-containing polymer pre-
pared from the ruthenium-catalyzed ring-opening metathesis polymerization of the
norbornene.3t,5h Most importantly, this reaction has been extended to the coupling
of primary or secondary alkyl halides with aryl, vinyl, and even alkyl halide (or
tosylate).3l,3o,3p,3y,3dd,3nn,4v,4x,6

E. APPLICATIONS

This reaction has very general application in the formation of C-C bonds, including
biaryls, aryl alkenes, alkanes, and even ketones.8

F. RELATED REACTIONS

This reaction is related to the Heck Reaction, Stille Coupling, and Suzuki Coupling, etc.
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G. CITED EXPERIMENTAL EXAMPLES

N

I

F

N

F

N
N

Cl
1. n-BuLi/THF
2. ZnCl2/THF

3. Pd(PPh3)4/2,4-dichloropyrimidine

90%

Reference 3q.

4-Iodo-2-fluoropyridine (15.52 g, 69.60 mmol, 1 eq.) was dissolved in 150 mL dry
THF and cooled to −70◦C. Then n-BuLi (73.08 mmol, 1.05 eq.) was added, and the
reaction mixture was stirred at −70◦C for 20 min. Subsequently, 10.44 g dry ZnCl2
(76.61 mmol, 1.1 eq.) was added as a solution in 60 mL dry THF while kept at temperature <

−60◦C. The reaction mixture was then warmed to room temperature, and 0.40 g Pd(PPh3)4
(0.35 mmol, 0.005 eq.) and 7.26 g 2,4-dichloropyrimidine (48.73 mmol, 0.75 eq.) in 100 mL
dry THF were added. The reaction mixture was refluxed until complete conversion. Then
the reaction mixture was poured onto a 10% aqueous EDTA solution, basified with saturated
aqueous Na2CO3 solution, and extracted with CH2Cl2. Upon removal of the solvent, the
residue was purified by flash column chromatography using petroleum ether/EtOAc (10:1)
as the eluent to afford 9.17 g 2-chloro-4-(2-fluoropyridin-4-yl)pyrimidine as beige crystals,
in a yield of 90%, m.p. 157–159◦C.

Cl

Me

Me

ZnCl

Me

Me

Cl

CN

Me Me

NC

i-Pr-O

PCy2

O-i-Pr

1. n-BuLi
2. ZnCl2

Pd2(dba)3

Ligand/THF/∆

100%

Ligand =

Reference 3aa.

An oven-dried resealable Schlenk tube containing a magnetic stir bar was capped with a
rubber septum and then evacuated and backfilled with argon (this sequence was repeated for
three times). The Schlenk tube was charged with 0.75 mmol 2,3-dimethylphenyl chloride
(1.5 eq.) and 1.0 mL dry THF. The resulting solution was cooled to −78◦C; then 0.825 mmol
n-butyllithium (1.65 eq.) in THF was added dropwise via syringe through the septum, and
the resulting solution was stirred at −78◦C for 1 h. ZnCl2 (0.9 mmol, 1.8 eq.) was added in
one solid portion by removal of the septum. After 30 min at −78◦C, the Schlenk tube was
removed from the cooling bath, and the resulting solution was stirred at room temperature for
1 h. Then 2.3 mg Pd2(dba)3 (0.5 mol %), 4.7 mg dicyclohexyl (2,6-diisopropylphenyl)phenyl
phosphine (2.0 mol %), and 0.5 mmol 2-chlorobenzonitrile (1.0 eq.) were added with the
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aid of 0.5 mL THF, which was used to rinse the walls of the tube. The septum was replaced
with a Teflon screw cap, and the Schlenk tube was sealed. The reaction mixture was placed
in a preheated oil bath at 70◦C and magnetically stirred until the aryl halide had been
completely consumed as judged by GC analysis. The reaction mixture was then cooled to
room temperature, diluted with 1 mL water, and extracted with diethyl ether (4 × 10 mL).
The combined organic phases were dried over Na2SO4 and concentrated under reduced
pressure. The crude material obtained was purified by flash chromatography on silica gel
to afford 100% 2,3-dimethyl-2′-cyano-biphenyl.

Other references related to the Negishi cross-coupling are cited in the literature.9
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Nencki Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Nencki et al. in 1881.1 It is the preparation of an
acyl phenol derivative by zinc chloride-activated acylation between a phenol and an acyl
chloride, anhydride, or even a carboxylic acid. Therefore, this reaction is generally known as
the Nencki reaction.2 The Nencki reaction generally takes place with at least one equivalent
of zinc chloride;3 however, it does not involve the formation of a complex between zinc
chloride and acyl chloride or anhydride in a manner similar to that of aluminum chloride.3

It has been found that the regioselectivity in preference of para-acylation decreases when
the size of the acylating reagent increases.4

B. GENERAL REACTION SCHEME

OH

R X

O ZnCl2
HO

R

O
+ R = alkyl, aryl

X = halo, OC(O)R

C. PROPOSED MECHANISMS

A new mechanism is proposed here to illustrate the Nencki reaction from acyl anhydride,
with the preference of para-acylation and the requirement of at least one equivalent of
ZnCl2.
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D. MODIFICATION

This reaction has been modified by using a catalytic amount of ZnCl2 for the acylation
of heterocycles.3

E. APPLICATIONS

This reaction is useful for the preparation of acyl phenol derivatives.

F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation.

G. CITED EXPERIMENTAL EXAMPLES

OHHO

OH

O ZnCl2

OHHO

O

+
160–165°C

73%

Reference 5.

To a hot mixture of 80 g propionic acid and 80 g fused ZnCl2 was added 50 g resorcinol.
The mixture was refluxed to an intense bubbling of the solution, which occurred between
160 and 165◦C. The solution was then allowed to cool slowly; it was then poured into a water
and ice mixture and acidified with HCl. The dark brown oil solidified on standing, which
was crystallized from alcohol by decolorizing from charcoal to afford 73% 4-propanoyl
resorcinol.

S O

O O ZnCl2

∆ S
O

+

87%

Reference 3.
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To a mixture of 168 g thiophene (2 mol) and 107 g 95% Ac2O (1 mol) was added
4.0 g anhydrous ZnCl2 (0.03 mol) pulverized under thiophene. The reaction mixture was
maintained at a reflux temperature of 94–103◦C over a period of 4 h, and then cooled to
50◦C. Water (200 mL) was added. The material was thoroughly washed with water and
finally neutralized with Na2CO3 solution. Water and unreacted thiophene were removed by
distillation from a Vigreux-modified Claisen flask. The residue was vacuum distillated to
afford 109 g 2-acetylthiophene, in a yield of 87%, b.p. 77–78◦C at 4 mmHg.

Other references related to the Nencki reaction are cited in the literature.6
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Nenitzescu Synthesis

(Darzens-Nenitzescu Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Nenitzescu in 1931.1 It is the formation of an α,β-
unsaturated ketone directly by aluminum chloride-promoted acylation of alkenes with
acyl halides. Therefore, it is generally known as the Nenitzescu synthesis.2 Occasion-
ally, it is also referred to as the Nenitzescu acylation,2d or Nenitzescu reductive acylation
(or Darzens-Nenitzescu reaction).3 Under such reaction conditions, Nenitzescu prepared
2-butenyl methyl ketone from acetyl chloride and 1-butene,4 and dimethylacetylcyclohex-
ene from acetyl chloride and cyclooctene.5 However, in the presence of benzene or hexane,
the saturated ketones are often resolved, as supported by the preparation of 4-phenyl cyclo-
hexyl methyl ketone from the reaction of cyclohexene and acetyl chloride in benzene6 and
the synthesis of 3- or 4-methylcyclohexyl methyl ketone by refluxing the mixture of cyclo-
heptene and acetyl chloride in cyclohexane or isopentane.5b,7 The formation of the saturated
ketones is probably caused by the intermolecular hydrogen transfer from the solvent.8 In
addition, owing to its intrinsic strain, cyclopropyl group reacts in a manner similar to an
olefinic functionality so that it can be readily acylated too.9 It should be pointed out that
under various reaction conditions, the Nenitzescu synthesis is often complicated with the
formation of β-halo ketones, β,γ-enones, or β-acyloxy ketones.8,10 This complication can
be overcome by an aluminum chloride-promoted acylation with vinyl mercuric chloride,
resulting in a high purity of stereochemistry.11
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Although the mechanism for the formation of acetylcyclohexane is known,3 an alternative
mechanism is proposed here for the acylation of cyclohexene with acetyl chloride. In this
reaction, after the acyl cation is added to double bond, the elimination of the α-proton
gives an α,β-unsaturated ketone, whereas the attack of chloride produces a β-chloroketone.
Because acetyl is an electron-withdrawing group, it is plausible that the positive charge
migrates to form a more stable carbocation, which electrophilically alkylates with benzene.

D. MODIFICATION

The formation of α,β-unsaturated ketones has been modified by the acylation of vinyl
mercuric chloride.11 In addition, this reaction has been extended to the acylation of
alkynes,10 and a zinc chloride-promoted acylation of olefins.12

E. APPLICATIONS

This reaction has general application in the preparation of α,β-unsaturated ketones.
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F. RELATED REACTIONS

This reaction is related to the Friedel-Crafts Acylation.

G. CITED EXPERIMENTAL EXAMPLES

Cl

O AlCl3

CH2Cl2

C
C O

C

Cl

H O

Cl

H
+ +

60% 19%

Reference 10.

A mixture of 3.33 g AlCl3 (25 mmol), 1.96 mL acetyl chloride (27.5 mmol, 1.1 eq.), and
45 mL anhydrous CH2Cl2 was stirred until dissolution. The resulting solution was stirred for
3 min at 20 mmHg and then cooled to −90◦C; 2.86 mL 2-methyl-1-buten-3-yne (30 mmol,
1.2 eq.) in 30 mL anhydrous CH2Cl2 was slowly added over 2 h. The solution was allowed
to warm to −60◦C, the mixture was stirred until the completion of reaction as monitored by
TLC, and then it was transferred to a vigorously stirred mixture of crushed ice and Et2O.
The organic layer was quickly stirred with a saturated solution of NaHCO3 and dried using
MgSO4 and stored in a refrigerator. After filtration and concentration in vacuo at room
temperature, the crude product was quickly flash chromatographed on silica gel, eluting
with a gradient of pentane-ether to afford 60% 5-methyl-6-chloro-3,4-hexadien-2-one, and
19% 5-methyl-4-chloro-3,5-hexadien-2-one, which were stored in refrigerator.

Cl

O

CH2Cl2
Cl

O

MeOH

O

+
Zn/CuCl/CH3I

75%

97%

1 M KOH

Reference 12.

A mixture of 6.54 g zinc dust (0.10 mol) and 0.99 g cuprous chloride (0.01 mol) in
30 mL CH2Cl2 was refluxed with stirring under nitrogen for 30 min. After the mixture
was cooled to room temperature, 7.l g iodomethane (0.05 mol) was added, and the mixture
was then refluxed for an additional hour. Into the solution of the freshly prepared active
zinc compounds was added 4.11 g 2-cyclopropyl-propene (0.05 mol) in 10 mL CH2Cl2 at
0–5◦C under nitrogen with stirring. After a short period, 10 mL CH2Cl2 solution containing
1.07 g butyryl chloride (0.010 mol) was added dropwise into the stirred mixture over 15 min
at 15–20◦C with external cooling. An exothermic reaction took place, and the mixture
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gradually turned red-brown. The reaction mixture was stirred at room temperature for 2 h
and then was refluxed for another 2 h. After that, 30 mL10% H2SO4 was carefully added
into the mixture under cooling with an ice water bath. The reaction mixture was filtered with
suction and extracted with ether (3 × 50 mL). The combined ethereal solution was washed
with saturated aqueous NaHCO3, dried over MgSO4, and concentrated to give a mixture of
products, which was purified to give 75% 9-chloro-6-methyl-6-en-4-nanone. This product
upon treatment with 1 M KOH in methanol gave 97% 1-cyclopropyl-2-en-hept-4-one.

Other references related to the Nenitzescu synthesis are cited in the literature.13
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Nenitzescu Indole Synthesis
(Nenitzescu Reaction, Nenitzescu

Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Nenitzescu in 1929.1 It is the synthesis of a
5-hydroxyindole derivative involving the condensation between a 1,4-benzoquinone and
a β-amino-α,β-unsaturated compound and subsequent cyclization. Therefore, this reaction
is generally known as the Nenitzescu indole synthesis,2 Nenitzescu reaction,2e,2g,2i,2j,3 or
Nenitzescu synthesis.2g,2j,4 Occasionally, it is also referred to as the Nenitzescu cyclization,5

Nenitzescu condensation,2g,2l or Nenitzescu process.6 It should be pointed out that the
synthesized indole derivatives by this reaction are restricted to those with an electron-
withdrawing group at position 3, such as an ester or a carbonyl group.6 In addition,
the completion of this reaction requires an appropriate oxidizing agent to convert the
initial adduct into the indole derivative.2g,2j From monosubstituted quinone, 4-, 6- and 7-
substituted 5-hydroxyindole derivatives all are possible products, but 6-substituted isomer
is the one normally obtained.2k

B. GENERAL REACTION SCHEME

O

O

R1

HN R4

O

R2

R3

N

R2

R1

HO

O

R4

R3

+
R1 = H, alkyl
R2 = H, alkyl, aryl
R3 = H, alkyl
R4 = H, alkyl, alkoxy
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C. PROPOSED MECHANISMS

Two kinds of mechanisms are possible for the Nenitzescu indole synthesis, depending on
the order of carbon-carbon bond and carbon-nitrogen bond formation.2g,2l,2m,3u,3v However,
the one involving the initial carbon-carbon condensation is more plausible as illustrated here
for the reaction between 2-methyl 1,4-benzoquinone and β-amino methyl crotonate.2g

D. MODIFICATION

This reaction has been modified by using quinone mono-ketals to control the
regioselectivity.2e In addition, an aza-Nenitzescu reaction involving the condensation
between quinones and hydrazones has been developed for the synthesis of indazole
derivatives.7

E. APPLICATIONS

This reaction is particularly useful for the preparation of 5-hydroxyindole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

O

H2N

O

OEt

N
H

O

OEt
HO

+
AcOH, ∆

90%

Reference 8.
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1,4-Benzoquinone (1.71 g, 15.8 mmol) and 3.5 g ethyl 3-amino-3-(4-biphenylyl)-
propenoate (9.8 mmol) in 50 mL acetic acid were refluxed for 1 h. After cooling, the crude
product was precipitated out with light petroleum ether and filtered off, which was purified
by column chromatography (EtOAc) and recrystallization (EtOAc) to yield 4.21 g ethyl 2-
(4-biphenylyl)-5-hydroxyindole-3-carboxylate as a colorless solid, in a yield of 90%, m.p.,
260–262◦C.

Cl

Me

O

O

H2N

O

Me

O-t-Bu

N
H

CO2-t-Bu

Me

Me

HO

Cl

+
AcOH, ∆

51%

Reference 2i.

To a hot solution of 3.12 g 5-chloro-2-methyl-l,4-p-benzoquinone (19.9 mmol) in 15 mL
acetic acid, was added 3.14 g t-butyl-3-aminocrotonate (20 mmol). After 30 min without
the application of heat, the solution was cooled, and the resulting pink precipitate was
filtered and washed with chilled acetic acid to give 2.99 g t-butyl 4-chloro-5-hydroxy-2,7-
dimethylindole-3-carboxylate, in a yield of 51%, m.p. 178–180◦C (dec.)

Other references related to the Nenitzescu indole synthesis are cited in the literature.9
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Newman-Kwart
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially and concurrently reported by Newman1 and Kwart2 in 1966.
It is a thermal transformation of N,N-dialkyl O-arylthiocarbamate into N,N-dialkyl S-
arylcarbamate. Therefore, it is generally known as the Newman-Kwart rearrangement.3

Occasionally, it is also referred to as the Newman-Kwart reaction,3g,4 Newman-Kwart
synthesis,5 or Miyazaki-Newman-Kwart rearrangement.6 It has been found that the ortho-
substituent in the migrating aromatic ring may enhance the rearrangement rate, the effect
known as the steric acceleration due to hindered rotation (SAHR).3m In addition, for the
rearrangement of O-binaphthol thiocarbamate into dithiol derivative, the stereochemistry
is retained.7

B. GENERAL REACTION SCHEME

O N
R

S

R

∆
S N

R

O

R

C. PROPOSED MECHANISMS

Similar to the Barton Decarboxylation and Barton Deoxygenation, it is assumed that
this reaction also involves a free radical mechanism, as proposed below.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used to prepare thio-analogs of binaphthol7 and 1,4-dithiophenol3g

derivatives.

F. RELATED REACTIONS

This reaction is related to the Schönberg Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

O
N

O
N

S

S

S
N

S
N

O

O

260°C, 2 h
83%

Reference 3g.

The bis-(N,N ′-dimethylthiocarbamate) (10.0 g, 0.035 mol) was heated in the bulk at
260◦C under nitrogen for 2 h. After cooling, the remaining material was crystallized from
chloroform/methanol and further recrystallized from methyl ethyl ketone to afford 8.3 g
bis-(N,N ′-dimethyl-S-carbamate), in a yield of 83%, m.p. 201–203◦C.

Other references related to the Newman-Kwart rearrangement are cited in the literature.8
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Nicholas Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Nicholas et al. in 1971.1 It is a nucleophilic sub-
stitution on a propargylic alcohol, ether or ester by a carbon or heteroatom nucleophile
involving the generation of a carbocation by a strong Lewis acid, stabilization of the propar-
gylic cation via the formation of hexacarbonyldicobalt alkyne complex, and final liberation
of alkyne moiety by oxidation with cerium ammonium nitrate or N-methylmorpholine
N-oxide.2 Therefore, this reaction is generally known as the Nicholas reaction.2,3 Occa-
sionally, it is also referred to as the Nicholas cyclization,3i,3l,3x or Nicholas propargylic
substitution.4 In this reaction, the propargylic cation can be generated by the treatment
of a propargylic alcohol3e,3i−3l,3p,3cc,3qq,5 ether,3e,3j,3p,3q,3cc,3qq or ester3j,3q,3aa (includ-
ing acetate3m,3q) from a strong Lewis acid, such as BF3·OEt2,3e TiCl4,3e or GeCl4.3e

Among these Lewis acids, BF3·OEt2 is the most commonly used acid for the Nicholas
reaction.3e While some milder Lewis acids such as MgBr2, LiCl, LiBr, and ZnBr2, are
not strong enough for this reaction,3e the mild acid of Montmorillonite K-10 is found to
be an effective promoter.6 In addition, the nucleophile can be either a carbon-nucleophile
(such as an enolate,3cc,5 arene,3q or a heterocycle3m) or a hetero-atom nucleophile (e.g., an
alcohol,3l,3aaepoxide,3i or a carboxylic acid).3f Beacuse the cobalt-mediated cyclization is
reversible,3l there exists an equilibrium at the propargylic center through a fluxional cationic
intermediate; thus the original stereochemistry of the substrate is usually lost upon treatment
by a Lewis acid.3bb It should be pointed out that the application of an Evans’s oxazoline
enolate in coupling with a propargylic cation to generate high stereoselectivity (i.e., in favor
of the syn-adduct) is specifically referred to as the Nicholas-Schreiber reaction.3cc
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B. GENERAL REACTION SCHEME

R3

R1

OR2

R3

R1

Nu1. Co2(CO)8
2. Lewis acid

3. Nucleophile
4. CAN

R1 = H, alkyl, aryl
R2 = H, alkyl, acyl, Tf
R3 = H, alkyl, aryl
Nu = Carbon or heteroatom nucleophile

C. PROPOSED MECHANISMS

A general mechanism is illustrated below to demonstrate the stabilization of propargylic
cation from the cobalt complex, in which a general alcohol is used as a representative
nucleophile.

D. MODIFICATION

Some of the modifications for the Nicholas reaction include the fixation of a propargylic
substrate onto a solid phase,3e application of montmorillonite K-10 as acid to generate the
propargylic cation,6 complexation of alkyne with a ruthenium complex,3d and application
of tetrabutylammonium fluoride for decomplexation.3aq

E. APPLICATIONS

This reaction is especially useful for the formation of cyclic ethers,3i,3l,3aa and
macrocycles.3m,3q,5

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES
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Acetone
73%

+

(81:19)

Reference 3f.

A flame-dried, round-bottomed flask equipped with a septum and gas inlet needle was
charged with 253 mg 7-methoxyundec-10-en-5-ynoic acid (1.20 mmol) and placed under
a nitrogen atmosphere. Then 2.5 mL CH2Cl2 was added followed by 494 mg Co2(CO)8
(1.44 mmol, 1.2 eq.) to yield a dark red/black solution that was stirred at room temperature
for 30 min. A second portion of Co2(CO)8 (165 mg, 0.481 mmol, 0.4 eq.) was added
and the reaction was allowed to stir at room temperature for an additional 30 min. The
reaction mixture was added directly to a 60-g silica gel column eluting with 10–35% ether
in petroleum ether to afford 577 mg 7-methoxyundec-10-en-5-ynoic acid hexacarbonyl
dicobalt complex as a thick red oil, in a yield of 97%.

A flame-dried, round-bottomed flask equipped with a septum and gas inlet adapter was
charged with 577 mg cobalt complex (1.16 mmol) and placed under a nitrogen atmosphere.
CH2Cl2 was added, and the resulting dark red/black solution was cooled at 0◦C. Then
0.16 mL 54% HBF4 in ether (1.16 mmol) was added, and the reaction mixture was stirred
at 0◦C for 1 h. The reaction was quenched while still cold by the addition of 15 mL
saturated NaHCO3. The aqueous layer was removed, and the organic phase was dried
over MgSO4 and added to a sintered glass funnel packed with silica gel. Rinsing with
400 mL CH2Cl2 furnished 269 mg 8,16-dibut-3-enyl-1,9-dioxacyclohexadeca-6,14-diyne-
2,10-dione hexacarbonyl dicobalt complex as a bright red/orange solid, in a yield of 50%,
m.p. 124–125◦C (dec).

A round-bottomed flask was charged with 53 mg 8,16-dibut-3-enyl-1,9-dioxa-
cyclohexadeca-6,14-diyne-2,10-dione hexacarbonyl dicobalt complex (0.0534 mmol) and
12 mL acetone to yield a red suspension. The reaction flask was cooled at 0◦C, and 472 mg
cerium ammonium nitrate (CAN) (0.86 mmol) was added in eight portions (59 mg/portion)
over 5 min. The cooling bath was removed, and the reaction was allowed to stir at room
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temperature for 4 h. The resulting yellow-orange suspension was concentrated to yield a yel-
low solid that was transferred to a flask containing CH2Cl2 and water. The organic layer was
separated, dried over MgSO4, and concentrated to yield 21 mg yellow oil that was deposited
on 40 mg silica gel and added to a 2-g silica gel column eluting with 5% ether in petroleum
ether to afford 14 mg 8,16-dibut-3-enyl-1,9-dioxacyclohexadeca-6,14-diyne-2,10-dione as
a white film, in a yield of 73%.

Other references related to the Nicholas reaction are cited in the literature.7
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Niementowski Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Niementowski in 1895.1 It is the thermal transfor-
mation of an anthranilic acid into 4-keto-3,4-dihydroquinazoline by the condensation with
an amide. Therefore, it is generally referred to as the Niementowski reaction.2 Occasion-
ally, this reaction is also referred to as the von Niementowski synthesis,2l,3 Niementowski
condensation,4 or Niementowski 4-oxoquinazoline synthesis.5 Although the formation of
4-keto-3,4-dihydroquinazoline, also known as benzoylene urea,6 appears to involve a simul-
taneous condensation between the amino group of anthranilic acid and the carbonyl group
of an amide and the condensation between the carboxyl group of anthranilic acid and the
amido group of the amide,7 it actually proceeds via the formation of an intermediate of the
anthranilate salt, which can be isolated as a crystal when the reaction mixture is dissolved in
an alcohol.2l In addition, this reaction usually requires a high temperature and long reaction
time; and a high yield is expected when a formamide or acetamide reacts with an anthranilic
acid, whereas the yield decreases when a higher order of amide is used in this reaction.2l,7,8

This general trend is caused by the thermal decarboxylation of the anthranilic acid.2l

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

A detailed mechanism for the reaction between anthranilic acid and acetamide is illus-
trated here, according to the proposed reaction path.9

D. MODIFICATION

This reaction has been extended to occur between an anthranilic acid and
a thiobenzamide.10 In addition, different anthranilic acid derivatives—including o-
acylaminobenzamides,2l ammonium o-acylaminobenzoates,2lo-acetaminobenzonitrile,2l

acetanthranil2l and anthranilic ester2l—have been used successfully in this reac-
tion. Moreover, efficient reaction conditions have been established under microwave
irradiation.2a,2b,2d,2g,3a,4b

E. APPLICATIONS

This reaction is generally used for the preparation of quinazoline derivatives.

F. RELATED REACTIONS

This reaction is related to the Friedländer Condensation and Pfitzinger Reaction.

G. CITED EXPERIMENTAL EXAMPLES

OH

NH2

O

NO2

H NH2

O

NH

N

O

NO2

+
155–160°C

67%

Reference 2k.
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3-Nitroanthranilic acid (60 g) and 120 g freshly distilled formamide were heated in an
open beaker in an oil bath at an inside temperature of 155–160◦C for 6 h. The dark residue,
after cooling, was pulverized and washed with 5% NaHCO3 solution, then with water, and
dried to afford 42 g crude 8-nitroquinazolone-4, in a yield of 67%, m.p. 240–248◦C. The
crude product was then recrystallized from nitrobenzene (100 mL per 15 g product) with
a liberal use of charcoal for decolorization. The crystal was washed with ether to remove
residual nitrobenzene, and pale yellow needles were obtained, which melted at 250–251◦C.

OH

NH2

O
H NH2

O
NH

N

O

+
120–125°C

90%

Reference 10.

Anthranilic acid (137.1 g, 1.0 mol) was heated with 75.6 g formamide (1.68 mol) at
120–125◦C for 4 h. The product was filtered and recrystallized from ethanol to afford
131.5 g 4-quinazolone, in a yield of 90%, m.p., 215.5–216.5◦C.

Other references related to the Niementowski reaction are cited in the literature.11
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Nierenstein Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Staudinger in 1914,1 subsequently by Clibbens
and Nierenstein in 1915,2 and extensively studied by Nierenstein.3 It is the synthesis of
α-chloromethyl ketone by treatment of an aliphatic or aromatic acyl chloride with dia-
zomethane. Therefore, it is generally known as the Nierenstein reaction.4 Occasionally, it
is also referred to as the Clibbens-Nierenstein reaction5 or Nierenstein chloromethylation.6

Besides α-chloromethyl ketones, this reaction can be used to make other reactive halides
carrying different elements (e.g., mercury)7 and even molecules containing a halogen sen-
sitive group, such as Si-H link.8 It should be pointed out that α-chloromethyl ketone is
not the only product from the reaction between an acyl chloride and a diazomethane; in
fact, the direct product from such reaction is a diazoketone. For example, benzoyl chloride
when reacting with diazomethane is quickly and completely transformed into diazoace-
tophenone, accompanied by the evolution of nitrogen.9 The in situ generated diazoketones
then decompose and produce a variety of products. For example, diazoketones lose nitrogen
when decomposed catalytically; if no protic reagent is present, the resulting product is an
ethylenic compound coupled from two diazoketone molecules;10 when acyl chloride is
added to more than two equivalents of diazomethane, the diazoketone can be obtained,
purified, and further converted into corresponding acid, ester, amide or substituted amide.11

However, when α-chloromethyl ketone is the desired product, the reversed process should
be used so that the total amount of diazomethane is restricted to the minimum needed,
in a way that an excess amount of diazomethane is quickly added into the acyl chloride
solution.9,11 Unfortunately, this reaction works poorly for preparing α-bromomethyl ketone,
probably because the bromine atom is less mobile.12 Under certain conditions, the dihalo-
genated dioxanes are also produced,4a as shown in the reaction between benzoyl bromide and
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diazomethane, in which 62% 2,5-dibromo-2,5-diphenyl-1,4-dioxane is obtained, whereas
only 28% ω-bromoacetophenone is yielded.3a Similarly, when the mobility of chlorine atom
is reduced, the yield of the corresponding α-chloromethyl ketone decreases too. Examples
are the reactions between diazomethane and phenylacetyl chloride, diphenylacetyl chlo-
ride, or triphenylacetyl chloride, by which the former two acetyl chlorides give 87% and
82% of the corresponding α-chloro-γ-phenyl-acetone, and α-chloro-γ ,γ-diphenyl-acetone,
respectively, and the latter yields 92% dioxane derivative.3a This reaction has been extended
to a one-pot preparation of terminal olefins.6

B. GENERAL REACTION SCHEME

R Cl

O
CH2N2

R

O

Cl+

C. PROPOSED MECHANISMS

Displayed below is a simple illustration of the reaction mechanism.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has a general application in the preparation of α-chloromethyl ketones; in
addition, the α-chloromethyl ketones can be converted into terminal olefins by treatment
with a Grignard reagent, and these two steps can be combined into a one-pot process.4a

F. RELATED REACTIONS

This reaction is related to the Arndt-Eistert Synthesis.



2060 NIERENSTEIN REACTION

G. CITED EXPERIMENTAL EXAMPLES

Me Cl

O
CH2N2

Me

O

Cl+
68%

Reference 13.

To a 1-L three-necked flask containing 0.5 mol diazomethane and ∼500 mL dried ether
was added 0.25 mol acetyl chloride slowly from a dropping funnel with constant stirring
of the solution, which was maintained at a temperature not greater than 5◦C. The reaction
mixture was allowed to stand for 2 h after the addition of the acetyl chloride and was
then saturated with dry hydrogen chloride over a period of 2 h. The bulk of the ether was
removed by distillation, and the residual solution was fractionated through a small column.
The fraction boiling at 118–119◦C at 736 mmHg was collected and weighed 15.8 g, in a
yield of 68%.

O

Cl

OAcAcO

CH2N2

OAcAcO

O

Cl
+

98%

Reference 3b.

An ether solution of 6 g diacetyl-β-resorcoyl chloride was treated with an excess of
diazomethane. The solid left on evaporating crystallizes from dry benzene in prismatic
needles, in a yield of 98%, m.p. 73◦C.

Ph Br

O
CH2N2

Et2O
O

O
Br

Ph
Ph

Br

+

62%

Reference 3a.

Benzoyl bromide dissolved in anhydrous ether (dried over the Grignard reagent) was
allowed to react with an excess amount of diazomethane. After evaporation of the sol-
vent, the solid left was pulverized, mixed with dry sand (purified by washing with HCl)
and extracted in a Soxhlet apparatus with ligroin (b.p. 50–60◦C) and then with benzene
(dried over sodium). The first extraction, which dissolved only bromoacetophenone, was
concluded when no solid was left on evaporation of a little of the overflowing liquid. The
benzene, which was dried in the same manner, dissolved 2,5-dibromo-2,5-diphenyl-1,4-
dioxane, which was crystallized as long needles from benzene, in a yield of 62%, m.p.
159◦C.

Other references related to the Nierenstein reaction are cited in the literature.14
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Norrish Type I Reaction

(Norrish Type I Process, Norrish
Type I Cleavage)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Norrish in 1932.1 It is a light-initiated carbon-carbon
bond cleavage between the α-carbon and the carbonyl of a ketone or an aldehyde to form an
alkyl and an acyl radical pairs, from which a variety of products can be formed, including
alkane,2 alkene,2 cyclic acetal,3 decarbonyl compound,3 and oxetane.4 In order to differ-
entiate this reaction from other common photoreactions of ketones and aldehydes, it is
generally known as the Norrish type I reaction.4,5 In addition, it is also referred to as the
Norrish type I process,2,6 Norrish type I α-cleavage,5c,7 Norrish type I photocleavage,8

Norrish type I cleavage,2,6a,9 and Norrish type I photochemical reaction.8a This reaction is
initiated by a n-π* excitation,5b,6b,10 from the ground state (S0) to its first excited singlet
state (S1),5b followed by an α-cleavage to form an acyl and an alkyl radical pairs. Alterna-
tively, the first excited singlet may convert itself into the first excited triplet state through
an intersystem crossing, which then undergoes the α-cleavage.5a,6b The α-cleavage taking
place from the triplet excited state is sometimes called the reluctant Norrish type I reaction.9h

This reaction is influenced by both the structure of the substrate and the reaction conditions,
as evidenced in the different product distributions between the reactions in the gas phase
and in the solution phase.2 Even the product distribution in the solution phase is different
from that when cyclodextrin is present, which often results in a cage effect.5m,10 Simi-
larly, the product distribution also differs from that occurring in the solid state,9c,10 or in
zeolite.2,5m,9a,11 It has been found that aliphatic cyclic imides5r and small cyclic ketones up
to cycloheptanone5m undergo only the Norrish type I reaction, from both singlet and triplet
excited states;5m whereas acetophenone and benzophenone do not undergo the Norrish type
I reaction, so that they are often used as the Norrish type I photosensitizers.12
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B. GENERAL REACTION SCHEME

R1 R2

O

R2R1

O
hν R1 = H, alkyl, aryl

R2 = alkyl

C. PROPOSED MECHANISMS

A general mechanism for the Norrish type I reaction is displayed below, including all
the possible products.

D. MODIFICATION

This reaction has been carried out in the presence of zeolite2,5m,9a,11 and cyclo-
dextrin5m,10 and in the solid state.9i,10

E. APPLICATIONS

This reaction provides a convenient source of hydrocarbon radicals.13 In addition, it has
been used extensively in organic synthesis and photochemistry.

F. RELATED REACTIONS

This reaction is related to the Norrish Type II Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

CN
ONC

CH2Cl2

NC

NC
O CN

ONC

NC CN

CNNC

hν + +

16% 31% 12%

Reference 14.

To a quartz immersion well apparatus were added 128 mg 3,3-dimethyl-5,5-dicyano-
pent-4-en-2-one (0.79 mmol) and 270 mL CH2Cl2. The solution was purged with argon for
1 h, then the apparatus together with a Pyrex filter was irradiated with six 9-W low-pressure
mercury arc lamps with a maximum emission at 254 nm for 12 h. After completion of the
irradiation, the solvent was removed under reduced pressure. The residue was separated
by silica gel column chromatography using hexane/EtOAc (95:5) as the eluent to afford
22 mg 2,7-dimethyl-4,4,5,5-tetracyano-2,6-octadiene as a colorless oil (12% yield), 39 mg
starting material (31% recovery) and 20 mg cyclopropylketone as a colorless oil, in a yield
of 16%. Further elution with EtOAc afforded 29 mg highly polar material.

N

O

O

CH3
CH3CN

N

O

O

CH3 N

O

O

CH3 N

CHO

O

CH3

hν
+ +

43% 7%Not determined

Reference 15.

A solution of 500 mg N-methylcyclohexane-cis-1,2-dicarboxyimide in 25 mL CH3CN
was purged with nitrogen and irradiated for 7 h. After removal of the solvent, the
residue was separated by column chromatography to afford 298 mg of a mixture
of starting material and N-methylcyclohexane-trans-1,2-dicarboxyimide, 88 mg N-
methylcyclohexane-1,1-dicarboxyimide (43%, colorless crystal, m.p. 96–97◦C), and 14 mg
N-formyl-N-methyl-1-cyclohexene-1-carboxamide (7%).

Other references related to the Norrish Type I reaction are cited in the literature.16
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Norrish Type II Reaction

(Norrish Type II Process,
Norrish Type II Photoreaction,

Yang Cyclization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Norrish in 1934.1 It is a light initiated intramolecular
abstraction of a δ-hydrogen of an excited ketone or aldehyde to generate a 1,4-biradical, from
which different products can form, including alkene, enol, and cyclobutanol. Therefore, this
reaction is generally known as the Norrish type II reaction,2 Norrish type II process,2z,3

or Norrish type II photoreaction.4 Occasionally, this reaction is also referred to as the
Norrish type II photochemical reaction,2d,2h Norrish type II cleavage,5 Norrish type II
photolysis,6 Norrish type II photoelimination,7 Norrish type II rearrangement,8 or Norrish
type II photofragmentation.2f,9 Type II is used to differentiate this reaction from another type
of photoreaction that ketone and aldehyde undergo, the Norrish Type I Reaction. In addition,
because Yang at the University of Chicago extensively extended this reaction,10 the Norrish
type II reaction is also called the Yang reaction,11 Yang cyclization,2d,12 Norrish/Yang type
II reaction,13 Norrish-Yang type II reaction,2h,14 or Norrish-Yang photocyclisation.14a

This reaction is influenced by both environmental and structural factors.2h,2r,14b For
example, the solvent polarity affects the lifetime of the 1,4-biradical in a solution-phase
reaction,6a although the solvent dynamics barely affects the intersystem crossing rate.15

In addition, the behavior of a triplet ketone and 1,4-biradical is controlled by the inte-
rior size and shape when a ketone is encapsulated inside the zeolites.2r In addition, it
is known that both the excited singlet (S1) and triplet (T1) state of a dialkyl ketone can
undergo such reaction,16 whereas an aryl alkyl thioketone proceeds from the excited triplet
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state (T1),16a and the reaction of an ester primarily involves the excited triplet (T1).2n

For aliphatic or benzylic hydrogen abstraction, ketones with a lowest π-π* triplet state
are much less reactive than those with the lowest n-π* triplet state.17 The lifetime of
the triplet is generally on the order of 10–100 ns,14b,15 because of the small spin-orbit
coupling.15 For an aryl ketone, a skew 1,4-biradical is generated initially from the excited
triplet state, which isomerizes to either a cis-biradical or a trans-biradical; after the inter-
system crossing, the singlet trans-biradical leads to the fragmentation product, whereas the
cis-biradical cyclizes to cyclobutanol.14b For special ketones like α-allylbutyrophenone
and γ-cyclopropylbutyrophenone, the light-generated 1,4-biradicals undergo both rear-
rangement and a normal Norrish type II reaction.4f It is interesting that the light-initiated
δ-hydrogen abstraction can also take place on an allylic alcohol from which the alcoholic
hydrogen is abstracted from the olefinic moiety to yield an aldehyde, a process also known
as the inverse Norrish type II rearrangement.8a

B. GENERAL REACTION SCHEME

R
H

O

R′
R

R

OH
hν R = H, alkyl, aryl

R′ = H, alkyl, aryl

C. PROPOSED MECHANISMS

A general mechanism for the generation of a 1,4-biradical and all possible products
arising from such 1,4-biradical are displayed here.

D. MODIFICATION

This reaction has been extended by Yang to the condition known as Yang cyclization.

E. APPLICATIONS

This reaction has wide application in organic synthesis, especially for the generation of
free radicals.2z
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F. RELATED REACTIONS

This reaction is related to the Norrish Type I Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O

Me
MeHO

Me Me

O

O

O

MeMe

Me Me
MeOH

O

Me

Me

Me
OMe

Me

OH

Me

Me

Me

O

Me

OH

HO

hν hν

29% 30%

+

Reference 18.

To a polished quartz tube were added 100 mL MeOH and 100 mg 2,3,5,6-tetramethyl-
pyran-4-one (0.67 mmol), and the solution was deoxygenated for 15 min with a slow stream
of dry nitrogen. Then the tube was placed at ∼10 cm from the outside of the lamp’s water
jacket and irradiated until consumption of the pyran-4-one as detected by TLC. Upon
removal of solvent under reduced pressure, the residue was purified via silica gel flash
column chromatography with CH2Cl2/Et2O/hexane (2:1:1) as the eluent to give 36 mg
tetrahydrofuran-like derivative as a colorless oil, Rf = 0.30 (CH2Cl2/Et2O/hexane, 2:1:1),
in a yield of 29%. Further eluting the column with hexane/EtOAc (1:19) afforded 37 mg
diol as a white waxy solid, in a yield of 30%, Rf = 0.33 (EtOAc), m.p., 153–156˚C (dec).

Ph

OH

Ph

O
t-BuOH

Ph

O
Ph

O

HO

Ph

Ph

HO O

Ph

hν

Φ = 0.0014 Φ = 0.0042 Φ = 0.0010

Φ = 0.0001 Φ = 0.0019 Φ = 0.0026

+ +

+ ++

Reference 4f.

A solution of 16.0 g α-allylbutyrophenone in 180 mL tert-butyl alcohol was irradi-
ated under nitrogen in an immersion well with a Pyrex-filtered 450-W Hanovia mercury
arc until < 10% of the starting ketone remained. GC analysis showed six products, but
none of products was identified as 3-methyl-l-benzoylcyclopentane. After stripping of the
solvent, the residue was chromatographed on neutral alumina with cyclohexane/CHCl3
(1:1) as the eluent to afford five components, of which the first three were further puri-
fied by GC through a column packed with 15% QF-1 and 3% Carbowax. These compounds
were 1-phenyl-3-penten-1-one, 4-phenyl-3-ethyl-4-pentenal, 1-phenyl-2-allylcyclobutanol,
2-phenylbicyclo[2.2.1]heptanol-2, and 3-phenyl-4-ethyl-3-cyclopentenol.

Other references related to the Norrish type II reaction are cited in the literature19.
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Noyori Hydrogenation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Ikariya1a and Noyori1b concurrently in 1985. It
is a ruthenium or rhodium complex-catalyzed reduction of the carbonyl or alkenyl group
by hydrogen with high efficiency and excellent enantioselectivity. Therefore, it is gener-
ally known as the Noyori hydrogenation2 or Noyori reduction.3 Occasionally, it is also
referred to as the Noyori transfer hydrogenation3i,4 or Noyori hydrogen transfer reaction.3f

The ruthenium complex of [RuCl2{(R)-BINAP}{(R,R)-DPEN}], where BINAP =
2,2-bis(diphenylphosphino)-1,1-binaphthyl and DPEN = 1,2-diphenylethylene-diamine,5

is known as the Noyori catalyst2d,6 or Noyori/Ikariya catalyst.7 This catalyst is generally
prepared in isopropanol by mixing RuCl2 with an excess amount of strong base, such as
KOBut , under hydrogen atmosphere to neutralize the HCl that is formed during the catalyst
activation.8 In this reaction, hydrogen is activated by binding to the ruthenium atom and
subsequent attacking from a Brønsted base, such as alkoxide.6b During the reduction of
ketone, the amino group is crucial to the activity of the catalyst,8 of which the NH-proton
interacts with the oxygen atom of ketone and a hydride bound to ruthenium is transferred
to carbon atom of the carbonyl group through a six-membered transition state.6b It has
been reported that the enantioselectivity arises from the specific recognition of the re or si
face of the carbonyl group,2d and the combination of HCO2H/Et3N or HCO2Na/n-Bu4NBr
in H2O/CH2Cl2 can be used as the hydrogen source.7a However, this reaction is not suit-
able for the compounds with functionalities that could be reduced during the high-pressure
hydrogenation.2d
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A part of the mechanism for the catalyzed hydrogenation is shown below.

D. MODIFICATION

This reaction has been modified to use a self-supported catalyst.5

E. APPLICATIONS

This reaction is very useful for the enantiomeric hydrogenation of ketones and olefins.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 5.

To a test tube were added 4.6 mg ruthenium complex (3.0 µmol), 6.8 mg KO-t-Bu
(60 µmol), 0.36 g acetophenone (3.0 mmol), and 2 mL anhydrous isopropanol under argon.
Then the test tube was placed in a stainless-steel autoclave, purged with hydrogen six times,
and then sealed. The autoclave was charged with hydrogen (40 atm), and the mixture was
stirred at room temperature for 20 h. The remaining hydrogen was release, and the catalyst
was recovered by filtration through a cannula under nitrogen. The alcohol was tested with
97.4% e.e.

Ru
N

N
H2

Ph

Ph

Cl

Ts

O

Cl

OH

ClHCO2H/Et3N

78%
98% d.e.
92% e.e.

Reference 7a.

To a solution of 10 µmol catalyst (S,S)-[RuCl(TsDPEN)(p-cymene)] in HCO2H/Et3N
was added 2 mmol 2-chlorotetralone; the mixture was stirred at room temperature until
completion of hydrogenation (5 days). The reaction mixture was then diluted with 20 mL
CH2Cl2 and washed with a saturated solution of NaHCO3 (2 × 15 mL). The organic layer
was dried and concentrated, and the residue was purified by flash chromatography to afford
78% (1R,2S)-1-hydroxy-2-chloro-tetralin, with 98% d.e. and 92% e.e.

Other references related to the Noyori hydrogenation are cited in the literature.9
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Nozaki-Hiyama-Kishi

Reaction
(Nozaki-Hiyama-Kishi Coupling)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Hiyama and Nozak in 19771 and extended by Kishi
in 1986.2 It is a chromium-promoted coupling between a halide and a carbonyl compound.
Therefore, it is often known as the Nozaki-Hiyama-Kishi reaction,3 Nozaki-Hiyama-Kishi
coupling,3n,4 or Nozaki-Hiyama reaction.3q,5 Occasionally, this reaction is also referred
to as the Hiyama-Nozaki reaction,6 Kishi-Nozaki reaction,7 or Nozaki-Hiyama-Kishi
Ni(II)/Cr(II) coupling.4f In addition, an intramolecular version of this reaction to afford
a cyclic product is generally called the Nozaki-Hiyama-Kishi cyclization,3f,3j,3k,8 and the
special version of the Nozaki-Hiyama-Kishi reaction involving an allylic nucleophile is
termed the Nozak-Hiyama allylation.5d,9 Overall, this reaction has special features of high
aldehyde chemoselectivity,3t,3u occurrence under mild conditions6,10 and the compatibility
with a wide range of nucleophiles, such as allyl, propargyl, aryl, and alkenyl halides, alkenyl
triflates, allyl sulphonates and phosphates.3n,3t,3u However, this reaction does have some
weaknesses, such as the high toxicity of chromium (II),3m,3t,3u the need of an excess amount
of chromium (2 to 16 equivalents),3t,3u and the lack of facial selectivity.3t,4g It has been
suggested that the nucleophile first reacts with Cr2+ via an oxidative insertion, the resulting
complex then adds to the carbonyl group, and the nickel salt catalyzes the formation of
C-Cr bond.3t It has been reported that when a bromofluoroalkene is applied as the nucle-
ophile, only (E)-bromofluoroalkene couples with the aldehyde, giving moderate to good
yields;10 whereas for the coupling between an aryl bromide and an aromatic aldehyde, the
aldehyde with an electron-donating group proceeds ordinarily, but the one with an electron-
withdrawing group gives a predominant product of pinacol.3m When γ-monosubstituted
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allylhalides are used as the nucleophiles, the corresponding homoallyl alcohols form with
an excellent anti selectivity, regardless of the original configuration of the allyl halides.3u

Usually, alkenyl halides or triflates completely retain their double-bond geometry during
this coupling.3u In addition, this coupling reaction can also occur catalytically with only
7–15% of Cr2+ present, which is constantly recycled by the nontoxic manganese powder
in the presence of trimethylchlorosilane.3t,3u Other catalytic conditions include the regen-
eration of Cr2+ by aluminum11 or via an electrochemical reduction.12 Recent development
has made this reaction proceed with the control of enantioselectivity in the presence of
some chiral ligands, such as salen,5d tridentate bis(oxazolinyl)carbazole,5d and DIANANE
(endo,endo-2,5-diaminonorborane).13

B. GENERAL REACTION SCHEME

R H

O
R′ X

R R′

OH
+

CrCl2/NiCl2

R = alkyl, aryl
R′ = alkenyl, allyl, aryl
X = halogen, triflate, sulphonate, phosphate

C. PROPOSED MECHANISMS

Although it has been reported that this reaction involves a radical intermediate,9e non-
radical mechanisms are proposed here, including a stoichiometric Nozaki-Hiyama-Kishi
reaction in Scheme 1, and a catalytic version of such reaction in the presence of manganese
and trimethylchlorosilane in Scheme 2.

SCHEME 1. Mechanism of regular Nozaki-Hiyama-Kishi reaction.

SCHEME 2. Mechanism of Nozaki-Hiyama-Kishi reaction with manganese and TMSCl present.
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D. MODIFICATION

This reaction has been modified to proceed catalytically,3t,3u,11,12 by reducing Cr3+ back
to Cr2+. In addition, it is also made enantioselectively with a chiral ligand present.5d,13

E. APPLICATIONS

This reaction has wide application in organic synthesis, especially for the synthesis of
natural products.

F. RELATED REACTIONS

This reaction is related to the Negishi Cross-Coupling.

G. CITED EXPERIMENTAL EXAMPLES

N
HO

N N O

PhPh

Ph

OH

10 mol %

1. CrCl2 (10 mol %)
    Mn (2.0 eq.)
    DIPEA (30 mol %)
    THF, r.t.

2. Allyl bromide (2.0 eq.)
3. PhCHO (1.0 eq.)
    TMSCl (2.0 eq.)
4. TBAF

89%
93% e.e.

Reference 5d.

A mixture of 27.1 mg 1,8-bis[4-(S)-isopropyloxazolin-2-yl]-3,6-diphenyl carbazole
(0.05 mmol), 6.3 mg CrCl2 (0.051 mmol), and 53.8 mg maganese (0.979 mmol) was
azeotroped three times with toluene, dried under high vacuum, and suspended in 2 mL
THF. The color of the suspension immediately turned to brown. To the stirred suspen-
sion was added 0.026 mL DIEPA (0.15 mmol), and after 5 min to the resulting mixture
was added 0.086 mL allylbromide (0.99 mmol). After the mixture was stirred for another
30 min, the color turned to greenish brown. To this stirred mixture was added 0.05 mL
benzaldehyde (0.49 mmol), and 0.125 mL TMSCl (0.985 mmol) successively at 0◦C. After
12 h the color of the reaction mixture turned to reddish brown. The reaction was quenched
with 1 mL saturated NaHCO3 aqueous solution, filtered through Celite, and evaporated
under vacuum. The crude product was dissolved in 2 mL THF, and the stirred mixture was
treated with 1 mL 1 M TBAF solution. The reaction was quenched with 2 mL saturated
NH4Cl solution, extracted with Et2O (10 mL × 4), dried over Na2SO4, and evaporated.
The residue was purified by flash chromatography (hexane/EtOAc, 10:1) to afford 64.7 mg
(S)-1-phenyl-3-butene-1-ol, in a yield of 89% with 93% e.e.
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I

O

OOTBS

OTBS

OTBS

I

O

OO

OTBS

OTBS

DMF

O

O

OTBS

OTBS

HO

1. Pyridine/HF

2. Dess-Martin oxidation

CrCl2/NiCl2

Overall 31%

Reference 3j.

This preparation started from 0.0503 g (R)-3-(tert-butyldimethylsilyloxy)-1-methyl-
propyl (3S,4S,5E)-3,4-bis-(tert-butyldimethylsilyloxy)-6-iodo-5-hexenoate (0.073 mmol),
which was deprotected and oxidized to aldehyde using the Dess-Martin periodinane. To
a suspension of 0.130 g CrCl2 (1.06 mmol) containing 0.5 mol % NiCl2 in 12 mL degassed
DMF was added via cannula the above aldehyde in 2.6 mL degassed DMF (predried
with 2 × 0.5 mL benzene). The reaction mixture was stirred overnight at room tem-
perature, and the solvent was distilled off under vacuum (0.1 mmHg). The residue was
dissolved in 10 mL saturated NH4Cl and extracted with Et2O (4 × 10 mL) and EtOAc
(2 × 10 mL). The organic layer was washed with brine (40 mL) and dried over MgSO4.
The crude product was purified by flash chromatography (EtOAc/hexane, 10:90, v/v)
to yield 10 mg (4S,5S,8S,10R)-8-hydroxy-4,5-bis-(tert-butyldimethylsilyloxy)-10-methyl-
3,4,5,8,9,10-hexahydro-2H-2-oxecinone, in an overall yield of 31% for three steps.

Other references related to the Nozaki-Hiyama-Kishi reaction are cited in the literature.14
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Nysted Reagent

(Nysted Methylenation)

A. GENERAL DESCRIPTION OF THE REACTION

This reagent was first reported by Nysted in 1975.1 It is the cyclo-dibromo-di-m-
methylene-(m-tetrahydrofuran)-trizinc2 prepared by treatment of dibromomethane with
activated zinc-lead couple3 or hydrogen chloride-activated zinc dust3b in THF and is gen-
erally known as the Nysted reagent.2−4 This reagent, in combination with TiCl4 in THF or
CH2Cl2, is very useful for converting a carbonyl group,2b,2c,4c,4e especially the sterically
hindered oxo group, into a methylene group,2b and such transformation is known as the
Nysted methylenation5 or Nysted olefination.2a In some cases, this reagent is superior to
the Tebbe Reagent in conversion of a carbonyl group into a methylene group.6 In addi-
tion, during the workup process the protecting group such as MOM acetal can be removed
simultaneously.2b

B. GENERAL REACTION SCHEME

O
BrZn

Zn

ZnBr

C. PROPOSED MECHANISMS

A part of the mechanism for the olefination of a carbonyl compound is illustrated here.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reagent is very useful for the conversion of the carbonyl groups into methylene
groups.

F. RELATED REACTIONS

This reagent is related to the Tebbe Reagent.

G. CITED EXPERIMENTAL EXAMPLES

O
HO OTBS HO OTBSNysted reagent

TiCl4/THF
31%

Reference 4d.

To a flame-dried flask equipped with a stirring bar and a nitrogen-filled balloon was
added a 20% suspension of the Nysted reagent (4.23 g in THF, 1.9 mmol) and 3.5 mL THF.
The suspension was cooled to 0◦C, and 0.21 mL neat titanium tetrachloride (1.9 mmol) was
introduced dropwise followed by 0.32 g trans-2-(tert-butyldimethylsilylox)-7-hydroxy-
cycloheptanone (1.24 mmol) in 2.4 mL THF. The mixture was stirred at room temperature
for 24 h, quenched with 100 mL 10% HCl, and transferred to a separatory funnel. The
product was extracted with ether (3 × 100 mL), and the combined organic phases were
dried and concentrated. The residue was purified via silica gel column chromatography using
hexane/EtOAc (10:1) as the eluent to afford 74 mg trans-2-(tert-butyldimethylsilyloxy)-7-
hydroxymethylenecycloheptane as a colorless oil, in a yield of 31%.

Reference 4f.
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To a slurry of Nysted reagent (20 wt % suspension in THF, 320 mg, 0.7 mmol)
and 74 mg 2,6-anhydro-1-phenyl-1-keto-3,5-bis-O-tert-butyldimethylsilyl-4-O-methyl-7-
deoxy-α-d-altro-heptitol (0.15 mmol) in 2 mL dry THF at −78◦C under nitrogen was added
0.6 mL 1 M TiCl4 in CH2Cl2 dropwise. The mixture turned yellow and was warmed to room
temperature and stirred overnight (∼14 h). The resulting dark slurry was then cooled in an
ice bath, and 0.5 mL Et3N was added, followed by silica gel. The mixture was warmed to
room temperature and was filtered through a plug of silica gel using EtOAc as a wash. The
filtrate was concentrated, and the residue was isolated by silica gel column chromatography
using petroleum ether/EtOAc (1:19) as eluent to afford 54 mg 3,7-anhydro-1,2,8-trideoxy-
2-phenyl-4,6-bis-O-tert-butyldimethylsilyl-5-O-methyl-α-d-altro-oct-1-enitol as an oil, in
a yield of 73%.

Other references related to the Nysted reagent are cited in the literature.7
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Ohle Quinoxaline Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first studied by Griess and Harrow in 1887,1 then reported by Hins-
berg in 1893,2 and extensively explored by Ohle since 1934.3 It is the preparation of
2-tetrahydroxybutyl-quinoxaline from the condensation between a monosaccharide and
o-phenylenediamine.4 Unfortunately, the yields are generally low, such as in the range of
15–30%.5 The most feasible protocol is the one developed by Ohle by reacting monosaccha-
ride, such as fructose, with hydrazine, o-phenylenediamine, and boric acid in a dilute acetic
acid with bubbling of oxygen into the solution.6 In addition, the hydrazone/osazone of the
sugar is also used to react with o-phenylenediamine to give a moderate yield of the quinox-
aline derivative.5,7 Although atmospheric oxygen is the hydrogen acceptor, hydrazine is
believed to be a better acceptor because a higher yield of quinoxaline is obtained in the pres-
ence of hydrazine.8 Thus it is assumed that quinoxaline is formed from the reaction between
o-phenylenediamine and the osazone of the monosaccharide, arising from hydrazine and the
monosaccharide in the presence of oxygen. It has been found that the use of other oxidation
reagents, such as hydrogen peroxide, benzoyl peroxide, hydroxylamine, methylhydrazine,
phenylhydrazine, and semicarbazide provides no obvious advantages over Ohle’s protocol.9

It should be pointed out that hydroxylamine, methylhydrazine, phenylhydrazine, and semi-
carbazide may not function as the oxidation reagents under these conditions. The generated
tetrahydroxybutyl quinoxaline can be converted into flavazole derivatives when refluxed
with an excess amount of hydrazine or phenylhydrazine.3c,3e In addition, the side chain of
quinoxaline can be modified or removed by oxidation.6a
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B. GENERAL REACTION SCHEME

NH2

NH2

+

O

HHO

OHH

OHH

CH2OH

OH

H

OH

OH

H

OH

H

CH2OH
N

N

NH2NH2/H3BO3

AcOH/H2O

C. PROPOSED MECHANISMS

The mechanism for the formation of hydrazone or osazone of carbohydrate with
hydrazine or phenylhydrazine was described in detail for the Fischer Phenylhydrazone
and Osazone Synthesis, so only a part of the mechanism for the preparation of quinoxa-
line derivative is illustrated here. The presence of boric acid and acetic acid may help the
formation of hydrazone.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the formation of quinoxaline derivatives.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2

NH2
O

HHO

OHH

OHH

CH2OH

OH

HHO

OHH

OHH

CH2OH

N

N

+
10% AcOH, ∆

40%

Reference 5.

1,2-Phenylenediamine (450 g, 4.16 mol) was placed in a 5-L, three-necked, round-
bottomed flask equipped with a mechanical stirrer and thermocouple. Aqueous acetic acid
(2.0 L, 10% solution) was added to the reactor, and the mixture was stirred for 30 min. Then
750 g d-fructose (4.16 mol) was added portionwise over 20 min. The mixture was heated
at 80◦C under stirring for 18 h. The reaction mixture was cooled to 10◦C for 5 h. The solids
were filtered through shark skin filter paper using a Büchner funnel. The solids were washed
with water (2 × 500 mL). A rubber dam was placed over the funnel, and the funnel was
kept under vacuum for 3 h. The light brown solids were placed in a vacuum oven for 18 h at
an oven temperature of 60◦C at 1 mmHg to afford 400 g 2-tetrahydroxybutyl-quinoxaline,
in a yield of 40%, m.p., 181–184◦C.

Reference 8.
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A mixture of 36 g d-glucose, 12 g 3,4-diaminotoluene, 0.2 g NH4Cl, and 800 mL MeOH
were refluxed for 30 min. After cooling, the crystalline product was promptly separated
by filtration to yield 33.8 g N,N-di-d-glucosyl-3,4-diaminotoluene, in a yield of 70.4%.
This compound was further purified by recrystallization from a large volume of aqueous
methanol, m.p., 142–143◦C.

The mixture of 4.5 g of N,N-di-d-glucosyl-3,4-diaminotoluene and 50 mL 10% acetic
acid was refluxed for 30 min. Under an ordinary atmosphere, no separable amount of the
crystalline product was obtained, but under vigorous passing of oxygen through the solution,
0.35 g 2-d-arabino-tetrahydroxybutyl-6-methylquinoxaline was obtained after cooling, in a
yield of 7.8%. However, when an equal molar amount of hydrazine was added to the reaction
system under ordinary atmosphere, 0.82 g of the quinoxaline derivative was obtained, in a
yield of 18.2%, m.p. 177–178◦C.

Other references related to the Ohle quinoxaline synthesis are cited in the literature.10
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Oppenauer Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Oppenauer in 1937.1 It is the Lewis acid, primarily
aluminum tri-isopropanoxide (i.e., Al(O-i-Pr)3), catalyzed oxidation of secondary alcohols
into ketones using another ketone or an aldehyde as the oxidant, which in turn is reduced to
the corresponding alcohol. Therefore, it is generally known as the Oppenauer oxidation.2

Because it is the reverse reaction of the Meerwein-Ponndorf-Verley Reduction, the inter-
change between alcohols and ketones in the presence of an aluminum catalyst is referred
to as the MPVO reaction.2h Compared to other oxidation methods for alcohols, the Oppe-
nauer oxidation is much more benign for the environment2k and is tolerated by many other
functional groups, including carbon-carbon double and triple bonds, amino groups, alde-
hyde groups, halogens, and sulfur-containing groups.2u In addition, this reaction shows
high selectivity2k and does not produce carboxylic acid from the overoxidation of a pri-
mary alcohol. Thus it is a very common method for the preparation of ketones.2k However,
the Oppenauer oxidation also has problems in the oxidation of primary alcohols2k,2u,3

and α-amino alcohols.2aa,2dd,2ff The unsuccessful oxidation of primary alcohol probably
arises from the further Aldol Condensation between aldehyde and ketone, deactivation of
the moisture-sensitive catalyst (i.e., deactivation of aluminum alkoxide by water),2k and
the accompanying Tishchenko Reaction.2m As a result, an aldehyde such as benzaldehyde
is often used as an oxidant in the Oppenauer oxidation.2j,2m The failure for oxidation of
α-amino alcohol is probably due to the formation of a stable cyclic complex between
α-amino alcohol and aluminum alkoxide,2dd which does not undergo further reaction.
Therefore, some α-amino ketones have been used as oxidants for the Oppenauer oxida-
tion too,4 such as 1-methyl-4-piperidone.5 The application of aluminum t-butoxide as
catalyst is sufficient for the oxidation of an α-amino alcohol to an α-amino ketone at
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high temperature.2aa In addition, cyclohexanone can also be used as oxidant because of
its high oxidation potential.2cc−2ff,4 The Oppenauer oxidation has been extensively mod-
ified by the application of different transition metal compounds as catalysts to substitute
for aluminum alkoxide, including chromium(III) alkoxide,2m magnesium alkoxide,2a,2c

zirconium alkoxide,2v seven-membered oxazirconacycle,2i lanthanoid triisopropoxide,2x

samarium(II) iodide,2y Cp*Ir(III) complex,3,6 RuCl2(PPh3)3
3, and heterobimetallic Ir(I)-

Ru(II) catalyst.3 Among these modifications, the Cp*Ir(III) complex can catalyze the
oxidation of primary alcohol to aldehyde using 2-butanone as the oxidant,2k and the intro-
duction of N-heterocyclic carbene ligand can effectively enhance the turnover number for
the oxidation of secondary alcohols.6

B. GENERAL REACTION SCHEME

R R′

OH O Al(O-i-Pr)3

R R′

O OH
+ + R = alkyl, aryl

R′ = alkyl, aryl

C. PROPOSED MECHANISMS

It is assumed that the alcohol displaces one of the alcoholic components of aluminum
alkoxide to form a new aluminum alkoxide, which then forms a complex with oxidative
ketone. The hydrogen transfer occurs through a six-membered transition state to give a new
ketone and aluminum alkoxide. The mechanistic details are shown here.

R R′

OH Al(O-i-Pr)3

R R′

O Al

O-i-Pr

O-i-Pr

O

R
R′

O
Al

O-i-Pr
O-i-Pr

H

O

i-PrOH

R R′

O
Al

O-i-Pr
O-i-Pr

O-i-Pr

Al(O-i-Pr)3
R R′

O

D. MODIFICATION

This reaction has been extensively modified by the use of different transition metal
compounds as catalysts, as described in section A.

E. APPLICATIONS

This reaction is very useful in the preparation of ketones.
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F. RELATED REACTIONS

This reaction is closely related to the Meerwein-Ponndorf-Verley Reduction and is also
related to the Cannizzaro Reaction and Tishchenko Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Br

PhCHO Ph

O
CrCl2/THF

64%

Reference 2m.

To a flask was added 200 mg chromium(II) chloride (1.63 mmol, 2.5 eq.); then 2.5 mL
THF was added under vigorous stirring. After a few minutes, 229 mg benzaldehyde
(2.16 mmol, 3.0 eq.) and 156.3 mg 3,7-dimethyl-1-bromo-oct-2,6-diene (0.72 mmol,
1.0 eq.) were added. The resulting mixture was stirred for 3 h at 55◦C, and the reaction
was quenched with brine. The aqueous layer was extracted three times with diethyl ether,
and the combined organic fractions were washed twice with brine, dried over MgSO4, and
concentrated in vacuo. The residue was purified by silica gel column chromatography using
diethyl ether as the eluent, to afford 64% 2,6-dimethyl-1-phenyl-2-vinyl-hept-5-en-1-one
as a colorless oil, in a yield of 64%, Rf = 0.64 (hexane/EtOAc, 98:2).

Reference 6a.

To a flask were added 20 µmol Cp*Ir(IMeMe)Cl2 catalyst, 20 µmol K2CO3, and 8.0 mL
acetone. To another flask were added 20.0 mmol 1-phenylethanol and 8.0 mL acetone. Then
the alcohol solution was transferred to the solution containing the iridium catalyst and base,
and the resulting mixture was stirred at 40◦C for 4 h. After removal of the solvent, the product
was analyzed with GC, indicating a 95% conversion of 1-phenylethanol to acetophenone
with a yield of 92%, and a turnover number of 920 for such a catalyst.

Other references related to the Oppenauer oxidation are cited in the literature.7
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Orton Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bender in 1886,1 subsequently by Armstrong in
1890,2 and was extensively explored by Orton et al. beginning in 1899.3 It is the rear-
rangement of an N-chloro acyl anilide into an N-acyl p-chloroanilide in the presence of
an acid such as HCl. Therefore, it is generally known as the Orton rearrangement.4 This
reaction is assumed to proceed via a multistep processes, including the liberation of chlo-
rine and subsequent electrophilic substitution,4i,5 as suggested by Orton.3a The former step
is reversible, whereas the electrophilic substitution is irreversible.4i,5 Although hypochlor-
ous acid has been proposed as the intermediate during the chlorination at the aromatic
ring3e because the Orton rearrangement occurs readily in a chlorinating solution in which
HClO is the major species,4b this mechanism was abandoned by Orton.3p It is known that
the Orton rearrangement is promoted simultaneously by proton (i.e., H+) and chloride.5b

The rearrangement of acetyl N-chloroanilide in acetic acid containing NaCl and sodium
acetate buffer is a first-order reaction, and the reaction rate is accelerated by the addition of
acetanilide or N-acetonaphthalide, with a maximal rate limit.5c It has been found that both
solvent composition5a and substrate influence this rearrangement.4i For example, in acetic
acid, no hydrogen chloride is detected,5a and no chlorination products are formed by the
treatment of tertiary acyl anilides such as N-methyl benzanilide and N-phenyl benzanilide.6

In addition, the Orton rearrangement can be triggered by a Lewis acid, such as AgBF4,7

as well as by light,8 such as irradiation from a mercury-vapor lamp even in solid state.9

Furthermore, the chlorination of acyl anilide from chlorine can proceed by two paths: the
normal Orton rearrangement via N-chlorination or the direct chlorination of the aromatic
ring, which may take place independently and simultaneously.4i
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Similar to the migration of chlorine, the nitro group has also been found to rearrange
in a similar fashion when N-nitro-anilides are treated with a strong acid.10 During these
rearrangements, when the para position of the aniline moiety is occupied by an electron-
donating group (such as Me, F, Cl, Br, Ph, and PhO), the ortho-nitroanilides are formed.
In one case, the para-bromo group is found to be replaced by a nitro group. However,
when the para-position is occupied by an electron-withdrawing group, such as a nitro,
cyano, or sulfonyl group, then the rearrangement is relatively suppressed.10c It has been
found that both the rearrangement yield and the ortho/para ratio of isomers increase when
the solvent viscosity is increased.10a It is interesting that in the presence of HNO3, H2SO4,
HCl, or HClO4, N-nitro-2,4-dichloroaniline is converted into 2-nitro-4,6-dichloroaniline,11

whereas 2,4-dichlorobenzenediazonium bromide is obtained quantitatively in the presence
of HBr.12

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Although a mechanism involving the formation of chlorine and subsequent electrophilic
substitution has been proposed, it is possible that the N-Cl bond in the protonated N-
chloro acyl anilide cleaves homolytically to form a chloro radical and an anilide radical,
and the chloro radical adds to the para-position of the aniline moiety to form a conjugated
iminium cation, followed by the elimination of the para-proton to give the rearranged
product (Scheme 1). Alternatively, it is possible that after the protonation of N-chloro
acyl anilide, chloride undergoes a halophilic substitution to form chlorine, then chlorine
undergoes the electrophilic substitution (Scheme 2).

SCHEME 1. Orton rearrangement involving a radical mechanism.
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SCHEME 2. Orton rearrangement involving the chlorination by chlorine.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the preparation of para-halo anilides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N
CuCl2

N

Cl

N

Cl

N

Cl

Cl

Dry CH3CN, ∆

51%
7% 20%

+ +

Reference 4e.

Anhydrous copper chloride (0.121 g, 0.9 mmol) was dissolved in 10 mL boiling MeCN
(distilled on CaH2), and a yellow solution was obtained. Then 0.3 mmol N-(azulen-1-
ylmethylene)aniline was added, and the color of the solution turned to red. The solution
was vigorously refluxed for 5 h, then MeCN was evaporated to ∼5 mL. After cool-
ing to room temperature, 50 mL benzene and 50 mL saturated NaHCO3 solution were
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added, and the color of the organic layer turned to green. The organic layer was washed
with water and dried over Na2SO4. The solvent was evaporated in vacuo to give 51%
N-(3-chloroazulen-1-ylmethylene)aniline, 7% N-(azulen-1-ylmethylene)-4-chloroaniline,
and 20% N-(3-chloroazulen-1-ylmethylene)-4-chloroaniline.

N

MeO

NO2

MeOH, ∆
HCl

H
N

MeO

NO2

85%

Reference 10c.

A mixture of 1.0 g p-methoxy-N-nitro-N-methylaniline, 50 mL methanol, and 50 mL
conc. HCl was refluxed for 2 h and then allowed to stand for 20 h at 25◦C. The solution
was cooled to 0◦C, and the solid product was collected by suction filtration. The solid was
purified by neutral alumina column chromatography using benzene as the eluent to afford
85% 2-nitro-4-methoxyl-N-methylaniline, m.p. 98–99◦C.

Other references related to the Orton rearrangement are cited in the literature.13
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Ostromislensky Process

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Ostromislensky in 1915.1 It is a two-step process for
the manufacturing of 1,3-butadiene from ethanol, involving the dehydrogenation of ethanol
to acetaldehyde and the deoxygenation of crotonaldehyde. Therefore, it is known as the
Ostromislensky process2 or Ostromislensky reaction.2 The crucial step in this process is
the conversion of acetaldehyde into crotonaldehyde.2 For the industrial production of 1,3-
butadiene, a mixture of ∼69 wt % of ethanol, 24 wt % of acetaldehyde, and 7 wt % of water
is passed over a tanta catalyst (Ta2O5) supported on silica gel (2% Ta2O5/98% SiO2) at
350◦C.3 This process provided > 60% of the emergency need of 1,3-butadiene for rubber
during World War II in the United States.4 It is known that silica gel is critical for the
condensation of acetaldehyde, while Ta2O5 catalyzes the deoxygenation of crotonaldehyde
in the presence of ethanol.3 Alternatively, Zirconia can be used as catalyst for this reaction.2

B. GENERAL REACTION SCHEME

OH
SiO2

O

O Ta2O5

OH

oxidation
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C. PROPOSED MECHANISMS

Only a part of the mechanism for this industrial process is given here.

O OH
O

O

OH

H
Tautomerization

H2O

O
OH

Ta2O5 O
Ta

O

O

Ta

O

O

O

O

H

H

∆ O
HH H2O

O
Ta

O

O
Ta

O

O

O

O

H

D. MODIFICATION

N/A

E. APPLICATIONS

This process has very important industrial application in the production of 1,3-butadiene
for rubber.

F. RELATED REACTIONS

This reaction is related to the Lebedev Process.

G. CITED EXPERIMENTAL EXAMPLES

Because this is an industrial process for the production of 1,3-butadiene and no exper-
iment at the laboratorial scale is available, no experimental protocol is provided for this
reaction.

Other references related to the Ostromislensky process are cited in the literature.5
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Overman Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Overman in 1974.1 It is a thermal or Hg(II) or Pd(II)
promoted rearrangement of an allyl trichloroacetimidate into an allyl trichloroacetamide.
Therefore, it is generally known as the Overman rearrangement.2 Occasionally, it is also
referred to as the aza-oxa-Cope rearrangement2c or the Overman imidate rearrangement.3

In this reaction, allyl trichloroacetimidate, readily available by the treatment of allyl alco-
hol with trichloroacetonitrile in the presence of a catalytic amount of potassium hydride,3

undergoes a [3,3]-sigmatropic rearrangement with an excellent regiochemical2c and geo-
metrical control2c as well as the complete retention of stereochemistry.2d The resulting
allylic trichloroacetamides can be hydrolyzed or degraded into a wide variety of nitrogen-
containing products, including amino sugars, nucleosides, peptides, amino acids, and many
nitrogen heterocycles.2b The Overman rearrangement is generally carried out in a dry and
nonnucleophilic solvent to minimize the hydrolysis of allyl trichloroacetimidate.2b It has
been found that the substitution of potassium hydride with a catalytic amount of DBU
(20 mol %) improves the yield from a substrate with an aromatic group at the terminal carbon
of the allylic moiety.2n,3 This reaction is especially useful for the preparation of the sterically
hindered allylic amines that are difficult to obtain from conventional methods.4 However,
when the allylic double bond is a part of α,β-unsaturated carbonyl system or is attached with
a strong electron-withdrawing group, such as dienyl ester, the Overman rearrangement is
unsuccessful.5 In addition, this rearrangement is problematic for the unsaturated pyranose
substrates with axial hydroxy groups at the 1 and 4 positions.6

2100

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



CITED EXPERIMENTAL EXAMPLES 2101

B. GENERAL REACTION SCHEME

R R′

OH

Cl3CCN
R R′

OHN

CCl3

R R′

OHN

CCl3

Cat. KH or NaH Pd(II) or Hg(II) catalyst

or ∆

R = H, alkyl, aryl
R′ = H, alkyl, aryl

C. PROPOSED MECHANISMS

This reaction is believed to undergo a [3,3]-sigmatropic rearrangement, as shown below
for the thermal rearrangement.

R R′

OHN

CCl3

∆
R R′

OHN

CCl3

D. MODIFICATION

This reaction has been modified by using a chiral Pd(II) catalyst to yield allylic
trichloroacetamides with good enantioselectivity.7 In addition, a [3,3]-sigmatropic rear-
rangement of alloxy iminodiaza-phospholidines has been implemented recently for the
preparation of different nitrogen-containing molecules.2c

E. APPLICATIONS

This reaction has wide application in organic synthesis for the preparation of a wide
variety of nitrogen-containing compounds.

F. RELATED REACTIONS

This reaction is related to the Cope Rearrangement, Claisen Rearrangement, etc.

G. CITED EXPERIMENTAL EXAMPLES

N
P

N
Me

Me

NMe2

n-Pr OH
PdCl2(CH3CN)2

N
P

N MeMe

O N Ts

N
P

N MeMe

O N Ts
1.

2. TsN3 CH2Cl2, 16 h

91% 91%

Reference 2c.
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To a flame-dried round-bottomed flask containing 0.6 mmol diazophospholidinyl
dimethylamine in 6 mL benzene, was added 0.6 mmol hex-2-en-1-ol under nitro-
gen. The mixture was stirred for 6 h under a dynamic atmosphere of nitrogen and
then checked for completion by 31P NMR. Tosyl azide (0.6 mmol) was then slowly
added to the stirring solution, resulting in rapid effervescence. After the complete addi-
tion of tosyl azide, the solution was stirred for 15 min and concentrated in vacuo to
yield a crude syrup. The crude syrup was then dissolved in a minimum amount of
CH2Cl2 and purified by flash column chromatography (EtOAc/hexanes, 1.5:1 + 5%
NEt3) to afford 91% (E)-N-(2-hex-2-enyloxy-1,3-dimethyl-2λ5-[1,3,2]diazaphospholidin-
2-ylidene)-4-methylbenzene-sulfonamide as a clear oil, Rf = 0.38 (EtOAc/hexanes, 2:1).

To a flame-dried round-bottomed flask under nitrogen, was added 8 mg
bis(acetonitrile)dichloropalladium(II) (5 mol %) and 0.67 mmol iminodiazophospholidine
in 5 mL CH2Cl2; the resulting solution was stirred for 16 h under a dynamic atmosphere of
nitrogen and then checked for completion by 31P NMR. The solution was then concentrated
in vacuo. The residue was dissolved in a minimum amount CH2Cl2 and purified by flash
column chromatography (EtOAc/hexanes, 2:1) to afford 91% N-(1,3-dimethyl-2-oxo-2λ5-
[1,3,2]diazaphospholidin-2-yl)-4-methyl-N-(1-vinyl-butyl)-benzenesulfonamide as a clear
oil, Rf = 0.36 (EtOAc/hexanes, 2:1).

Reference 2d.

To a cooled solution of 6 mmol α-pinene-allyl borane in 6 mL pentane mixed with 3 mL
Et2O at −100◦C was added a precooled solution of 0.7 g (2E)-3-phenylbut-2-enal in 6 mL
Et2O at −78◦C. The mixture was stirred for 3 h, and then warmed to −78◦C. To this solution
was added 1.6 mL 3 M NaOH (slowly) and 1.3 mL 30% H2O2, and the solution was stirred
for 14 h under positive nitrogen pressure while it slowly warmed to room temperature. The
reaction mixture was then extracted with Et2O (3 × 20 mL); the combined organic layers
were washed with brine and dried over MgSO4. Upon removal of the solvent, the residue
was purified by silica gel flash column chromatography (hexanes/EtOAc, 200:1) to furnish
0.66 g (4S,5E)-6-phenylhepta-1,5-dien-4-ol, in a yield 73% with 91% e.e.

To a precooled solution of 0.5 g (4S,5E)-6-phenylhepta-1,5-dien-4-ol (2.7 mmol) in
13 mL THF at −42◦C, was added 0.27 mL 1 M sodium bis(trimethylsilyl)amide in THF
(0.27 mmol); the solution was stirred for 0.5 h, then 0.3 mL trichloroacetonitrile (2.9 mmol)
was added. The reaction mixture was then allowed to warm to room temperature, and the
solvent was removed under reduced pressure. The residue was diluted with 6 mL xylenes,
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and 0.4 g K2CO3 (2.9 mmol) was added; the mixture was refluxed for 10 h (150◦C). The
mixture was then filtered through Celite, concentrated under reduced pressure, and purified
by silica gel flash column chromatography (hexanes/EtOAc, 99:1) to afford 0.76 g 2,2,2-
trichloro-N-[(1S,2E)-1-methyl-1-phenylhexa-2,5-dienyl]acetamide as an oily substance, in
a yield of 79% with 91% e.e.

Other references related to the Overman rearrangement are cited in the literature.8
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Paal-Knorr Furan Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Paal and Knorr in 1885.1 It is an acid-catalyzed
transformation of 1,4-dicarbonyl compounds into furan derivatives and is generally known
as the Paal-Knorr reaction2 or Paal-Knorr synthesis.2b,3 The acidic catalysts reported in
the literature include P2O5 (in ethanol),4 p-TsOH or ZnCl2 (in Ac2O)5 and polyphosphoric
acid.6 It has been found that the meso-diastereomers with substituents between two carbonyl
groups cyclize faster when the substituents are electron-donating methyl groups, whereas
the dl-isomers cyclize faster with bulky substituents.2b This reaction is believed to involve
the protonation of the carbonyl group that tautomerizes to enol, which attacks the second
protonated carbonyl group.2b,3a Although it is an important reaction for the preparation of
furan derivatives, it is not widely applied in organic synthesis because of the generally low
availability of suitable 1,4-dicarbonyl compounds.2b,3a

B. GENERAL REACTION SCHEME

R1
R2

O

O
H+

OR1 R2

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified by the cyclization of 2-ene-1,4-diones or 2-yne-1,4-
diones under microwave irradiation in PEG-200 in the presence of formic acid and palladium
on carbon.3a

E. APPLICATIONS

This reaction is generally applicable for the preparation of furan derivatives.

F. RELATED REACTIONS

This reaction is related to the Paal-Knorr Pyrrole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Ph
Ph

O

O

OPh Ph

HCO2H/Pd/C

Microwave, 1 min
96%

Reference 3a.

To a 25-mL conical flask, were added 118 mg 1,4-diphenyl enedione (0.5 mmol), 1 mL
formic acid, 2 mg 5% palladium on carbon, and 2 mL PEG-200. The reaction mixture was
irradiated in the microwave oven at 400 W for 1 min, then cooled to room temperature,
loaded on a filter silica gel column (100–200 mesh; 1 cm × 9 cm) using 1 mL CH2Cl2, and
eluted with a hexane/CH2Cl2 solution to afford 105 mg 2,5-diphenylfuran as a white solid,
in a yield of 96%, m.p. 86–88◦C (recrystallized from CH2Cl2/hexanes, 2:98), Rf = 0.68
(hexanes/CH2Cl2, 1:1).
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t-Bu

O

O

CO2Me

Ph Ot-Bu

CO2Me

Ph

HCl/EtOH

Microwave, 3 min
95%

Reference 2a.

To a 50-mL round-bottomed flask equipped with a stir bar and a refluxing condenser were
added 0.5 g 2,2-dimethyl-4-(methoxycarbo)-8-phenyl-oct-3,6-dione (1.64 mmol), 2 mL
EtOH, and 0.1 mL 37% HCl. The flask was inserted into the cavity of a Discovery microwave
system apparatus (from CEM) and heated at 150 W for 4 min with an internal temperature
of 100◦C. The mixture was diluted with EtOAc and washed several times with a saturated
solution of NaHCO3. The organic layer was dried over anhydrous Na2SO4 and concentrated.
The residue was purified by flash column chromatography, eluting with hexane/EtOAc (8:1,
Rf = 0.75) to afford 0.49 g methyl 5-tert-butyl-2-(2-phenyethyl)furane-3-carboxylate, in
a yield of 95%.

Other references related to the Paal-Knorr furan synthesis are cited in the literature.7
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Hager, D. C., Chem. Rev., 1977, 77, 513.

3. (a) Rao, H. S. P. and Jothilingam, S., J. Org. Chem., 2003, 68, 5392. (b) Kretchmer, R. A. and
Laitar, R. A., J. Org. Chem., 1978, 43, 4596.

4. (a) Nozaki, H.; Koyama, T. and Mori, T., Tetrahedron, 1969, 25, 5357. (b) Nozaki, H.; Koyama,
T.; Mori, T. and Noyori, R., Tetrahedron Lett., 1968, 2181.

5. Wolthuis, E.; Bossenbrock, B.; DeWall, G.; Geels, E. and Leedwater, A., J. Org. Chem., 1963,
28, 148.

6. Nowlin, G., J. Am. Chem. Soc., 1950, 72, 5754.

7. (a) Mortensen, D. S.; Rodriguez, A. L.; Carlson, K. E.; Sun, J.; Katzenellenbogen, B. S. and
Katzenellenbogen, J. A., J. Med. Chem., 2001, 44, 3838. (b) Stauffer, F. and Neier, R., Org. Lett.,
2000, 2, 3535. (c) Gilchrist, T. L., J. Chem. Soc., Perkin Trans. I, 1999, 2849. (d) Hou, X. L.;
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1998, 54, 1955. (e) Truel, I.; Mohamed-Hachi, A.; About-Jaudet, E. and Collignon, N., Synth.
Commun., 1997, 27, 1165. (f) Dean, F. M. and Sargent, M. V., Furans and Their benzo Derivatives
in Comprehensive Heterocyclic Chemistry, ed. Katritzky, A. R.; Rees, C. W. and Scriven, E. F. V.,
Pergamon, New York, 1984, 3, p. 531. (g) Dean. F. M., Adv. Heterocycl. Chem., 1982, 30, 167.
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Paal-Knorr Pyrrole

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported concurrently by Paal1 and Knorr2 in 1884. It is
the acid-catalyzed formation of pyrrole derivatives from 1,4-dicarbonyl compounds
and ammonia or primary amines. Therefore, it is generally known as the Paal-Knorr
pyrrole synthesis,3 Paal-Knorr synthesis,4 Paal-Knorr reaction,4b,4e−4h,5 or Paal-Knorr
condensation.4e−4g,6 Occasionally, it is also referred to as the Paal-Knorr cyclization,5d,5e

Paal-Knorr cyclocondensation,7 Paal-Knorr 1H-pyrrole synthesis,3g or Paal-Knorr pyrrole
reaction.7 This reaction provides a general route for pyrrole derivatives from a variety of
1,4-dicarbonyl compounds and primary amines,4g,8 which can be catalyzed by either a
Brønsted acid or Lewis acid, by which the latter is especially useful for molecules with
acid-sensitive/epimerizable functionalities. In this reaction, the 1,4-dicarbonyl compounds
provide the four carbons of the pyrrole ring through double condensation with the amines that
contribute the nitrogen to the ring. However, the primary amines with an alkyl substituent at
the α-position do not undergo this reaction. For example, no pyrrole was observed from the
reaction of cyclohexyl amine.4b The mechanistic study demonstrates that dl-diastereomers
of 3,4-dimethyl or 3,4-diethyl-2,5-hexanediones are 1.3–57.0 times faster than their cor-
responding meso-diastereomers to form pyrroles in aprotic solvents or aqueous solutions
near neutrality, indicating a rate-limiting step in the hemiaminal cyclization.4g This reaction
has been catalyzed by iodine,5c Fe3+- montmorillonite,3b montmorillonite KSF-clay,5c and
bulky Lewis acids such as titanium (IV) tetra-isopropoxide.4e Recently, this reaction was
improved to finish in seconds under microwave radiation.5b,5e,9

2107

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



2108 PAAL-KNORR PYRROLE SYNTHESIS

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

The mechanism is modified from that of Amarnath et al.4g under the catalysis of a general
Lewis acid (LA), as illustrated here.

D. MODIFICATION

This reaction has been modified to proceed under solvent-free conditions3e and
microwave irradiation.5b,5e,9 In addition, this reaction has been catalyzed by various Lewis
acids.

E. APPLICATIONS

This reaction has a general application in the synthesis of pyrrole derivatives.

F. RELATED REACTIONS

This reaction is related to the Hantzsch Pyrrole Synthesis and Knorr Pyrrole Synthesis.



REFERENCES 2109

G. CITED EXPERIMENTAL EXAMPLES

N O

O

C3H7

H

HBn
MeO2C

Bz N

H

HBn
MeO2C

Bz N

C3H7

BnBnNH2, AcOH

MeOH, 4Å MS, 4 h
90%

Reference 4b.

To a solution of 10 mg 1,4-dione (0.021 mmol) in 0.5 mL methanol were added 23 µL
benzylamine (0.21 mmol), 12 µL acetic acid (0.21 mmol), and 30 mg 4Å molecular sieves
activated by flame drying under vacuum. The reaction mixture was stirred at 70◦C for 1–4 h.
Upon completion, the reaction mixture was diluted with 50 mL EtOAc and washed with
1 M HCl (2 × 20 mL). The organic layer was then dried over MgSO4, and the solvents
were removed in vacuo. The crude material was purified by flash chromatography (gradient
elution; hexanes/EtOAc, 19:1–3:1, v/v) to afford 10 mg 5-benzoyl-1,4-dibenzyl-2-propyl-
3b,4,5,6,6a,7-hexahydro-1H-1,5-diaza-cyclopenta[a]pentalene-4-carboxylic acid methyl
ester, in a yield of 90%.

MeO2S

O

O

NH2

F

TsOH

SO2Me

N

F
+

Toluene, ∆
79%

Reference 5f.

A mixture of 580 mg 1-[4-(methylsulfonyl)phenyl]pentane-1,4-dione (2.28 mmol),
0.24 mL 4-fluoroaniline (2.5 mmol), and 30 mg p-toluenesulfonic acid in 50 mL
toluene was refluxed for 20 h using a Dean-Stark apparatus. The reaction mixture was
cooled, filtered, and concentrated. The crude mixture (820 mg) was chromatographed
(silica gel, hexane/EtOAc, 7:3) to give 595 mg pure 1-(4-fluorophenyl)-2-methyl-5-[4-
(methylsulfonyl)-phenyl]-1H-pyrrole as a white solid, in a yield of 79%, m.p. (DSC) 157◦C.

Other references related to the Paal-Knorr pyrrole synthesis are cited in the literature.10
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Paneth Technique

A. GENERAL DESCRIPTION OF THE REACTION

It was first reported by Paneth et al. in 1929.1 It is a preparation of alkyl or aryl radi-
cals, primarily methyl radical by thermal decomposition of organolead compounds under
a vacuum system and is generally referred to as the Paneth technique.2 In this process,
tetramethyl lead is decomposed at 1–2 mmHg of pressure in a glass tube heated either by
a mobile Bensen burner or by an electric furnace. The generated methyl radical is carried
by hydrogen gas at a speed of 16 m/s down the tube to eliminate the deposited lead mirror
by formation of tetramethyl lead again.2a Under these conditions, no diffusion against the
flow of methyl radical occurs.2a Through the thermal decomposition, the methyl radical is
clearly generated from tetramethyl lead, as evidenced by the disappearance of deposited
lead mirror as far as 40 cm from the heated zone by reacting with the continual flowing
of the methyl radical; even the space between the heated zone and deposited lead mirror
is cooled by water.2a,3 It has been found that tetraethyl lead reacts in the same fashion,
whereas other higher order alkyl lead compounds give a mixture of radicals upon thermal
decomposition.4 Besides lead, other metals have been found to react with methyl radicals
too, including arsenic,5 antimony,5 zinc,5 cadmium,5 and tellurium.6

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

This is a simple decomposition of an organolead compound; therefore, it is not necessary
to provide a mechanism for this obvious reaction.

D. MODIFICATION

N/A

E. APPLICATIONS

This technique provides a convenient method for the production of radicals. In addition,
this fast flowing technique is also useful for studying many unstable species in vacuo.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 7.

A 50-mL round-bottomed flask equipped with a 50-cm long refluxing condenser was
flushed with nitrogen and filled with 5 mL tetraethyl lead. Then the tetraethyl lead was
pumped out, and the flask was filled with nitrogen several times to eliminate oxygen from the
system. The flask was then fitted with a delivery tube extending under water into a 2-L bottle,
which served to collect the gases. The flask was heated gently with a luminous Bunsen flame
so that tetraethyl lead was kept just at the boiling point with no visible refluxing. The heating
must be done very carefully to avoid the explosion. After the decomposition completed, a
deposit of finely divided lead was left in the flask. This deposit was easily removed with
nitric acid; no evidence of carbon was detected. It was apparent that most of the ethyl
radicals reacted to form ethane and ethylene, with only a small amount of butane. Details
of a fast-flowing decomposition of tetraethyl lead were also provided in the reference.7

Other references related to the Paneth technique are cited in the literature.8
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Parham Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially developed by Parham in 19751 and extended primarily by
Bradsher after Parham’s death in 1976.2 It is the synthesis of aryl or heteroaryl ring
fused carbocylces or heterocycles through the intramolecular reaction between a side chain
electrophile and an aryl or heteroaryllithium generated from lithium-halogen exchange.3

Therefore, this reaction is generally known as the Parham cyclization.3a,3b,4 Occasionally, it
is also referred to as the Parham reaction.4j,4l,5 This reaction is very useful for the synthesis
of alkaloids.4a,4b,4l

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This is a very general reaction between aryl or heteroaryllithium and intramolecular
electrophiles, and cannot be represented by a simple reaction. Thus a specific reaction is
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given here to demonstrate the mechanism. When the electrophile is a carbonyl group,
a cyclic carbinol will form; a carboxylic group will result in the formation of a cyclic
ketone.

D. MODIFICATION

This reaction has many variants because of the number of different intramolecular
electrophiles.

E. APPLICATIONS

This reaction is very useful for the preparation of aryl or heteroaryl fused carbocycles
or heterocycles, especially for alkaloids.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 3a.

To a solution of 121 mg iodo imide (0.18 mmol) in 15 mL dry THF was added
0.63 mL 1.17 M t-BuLi in pentane (0.74 mmol) at −78◦C. The resulting mixture was
stirred at this temperature for 5 h, quenched by 5 mL saturated NH4Cl, and allowed
to warm to room temperature. The organic layer was separated, and the aqueous phase
was extracted with Et2O (2 × 5 mL) and CH2Cl2 (3 × 10 mL). The combined organic
extracts were dried over Na2SO4 and concentrated in vacuo. The residue was crystallized
from Et2O to afford 66 mg (8aR,9S,12R,12aS,12bS)-(+)-8a-[(1S,2R,4R,SR)-(2-hydroxy-
7,7-dimethylbicyclo[2.2.1]-heptan-1-yl)methylsulfinyl]-12b-hydroxy-2,3-dimethoxy-5,6,
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8a,9,12,12ahexahydro-9,12-methaneisoindolin[2,3-a]isoquinolin-8-one, in a yield of 67%,
m.p. 198–200◦C.

Br

OMe

Me

i-Pr-O

N
O

O

THF

OMe

Me

i-Pr-O

N

O

OH
n-BuLi (3 eq.)

TMEDA (3 eq.)

69%

Reference 4a.

A mixture of 2.0 mL 2.0 M n-BuLi in pentane (4 mmol) and 465 mg TMEDA (4 mmol)
in 5 mL dry THF was carefully degassed by three freeze–thaw cycles and stirred at
−78◦C under dry deoxygenated argon. Then 0.47 g 3-(6-bromo-4-isopropoxy-2-methoxy-
3-methylbenzyl)oxazolidin-2-one (1.31 mmol) in 15 mL degassed THF was added dropwise
through a cannula. The mixture was stirred for 30 min at −78◦C, quenched with 5 mL sat-
urated NH4Cl solution, and diluted with 30 mL water. The resulting mixture was extracted
with CH2Cl2 (2 × 30 mL). The combined organic layers were dried over Na2SO4 and
evaporated in vacuo. The solid residue was purified by flash column chromatography on
silica gel using acetone/hexanes (80:20) as the eluent to afford 0.23 g 2-(2-hydroxyethyl)-6-
isopropoxy-4-methoxy-5-methyl-2,3-dihydro-1H-isoindol-1-one, in a yield of 69%, m.p.,
113–114◦C (white crystals from hexane/toluene).

Other references related to the Parham cyclization are cited in the literature.6
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Parikh-Doering Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Parikh and Doering in 1967.1 It is to oxidize
primary and secondary alcohols into aldehydes and ketones at room temperature using
sulfur trioxide-pyridine complex in combination with dimethylsulfoxide and triethy-
lamine. Therefore, this reaction is called the Parikh-Doering oxidation. In addition,
this reaction is also known as the Parikh-Doering protocol2 or Doering oxidation.3 The
attractive features of this oxidation include the fast reaction rate (usually completed within
minutes),1 convenient working conditions (room temperature instead of cryogenic reaction
temperature),1,4 functional group tolerance, negligible side products (methyl thiomethyl
ether derivative of alcohol),1 easy-to-handle reagents,4 and flexibility to charge with more
reagent if necessary.4 The functional group tolerance is clearly demonstrated by the fact
that double bond,2,5 epoxide,6 acetals,3 etc. are not affected, even under the conditions
for oxidizing alcohol in tosylate salt.4 The Parikh-Doering oxidation is especially
feasible for the oxidation of alcohols mounted onto polymer7 and in the preparation of
α,β-unsaturated carbonyl compounds,1,5 by which the former situation has often been
recognized as problematic under other conditions.7 The oxidation has been proven to be
superior to TPAP/NMO oxidation3 but not as good as the Moffatt-Swern Oxidation and
Corey-Suggs Oxidation for the oxidation of long-chain alcohols.8 In addition, this reaction
is not good for the highly strained alcohols.9

B. GENERAL REACTION SCHEME

R1

R2

OH
NEt3, DMSO

R1

R2

O
SO3 · Py R1 = H, alkyl, aryl

R2 = alkyl, aryl
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is generally useful for the conversion of primary and secondary alcohols
into carbonyl compounds.

F. RELATED REACTIONS

This reaction is related to the Moffatt-Swern Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

OH OTBDPS NEt3, DMSO
CH2Cl2

H
OTBDPS

OSO3 · Py

Reference 10.

To a solution of 10.2 g 1-tert-butyldiphenylsilyloxy-cis-2-butene-4-ol (31.2 mmol),
18.0 mL Et3N (129 mmol), and 20 mL DMSO in 200 mL CH2Cl2 at 0◦C, was added
9.75 g SO3-pyridine complex (61.3 mmol). The reaction was warmed to room temperature,
stirred for 2 h then poured onto 200 mL water and extracted with 200 mL Et2O (three
times). The combined organic layers were washed with 100 mL saturated aqueous NH4Cl,
50 mL 10% aq. CuSO4, 100 mL water (three times), and 100 mL brine; they were dried
over Na2SO4. Concentration in vacuo gave an orange oil. 1H NMR analysis of the unpu-
rified mixture showed a 2:1 mixture of the isomeric cis- and trans-aldehydes. The orange
oil was allowed to stand at room temperature under high vacuum (<1 mmHg) for 24 h,
whereupon complete isomerization to the trans-aldehyde was observed by TLC. The oil
was then subjected to silica gel chromatography (20:1; hexanes/EtOAc) to give 6.35 g (2E)-
4-(2,2-dimethyl-1,1-diphenyl-1-silaprop-oxy)but-2-enal as a colorless solid, in a yield of
63%, Rf = 0.35 (4:1, hexanes/ EtOAc).
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O

OTBS

O

OH

O

OTBS

O

O

NEt3, DMSO

SO3 · Py

Reference 5a.

To a mixture of 80.68 g allyl alcohol (266.7 mmol) and 223 mL Et3N (1.60 mol) in
700 mL DMSO was added dropwise a solution of 127 g SO3·Py (798 mmol) in 500 mL
DMSO over 10 min at room temperature. After being stirred at that temperature for
40 min, the reaction mixture was diluted with Et2O, and the resulting solution was poured
into an ice-cold saturated NH4Cl solution. The mixture was extracted with Et2O (three
times). The combined organic layers were washed with saturated NH4Cl solution (twice)
and brine (twice), and dried over anhydrous Na2SO4. The solution was concentrated under
reduced pressure, and the residue was purified by column chromatography (silica gel 1.0 kg,
ether/hexane, 1:60–1:10) to give 74.41 g enone as a colorless oil, in a yield of 93%.

Other references related to the Parikh-Doering oxidation are cited in the literature.11
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Passerini Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Passerini in 1921.1 It is an atom-economical three-
component condensation among isonitrile (i.e., isocyanide), carboxylic acid, and aldehyde
(or ketone) to form α-acyloxy amide through acyl rearrangement and tautomerization.
Therefore, it is generally known as the Passerini reaction.2,3 Occasionally, this reaction
is also referred to as the Passerini multicomponent condensation,2i,2p,4 Passerini multi-
component reaction,5 Passerini 3CC condensation,2i Passerini condensation,2o,4,6 Passerini
three-component condensation,2p,3i,3s,7 and Passerini three-component coupling.2d,8 Kinet-
ically, this reaction is on the third order—that is, the first order in each of the reactants.2u

Owing to its multicomponent nature and atom efficiency, the Passerini reaction has been
used extensively in combinatorial chemistry.2o,9 However, it still has a few drawbacks. For
instance, aryl ketone and aryl isonitriles are not suitable for this reaction;2t in addition,
the reaction is often sluggish2d,2m and results in low yields, unless either highly acidic
carboxylic acid or electrophilic carbonyl compounds are used.2d This reaction has been
modified to occur in aqueous solution with obvious advantages of a high reaction rate and
easy separation.2b In addition, Lewis base,2a such as pyridine-trifluoroacetic acid2q,2s has
been used to promote this reaction. On the other hand, Lewis acid has also been used to pro-
mote the Passerini reaction, such as TiCl4,2r,10 and Zn(OTf)2/TMSCl.2m In particular, the
use of a catalytic amount of tridentate indan(pybox) Cu(II) Lewis acid complex has shown
the potential for asymmetric synthesis.2d Similarly, 1,2,3,4-tetra-O-acetyl-α-d-galacturonic
acid has been used as an asymmetric inducer.2e
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B. GENERAL REACTION SCHEME

R1 R2

O
R3 NC R4 CO2H O

N
H

R3

O

O

R4

R1 R2

+

R1 = H, alkyl
R2 = H, alkyl
R3 = alkyl
R4 = H, alkyl, aryl

+

C. PROPOSED MECHANISMS

Initially, Passerini proposed that the reaction involved an addition of carboxylic acid
to carbonyl compound, giving acyloxy hemiacetal, which then reacted with isonitrile to
form the final product.1 However, current views about this reaction favor the following
consecutive processes: the protonation of the carbonyl compound from carboxylic acid,
followed by the attack of isonitrile to give a nitrilium ion, the nucleophilic addition of
carboxylate, acyl group transfer, and the final amide tautomerization. A general mechanism
for this reaction is shown here.2a,2b

D. MODIFICATION

This reaction has been modified to occur in aqueous solution2b,3f and ionic liquid (e.g.,
[bmim]BF4).3i In addition, different Lewis acids have been used to promote this reaction.

E. APPLICATIONS

This reaction has wide applications in combinatorial synthesis.
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F. RELATED REACTIONS

This reaction is related to the Ugi Reaction.

G. CITED EXPERIMENTAL EXAMPLES

S CHO
CO2H

NC

N

Cu NN
OO

CH2Cl2

O
N
H

t-Bu
O

Ph

O

S

+ +

2 OTf–

20 mol %

95%

Reference 2d.

To a 25-mL round-bottomed flask equipped with a stir bar and dried under argon with
flame was added 7.0 mL CH2Cl2, 20 mol % Cu(OTf)2, and 20 mol % indane (pybox)
ligand. The mixture was stirred at 38◦C until the components were completely dissolved.
Then 2-thiophenecarboxyl (64 mg, 77 µL, 0.57 mmol, 1.05 eq.) was added, and the solution
was cooled to 0◦C and allowed to stand for 30 min, at which time 400 mg molecular sieves
(AW-300) were added. In a separate flame-dried round-bottomed flask under argon were
added 69 mg benzoic acid (0.57 mmol, 1.05 eq.) and 45 mg t-butyl isonitrile (61 µL,
0.54 mmol, 1.0 eq.), 3.0 mL CH2Cl2, and 100 mg AW-300 molecular sieves. This mixture
was shaken for 30 min and then was drawn into a gas syringe and delivered to the first
solution via a syringe pump over 4 h. The reaction was stirred for 24 h, during which time
TLC analysis was conducted with EtOAc/hexanes (1:1) as the eluent. After the reaction
completed, 2.0 mL saturated NaOCl solution was added, and the mixture was allowed
to stir for an additional hour; solvent was removed under reduced pressure. The residue
was purified by silica gel column chromatography with hexane/EtOAc (9:1–1:3) to afford
162 mg t-butylcarbamoyl(thiophen-2-yl)methyl benzoate as a white solid, in a yield of 95%,
Rf = 0.45 (hexane/EtOAc, 2:1).

NC CHO CO2H

N
H

O

O

O

+ +
Et2O, r.t.

84%

Reference 2h.
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To a 10-mL Et2O solution containing 610 mg benzoic acid (5 mmol) were added 360 mg
isobutyric aldehyde (5 mmol) and 586 mg benzyl isocyanide (5 mmol). The resulting mixture
was stirred overnight at room temperature. The crystallized product was filtered off, washed
with cold Et2O, and dried under high vacuum to give 1.30 g 1-benzylcarbamoyl-2-methyl
propyl benzoate as a solid, in a yield of 84%.

Other references related to the Passerini reaction are cited in the literature.11
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Paterno-Büchi Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Paterno and Chieffi in 1909,1 and subsequently
extended by Büchi et al. in 1954.2 It is a photo-induced [2 + 2] cycloaddition of car-
bonyl compounds with olefins or other unsaturated substrates to form four-membered
cyclic ethers, known as oxetanes,3 with high regio- and stereoselectivity.3b,4 Therefore,
this reaction is generally known as the Paterno-Büchi reaction.3,4a,4b,4e,5,6 Occasion-
ally, this reaction is also referred to as the Paterno-Büchi cycloaddition,7 Paterno-Büchi
photocycloaddition,4b,4c,8 or Paterno-Büchi coupling.4c,9 All three types of ketones (i.e.,
dialkyl, diaryl, and aryl alkyl ketones) and aldehydes undergo the Paterno-Büchi reaction,
even though some of these carbonyl compounds may undergo other types of photoreactions,
including Norrish type I and type II reactions.10 As a result, the Paterno-Büchi reaction is
often sluggish.4d However, in the presence of an electron-enriched alkene, such as an enol
ether or a polyalkylalkene, the Paterno-Büchi reaction dominates.4e In addition, the Paterno-
Büchi reaction also competes with the radical polymerization of alkenes.4d In this reaction,
the carbonyl compound is irradiated to either a singlet4a,5j,5l,7c or triplet4a,4b,5d,5e,5j−5l,7l

excited state; then the electronically excited carbonyl group attacks the alkene at ground
state, although such cycloaddition often takes place through a triplet carbonyl group.5l

When the Paterno-Büchi reaction occurs through a triplet carbonyl, as in the case of the
reaction with electron-rich alkenes (e.g., enol ethers), it is nonconcerted,5j and a biradi-
cal intermediate forms via an electrophilic attack from an n-π* triplet carbonyl to form a
C-O bond,5l which then cyclizes to oxetane with a low-energy barrier.5j In comparison, the
singlet Paterno-Büchi reaction proceeds through conical intersections, via a nonconcerted
C-O attack and a concerted C-C attack pathway.5j In addition, if electron transfer is exother-
mic, it is very possible that the Paterno-Büchi reaction occurs through the electron-transfer

2126

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



APPLICATIONS 2127

pathway.4b Moreover, other reaction intermediates are also found for the Paterno-Büchi
reaction, such as exciplexes11 and ion-radical pairs.12 On the other hand, the regioselectivity
of major oxetane from asymmetric olefins follows the Markovnikov Rule through the forma-
tion of the most stable biradical intermediates.5l However, the stereoselectivity is controlled
by the nature of reaction pair. It has been found that the spin-orbit coupling-controlled inter-
system crossing determines the stereochemical outcome.3b In addition, temperature3a,5d,13

and hydrogen bonding4a also affect the stereoselectivity. If the intersystem crossing at low
temperature is much faster than bond rotation of biradical, then the resulting oxetane reflects
the initial stereochemistry of the corresponding biradical.13 In contrast, if the biradical is
relatively stable, then the stereochemistry does not depend on the geometry of olefin.13

Paterno-Büchi reaction is important not only because of its wide application in organic
synthesis but also because of its major mutation processes for DNA through two adjacent
pyrimidine bases.5c The cycloreversion of oxetane by photoelectron transfer (i.e., retro
Paterno-Büchi reaction) is the tool for enzyme-catalyzed DNA repair.14

B. GENERAL REACTION SCHEME

R1 R2

O

R5 R6

R3 R4 O

R1
R2 R6

R5

R3
R4

+ hν
R1 = H, alkyl, aryl
R2 = alkyl, aryl
R3-R6 = H, alkyl, alkoxy, aryl, etc.

C. PROPOSED MECHANISMS

A general mechanism of the Paterno-Büchi reaction through either a singlet or triplet
excitation state of the carbonyl compound is illustrated below, regardless of stereochemistry.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has a wide application in organic synthesis.
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F. RELATED REACTIONS

This reaction is related to regular [2 + 2] Photoreaction and de Mayo Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 5d.

Under a nitrogen atmosphere, a solution of 2.11 g benzophenone (11.6 mmol) and 3.83 g
cis-cyclooctene (34.8 mmol) in 300 mL petroleum ether at 5◦C was irradiated in a Rayo-
net photoreactor at 350 nm for 24 h. A white precipitate (350 mg) was formed during the
irradiation, which was collected by filtration and identified as 1,1,2,2-tetraphenylethanediol
(benzpinacol) by 1H- and 13C-NMR spectroscopy. Distillation of the solvent and most of the
residual olefin at 50◦C (10 mbar) afforded 3.66 g yellow oil, which contained both diastere-
omeric oxetanes (cis/trans ≈ 40:60 by 13C NMR spectroscopy). The crude product mixture
(1.83 g) was purified by silica gel column chromatography with Et2O/petroleum ether (1:10)
as the eluent to afford 256 mg cis-10,10-diphenyl-9-oxabicyclo[6.2.0]decane as a colorless
oil, in a yield of 15%. In addition, 285 mg trans-10,10-diphenyl-9-oxabicyclo[6.2.0]decane
was obtained as a colorless oil, in a yield of 17%. Further purification of each diastereomers
was carried out by bulb-to-bulb distillation (Kugelrohr) at 100◦C (0.03 mmHg).

O

O

Cl Cl

CH2Cl2

O

Cl Cl

O

O

Cl Cl

O

+
λ = 410 nm

+

10:1

62% conversion
88% yield

Reference 3d.
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To a quartz cuvette fitted with a Teflon stopcock was added 53 mg 2,6-dichloro-
benzoquinone and 63 mg phenyl m-xylyl acetylene in CH2Cl2 in a 0.1 M solution of each
substance under argon. The cuvette was then placed in a clear Dewar flask filled with water
at 25◦C and irradiated with focused light from a medium-pressure mercury lamp (500 W)
passed through an aqueous IR filter and an ESCO 410 nm filter. This ensured that the quinone
itself was excited and not the diarylacetylene. After 22 h, the solvent was evaporated, and
the residue was subjected to flash chromatography. 1-(3,5-Dimethylphenyl)-1-benzoyl-1-
methylene-3,5-dichlorocyclohexa-2,5-dien-4-one was obtained as the major product, which
was further recrystallized from acetonitrile, m.p., 191–192◦C. The minor product was iden-
tified only by GC/MS. The total yield of quinone methide was 88% based on 62% of
conversion.

Other references related to the Paterno-Büchi reaction are cited in the literature.15
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A. M., Tetrahedron, 2003, 59, 2913. (d) Lonchar, M.; Bora, U.; Boruah, R. C. and Sandhu, J. S.,
Synth. Commun., 2002, 32, 3611. (e) Goez, M. and Frisch, I., J. Phys. Chem. A, 2002, 106, 8079.
(f) Reddy, T. J. and Rawal, V. H., Org. Lett., 2000, 2, 2711. (g) Bach, T., Synlett, 2000, 1699.
(h) Inoue, Y.; Wada, T.; Asaoka, S.; Saot, H. and Pete, J. P., J. Chem. Soc., Chem. Commun., 2000,
251. (i) D’Auria, M. and Racioppi, R., ARKIVOC, 2000, 1(ii), 133. (j) Elliott, M. C., J. Chem.
Soc., Perkin Trans. I, 1998, 4175. (k) Griesbeck, A. G.; Buhr, S.; Fiege, M.; Schmickler, H. and
Lex, J., J. Org. Chem., 1998, 63, 3847. (l) Bach, T.; Kather, K. and Krämer, O., J. Org. Chem.,
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Pauson-Khand Reaction

(Pauson-Khand Cyclization,
Pauson-Khand Cycloaddition)

A. GENERAL DESCRIPTION OF THE REACTION

The reaction was first reported by Khand and Pauson et al. in 1973.1 It is the dicobalt
octacarbonyl [Co2(CO)8] mediated or promoted one-step synthesis of �,�-unsaturated
cyclopentenone from the [2+2+1] cycloaddition of alkyne, alkene and carbon monoxide,
through an intermediate of alkynedicobalt hexacarbonyl complex. Therefore, this reac-
tion is generally known as the Pauson-Khand reaction,2 Pauson-Khand cyclization,2u,2z,3

or Pauson-Khand cycloaddition.4 Occasionally, this reaction is also referred to as the
Pauson-Khand annulation,5 Pauson-Khand multicomponent cycloaddition,6 Pauson-Khand
carbonylative cocyclization,7 Pauson-Khand bicyclization,8 Khand annulation,9 Khand
cycloaddition,9 Khand cyclization9a (cyclisation10), or Khand reaction.11 Among these
names, the Pauson-Khand reaction is the one used most often.

It is accepted that this reaction involves the formation of the alkynedicobalt hexacar-
bonyl complex from an alkyne and Co2(CO)8 by the evolving of two CO ligands,12

followed by the alkene coordination at one of the two enantiotopic Co atoms with con-
comitant CO insertion,13 and final reductive elimination of the metal to an �,�-unsaturated
cyclopentenone.2z In the traditional protocol, the reaction mixture is heated in toluene
at 110◦C, or tertiary amine N-oxides are added to promote the reaction at ambient
temperature.2v For the purpose of stereochemical control, many Pauson-Khand reactions
are designed as intramolecular reactions2cc,3f,3n,3p,5b,6,14 or using cyclic alkenes, such as
norbornene.12b,15 It has been found that the reactivity of cyclic alkenes is in the order
of cyclohexene < cyclopentene < norbornene.15a For the intermolecular Pauson-Khand
reaction, alkene is positioned adjacent to the less bulky acetylenic substituent during coor-
dination because of steric hindrance, and a subsequent C C bond forms between an alkenic
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carbon and the closer acetylenic carbon, so that the larger group on alkyne is often found
at the �-position of the resulting cyclopentenone.13 Although the Pauson-Khand reaction
is one of the most powerful reactions for forming very complicated structures with stere-
ochemical control, it still has some drawbacks, such as the application of a stoichiometric
amount of Co2(CO)8,12a,16 high pressure of CO,17 troublesome purification protocols,2v

and low yields that depend on alkynes and alkenes.2v Therefore, the original protocol of
the Pauson-Khand reaction has been extensively modified by the use of different catalysts
or reaction conditions.

It has been found that besides Co2(CO)8, many other transition metal complexes are
effective for promoting this reaction. For example, some of cobalt-based catalysts are
Co2(CO)8, Co2(CO)8 in combination with P(OPh3)3,18 Co2(CO)8/tetramethylthiourea
(TMTU),19 (ind)Co(COD),20 Co(acac)2 (with NaBH4),21 Co4(CO)12,22 Co3(CO)9
(�3-CH),23 CoBr2/Zn/CO,24 P,S-cobalt complexes,25 and N-heterocyclic carbene dicobalt
complex.26 Titanium-based catalysts include Cp2Ti(PMe3)2,27 Cp2TiCl2/n-BuLi,27 and
(S,S)(EBTHI)Ti(CO)2.3m,3q Some of the ruthenium-based catalysts are Ru3(CO)12,14k,28

[RuCl2(CO)3]2,14k Cp*RuCl(cod),14k and Ru(cod)(cot).14k Rhodium-based catalysts are
[RhCl(CO)2]2,29trans-[RhCl(CO)(dppp)]14j

2 and [Rh(COD)Cl]2,30 cobalt-rhodium heter-
obimetallic nanoparticle,2f and rhodium bisbenzodioxanPhos complex.3c Iridium-based
catalysts are (S)-tolBINAP-Ir complex31 and [Ir(COD)Cl]2,31 and molybdenum-
based catalysts include Mo(CO)6,2q,14i,32 heterobimetallic (Mo-Co) complexes,15cand
Mo(CO)3(DMF)3.33 Among the molybdenum-based catalysts, Mo(CO)3(DMF)3 works
even in the absence of any promoter. In addition, nickel and palladium are also effective for
the Pauson-Khand reaction, such as Ni(COD)2/ligand27 and PdCl2/TMTU.34

The Pauson-Khand reaction has also been carried out under different conditions, such as
the use of chiral ligands, including PuPHOS,2r,2ac,25 CamPHOS,2r and camphorsultam;12b

the use of aldehydes as the carbon monoxide source;17,30,35 the use of solid-supported
cobalt catalyst to enhance purification, such as the dry-state adsorption;2z the use of col-
loidal cobalt nanoparticle;36 and the use of metallic cobalt supported on mesoporous silica
prepared by decomposing Co2(CO)8 on mesoporous silica supports (SBA-15 and MCM-41)
in the refluxing toluene solution.14h,36b Other modifications include different promoting
methods, such as photo-irradiation,3d,16b microwave irradiation,2v molecular sieves,6,37

TEMPO,38 N-oxides,39 and supercritical fluids.40 Furthermore, the cycloaddition between
allene and carbon monoxide under similar conditions is known as the allenic Pauson-Khand
reaction,2q,14f,27,41 and the reaction among alkyne, carbodiimide, and CO is referred to as
the aza-Pauson-Khand reaction.42

B. GENERAL REACTION SCHEME

R1
R2 R3 R4

Co2(CO)8

CO

O

R3

R4

R1

R2

+

R1 = H, alkyl, etc.
R2 = H, alkyl, etc.
R3 = H, alkyl, etc.
R4 = H, alkyl, etc.
R3 > R4

Intermolecular Pauson-Khand reaction
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R
Co2(CO)8

CO O

R

(R = H, alkyl, etc.)

Intramolecular Pauson-Khand reaction

C. PROPOSED MECHANISMS

Displayed here is a general mechanism for the Pauson-Khand reaction, according to
several studies.12c,13,43

D. MODIFICATION

This reaction has been extensively modified as described in Section A.

E. APPLICATIONS

This reaction has wide application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Nicholas Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

N

Si(i-Pr)3

Co2(CO)8

N

O

Si(i-Pr)3

4Å MS, toluene, ∆
50%

Reference 44.

To a round-bottomed flask were added 0.33 g N-triisopropylsilyl-3-propargyl-4-vinyl
indole (1.0 mmol), 2.64 g powered 4Å molecular sieves, and 20 mL dry toluene under
argon at room temperature, followed by 0.41 g Co2(CO)8 (1.2 mmol). The resulting mixture
was stirred for 2 h until total complexation of the enyne by TLC. Then the solution was
refluxed for 18 h. After filtration and solvent evaporation, the residue was purified by
flash chromatography (hexane/EtOAc, 4:1) to afford 0.18 g 4-triisopropylsilyl-4,6,6a,7-
tetrahydroindeno[6,5,4-cd]-indol-8-one as a pale yellow oil, in a yield of 50%.

Reference 2q.

A mixture of 6.3 g Mo(CO)6 (24 mmol) and 120 mL toluene was heated to 50◦C for
2 hours to form a saturated solution. After that, a solution of 1.35 g ortho-ester (2.43 mmol)
and 2.01 g DMSO (26 mmol) in 20 mL dry toluene was added. The resulting mixture was
heated at 53–55◦C for 36 h and then was filtered to remove the solids. The precipitate was
washed with hexanes (2 × 20 mL). The combined organic layers were concentrated under
reduced pressure, and the residue was purified by gradient silica gel column chromatography
using hexanes/EtOAc (100:0–95:5) as the eluent, to afford 0.96 g tetraene, in a yield of 66%.
This tetraene can be further purified by crystallization from hexanes.

Other references related to the Pauson-Khand reaction are cited in the literature.45
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2005, 70, 10611. (e) Itami, K.;Mitsudo, K.; Fujita, K.; Ohashi, Y. and Yoshida, J.-i., J. Am. Chem.
Soc., 2004, 126, 11058. (f) Park, K. H.; Jung, I. G. and Chung, Y. K., Org. Lett., 2004, 6, 1183.
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482
Payne Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kohler et al. in 1931,1 and its mechanism was proposed
as early as 1957 by Angyal and Gilham.2 It is a base-promoted stereospecific migration of
2,3-epoxy alcohols into isomeric epoxy alcohols with an inversion of configuration at the
C-2 carbon of the original epoxide ring as of an SN2 substitution3 and was initially known as
aβ-oxanol rearrangement.4 However, after Payne’s extensive study on this reaction in 1962,5

it is now generally referred to as the Payne rearrangement6 or epoxide migration.2,5,6g,7

Occasionally, this reaction is also called the Payne reaction.8

It should be pointed out that this rearrangement is reversible,6g and the equilibrium
favors the more substituted epoxide isomer. It is a powerful method for the introduction of a
different functionality when the migration of epoxide is followed by a ring opening from the
nucleophilic attack of another nucleophile.6g In this reaction, solvent plays an important role.
For example, the epoxy alcohol when treated with sodium hydride in THF would not yield
the expected product from rearrangement, but gives the expected product when treated with
NaOH in aqueous solution.9 The delay of Payne rearrangement in THF has made THF a good
medium for direct attacking of epoxide with an ylide generated in situ.6d On the other hand, it
is known that the direction of such reversible rearrangement of epoxy alcohol is controlled by
kinetics, not by thermodynamics,10 and the application of a chiral epoxide migration catalyst
results in the catalytic kinetic resolution of epoxy alcohols.11 The rearrangement between
2,3-epoxy amine and aziridine alcohol under similar conditions is generally known as the
aza-Payne rearrangement;3,7a,8,12 and the migration between 2,3-epoxy thiol and thiirane
alcohol is referred to as the thia-Payne rearrangement.6g However, different from the normal
Payne rearrangement, the aza-Payne and thia-Payne rearrangements have the potential to
form different products; thus the formation of aziridine and thiirane alcohols is referred to as
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the forward aza- and thia-Payne rearrangements, respectively; whereas the rearrangement
from aziridine alcohol or thiirane alcohol to the corresponding epoxy amine or thiol is
known as the reverse aza- or thia-Payne rearrangement.6g The forward aza- and thia-Payne
rearrangements are favored by complexation with Lewis acid, such as BF3,13 AlMe3,14 and
TMSOTf.15 It should be pointed out that the aza-Payne rearrangement followed by a ring
opening has been used for the preparation of hydroxyethylamine dipeptide isostere (HDI)
structures.16

B. GENERAL REACTION SCHEME

R
OH

O Aq. NaOH
R

OH

O

(R = alkyl, aryl)

C. PROPOSED MECHANISMS

It is possible that a semiconcerted mechanism is involved in this rearrangement in aqueous
solution, whereas in THF, a contact ion pair is probably the real reactive species, which
does not attack the epoxide ring. A tentative mechanism is proposed here.

D. MODIFICATION

The aza- and thia-Payne rearrangement should be considered an extension of the normal
Payne rearrangement.

E. APPLICATIONS

This reaction has wide application in organic synthesis, especially in conjunction with
the subsequent ring opening of a newly formed epoxide ring with other nucleophiles.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

OH
O

BnO

S

O

I

O

HO

BnONaH/DMSO
∆, 36 h

96%
92% e.e.

+ –

Reference 6d.

To a flame-dried flask was added NaH (prepared by sodium metal-dried pentane wash
from 4.0 g 60% NaH in mineral oil (100 mmol, 10 eq.)) and 100 mL CaH2-dried DMSO
through a syringe. Trimethylsulfoxonium iodide (22.0 g, 100 mmol, 10.0 eq.) was then
added in small portions over 20–30 min. After the addition of the trimethylsulfoxonium
iodide was complete, the reaction was stirred for an additional 30 min until the bubbling of
the milk white suspension ceased. The epoxy alcohol (1.94 g, 10 mmol, 1.0 eq.) dissolved
in a small amount of dry DMSO was added dropwise, and the reaction was covered with
aluminum foil and heated to 80–85◦C for 36 h. The dark brown mixture was cooled and
diluted with two times the volume of water and 1 mL saturated NH4Cl. The mixture was
extracted several times with EtOAc; the combined organic layers were washed with brine
and dried over Na2SO4. After removal of the solvent under reduced pressure, the residue was
column chromatographed using a hexane/EtOAc gradient to give 2-benzyloxymethylenyl-
3-hydroxy-tetrahydrofuran as a thick oil, in a yield of 96% with 92% e.e.

F3C

O
OH

Ph
NaH OH

O

Ph

F3CTHF/HMPA, ∆
96%

Reference 6e.

To a stirring solution of 0.048 g sodium hydride (1.20 mmol, 60% in paraffin liquid) and
0.86 mL hexamethylphosphoric triamide (HMPA, 4.94 mmol) in 5 mL THF at 0◦C was
added 0.246 g (E)-syn-4,5-epoxy-6,6,6-trifluoro-1-phenyl-3-hexanol (1.00 mmol). After
being stirred for 3 h at room temperature, the reaction mixture was quenched with 1 mL
3 NHCl and extracted with EtOAc three times. The combined organic layers were dried
over MgSO4. Upon evaporation of the solvent, the residue was purified by silica gel column
chromatography to afford 0.237 g (Z)-anti-3,4-epoxy-1,1,1-trifluoro-6-phenyl-2-hexanol,
in a yield of 96%.

Other references related to the Payne rearrangement are cited in the literature.17
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Pearlman’s Catalyst

A. GENERAL DESCRIPTION OF THE REACTION

Palladium hydroxide on carbon was first reported by Pearlman in 19671 and is now
referred to as the Pearlman’s catalyst in general.2 It can be purchased from Aldrich in
20 wt %, which may contain water up to 50%.3 It is a very active catalyst for the hydro-
genation of carbon-carbon double bonds,4 hetero-multiple bonds such as azide,2g and
debenzylation.2o In particular, this reagent is good for hydrogenolysis of benzyl-nitrogen
bonds under conditions in which other palladium-on-carbon catalysts fail3—for exam-
ple, the removal of carbamate2k and benzylcarbamate functional groups.2m In addition,
the Pearlman’s catalyst has been used for the oxidation of Si-H bonds2c and the removal
of the mesylate group on a phenyl ring.2h Most importantly, the Pearlman’s catalyst is
effective for the direct arylation of aryl iodides and bromides, with a high arylation-
to-hydrodehalogenation ratio (> 30:1), both intermolecularly and intramolecularly;2a in
addition, this arylation can tolerate an electron-withdrawing group on the aromatic ring and
is also effective for high sterically hindered substrates.2a

B. GENERAL REACTION SCHEME

Pd(OH)2/C

C. PROPOSED MECHANISMS

Displayed below is the mechanism for the catalytic hydrogenation of a carbon-carbon
double bond.
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D. MODIFICATION

This catalyst has been extended to the arylation of aryl iodides and bromides.2a

E. APPLICATIONS

This catalyst has wide application in hydrogenation and debenzylation as well as in
arylation.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 2a.

To a 2- mL screw-cap vial equipped with a magnetic stir bar, were added 2 eq. potassium
acetate, 0.1 eq. Pd(OH)2/C, and 1 eq. N-phenyl-N-(o-iodo)benzyl 4-hydroxy-benzoamide
loaded on Wang resin and 0.2 mL DMA under nitrogen atmosphere. The reaction mix-
ture was then heated overnight at 145◦C under stirring. After the reaction was judged
complete by TLC analysis, the heat source was removed, and the reaction mixture was
allowed to cool. The crude mixture was then treated with trifluoroacetic acid in THF to
cleave the product off the Wang resin. The solution was evaporated, and the residue was
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purified via silica gel column chromatography using EtOAc/hexanes as the eluent to afford
83% N-(4-hydroxybenzoyl)-(6H)-phenanthridine, m.p., 142–144◦C.

Reference 2g.

A mixture of 10 mg benzyl 2,4,6-tri-O-benzyl-3-deoxy-3-C-[{methyl-(2,6-anhydro-5-
azido-4,7,8,9-tetra-O-benzoyl-3,5-dideoxy-d-erythro-d-manno-non-2-yl)onate}-methyl]-
β-d-galacto-hexopyranoside (32 �mol) and 18 mg Pd(OH)2/C in 6 mL mixed solvent
of MeOH and EtOAc (4:1) was kept under an atmosphere of hydrogen for 24 h. Then,
the mixture was filtered through Celite and concentrated; the residue was taken up in
a 1:1 mixture of pyridine and Ac2O. After being stirred for 24 h at room temperature,
the mixture was concentrated in vacuo and co-evaporated several times with toluene.
Purification of the residue by flash chromatography (toluene/acetone, 6:1) afforded 3.8 mg
amino sugar (3.65 �mol), in a yield of 45%. This amino sugar was dissolved in 10 mL
THF-H2O mixture (1:1), and 2 mL 0.1 M NaOH was added. After being stirred for 14 h
at room temperature, the reaction mixture was lyophilized and passed through a RP-18
silica gel column (H2O/EtOH, 9:1) and further purified by gel filtration on a Sephadex
P-4 column eluting with a 0.3% NH4HCO3 buffer solution (flow rate: 0.7 mL/min,
tR = 28 min). After removal of the buffer solution, the residue was lyophilized from water
to give 0.9 mg 3-deoxy-3-C-[{ammonium-(5-acetamido-2,6-anhydro-3,5-dideoxy-d-
erythro-l-manno-non-2-yl)onate}-methyl]-d-galacto-hexopyranose as a white amorphous
solid.

Other references related to the Pearlman’s catalyst are cited in the literature.5
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Pechmann Pyrazole

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first developed by Pechmann in 1895.1 It is the preparation of pyra-
zole derivatives involving a 1,3-Dipolar Cycloaddition between a diazomethane (or other
diazonium salt) and a molecule with carbon-carbon double bonds to pyrazoline and subse-
quent oxidation. It has been found that a carbonyl, ester, or cyano group that conjugates to
the olefinic double bond, facilitates the formation of pyrazoline; whereas a phenyl group
decreases the reactivity,2 as shown in the cycloadditions of diazomethane with p-quinones,3

1,4-naphthoquinonedibenzenesulfonimide,4 methyl crotonate,5 and citraconic acid.6 Upon
the mixing of diazomethane with �,�-unsaturated esters or acid, a �1-pyrazoline in which
the nitrogen atom is always linked to the α-carbon of the carbonyl group is formed, which
rearranges in the presence of hydrochloric acid to give �2-pyrazoline containing a carbon-
nitrogen double bond in conjugation with the carbonyl group.7 Upon oxidation, (e.g., with
bromine,) pyrazole derivatives are yielded,5,6 although the dehydrogenation some times
occurs without an oxidant present.8 In addition, a direct preparation of pyrazole from
1,3-Dipolar Cycloaddition between diazomethane and acetylene was also developed by
Pechmann.9
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B. GENERAL REACTION SCHEME

R1
R2 H2C N N

N
N

R1 R2

N
N
H

R1 R2

N
N
H

R1 R2

H2C N N N
N
H

+ Oxidation

R1 = carbonyl, ester, cyano, etc.
R2 = H, alkyl, ester, carbonyl

++

+ –

–

C. PROPOSED MECHANISMS

Displayed below is the mechanism for the reaction between diazomethane and ethyl
2-butenate.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has a general application in the preparation of pyrazole derivatives as well
as cyclopropane derivatives upon decomposition of pyrazolines.

F. RELATED REACTIONS

This reaction is related to 1,3-Dipolar Cycloaddition.
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G. CITED EXPERIMENTAL EXAMPLES

CO2HAcS
CH2N2

CO2MeMeS

N
N

CO2Me

Me N
N

CO2Me

Me

Ether
+ +

21% 19% 3.5%

+

Reference 10.

To an undistilled diazomethane in ether, decanted from KOH pellets was added 1.0 g
methyl cis-3-thioacetyl-acrylate (6.3 eq.). The temperature was maintained at −5 to 0◦C
for ∼ 8 h and then allowed to warm to room temperature. After standing for 3.5 days,
the ether was removed under reduced pressure. The residue was chromatographed on
silica gel with chloroform to afford 208.4 mg methyl cis-3-methylthio-acrylate (21%,
b.p., 43–45◦C at 0.5 mmHg), 185.6 mg 1-methyl-5-carbomethoxypyrazole (19%, b.p., 49–
51◦C at 0.5 mmHg), and 34 mg 1-methyl-3-carbomethoxypyrazole (3.5%, b.p. 126–127◦C,
1.4 mmHg).

Reference 7.

The solution of diazomethane (2.7 g, 0.065 mol, prepared from 10.3 g nitrosomethy-
lurea in 100 mL ether) was cooled to −10◦C and poured into a cold (−10◦C) solution of
15.7 g trans-dibenzoylethylene (0.065 mol) in 100 mL CHCl3. The reaction was so fast
that the product precipitated within 5 min. The mixture was allowed to stand at −10◦C for
30 min, and then the solid was removed and dried in a vacuum desiccator to afford 18.0 g
�1-3,4-dibenzoylpyrazoline, in a yield of 99.6%, m.p. 108◦C. This product was heated for
20 min in an oil bath at 115–120◦C and then crystallized twice from 75% aqueous EtOH
to afford �2-3,4-dibenzoylpyrazoline, m.p., 129–129.5◦C. To 50 mL CHCl3 solution con-
taining 8.34 g �2-3,4-dibenzoylpyrazoline (0.03 mol) at 0◦C was added a solution of 4.8 g
bromine (0.03 mol) in 15 mL CHCl3 at such a rate that the temperature did not exceed
12◦C. An orange precipitate formed during the reaction. After the addition was complete,
the solvent was evaporated at room temperature in a current of dry air. Much hydrogen
bromide evolved, and the color of the solid changed to yellow. The residue was washed
with water, then dissolved in 60 mL EtOH, filtered, and set aside for crystallization; 5.77 g
3,4-dibenzoylpyrazole was obtained after two recrystallizations from MeOH, in a yield of
69.3%, m.p. 169◦C.

Other references related to the Pechmann pyrazole synthesis are cited in the
literature.11
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Pechmann Reaction

(Pechmann Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pechmann and Duisberg in 1883.1 It is an
acid-promoted synthesis of coumarin derivatives from the condensation of phenols
and �-ketoesters or �-keto carboxylic acids and is generally known as the Pechmann
reaction2,3 or Pechmann condensation.2l,4,5 Occasionally, this reaction is also referred to as
the Pechmann coumarin synthesis,2h,6 Pechmann cyclization,4b,4c,7 Pechmann coumarin
condensation,2m,8 Pechmann cyclocondensation,9 or the Pechmann synthesis.2n,10 This
reaction, under acidic conditions, involves an esterification or transesterification, followed
by a cyclization and dehydration. It has been found that the outcome of this reaction
depends on the nature of phenols, �-keto esters, and condensation reagents.2e,2p For exam-
ple, only phenols with electron-donating groups at the meta-position of the hydroxy group
readily undergo the Pechman condensation,2p whereas phenols with electron-withdrawing
groups at the meta-positions2p or with electron-donating groups at other positions2f fail
for this reaction. On the other hand, the α-substituents and γ-substituents2p on β-keto
esters retard this reaction. Although this reaction is often carried out with concentrated
H2SO4

2i or 70% H2SO4,2g other acids, including Lewis acids, are also effective in pro-
moting this reaction, such as POCl3,2p,4a P2O5,3n HF,2k sulfamic acid,3h TFA,11 triflic
acid,2b polyphosphoric acid,3kk,3rr KHSO4,5e dipyridine copper chloride,5c ZnCl2,2f,2g,2p,3l

AgOTf,3a AlCl3,2p,3tt molecular iodine,3a VCl3,3b BF3·2H2O,3c BF3,3ss BiCl3,5d ZrCl4,3g

SiCl4,3nn and Yb(OTf)3j
3 . However, the application of the common condensation reagent of

P2O5 often results in the formation of chromone derivatives.2p

2151

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



2152 PECHMANN REACTION

B. GENERAL REACTION SCHEME

OH

R1

R2 O
R3

O O
O O

R2

R1

+
H2SO4 or HF

or Lewis acid

R1 = H, OH, Me, NH2, OMe, etc.
R2 = H, alkyl
R3 = H, Me, Et

C. PROPOSED MECHANISMS

Displayed below is a general mechanism for the Pechmann reaction between a phenol
with a meta-electron-donating group and methyl β-keto ester under acidic conditions.

D. MODIFICATION

This reaction has been extensively modified to occur under various conditions, via
the promotion by different acidic catalysts, including Lewis, acids, as described in
Section A. In addition, cation exchange resin,3h,3j,3o Amberlyst ion-exchange resin,3d

Nafion-H5m and Nafion resin/silica nanocomposites,3k Montmorillonite clay3t,5j and
graphite/montmorillonite K103q have been used as the condensation reagents. Moreover,
this reaction has been generally accelerated by the use of microwave3l,3n,3q,3s,5h,6a,10a,12

or ultrasound irradiation;5d in addition, this reaction can also be accelerated if carried out
in neutral ionic liquid5f or acidic ionic liquid (e.g., non-chloroaluminate3e or Lewis acidic
chloroalminate ionic liquid5i).
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E. APPLICATIONS

This reaction has general application in the preparation of coumarin derivatives.

F. RELATED REACTIONS

This reaction is related to the Mentzer Pyrone Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Reference 4a.

To a flask were added 60 mL CH2Cl2, 2.7 g 2-(2-chloro-4,6-dimethoxy-pyrimidin-5-
yl)-cyclohex-1-enecarboxylic acid ethyl ester (8.3 mmol), and 41 mL 1.0 M BBr3 solution
in CH2Cl2. The mixture was refluxed for 16 h and then cooled to 0◦C; 20 mL MeOH
was added. The reaction mixture was mixed with water and finally extracted with CH2Cl2.
Upon evaporation of solvent, the residue was suspended in hexane then filtrated and washed
with hexane to give, after drying ,1.57 g 2-chloro-4-methoxy-5,6,7,8-tetrahydro-10-oxa-1,3-
diaza-phenanthren-9-one, in a yield of 71%, m.p., 184–186◦C.

OHHO

OEt

O O
H2SO4

OHO O

+
87%

Reference 2c.

To a 1:1.5 molar ratio mixture of resorcinol (starting with 8 mmol) and ethyl
2-methylacetoacetate at 0◦C was added an excess amount of 98% H2SO4 over 1 h. Then
the mixture was stirred at room temperature until the reaction was complete as monitored
by TLC (∼ 16 h). The mixture was poured into ice water and allowed to stand overnight.
The precipitated solid was filtered, washed with water until neutral, and dried in vacuo to
afford 87% 3,4-dimethyl-7-hydroxycoumarin, which formed colorless crystals from EtOH,
m.p., 220◦C dec.

Other references related to the Pechmann reaction are cited in the literature.13
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Pellizzari Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pellizzari in 1894.1 It is the preparation of 1,2,4-
triazole derivatives by baking the mixture of amide and acyl hydrazide. Therefore, it is
generally known as the Pellizzari reaction.2 This reaction is usually carried out at tempera-
tures > 250◦C,2b but very reactive substrates can proceed at relatively lower temperatures,
such as the coupling between diphenylformamidine and formhydrazide at 150◦C.3 This
reaction is very useful for the preparation of monosubstituted-, disubstituted-, and 1,3,5-
trisubstituted-1,2,4-1H-triazoles.2b However, at such a high temperature, transamination
may occur between amide and acyl hydrazide, especially for the aliphatic acid hydrazides,4

resulting in a mixture of triazoles and a lower yield of the expected triazole. It has been
found that co-heating the mixture of formamide and hydrazine hydrochloride with two
equivalents of pulverized KOH can improve the yield of 1,2,4-triazole to almost 17%.5

B. GENERAL REACTION SCHEME

H
N

N
H

R1

O

R2 R3 NH2

O

∆

N

N
N

R3

R1

R2

+
R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

A general mechanism is outlined below for the Pellizzari reaction.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction can be used to prepare monosubstituted-, disubstituted-, and trisubstituted
1,2,4-1H-triazoles.

F. RELATED REACTIONS

This reaction is related to the Einhorn-Brunner Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 6.

To a 1-L round-bottomed flask equipped with an efficient water condenser were added
148 g ethyl formate (2 mol) and 150 mL 95% EtOH. Then 120 g 85% hydrazine hydrate was
added cautiously under stirring within 10 min. After the reaction had subsided, the solution
was refluxed on a steam bath for 18 h. Then the bulk of the water and EtOH was removed
by evaporation under reduced pressure until the volume in the flask was ∼ 150 mL. The
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resulting syrup (i.e., the crude formhydrazide), was heated under atmospheric pressure for
3 h, during which time the temperature of the bath was raised from 150◦ to 200◦C. After
cooling to ∼ 100◦C, the oil was taken up in 50 mL 95% EtOH, and 5 g Norite was added.
The filtered solution was then diluted with 75 mL ether and placed in an ice box to cool.
The crystalline product was filtered, washed with 50 mL 1:2 EtOH-ether and dried to give
55–60 g aminotriazole, in a yield of 65–71%, m.p., 77–78◦C. Further purification can be
undertaken by recrystallization from 95% EtOH by 2 mL EtOH per gram of aminotriazole
followed by 2.5 mL ether, giving a melting point of 81–82◦C.

Reference 7.

A mixture of 95 g N,N ′-diformylhydrazine (1.08 mol) and 500 mL liquid NH3 was
heated in a steel pressure vessel at 200◦C for 24 h. After removal of the ammonia, the
residue was extracted with hot EtOAc. The extract was evaporated and the residue was
distilled under reduced pressure to afford 70–80% 1,2,4-trazole, b.p. 124◦C at 5 mmHg. A
sample was recrystallized from EtOAc, m.p., 120◦C.

Other references related to the Pellizzari reaction are cited in the literature.8
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Perkin Reaction

(Perkin Condensation, Perkin
Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Perkin in 1868.1 It is the direct preparation of cinnamic
acid derivatives from the thermal condensation between aromatic aldehydes and aliphatic
carboxylic acid anhydrides or carboxylic derivatives (e.g., amide2) in the presence of a
basic compound functioning as a catalyst. Therefore, this reaction is generally known as
the Perkin reaction,3,4 Perkin condensation,2,3j,5 or Perkin synthesis.5g,6 Occasionally, this
reaction is also referred to as the Perkin cinnamic acid synthesis4j,4o,4q or Perkin coumarin
synthesis.7 Under the normal conditions, benzaldehyde is condensed with acid anhydride
and the alkali salt of the same acid as the catalyst. However, it has been reported that the salt
of the fatty acid as a base is not specific,2 and the carbonates, acetates, phosphates, sulfites,
and sulfides of sodium or potassium are all effective for this reaction.2 In addition, even a
strong organic base such as tertiary amine3j,5d,6f,8 and pyridine3b,9 are good catalysts for
the Perkin reaction. It has been found that the Perkin reaction depends on the basicity of the
catalyst, the activation of anhydride, and the nature of aromatic aldehyde. For example, the
alkali acetate catalyzed Perkin reaction between o-chlorobenzaldehyde and acetic anhydride
at 180◦C for 8 h gives the following yields: Li+, 58%; Na+, 71%; K+, 78%; Rb+, 82%,
showing the effect of basicity and concentration of the acetate.8a In addition, the electron-
withdrawing groups on benzaldehydes have been found to facilitate the Perkin reaction, with
a ρ value of +2.25 in the Hammet equation.8a Furthermore, other higher-order aliphatic
acid anhydrides, such as butyric anhydride, normally give lower yields of α-alkyl cinnamic
acids.3b It has been proposed that this reaction involves the enolization of anhydride and
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Aldol Condensation with an aromatic aldehyde, followed by the dehydration of aldol product
to give the derivative of cinnamic acid.2,6f,6g

B. GENERAL REACTION SCHEME

O

∆

CO2H
Ac2O/NaOAc

C. PROPOSED MECHANISMS

Displayed below is the mechanism for the sodium acetate catalyzed reaction between
benzaldehyde and acetic anhydride.

D. MODIFICATION

The most important modification of the Perkin reaction was developed by Oglialoro using
the sodium salt of acetic acid (e.g., phenylacetic acid,3f,5i phenoxyacetic acid5l) in conden-
sation with acetic anhydride and an aldehyde (e.g., benzaldehyde,3f,5i,5l,10 paraldehyde11).
This type of reaction is referred to as the Perkin-Oglialoro reaction,12 Perkin-Oglialoro
condensation,10,13 or Oglialoro modification.3d,3g,5i Other modifications include the use of
different bases as the catalysts, (e.g., NaB(OMe)4-LiCl,3a CaH2,3i CsOAc,3b and CsF3b),
the use of microwave irradiation and cesium acetate or fluoride in combination with a small
amount of pyridine as catalyst3b and the continuous distillation of acetic acid to enhance
the conversion rate.8b

E. APPLICATIONS

This reaction is very useful for the preparation of cinnamic acid derivatives.

F. RELATED REACTIONS

This reaction is related to the Claisen Condensation.
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G. CITED EXPERIMENTAL EXAMPLES

HO2C

OMe

MeO OMe

CHO

OMe

OH
∆

HO2C

OMe

MeO OMe

OMe

OH

+
Ac2O/Et3N

60%

Reference 5d.

A mixture of 0.67 g 3-hydroxy-4-methoxybenzaldehyde (4.4 mmol), 2.0 g 3,4,5-
trimethoxyphenylacetic acid (8.84 mmol), 4 mL acetic anhydride, and 2 mL triethylamine
was refluxed for 3 h. After acidification with 6 mL conc. HCl, the resulting solid was filtered
off and recrystallized from ethanol to give 950 mg E-2-(3′,4′,5′-trimethoxyphenyl)-3-(3′-
hydroxy-4′-methoxyphenyl)prop-2-enoic acid as fine yellow needles, in a yield of 60%,
m.p., 237–239◦C.

CHO
CO2H

Ac2O/Cs2CO3/pyridine

Microwave, 10 min
51%

Reference 3b.

A mixture of 0.05 mol freshly distilled benzaldehyde, 0.1 mol acetic anhydride, and
0.05 mol Cs2CO3 with a small amount of pyridine was heated in a 800-W microwave oven
for 10 min. The reaction mixture was then poured into 100 mL 5 % NaHCO3, and the unre-
acted aldehyde was extracted with Et2O (3 × 50 mL). The aqueous layer was filtered, and
the clear filtrate was heated to boil and acidified to pH 2 by the addition of HCl. The crys-
talline product was filtered, washed with cold water, and dried to give 51% cinnamic acid,
m.p. 133–134◦C.

Other references related to the Perkin reaction are cited in the literature.14
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Perkin Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Perkin in 1883.1 It is the nucleophilic alkylation
between malonic ester and α,ω-alkyl dihalide to form cyclic aliphatic 1,1-diester or acid
and is known as the Perkin reaction2 or Perkin synthesis.2 Although it was once referred to
as the Perkin condensation,3 this name should not be used for this type of reaction. Using
this protocol, Perkin successfully prepared cyclopropane-,4 cyclobutane-,5 cyclopentane-,6

cyclohexane-,7 and cycloheptane-1,1-dicarboxylic acids.8 However, this reaction is often
complicated by the side reaction that forms α,α,ω,ω-tetracarboxylic ester from the SN2
reaction between malonic ester and α,ω-alkyl dihalide,9 this side reaction can be depressed
if alcoholic sodium malonic ester is added slowly to the α,ω-alkyl dihalide with vigorous
stirring.9b It is interesting that the K2CO3 promoted a reaction between dimethyl 1,3-
acetonedicarboxylate and trans-1,4-dibromobutene yields vinyldihydrofuran.10

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed here is a representative reaction between diethyl malonate and 1,3-dibromo-
propane in absolute EtOH, using NaOEt as the base.

D. MODIFICATION

This reaction has been modified by the addition of alcoholic sodium malonic ester to a
solution of α,ω-alkyl dihalide to depress the side reaction.9b

E. APPLICATIONS

This reaction is one of the major organic reactions for the preparation of alicyclic
compounds.

F. RELATED REACTIONS

This reaction is related to Malonic Ester Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

MeO OMe

OO O
Br Br

K2CO3

O
MeO2C

MeO2C

+
THF, ∆

90%

Reference 10.

To a 1 mmol solution of dimethyl acetonedicarboxylate in 15 mL dry THF was added
2.5 mmol powdered K2CO3. The mixture was stirred under nitrogen for 15 min at room
temperature. Then 1 mmol trans-1,4-dibromo-2-butene in 10 mL dry THF was added
through a syringe, and the resulting reaction mixture was refluxed until the completion of
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reaction as monitored by TLC. After cooling to room temperature, the solution was filtered
through a short pad of Celite, and the solution was evaporated under reduced pressure.
The residue was purified by rapid flash chromatography to afford 90% 4,5-dihydro-
2-methoxycarbonylmethyl-3-methylcarboxylate-5-vinylfuran, Rf = 0.59 (Et2O/pentane,
7:3).

MeO2C

MeO2C

ClCl HO2C CO2H

+
1. DMPU, LiH

2. LiOH, H2O
92%

Reference 11.

To a 1-L two-necked, round-bottomed flask equipped with a magnetic stirring bar
were added 33.0 g dimethyl malonate (0.25 mol), 50 mL dry N,N-dimethylpropyleneurea
(DMPU), and 450 mL dry THF under a current of nitrogen. The mixture was cooled in an
ice bath, and 5.0 g LiH powder (0.629 mol) was added in one portion under stirring. The
nitrogen flow was discontinued, and the flask was sealed with a rubber septa connecting to a
Nujor-filled bubbler by syringe needle. After 15 min, the ice bath was removed and stirring
was continued until hydrogen evolution ceased, whereupon 28.4 mL cis-1,4-dichloro-2-
butene (0.269 mol) was added rapidly by syringe. The mixture was heated at 40–45◦C for
24 h and then cooled to 20◦C; 50 mL water was added dropwise followed by 31.5 g solid
LiOH·H2O (0.750 mol). After the mixture was stirred at 20◦C for another 24 h, an additional
350 mL water was added under stirring, and the whole mixture was extracted by EtOAc
(5 × 500 mL); each washing was back washed with 30 mL brine. The combined aqueous
phase was then acidified with 160 mL 6 N HCl and extracted with EtOAc (3 × 500 mL). The
combined organic layers were washed with 3 N HCl (3 × 100 mL) and brine (2 × 50 mL),
and dried over Na2SO4. Upon removal of the solvent by rotary evaporation and traces of
solvent under high vacuum (1 h at 0.1 mmHg), 35.8 g 3-cyclopentene-1,1-dicarboxylic acid
was obtained as an off-white solid, in a yield of 92%, m.p. 163–165◦C.

Other references related to the Perkin synthesis are cited in the literature.12
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Perkow Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Perkow in 1952.1 It is the preparation of vinyl (or
enol) phosphates from α-halo carbonyl compounds and trivalent phosphorus reagents and
is generally known as the Perkow reaction.2,3 In addition, this reaction is referred to as
the Perkow synthesis,4 Perkow rearrangement,5 anomalous Arbuzov reaction,6 Perkow-
Arbuzov reaction,7 or vinyl ester reaction.8 Generally speaking, α-halo aldehydes are more
reactive than α-halo ketones; whereas α-halo esters are the least reactive species for the
Perkow reaction, and α-halo amides do not react at all.2k On the other hand, the α-halo
carbonyl compounds also show a general reactivity scale of I > Br > Cl.2k The more
α-halo atoms in the carbonyl compound, the faster the reaction occurs.2k For example,
chloral and bromal undergo the Perkow reaction most readily, and such a vigorous reac-
tion is usually controlled by either lowering the reaction temperature or carrying it out
in an inert solvent;1,4b,9 the normal Perkow reaction is carried out at 100–150◦C.2k The
trivalent phosphorus reagent should contain at least one alkoxy group, whose alkyl group
is capable of evolving as a carbonium ion, and should not have a hydrogen or hydroxy
group attaching to a phosphorus atom.2k Thus trialkyl phosphites, dialkyl ethylphospho-
nites, dialkyl phenylphosphonites, and methyl diphenylphosphinite are all possible reagents
for this reaction;2d but trialkylphosphines, triaryl phosphates, and phosphorotriamidites do
not undergo the Perkow reaction.2k For trialkyl phosphites with different alkyl groups, the
smallest alkyl group is usually eliminated in this reaction; similarly, for phosphites contain-
ing one or two phenoxy groups, the alkyl group is always removed as alkyl halide.2k Both
the electronic character of phosphorus2b,2c and the steric effects2d,2h are prominent in the
Perkow reaction, as indicated by the predominant trans-configuration in vinyl phosphates,2i

resulting from the initial attack of trialkyl phosphite from the less hindered side of halogen
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in eclipsed or gauched form of the α-halo ketones. α-Bromoketone gives more trans-vinyl
phosphate isomer than does chloroketone.2h The reaction rate of triisopropyl phosphite is
slower than that of triethyl phosphite in the Perkow reaction.2h However, this reaction is often
complicated by the Michaelis-Arbuzov Rearrangement, by which phosphonate is formed
instead of phosphate.2k It is known that the course of the reaction depends on the nature
and position of halogen on the carbonyl compounds as well as the reaction temperature.2k

In general, more Perkow products are produced from α-iodo ketones, even at low tempera-
ture, whereas more Michaelis-Arbuzov products are generated from α-chloroketone at high
temperature.2k In addition, α-halo ketones with a halogen atom at the primary carbon prefer
Michaelis-Arbuzov products, whereas ketones with a halogen atom at the secondary carbon
yields more Perkow products. Moreover, the ketones containing more than one α-halogen
atom, give exclusively or almost exclusively Perkow products.2k

B. GENERAL REACTION SCHEME

O
P

O

R4
R5

R1

R2
R4

P
OR3

R5

R1
X

O

R2

+

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
R3 = alkyl
R4, R5 = alkyl, alkoxyl, phenoxy
X = Cl, Br, I

C. PROPOSED MECHANISMS

For this reaction, a variety of mechanisms have been proposed, in favor of the initial attack
of the phosphorus atom on the α-halogen,2f,10 the carbonyl oxygen,11 the α-carbon bound to
the halogen,9,12 or the carbonyl carbon.2b,2c,2h,8b,13 However, more and more experimental
evidence supports the initial attack of phosphite on the carbonyl group as the rate-limiting
step,2h followed by the rearrangement of the phosphorus moiety to oxygen to form the enol
phosphonium halide.2f,2h Evidence in favor of halogen attack includes the formation of only
cis-vinyl phosphates from α,α-dibromoketones and α-bromo-α-phenyl ketones.2f A repre-
sentative mechanism is outlined here between 2-bromo-2-butanone and triethylphosphite.

O
P

O

EtO
EtOBr

O
P(OEt)3 P

Br

O

EtO

EtO
OEt

O

Br

P
EtO

EtO
O

Et

EtBr

–

+

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is one of the major reactions for the preparation of vinyl phosphates.
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F. RELATED REACTIONS

This reaction is related to the Michaelis-Arbuzov Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

MeO
P

O-i-Pr

OMe
+H Cl

O

Cl

Cl
O

P

O

MeO
i-Pr-O

Cl

Cl
93.6%

Reference 14.

To a solution of 76 g freshly distilled chloral (0.517 mol) in 75 mL CH2Cl2, was added
dropwise 87 g dimethyl isopropyl phosphite (0.573 mol) within 1.5 h to maintain the mod-
erate reflux. After the addition was completed, the refluxing was extended for an additional
30 min, then both solvent and excess phosphite were removed through rotary evaporation
at 60◦C (25 mmHg) to give 129 g of a colorless liquid. GLPC analysis showed that this
liquid contained 93% 2,2-dichlorovinyl isopropyl methyl phosphate, in a yield of 93.6%.
The liquid was distilled, and 109 g product was collected at 79◦C (0.04 mmHg) as four
fractions, which contained 10%, 6%, 4%, and 4% of dimethyl isopropyl phosphite, respec-
tively, according to GPLC analysis. Then fraction 4 (containing only 4% of phosphite) was
further chromatographed on a deactivated silica gel, eluting with 2% ether in CH2Cl2 to
afford 5.76 g pure phosphate.

EtO
P

OEt

OEt

Cl

O

120°C O
P

O

EtO
EtO

+

47%

Reference 2e.

To 0.20 mol triethyl phosphite heated to 120◦C was added 0.20 mol chloroacetone in
small portions. After completion of the addition, the mixture was stirred at 120◦C for 1 h,
then the temperature was raised to 170◦C for an additional hour, whereupon 47% of diethyl
2-propenyl phosphate was distilled, b.p. 64◦C at 0.9 mmHg.

Other references related to the Perkow reaction are cited in the literature.15
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Petasis-Ferrier
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Petasis in 1995.1 It is a Lewis acid pro-
moted or induced conversion of enol acetals (e.g., 4-alkylidenyl-1,3-dioxanes2) into
tetrahydropyranones.3 Because this reaction is very similar to the Ferrier Rearrangement, it
is normally called the Petasis-Ferrier rearrangement.2−4 The Lewis acids that can promote
this rearrangement include BF3·Et2O, ZnCl2, TiCl2(O-i-Pr)2, MeAlCl2, and Me2AlCl.4h It
has been proposed that this reaction occurs via fragmentation, followed by endo-cyclization
onto an oxocarbenium.5 This reaction can tolerate a variety of functional groups, includ-
ing silyl ether,4h and can directly produce cis-2,6-disubstituted tetrahydropyranone when
Me2AlCl is used as the Lewis acid, without the Meerwein-Ponndorf-Verley Reduction per
Petasi’s original procedure.2,4h This reaction has also been extended to the preparation of
compounds containing medium-size rings.4d

B. GENERAL REACTION SCHEME

O

O

R1 R2 O

O

R1 R2

n
Lewis acid n
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C. PROPOSED MECHANISMS

A modified version of the mechanism described by O’Neil et al.4d is illustrated here.

D. MODIFICATION

The original procedure has been modified to use Me2AlCl as the promoter,2,4h and the
alkylidenyl in 1,3-dioxane has been extended to a spiro-cyclopropanyl group.4d

E. APPLICATIONS

This reaction is generally useful for the preparation of tetrahydropyrans, tetrahydropy-
ranones, and medium cyclic compounds.

F. RELATED REACTIONS

This reaction is related to the Ferrier-II Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

BrO

O

TBSO

OMe

OMe

Me2AlCl

CH2Cl2

BrO

TBSO

OMe

OMe

O85%

Reference 4c.

To a solution of 1.6 g enol-acetal (2.9 mmol) in 36 mL dichloromethane was added
3.6 mL 1 M Me2AlCl (3.6 mmol) in dichloromethane at −78◦C. The reaction mixture was
stirred for 10 min then quenched at −78◦C with 1.5 mL Et3N, followed by 20 mL saturated
aqueous NaHCO3. The reaction mixture was then diluted with 100 mL dichloromethane,
allowed to warm to 0–5◦C, and acidified with 1 N HCl to pH 2. The aqueous phase was
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extracted with dichloromethane (3 × 100 mL), and the combined organic extracts were
dried over Na2SO4, and then concentrated in vacuo. Flash chromatography purification
with 5% EtOAc in hexanes as the eluent afforded 1.4 g pyranone as a colorless oil, in a
yield of 85%.

OH

OH

Ph

O

H
O

O

Ph

CH2Cl2
+

Al(OTf)3/Na2SO4

51%

Reference 4d.

To a −10◦C suspension of 1.5 mL CH2Cl2 and 430 mg Na2SO4 (3.02 mmol) was added
102 µL 3-phenylpropionaldehyde (0.772 mmol) under argon, followed by 73 mg Al(OTf)3
(0.154 mmol). In a separate flask, a solution of 89.7 mg diol (0.772 mmol) in CH2Cl2
(1 mL) was prepared and added to the reaction flask via cannula. The resultant solution
was stirred for 2 h, then a solution of 772 µL 1.0 M TiCl4 in CH2Cl2 (0.772 mmol) was
added. The resultant solution was stirred for 0.5 h. The reaction was then diluted with
10 mL CH2Cl2 and quenched with 10 mL saturated aqueous NaHCO3. The aqueous layer
was extracted with CH2Cl2 (3 × 10 mL). The combined organic layers were washed with
brine, dried over Na2SO4, vacuum filtered, and concentrated in vacuo. Flash chromatogra-
phy (EtOAc/hexanes,15:85) provided 91.8 mg keto-oxepane as a pale yellow oil, in a yield
of 51%.

Other references related to the Petasis-Ferrier rearrangement are cited in the literature.6
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Peterson Olefination

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Peterson in 1968.1 It is a two-step synthesis of olefin
involving the addition of an α-silyl carbanion to a carbonyl compound to form β-silyl alcohol
(or β-hydroxy silane) and the elimination of silol. Therefore, this reaction is generally known
as the Peterson olefination.2,3 In addition, this reaction is also referred to as the Peterson
reaction2k,4 and Peterson elimination.2f,5 Occasionally, the Peterson olefination is also
called the Peterson alkenation6 or Peterson alkenylation.7

As a complementary olefination method of Wittig Reaction, the Peterson olefination has
the following advantages: a higher reactivity of α-silyl carbanions than the corresponding
phosphorus reagents toward both ketones and aldehydes,2k,8 a better Z-selectivity than the
corresponding stabilized phosphorous components,8 and a simpler workup and purification
procedure without phosphorus side products.2k However, the low availability of certain
α-silyl carbanions has limited its general use in organic synthesis,2d,4h especially for
methylene derivatives,4h which may be obtained via the application of trimethylsilylmethyl
magnesium chloride2j or [bis(trimethylsilyl)methyl]-lithium.2x Generally, the β-silyl alco-
hol generated from an α-silyl carbanion with an electron-withdrawing group undergoes
elimination instantaneously to give the olefin as an E/Z mixture but in favor of E olefin,2x

whereas the β-silyl alcohol arising from α-silyl carbanion with an electron-donating
group could be isolated and converted into the corresponding olefin with controllable
stereochemistry.2x Treatment of the isolated β-silyl alcohol with acid results in an
anti-elimination, whereas the treatment of the same substrate with base leads to a syn-
elimination.5b,9 In this reaction, the α-silyl carbanions can be generated from direct lithiation
of silane with a strong lithium base,10 from lithium halogen exchange,11 or from the addi-
tion of a carbanion to vinylsilane,12 etc. On the other hand, besides the addition of α-silyl
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carbanion to carbonyl compounds, other methods are suitable for the generation of α-silyl
alcohols, such as the addition of carbanion to α-silyl ketone9b or α-silyl epoxide.9a Acids
such as H2SO4,13 CF3COOH,2d HF·Pyr,2j and SOCl22m are effective reagents for the elim-
ination step. In addition, it has been found that fluoride (e.g., CsF)2s,4u,7 and zinc bromide
can be used as catalysts for this reaction.2s

B. GENERAL REACTION SCHEME

R1 R2

O
M+

R4

R3

SiMe3

M+

R1
SiMe3

O

R2
R3

R4
R2

R4R1

R3

R2

R3R1

R4

Base

Acid

R1 = H, alkyl, aryl

R2 = alkyl, aryl

R3 = H, alkyl, aryl

R4 = H, alkyl, aryl

M+ = Li+, Na+, K+, etc.

+

–

–

C. PROPOSED MECHANISMS

A general mechanism is outlined below for the Peterson olefination.

D. MODIFICATION

This reaction has been modified by the use of an α-silyl selenoacetamide to generate
E-olefins in preference2g and the use of an α-silyl thioether2i and N-cyclohexyl-(2-
triethylsilylpropylidene)imine2d as α-silyl carbanion precursors. In addition, a germanium-
Peterson reaction4l and a tin-Peterson reaction4n have been developed. Furthermore, an
asymmetric version of the Peterson olefination has been developed by the use of an external
chiral tridentate amino diether as a chiral ligand.2k
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E. APPLICATIONS

This reaction has general application in the preparation of olefins.

F. RELATED REACTIONS

This reaction is related to the Wittig Reaction and Tebbe Olefination.

G. CITED EXPERIMENTAL EXAMPLES

Me3Si
OEt

O

t-Bu

O

MeO

PhPh

OMe
t-Bu

CO2Et

H+
LDA, toluene

68%
19% e.e.

Reference 2k.

A solution of 1.5 mmol ethyl trimethylsilanylacetate and 2.0 mmol chiral pinacol methyl
ether in 6.0 mL toluene was added to a solution of LDA (1.6 mmol) in 5.0 mL toluene at
−78◦C. The mixture was stirred at −20◦C for 1 h and cooled to −78◦C again. Then a
solution of 1.0 mmol 4-tert-butyl-cyclohexanone in 4 mL toluene was added dropwise over
a period of 3 min, and the resulting mixture was stirred at room temperature for 5 h. Upon
removal of the solvent, the residue was purified by silica gel column chromatography to
afford 68% of (S)-(+)-ethyl (4-tert-butylcyclohexylidene)acetate as a colorless oil, with
19% e.e.

Me3Si
N

Se

N

Se

1. n-BuLi

2. o-Tolualdehyde

93%

Reference 2g.

To 2.5 mL THF solution containing 0.26 g α-trimethylsilyl selenoacetamide (1.05 mmol)
was added 0.625 mL 1.6 M n-BuLi (1.0 mmol) at 0◦C; the mixture was stirred for 15 min.
Then 0.12 mL o-tolualdehyde (1.0 mmol) was added; the reaction mixture instantly changed
to reddish orange. After being stirred at room temperature for an additional hour, the reaction
mixture was poured onto water and extracted with CH2Cl2. The organic layer was dried
over MgSO4 and concentrated in vacuo. The residue was purified by silica gel column
chromatography using hexane/dichloromethane as an eluent to give 0.258 g (E)-1-(3-(2-
methylphenyl)-1-selenoxo-2-propenyl)pyrrolidine as a reddish orange solid, in a yield of
93%, m.p. 137–140◦C.

Other references related to the Peterson olefination are cited in the literature.14



REFERENCES 2179

H. REFERENCES

1. Peterson, D. J., J. Org. Chem., 1968, 33, 780.

2. (a) Halton, B. and Cooney, M. J., Aust. J. Chem., 2006, 59, 118. (b) Kozytska, M. V. and Dudley,
G. B., Chem. Commun., 2005, 3047. (c) Felpin, F.-X. and Lebreton, J., Curr. Org. Synth., 2004,
1, 83. (d) Zeng, X. Z.; Zeng, F. X. and Negishi, E.-i., Org. Lett., 2004, 6, 3245. (e) Iabal, M.; Li,
Y. F. and Evans, P., Tetrahedron, 2004, 60, 2531. (f) Michel, S. J.; Sedelmeier, G. H.; Niedere, D.;
Schuerch, F.; Seger, M.; Schreiner, K.; Daeffler, R.; Osmani, A.; Bixel, D.; Loiseleur, O.; Cercus,
J.; Stettler, H.; Schaer, K. and Gamboni, R., Org. Proc. Res. Dev., 2004, 8, 113. (g) Murai, T.;
Fujishima, A.; Iwamoto, C. and Kato, S., J. Org. Chem., 2003, 68, 7979. (h) Van Staden, L. F.;
Gravestock, D. and Ager, D. J., Chem. Soc. Rev., 2002, 31, 195. (i) Perales, J. B.; Makino, N. F.
and Vranken, D. L. V., J. Org. Chem., 2002, 67, 6711. (j) Ling, T. T.; Rivas, F. and Theodorakis,
E. A., Tetrahedron Lett., 2002, 43, 9019. (k) Iguchi, M. and Tomioka, K., Org. Lett., 2002, 4,
4329. (l) Khripach, V. A.; Zhabinskii, V. N.; Konstantinova, O. V.; Khripach, N. B.; Antonchick,
A. P. and Schneider, B., Steroids, 2002, 67, 597. (m) Faust, R., Eur. J. Org. Chem., 2001, 2797.
(n) Clayden, J.; Johnson, P. and Pink, J. H., J. Chem. Soc., Perkin Trans. I, 2001, 371. (o) Faust,
R. and Mitzel, F., J. Chem. Soc., Perkin Trans. I, 2000, 3746. (p) Hayes, B. L.; Adams, T. A.;
Pickin, K. A.; Day, C. S. and Welker, M. E., Organometallics, 2000, 19, 2730. (q) Fürstner, A.
and Krause, H., J. Org. Chem., 1999, 64, 8281. (r) Wang, K. K.; Liu, B. and Petersen, J. L.,
J. Am. Chem. Soc., 1996, 118, 6860. (s) Bellassoued, M. and Ozanne, N., J. Org. Chem., 1995,
60, 6582. (t) Grigorieva, N. Y.; Pinsker, O. A. and Moiseenkov, A. M., Mendeleev Commun.,
1994, 129. (u) Feringa, B. L.; Jager, W. F. and de Lange, B., Tetrahedron Lett., 1992, 33, 2887.
(v) Barrett, A. G. M. and Flygare, J. A., J. Org. Chem., 1991, 56, 638. (w) Snieckus, V., Pure
& Appl. Chem., 1990, 62, 671. (x) Hudrlik, P. F.; Agwaramgbo, E. L. O. and Hudrlik, A. M.,
J. Org. Chem., 1989, 54, 5613. (y) Scheide, G. M. and Neilson, R. H., Organometallics, 1989,
8, 1987. (z) Brouwer, A. C.; Hummelen, J. C.; Luider, T. M.; van Bolhuis, F. and Wynberg, H.,
Tetrahedron Lett., 1988, 29, 3137. (aa) Cohen, T.; Sherbine, J. P.; Matz, J. R.; Hutchins, R. R.;
McHenry, B. M. and Willey, P. R., J. Am. Chem. Soc., 1984, 106, 3245. (bb) Schubert, H. H. and
Stang, P. J., J. Org. Chem., 1984, 49, 5087. (cc) Carey, F. A. and Frank, W. C., J. Org. Chem.,
1982, 47, 3548.

3. (a) Fernandez, M. C.; Diaz, A.; Guillin, J. J.; Blanco, O.; Ruiz, M. and Ojea, V., J. Org. Chem.,
2006, 71, 6958. (b) Pulido, F. J. and Barbero, A., Nat. Protocols, 2006, 2068. (c) Suzuki, H.;
Ohta, S. and Kuroda, C., Synth. Commun., 2004, 34, 1383. (d) Izod, K.; McFarlane, W. and
Tyson, B. V., Eur. J. Org. Chem., 2004, 1043. (e) Halton, B.; Boese, R. and Dixon, G. M., Eur. J.
Org. Chem., 2003, 4507. (f) Asakura, N.; Usuki, Y. and Iio, H., J. Fluor. Chem., 2003, 124, 81.
(g) Hazelard, D.; Ollivier, J.; Paugam, R. and Salauen, J., Synlett, 2003, 1155. (h) Adam, W. and
Ortega-Schulte, C. M., Synlett, 2003, 414. (i) Barbero, A.; Blanco, Y.; Garcia, C. and Pulido, F. J.,
Synthesis, 2000, 1223. (j) Welch, J. T.; Gregor, T. and Kornilov, A., Isr. J. Chem., 1999, 39, 171.
(k) Fassler, J.; Linden, A. and Bienz, S., Tetrahedron, 1999, 55, 1717. (l) Lin, J. and Welch, J. T.,
Tetrahedron Lett., 1998, 39, 9613. (m) van Staden, L. F.; Bartels-Rahm, B.; Field, J. S. and Emslie,
N. D., Tetrahedron, 1998, 54, 3255. (n) Harmata, M. and Jones, D. E., Tetrahedron Lett., 1997,
38, 3861. (o) van Staden, L. F.; Bartels-Rahm, B. and Emsile, N. D., Tetrahedron Lett., 1997, 38,
1851. (p) Bratovanov, S. and Bienz, S., Main Group Metal Chem., 1996, 19, 769. (q) Guertler, S.;
Ruf, S.; Johner, M. and Otto, H. H., Pharmazie, 1996, 51, 811. (r) Waschbusch, R.; Carran, J. and
Savignac, P., Tetrahedron, 1996, 52, 14199. (s) Grigorieva, N. Ya.; Pinsker, O. A.; Buevich, A. V.
and Moiseenkov, A. M., Izv. Akad. Nauk, Ser. Khim., 1995, 509. (t) Roche, D.; Madesclaire, M.;
Chavignon, O. and Teulade, J. C., Sulfur Lett., 1993, 16, 221. (u) Okamoto, S.; Tani, K.; Sato, F.;
Sharpless, K. B. and Zargarian, D., Tetrahedron Lett., 1993, 34, 2509. (v) Roche, D.; Chavignon,
O.; Teulade, J. C. and Madesclaire, M., Sulfur Lett., 1992, 15, 127. (w) Couture, A.; Cornet, H.
and Grandclaudon, P., J. Organomet. Chem., 1992, 440, 7. (x) Kishi, N.; Maeda, T.; Mikami, K.
and Nakai, T., Tetrahedron, 1992, 48, 4087. (y) Katritzky, A. R.; Lue, P. and Malhotra, N., Gazz.



2180 PETERSON OLEFINATION

Chim. Ital., 1991, 121, 471. (z) Mladenova, M. and Gaudemar-Bardone, F., Phosphorus, Sulfur &
Silicon & Related Elements, 1991, 62, 257. (aa) Halton, B.; Lu, Q. and Stang, P. J., Aust. J. Chem.,
1990, 43, 1277. (bb) Palomo, C.; Aizpurua, J. M.; Garcia, J. M.; Picard, J. P. and Dunogues, J.,
Tetrahedron Lett., 1990, 31, 1921. (cc) Tanaka, J.; Kanemasa, S.; Ninomiya, Y. and Tsuge, O.,
Bull. Chem. Soc. Jpn., 1990, 63, 466. (dd) Ager, D. J., Org. React., 1990, 38, 1. (ee) Cuevas, J.
C.; Patil, P. and Snieckus, V., Tetrahedron Lett., 1989, 30, 5841. (ff) Kanemasa, S.; Kobayashi,
H.; Tanaka, J. and Tsuge, O., Bull. Chem. Soc. Jpn., 1988, 61, 3957. (gg) Bartoli, G.; Bosco,
M.; Dalpozzo, R. and Todesco, P. E., J. Chem. Soc., Chem. Commun., 1988, 807. (hh) Mikami,
K.; Maeda, T. and Nakai, T., Tetrahedron Lett., 1986, 27, 4189. (ii) Kanemasa, S.; Tanaka, J.;
Nagahama, H. and Tsuge, O., Bull. Chem. Soc. Jpn., 1985, 58, 3385. (jj) Craig, D.; Ley, S. V.;
Simpkins, N. S.; Whitham, G. H. and Prior, M. J., J. Chem. Soc., Perkin Trans. I, 1985, 1949.
(kk) Crimmin, M. J.; O’Hanlon, P. J. and Rogers, N. H., J. Chem. Soc., Perkin Trans. I, 1985,
541. (ll) Tsuge, O.; Kanemasa, S. and Ninomiya, Y., Chem. Lett., 1984, 1993. (mm) Yamamoto,
K.; Kimura, T. and Tomo, Y., Tetrahedron Lett., 1984, 25, 2155. (nn) Ley, S. V. and Simpkins,
N. S., J. Chem. Soc., Chem. Commun., 1983, 1281. (oo) Sato, F.; Tanaka, Y. and Kanbara, H.,
J. Chem. Soc., Chem. Commun., 1983, 1024. (pp) Rutschmann, S. B., Schweiz. Labor.-Zeitsch.,
1983, 40, 270. (qq) Yamamoto, K. and Tomo, Y., Tetrahedron Lett., 1983, 24, 1997. (rr) Schank,
K. and Schroeder, F., J. Liebigs Ann. Chem., 1977, 1676. (ss) Trindle, C.; Hwang, J.-T. and Carey,
F. A., J. Org. Chem., 1973, 38, 2664.

4. (a) Kojima, S.; Fukuzaki, T.; Yamakawa, A. and Murai, Y., Org. Lett., 2004, 6, 3917. (b) Ager,
D. J., Sci. Synth., 2002, 4, 789. (c) Fuerstner, A.; Brehm, C. and Cancho-Grande, Y., Org. Lett.,
2001, 3, 3955. (d) Kojima, S.; Inai, H.; Hidaka, T. and Ohkata, K., Chem. Commun., 2000, 1795.
(e) Tonder, J. E.; Begtrup, M.; Hansen, J. B. and Olesen, P. H., Tetrahedron, 2000, 56, 1139.
(f) Naganuma, K.; Kawashima, T. and Okazaki, R., Chem. Lett., 1999, 1139. (g) Mlynarski, J.
and Banaszek, A., Tetrahedron, 1999, 55, 2785. (h) Katritzky, A. R.; Cheng, D.; Henderson, S. A.
and Li, J. Q., J. Org. Chem., 1998, 63, 6704. (i) Bassindale, A. R.; Ellis, R. J. and Taylor, P. G., J.
Chem. Res. (S), 1996, 34. (j) Li, Z. H. and Zhu, C. F., Huaxue Shiji, 1995, 17, 91. (k) Krempner,
C.; Reinke, H. and Oehme, H., Chem. Ber., 1995, 128, 143. (l) Kawashima, T.; Iwama, N.;
Tokitoh, N. and Okazaki, R., J. Org. Chem., 1994, 59, 491. (m) Vohra, R. and MacLean, D.
B., Tetrahedron Lett., 1993, 34, 7673. (n) Kawashima, T.; Iwama, N. and Okazaki, R., J. Am.
Chem. Soc., 1993, 115, 2507. (o) Kawashima, T.; Iwama, N. and Okazaki, R., J. Am. Chem. Soc.,
1992, 114, 7598. (p) Bravo-Zhivotovskii, D.; Braude, V.; Stanger, A.; Kapon, M. and Apeloig,
Y., Organometallics, 1992, 11, 2326. (q) Inoue, S. and Sato, Y., J. Org. Chem., 1991, 56, 347.
(r) Palomo, C.; Aizpurua, J. M.; Garcia, J. M.; Ganboa, I.; Cossio, F. P.; Lecea, B. and López,
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Boese, R.; Bläser, D. and Maulitz, A. H., J. Chem. Soc., Perkin Trans. I, 1995, 2819. (o) Bell,
D.; Crowe, E. A.; Dixon, N. J.; Geen, G. R.; Mena, I. S. and Shiplon, M. R., Tetrahedron, 1994,
50, 6643. (p) Barrett, A. G. M.; Hill, J. M.; Wallace, E. M. and Glygare, J. A., Synlett, 1991,
764. (q) Palomo, C.; Aizpurua, J. M. and Aurrekoetxea, N., Tetrahedron Lett., 1990, 31, 2209.
(r) Overman, L. E. and Thompson, A. S., J. Am. Chem. Soc., 1988, 110, 2248. (s) Funk, R. L.;
Novak, P. M. and Abelman, M. M., Tetrahedron Lett., 1988, 29, 1493. (t) Ager, D. J., Synthesis,
1984, 384. (u) Hudrlik, P. F. and Kulkarni, A. K., J. Am. Chem. Soc., 1981, 103, 6251. (v) Kende,
A. S. and Blacklock, T. J., Tetrahedron Lett., 1980, 21, 3119. (w) Birkofer, L. and Stiehl, O., Top.
Curr. Chem., 1980, 88, 58. (x) Van der Ley, M.; Porskamp, P. A. T. W.; Lammerink, B. H. M.
and Zwanenburg, B., Tetrahedron Lett., 1978, 811. (y) Chan, T. H., Acc. Chem. Res., 1977, 10,
442.



492
Petrenko-Kritschenko
Piperidone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Petrenko-Kritschenko in 1906.1 It is the prepara-
tion of piperidone via a double Mannich Reaction from acetonedicarboxylic ester, two
equivalents of aldehyde, and ammonia (or a primary amine), and is known as the Petrenko-
Kritschenko piperidone synthesis.2 In this reaction, the mixture of reaction components is
usually refluxed in an aqueous or alcoholic solution, and the resulting product is difficult to
purify.3 It has been found that the addition of acid to the reaction medium is useful for this
reaction.2

B. GENERAL REACTION SCHEME

OO O

RO OR

O

R′
R′′ NH2

∆
N

O

RO2C CO2R

R′′
R′ R′

+ +
H2O or EtOH

R = Me, Et
R′ = H, aryl, etc.
R′′ = H, alkyl, aryl
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C. PROPOSED MECHANISMS

Displayed here is the detailed mechanism in the presence of an acid.

D. MODIFICATION

This reaction has been modified by the use of ammonia acetate in acetic acid as the
reaction medium and source of ammonia.2

E. APPLICATIONS

This reaction is useful for the preparation of piperidone derivatives.

F. RELATED REACTIONS

This reaction is related to the Hantzsch Dihydropyridine Synthesis, Chichibabin Pyridine
Synthesis, and Mannich Reaction.

G. CITED EXPERIMENTAL EXAMPLES

MeO OMe

OO O

CHO

F

CH3NH2

N

O

MeO2C CO2Me

Me

p-F-C6H4 C6H4-p-F

+ +
46%

Reference 4.
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Exactly 0.04 mol p-fluorobenzaldehyde and 1.5 mL 40% aqueous solution of methy-
lamine were dissolved in 20 mL methanol, and the mixture was cooled to 0◦C. Over a course
of ∼1 h, 0.02 mol dimethyl oxoglutarate was added dropwise to the mixture under stirring
at 0◦C. The solution was allowed to stand overnight at 5◦C. The resulting precipitate was
filtered and washed by ether to give 3.84 g dimethyl 2,6-di-(4-fluorophenyl)-N-methyl-
4-piperidone-3,5-dicarboxylate, in a yield of 46%, m.p. 128–130◦C. When no precipitate
formed, the solvent was removed in vacuo at 40–50◦C, and the remaining residue was
dissolved in ethanol or treated with Et2O to obtain the crystal.

EtO OEt

OO O
H3C CHO

N
H

O

+
1. NH3

2. 3 N HCl, ∆

51.7%

Reference 5.

Into a mixture of 101 g diethyl acetonedicarboxylate and 44 g acetaldehyde maintained
at −25 ± 5◦C was bubbled ammonia until tests showed that the liquid was saturated. The
solution was stored at 0◦C for 20 h, by which time it was a white sludge. To this mixture
was added 250 mL 3 NHCl, and the solution was heated on a steam bath. Carbon dioxide
soon began to evolve and continued to evolve even after 24 h yet very slowly. The solution
was evaporated almost to dryness, and 25 mL water was added to the tan heavy precipitate
and evaporated again. To the residue was added a solution of 100 g Na2CO3 in 480 mL
H2O and 200 mL CHCl3; the layers were shaken and separated. The aqueous layer was
extracted with CH2Cl2 (6 × 200 mL) until ethereal picric acid showed no yellow color. The
organic layers were dried over MgSO4 and distilled to give 32.9 g 2,6-dimethyl-piperidone
as colorless liquid, in a yield of 51.7%, b.p. 99–105◦C (25 mmHg).

Other references related to the Petrenko-Kritschenko piperidone synthesis are cited in
the literature.6
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Pfau-Plattner Azulene

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pfau and Plattner in 19391 after their earlier prepara-
tion of azulene from cyclopentenocycloheptanone2 by the application of the ring expansion
protocol discovered by Buchner in 1885.3 It is a multistep preparation of azulene involving
decomposition of diazoacetic ester, addition of the resulting carbene to indane, rear-
rangement of cycloheptatriene, hydrolysis of ester, decarboxylation, and dehydrogenation.
Azulene is an isomeric structure of naphthalene3b with an intense blue or blue-violet color.4

The dehydrogenation can be carried out by heating cycloheptatriene with sulfur, selenium,
or palladium-charcoal,4b and the resulting azulene can be purified by the formation of a com-
plex with trinitrobenzene5 or use of column chromatography and partition procedures.3b

This reaction has been improved by the direct addition of carbene to indane followed
by dehydrogenation with a much higher yield.6 In addition, this reaction has been mod-
ified by the intramolecular carbene addition of 4-phenyl 1-diazo-2-butanone followed by
dehydrogenation.7

B. GENERAL REACTION SCHEME

– +
OR

O

NN

CO2R

CO2R+

1. NaOH
2. Decarboxylation

3. Dehydrogenation

(R = Me, Et, etc.)
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C. PROPOSED MECHANISMS

D. MODIFICATION

This reaction has been modified by the direct addition of carbene, generated from
diazomethane, to indane6 and intramolecular carbene addition to the phenyl ring from
4-phenyl-1-diazo-2-butanone,7 followed by dehydrogenation.

E. APPLICATIONS

This reaction has a limited use in organic synthesis, specifically for the azulene
derivatives.

F. RELATED REACTIONS

This reaction is related to the Büchner Ring Expansion.

G. CITED EXPERIMENTAL EXAMPLES

CHN2

O

O

60°C

1. CuCl/bromobenzene, 80°C

P2O5, CH3SO3H

52%
30–50%

2. Al2O3

Reference 4a.

To an oven-dried, 5-L three-necked flask equipped with a mechanical stirrer, a constant
addition funnel, and a reflux condenser were added 3 L freshly distilled bromobenzene over
CaH2 and 0.8 g fresh anhydrous CuCl under nitrogen. At 80◦C, 1 L dry bromobenzene con-
taining 20.4 g 4-phenyl-1-diazo-2-butanone was added to the vigorously stirred suspension
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dropwise for a period of 7 h. Heating and stirring were continued for an additional 1 h, then
the pale yellow reaction mixture was cooled and filtered through 30 g alumina to remove
CuCl and isomerize the unconjugated trienone to the more stable isomer. The alumina was
washed with 500 mL EtOAc, and the combined organic filtrates were concentrated at 40◦C
(20–0.5 mmHg) to a brown oil. Chromatography on 200 g silica gel using EtOAc/petroleum
ether (15:85) as the eluant gave 8.9 g 3,4-dihydro-1(2H)-azulenone as a light brown oil, in
a yield of 52%.

To a homogeneous mixture of 5 g P2O5 (35 mmol) and 34 mL freshly distilled methane-
sulfonic acid at 60◦C under nitrogen was added 0.48 g 3,4-dihydro-1(2H)-azulenone
(3.3 mmol) dropwise under stirring within 7 min. The solution rapidly darkened to orange-
brown. Progress of the reaction was followed by removing one-drop aliquots and quenching
them in H2O/hexane. The UV spectra of the hexane layer showed a gradual decrease at
226 nm and an increase at 274 nm. After ∼6 h, the absorption at 226 nm was no longer
discernible, and the reaction mixture was poured into 500 mL ice-cold water and extracted
twice with pentane. The dark blue pentane layers were combined, washed with water until
neutral, followed by brine, dried over MgSO4, and concentrated under reduced pressure.
The oily blue residue was purified by preparative layer chromatography on silica gel by
using pentane as the eluent to give 130–210 mg azulene as beautiful dark blue crystals, in
a yield of 30–50%, m.p. 98–98.5◦C.

More experimental procedures are available in the literature.6a,8 Other references related
to the Pfau-Plattner azulene synthesis are cited in the literature.9
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Pfitzinger Reaction

(Pfitzinger Quinoline Synthesis,
Pfitzinger Synthesis, Pfitzinger

Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pfitzinger in 1886.1 It is a base-promoted condensation
between an enolizable carbonyl compound and isatinate originating from isatin to form 2- or
2,3-disubstituted quinoline or cinchoninic acid derivative. Therefore, this reaction is gener-
ally known as the Pfitzinger reaction,2,3 Pfitzinger condensation,2r,2t,2u,2v,2y,4 or Pfitzinger
synthesis.2u,2y,5 Occasionally, it is also referred to as the Pfitzinger quinoline synthesis.6

The isatins being used for this reaction include 5-sulfamoylisatin,2b,2f 5-methylisatin,2x,7

methyl isatin-4-carboxylate,5a 5-bromoisatin,2r isatin,2b,2h,2q,2x,2bb,5c,7 and isatic acid.2t,2z

The enolizable carbonyl compounds suitable for this reaction include acetone,2b,8

methyl aryl ketones2b (e.g., acetophenone,9 p-fluoroacetophenone2h), methyl heteroaryl
ketones,2b cyclohexanone,2b cyclopentanone (for p-quinindane),2l,4c cyclooctanone,2r

cyclopentadecanone,2r malonates,2b keto ester2c (e.g., acetoacetic acid esters2b), keto
ethers2aa,2bb (or alkoxy ketones,2aa,2bb such as ethoxyacetone,2bb ethoxymethyl ethyl
ketone,2bb toloxypropanones,7 and thiophenoxyacetone2x), anhydride,6a chalcones,3d 2-
undecanone,2o phloroglucinol,2m 2-acetylphenothiazine,10 and lactam acetal.11 From these
carbonyl compounds, the unsymmetrical methyl ketones often result in the formation of
2-alkyl quinolines.2u However, for alkyl aryl ketones, such as ArC(O)(CH2)nCH3, only
ketones with n < 3 can undergo this reaction, due to the steric hindrance;2v similarly,
ketones with a general form of ArC(O)CH2Ar′ don’t undergo this reaction if Ar′ carries a
large ortho-substituent, even when Ar′ carries two small methyl groups.4d
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Displayed below is a general mechanism for this reaction.

D. MODIFICATION

This reaction has been modified to occur under acidic conditions4b,12 and microwave
irradiation.2e

E. APPLICATIONS

This reaction has a broad application in the preparation of quinoline derivatives.
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F. RELATED REACTIONS

This reaction is related to the Friedländer Condensation and Niementowski Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N
H

O

O

S
OO

N

O OMe

O O

S
OO

N

O
N

CO2H

CO2H

+
1. KOH/H2O

2. HCl

60%

Reference 2c.

To a suspension of 13.33 g 5-(morpholin-4-ylsulfonyl)-1H-indole-2,3-dione (45 mmol)
in 100 mL H2O, was added 20 g KOH under a nitrogen atmosphere. Then 14.62 g methyl
acetoacetate (126 mmoL) was added, and the reaction mixture was stirred for 12 h. The
mixture was cooled to 0◦C, then 40 mL conc. HCl was slowly added. The resulting pre-
cipitate was filtered off, washed with water, and dried in vacuo at 70◦C to give 60%
2-methyl-6-(morpholine-4-sulfonyl)-3,4-quinolinedicarboxylic acid.

Reference 6.

A mixture of 10 g isatin (68 mmol) and 18 mL valeric anhydride was heated under
refluxing for 3 h. The resulting solution was then allowed to cool to room temperature, and
the solid formed was collected by filtration, washed with small amounts of Et2O, dried, and
suspended in 30 mL H2O. Sodium hydroxide pellets (4.3 g, 110 mmol) were added, and the
resulting mixture was refluxed for 3 h, cooled, and acidified with 3 N HCl. The precipitate
was collected by filtration, washed with cold water, and then dried under reduced pressure to
constant weight, to afford 8.0 g 2-hydroxy-3-propyl-4-quinolinecarboxylic acid as a white
solid, in a yield of 60%, m.p. 266–268◦C.

Other references related to the Pfitzinger reaction are cited in the literature.13
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Pfitzner-Moffatt Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pfitzner and Moffatt in 1963.1 It is the oxidation of
primary and secondary alcohols to the corresponding aldehydes and ketones under mild
and almost neutral conditions by the combination of dimethyl sulfoxide (DMSO) and dicy-
clohexylcarbodiimide (DCC) in the presence of a proton source, such as phosphoric acid
or pyridinium trifluoroacetate. This method was initially known as the Pfitzner-Moffatt
technique,2 and is now referred in general to as the Pfitzner-Moffatt oxidation.3 Occasion-
ally, it is called the Moffatt oxidation,4 and the combination of DMSO and DCC is known as
the Pfitzner-Moffatt reagent.5 This reaction is applicable to primary and secondary hydroxyl
groups in a variety of compounds, including alkaloids, steroids, and carbohydrates, in which
other functional groups such as olefin, amine, tosylate, and tertiary hydroxyl groups are not
affected.2 However, this reaction also has some drawbacks. For example, the equatorial
OHs in steroids are readily oxidized, whereas some axial OHs are inert to the Pfitzner-
Moffatt reagent.6 In addition, the oxidation of nucleotides with free 3′-hydroxyl groups
such as thymidine 5′-phosphate and free 3′-hydroxyl containing nucleosides in the pres-
ence of anhydrous phosphoric acid, leads to the cleavage of the N-glycosidic bond and the
release of the nitrogenous bases.7 In this reaction, the amount of DMSO can be 10–100%
of solvent, in combination with another inert molecule, such as benzene, as the co-solvent.2

Strong mineral acids such as H2SO4, HCl, and HClO4 are not good activators for DMSO.2

It has been proposed that this reaction involves the activation of DMSO by DCC through an
acid-catalyzed process, followed by an alcohol attack to form dimethylalkoxysulfonium salt
and N,N ′-dicyclohexylurea, and the formation of carbonyl compounds via proton transfers
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2194 PFITZNER-MOFFATT OXIDATION

and the evolution of dimethylsulfide.2,8 Sometimes, this reaction also yields by-products
of R2CHO-CH2SCH3 arising from the rearrangement.2

B. GENERAL REACTION SCHEME

R1 R2

OH

R1 R2

O
DMSO/DCC

PyH+TFA–

R1 = alkyl, aryl
R2 = H, alkyl, aryl

C. PROPOSED MECHANISMS

Displayed below is the mechanism for Pfitzner-Moffatt oxidation in the presence of both
an acid and base.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the oxidation of primary and secondary alcohols
to corresponding aldehydes and ketones.
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F. RELATED REACTIONS

This reaction is related to the Albright-Goldman Oxidation, Kornblum Oxidation, and
Parikh-Doering Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

N
H H

H

MeO2C
OH

H

H3PO4

N
H H

H

MeO2C
O

HDCC/DMSO

80%

Reference 9.

To a solution of 28.32 g yohimbine (0.080 mol) and 49.04 g DCC (0.24 mol) in dry DMSO
(120 mL) was added 12.0 g crystalline orthophosphoric acid (0.12 mol). The mixture was
allowed to stand for 17 h at room temperature and was diluted with CH2Cl2. The solid was
filtered, and the product remained in the filter cake as a phosphate salt and was extracted from
theN,N ′-dicyclohexylurea with hot acetic acid water (1:2). Basification of the chilled extract
with concentrated NH4OH, filtration, and trituration of the solid with alcohol afforded 80%
yohimbinone, m.p. 250–254◦C (dec.).

HO O

DCC/DMSO

Pyridine/TFA
64%

Reference 10.

A mixture of 1.16 g cholestan-3β-ol (2.99 mmol), 1.85 g DCC (8.98 mmol), 0.24 mL
pyridine (3 mmol), 5 mL DMSO (74 mmol), and 0.12 mL trifluoroacetic acid (1.5 mmol)
was stirred for 5 h at room temperature. The addition of dry EtOAc to the reaction solution
resulted in the precipitation of N,N ′-dicyclohexylurea, which was filtered, washed with dry
benzene. The filtrate was washed with water, dried, and concentrated in vacuo. The residue
was chromatographed on Woelm neutral alumina to give 32% of cholestan-3β-ol and 64%
of cholestan-3-one.

Other references related to the Pfitzner-Moffatt oxidation are cited in the literature.11
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Phillips-Ladenburg

Benzimidazole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

Although the first benzimidazole was prepared by Hobrecker in 1872,1 it was Ladenburg
who extensively explored the preparation of benzimidazole derivatives by the condensa-
tion between ortho-amino aniline and carbonyl compounds (aldehydes and ketones) in
1875.2 Subsequently, Phillips further extended Ladenburg’s preparation to the condensa-
tion between ortho-amino aniline and acetic acid2a to produce different kinds of carboxylic
acids in the presence of dilute mineral acid.3 Therefore, the preparation of benzimida-
zole from ortho-amino aniline is referred to as the Ladenburg method,4 Phillips method,4c

Phillips modification,5 or the Phillips-Ladenburg reaction.6 It has been proposed that the
condensation between ortho-amino aniline and carbonyl compounds involves the formation
of a Schiff base intermediate,4b whereas the condensation between ortho-amino aniline and
acid proceeds via the N,N ′-diacyl and monoacyl intermediate.7 This condensation gener-
ally works for aliphatic acids5 and is feasible for aromatic acids if the condensations are
carried out above 180◦C in sealed reaction vessels.8

B. GENERAL REACTION SCHEME

NH2

NH2

R1 R2

O N

N
H

R2

NH2

NH2

H R

O
N

N
R

R

+ R1 = OH, CH3, PhCH2, etc.
R2 = alkyl

+ (R = alkyl, aryl)
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C. PROPOSED MECHANISMS

The mechanism for the conditions of the Phillips modification—that is the condensation
between ortho-amino aniline and carboxylic acid—is exemplified by the reaction with acetic
acid in the presence of mineral acid.

D. MODIFICATION

This reaction has been modified for preparing oxazole, thiazole, and perimidine deriva-
tives from the condensation of the corresponding o-aminophenol, o-aminobenzenethiol,
and 1,8-naphthalenediamine with ketones.9

E. APPLICATIONS

This reaction is very useful in the preparation of benzimidazole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2

OH

Ph

O

N

O
+

200–250°C

H2O, toluene

70%

Reference 9.

A mixture of 11 g o-aminophenol (0.1 mol) and 27 g benzyl methyl ketone (0.2 mol) was
heated in a flask equipped with an inside thermometer and a condenser set downward for
distillation for 6 h. The heating was maintained so that a temperature of ≈ 200◦C was rapidly
approached in the first hour and slowly raised to 250◦C at the end of 6 h. The slightly yellow
distillate (10 g) collected in the ice-cooled receiver consisted of two layers. The lower layer
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(1–2 g) was found to be water, which had formed in the course of the reaction. The entire dis-
tillate was then taken up in 25 mL ether and dried over anhydrous Na2SO4. The filtered ether
solution was fractioned, and the fraction boiling at 110–111◦C (3 g) was identified as toluene
by oxidation to benzoic acid with potassium permanganate. The dark brown viscous residue
in the reaction flask was further distilled under reduced pressure, and the fraction coming
over at 135–145 ◦C at 114 mmHg (10 g) was crude 2-methylbenzoxazole in 70% yield.

Reference 4b.

A mixture of 5.4 g fresh o-phenylenediamine recrystallized from heptane and water,
29.0 g acetone, and 20 mL dry benzene was heated. The initial gas evolution temperature
was 260◦C, and heating was carried out at 270–280◦C for 2 h, during which time ∼ 600 mL
gas was evolved. Upon removal of volatile substances, successive recrystallizations from
water of the heated residue gave 1.5 g 2-methylbenzimidazole as white leaflets, in a yield
of 23%, m.p. 174.5–175.5◦C.

Other references related to the Phillips-Ladenburg benzimidazole synthesis are cited in
the literature. 10
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Photo-Fries Rearrangement

(Photo-Fries Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Anderson and Reese in 1960.1,2 It is the photo-
initiated intramolecular3 rearrangement of phenyl or aryl esters to isomeric acyl phenols or
other acyl hydroxyl aromatics via acyl and phenoxy or aryloxy radical pairs. Because it is
similar to the Lewis acid-promoted Fries Rearrangement discovered by Fries in 1908,4 the
photo-initiated rearrangement of phenyl or aryl esters is generally known as the photo-Fries
rearrangement5,6 or photo-Fries reaction.5c,5h,7 This reaction is usually carried out in an
aprotic solvent,3a proceeding directly from the lowest excited singlet state of ester2,5a,5c with
quantum yields in the range of 0.1–0.3,5a and often competes with the de-excitation of the
excited singlet state of the resulting phenol, which normally absorbs 10–100 times stronger
than its precursor.2b This reaction is affected by electronic nature of substrate as well as
the reaction environment. Although no apparent isotopic effect has been observed within
an experimental error of 2%,7k the electron-deficiency of the carboxyl carbon and electron-
enrichment of the ortho-position of the phenol ring facilitate the homolytic cleavage of C-O
bond to form both phenoxy and acyl radicals.8 For example, phenol para-cyano benozate
rearranges faster than phenol para-t-butylbenzoate.8 The photo-generated phenoxy and
acyl radicals might combine together to form the precursor again or might form ortho-
or para-acyl phenol before these radicals escape from the solvent cage to yield phenol.
Thus the ortho- or para-acyl phenol is known as the cage product.5d,5i Compared with the
normal Fries rearrangement catalyzed by Lewis acid, which gives predominantly para-acyl
phenol product,9 the photo-Fries rearrangement produces ortho-acyl phenol as the major
product,5f even though it is known that both the ortho- and the para- positions of phenol
are electron rich10 because “formation of para-acyl phenol requires a greater extent of
rotation of radical” than that in ortho-product. This regioselectivity is even enhanced when
the photo-Fries rearrangement is carried out within a restricted environment, such as in the
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presence of zeolite. For example, less than 10% of para-products are formed from both
phenyl acetate and phenyl benzoate within Li- and NaX, and Y zeolites, whereas no para-
products are produced in KX and KY zeolites.7h Similarly, only substituted 2-naphthols are
observed from 1-naphthyl acetate and 1-naphthyl benzoate in X and Y zeolites.5e Occa-
sionally, the migration of an acyl group to the meta-position is also noted.7p,11 It should be
pointed out that certain antibodies are capable of catalyzing the photo-Fries rearrangement.5c

Besides phenyl and aryl esters, other kinds of compounds can also undergo the homolytic
cleavage from photo-irradiation, such as amide,6vv,6uuu diphenyl ether,2b,5c phenyl benzyl
ether,2b aryl sulfonate,6zz,12 acetanilide,6oo,12b,13 sulfonanilide,6hh,14 N-arylsulfona-
mides,6h phenylsulfamates,15 benzenesulfonanilide,6hh N-sulfonylcarbazoles,6ll aryl
N-chloroacetylanthranilates,6x N-phenyl-urethane,6oo and phenyl cinnamate.6sss,6eeee,7m,16

In the case of unsymmetrical phenyl ether, the actual homolytic cleavage pathway (i.e., via
aryloxy-phenyl or aryl-phenoxy cleavage), depends on the substituents and correlates with
the Hammett σ constants.5c The special case of rearrangement for acyl anilide is known
as the photoanilide rearrangement.17 Although the photo-Fries rearrangement is known to
occur via the first excited singlet, the rearrangement of phenylsulfamates and cinnamates
occur via the upper triplet excitation states.15,18

B. GENERAL REACTION SCHEME

O R

O

OH

R

O

OH

R

O

OH
hν + +

(R = alkyl, aryl)

C. PROPOSED MECHANISMS

A general mechanism is displayed here including the processes of radical recombination,
decarbonylation, and rearrangement.
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D. MODIFICATION

This reaction has been modified extensively to proceed under different conditions.
For example, it has been performed in liquid crystalline matrixes,6gg in zeolite,7f in
supercritical CO2,5g on a silica gel surface,6ggg or in the presence of cyclo-
dextrin.3a,6o,6v,6z,6hh,6mm,6oo,7b,19 In addition, this reaction has been catalyzed by
photoacid.6ff Moreover, this reaction has been extended to various substrates other than
the regular phenyl (or aryl) esters as described earlier.

E. APPLICATIONS

This reaction may not be very useful in the actual organic synthesis because of its different
by-products.

F. RELATED REACTIONS

This reaction is related to the Fries Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

O

O
Hexane

hν
+ By-products

17%

Reference 5a.

To 150 mL hexane was added 124 mg 2,4,6-trimethylphenyl (S)-(-)-2-methylbutyrate
(0.56 mmol). The solution was placed in a doughnut-shaped quartz flask that was irra-
diated from a low-pressure mercury lamp at 25◦C for 12 h while argon was bubbled
through. Upon removal of solvent, the residue was chromatographed on a silica-gel column
with hexane/ether (10:1) as the eluent to afford 17 mg (S)-(+)-2-methylpropyl-2,4,6-
trimethylbenzene (17% isolated yield and 26% conversion), 43 mg starting material (35%
recovery), and 25 mg unidentified products.

Other references related to the photo-Fries rearrangement are cited in the literature.20
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Pictet-Gams Synthesis

(Pictet-Gams Cyclization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pictet and Gams in 1910.1 It is the transformation
of N-acyl 2-hydroxy (or alkoxy) phenylethylamine into isoquinoline derivatives by the
treatment with a dehydration agent such as P2O5 in toluene or xylene.2 This reaction is a
modification of the Bischler-Napieralski Isoquinoline Synthesis,3 and is generally known as
the Pictet-Gams reaction,3f,4 Pictet-Gams synthesis,2,4a−4e,5 or Pictet-Gams isoquinoline
synthesis.4d,4e,6 Occasionally, it is also referred to as the Pictet-Gams cyclization,5,7 or
Pictet-Gams ring closure reaction.8

This reaction is a stepwise reaction3f involving the loss of the first water (or alcohol)
molecule to form the styrylamide intermediate,2,3f,9 followed by a ring closure and loss of
the second water molecule. Although this reaction overcomes the further dehydrogenation
in the Bischler-Napieralski Isoquinoline Synthesis,3b it is trammeled by the availability of
its starting material,5 and the occasional formation of oxazoline by-products,2,3f,5,9a as in
the case of N-acyl 2-trifluoromethyl-2-hydroxy-phenylethylamine.7 It is recommended that
the treatment of carbinol by an alkaline-dehydrating agent, such as the Grignard reagent,
would reduce the amount of oxazolines formed.9b

B. GENERAL REACTION SCHEME

HN

R1 OR2

O

R3

P2O5

N

R1

R3

Xylene, ∆

R1 = H, alkyl
R2 = H, Me, Et
R3 = alkyl, aryl
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C. PROPOSED MECHANISMS

A representative mechanism is displayed here for N-acetyl 2-hydroxy phenylethylamine.

D. MODIFICATION

POCl3 has been applied as the dehydration reagent.3b,5

E. APPLICATIONS

This reaction is useful for the preparation of isoquinoline derivatives.

F. RELATED REACTIONS

This reaction is related to the Bischler-Napieralski Isoquinoline Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

MeO

MeO

OH

NHCHO

MeO

MeO
N

POCl3

CH3CN, ∆
71%

Reference 5.

To a refluxing solution of 1.0 g N-[2-hydroxy-2-(3,4-dimethoxyphenyl)ethyl]formamide
in 40 mL CH3CN was added 2 mL POCl3 mixed with 5 mL CH3CN dropwise. After 1 hour,
the mixture was cooled, the solvent was evaporated, and the residue was transferred to a
separation funnel by ice water and washed with ether. The aqueous layer was basified
with conc. NH4OH and extracted with CH2Cl2. Upon removal of solvent, the residue was
chromatographed to afford 0.628 g 6,7-dimethoxyisoquinoline, in a yield of 71%, m.p.
89–90◦C.
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MeO

MeO

OH
H
N

O
NO2

POCl3 MeO

MeO
N

NO2

CH3CN, ∆
63%

Reference 3b.

A mixture of 0.12 mol N-[2-hydroxy-2-(3,4-dimethoxyphenyl)ethyl]-4-nitrobenzene-
acetamide and 27.5 g POCl3 (0.18 mol) in 500 mL CH3CN was refluxed for 30 min. After
the mixture was cooled, the solvent was removed under reduced pressure. The residue was
dissolved in 400 mL 4 N HCl and washed with CHCl3 (2 ×200 mL); the aqueous layer
was basified with 50% NaOH and extracted with CHCl3 (2 × 100 mL). The combined
CHCl3 extracts were dried over MgSO4. Upon removal of solvent, the residue was puri-
fied by silica gel column chromatography (CHCl3/MeOH/NH4OH, 94:5:1). The collected
fraction was dried and recrystallized from CHCl3/Et2O to afford 63% 6,7-dimethoxy-1-(4-
nitrobenzyl)isoquinoline, m.p. 195–196◦C.

Other references related to the Pictet-Gams synthesis are cited in the literature.10

H. REFERENCES

1. Pictet, A. and Gams, A., Ber., 1910, 43, 2384.

2. Bergstrom, F. W.,Chem. Rev., 1944, 35, 77.

3. (a) Doi, S.; Shirai, N. and Sato, Y., J. Chem. Soc., Perkin Trans. I, 1997, 2217. (b) Walker, K.
A.; Boots, M. R.; Stubbins, J. F.; Rogers, M. E. and Davis, C. W., J. Med. Chem., 1983, 26, 174.
(c) Szabo, J.; Simon, L. and Vinkler, E., Acta Pharm. Hungarica, 1969, 39, 106. (d) Fujitani,
K.; Matsumoto, N.; Yoshioka, K.; Yoshida, I. and Inubushi, Y., Yakugaku Zasshi, 1964, 84, 333.
(e) Fujitani, I. K. and Kishimoto, T., Yakugaku Zasshi, 1964, 84, 329. (f) Whaley, W. M. and
Hartung, W. H., J. Org. Chem., 1949, 14, 650.

4. (a) Kopczynski, T., Pol. J. Chem., 1994, 68, 73. (b) Kopczynski, T., Pol. J. Chem., 1985, 59,
375. (c) Kopczynski, T. and Goszczynski, S., Pol. J. Chem., 1981, 55, 393. (d) Ardabilchi, N.
and Fitton, A. O., J. Chem. Res. (S), 1979, 310. (e) Ardabilchi, N.; Fitton, A. O.; Frost, J. R.;
Oppong-Boachie, F. K.; Hadi, A. H. A. and Sharif, A. M., J. Chem. Soc., Perkin Trans. I, 1979,
539. (f) Fitton, A. O.; Frost, J. R.; Zakaria, M. M. and Andrew, G., J. Chem. Soc., Chem. Commun.,
1973, 889. (g) Dutta, N. L.; Wadia, M. S. and Bindra, A. P., J. Indian Chem. Soc., 1971, 48, 873.
(h) Bindra, A. A.; Wadia, M. S. and Dutta, N. L., Tetrahedron Lett., 1968, 2677. (i) Herz, W. and
Tsai, L., J. Am. Chem. Soc., 1955, 77, 3529.

5. Falck, J. R.; Manna, S. and Mioskowski, C., J. Org. Chem., 1981, 46, 3742.

6. (a) Ardabilchi, N.; Fitton, A. O.; Haidi, A. H. A. and Thompson, J. R., J. Chem. Res. (S), 1982,
156. (b) Ardabilchi, N.; Fitton, A. O.; Frost, J. R. and Oppong-Boachie, F., Tetrahedron Lett.,
1977, 4107.

7. Poszavacz, L. and Simig, G., J. Heterocycl. Chem., 2000, 37, 343.

8. Poszavacz, L. and Simig, G., Tetrahedron, 2001, 57, 8573.
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Pictet-Spengler Reaction

(Pictet-Spengler Cyclization,
Pictet-Spengler Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pictet and Spengler in 1911.1 It is the synthe-
sis of tetrahydroisoquinoline or tetrahydro-β-carboline derivatives by the condensation
of an arylethylamine and a carbonyl compound, primarily an aldehyde. Therefore, this
reaction is generally known as the Pictet-Spengler reaction.2,3 In addition, this reac-
tion is also referred to as the Pictet-Spengler cyclization,2a,2c,2g,3rr,4 Pictet-Spengler
condensation,3cc,5 or the Pictet-Spengler synthesis.2c,3ss,6 Occasionally, it is called the
Pictet-Spengler heterocyclization.3ab It is known that this reaction involves the formation of
an imine from aldehyde and arylethylamine, which under acidic conditions electrophilically
attacks the aromatic ring via the iminium intermediate to give tetrahydroisoquinolines.2a

A comparable reaction from ketones may involve the formation of an enamine intermedi-
ate. Arylethylamine, such as phenylethylamine, phenylalanine, and tyrosine are all feasible
amines,2a whereas certain aldehydes and ketones are not suitable candidates for this reaction,
including acetone2g and some benzaldehydes with an ortho- electron-donating group.4w

This reaction is best carried out under acidic conditions,2a although examples under basic
conditions are also known.7 The extension of this reaction by the formation of an N-
acyliminium intermediate from the acylation of imine with acyl halide is now known as
the N-acyliminium Pictet-Spengler reaction,2a,3u,3y,3kk,8 N-acyliminium Pictet-Spengler
condensation,8e or acyl Pictet-Spengler reaction,3v,3hh and has been adapted to solid-support
condition promoted by a Lewis acid.2a Likewise, the cyclization of 2-aryl ethanol under
similar reaction conditions gives [3,4]-benzo-dihydropyran derivatives and is referred to
as the oxa-Pictet-Spengler reaction,3p,3gg,3uu or oxa-Pictet-Spengler cyclization.4e,4m,4n
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It has been found that in aqueous solution HCl and trifluoroacetic acid are superior to
CH3COOH, HCOOH, CSA, and TCA.8c Current studies of this reaction focus on the
diastereoselective and enantioselective synthesis of tetrahydroisoquinolines via chiral-
ity transfer from the auxiliary group of either the arylethylamine or the carbonyl
component,2c,3sss,3uuu,9 or the application of chiral Lewis acid.3oo,10

B. GENERAL REACTION SCHEME

NH2

R
R′ R′′

O
NH

R′ R′′

R+
Acid

R = electron-donating substituent
R′ = alkyl, aryl with electron-withdrawing group
R′′ = H (preferred), alkyl

C. PROPOSED MECHANISMS

The mechanism is exemplified by the reaction between phenylethylamine and acetalde-
hyde in the presence of an acid.

D. MODIFICATION

This reaction has been extensively modified to different variants, such as the solid-support
reaction,3ll,3aaaa N-acyliminium Pictet-Spengler reaction,2a,3u,3v,3y,3hh,3kk,8 oxa-Pictet-
Spengler reaction,3p,3gg,3uu,4e,4m,4n and stereoselective version of Pictet-Spengler
reaction,2c,3sss,3ooo,3uuu,9,10 In addition, the N-sulfonyl3o or sulfinyl3xx Pictet-Spengler reac-
tion, and the keteniminium Pictet-Spengler cyclization4o and vinylogous Pictet-Spengler
cyclization2g have also been reported. Moreover, this reaction has been promoted by
microwave3bb,3dd or catalyzed by protic acid,6c superacid,4q or Lewis acid,3ooo such as
AuCl3/AgOTf,8a Yb(OTf)3-TMSCl,3ww and zeolite.3ff

E. APPLICATIONS

This reaction has a wide and important application in alkaloid synthesis.2g,5l



2212 PICTET-SPENGLER REACTION

F. RELATED REACTIONS

This reaction is related to the Bischler-Napieralski Isoquinoline Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

NH3
+Cl–

MeO

O

MeO

NH

+
Butanol, ∆

54%

Reference 2g.

To 3 mL butanol were added 100 mg 2-(6-methoxy-3,4-dihydronaphthalen-1-yl)-
ethylamine hydrochloride (0.45 mmol) and 53 mg cyclopentanone (0.63 mmol). The
solution was then refluxed for 72 h, extracted with EtOAc, and washed with aqueous
NaHCO3. Upon removal of the solvent, the residue was purified by column chro-
matography to afford 60.4 mg 4-spirocyclopenta-8-methoxy-1,2,3,4,5,6-hexahydro-
benzo[f ]isoquinoline as a white solid, in a yield of 54%, Rf = 0.19 (MeOH/CHCl3, 1:4).

MeO

MeO

NH2

CHO

N
H

CF3

O 4Å MS MeO

MeO

N
H
NF3C

O

MeO

MeO

NH
H
NF3C

O

+
Pyridine, ∆

96%

(CF3CO)2O, ∆
72%

Reference 4w.

A mixture of 2.17 g 2-(trifluoroacetylamino)benzaldehyde (10.0 mmol), 1.81 g homover-
atrylamine (10.0 mmol), 1.0 g 4Å molecular sieves, and 15 mL pyridine was refluxed for
36 h. After filtration, the filtrate was concentrated under reduced pressure, and the result-
ing residue was purified on silica gel column using EtOAc/hexanes (2:3) as the eluent to
afford 3.65 g N-[2-(3,4-dimethoxyphenyl)ethyl]-2-(trifluoroacetylamino)benzylidenimine
as a yellow solid, in a yield of 96%. Recrystallization from EtOH afforded 3.0 g yellow
needles, in a yield of 78%, m.p. 116.5◦C. Then 1.0 g of the solid (2.63 mmol) was mixed
with 3.0 mL trifluoroacetic anhydride (21.4 mmol), and the resulting mixture was heated
at 80◦C for 24 h. After removal of the volatiles in vacuo, the residue was purified by flash
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chromatography using EtOAc/hexanes (1:2) as the eluent to give 900 mg 6,7-dimethoxy-
2-(trifluoroacetyl)-1-[2-(trifluoroacetylamino)phenyl]-1,2,3,4-tetrahydroisoquinoline as a
yellow solid, in a yield of 72%, m.p. 74.5◦C.

Other references related to the Pictet-Spengler reaction are cited in literature.11
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Piloty-Robinson Pyrrole

Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Piloty in 1910.1 It is the thermal transformation
of enolizable ketazines into pyrrole derivatives in the presence of a catalytic amount of
Lewis acid (e.g., ZnCl2) or Brønsted acid (e.g., HCl)2 and is known as the Piloty pyrrole
synthesis,2,3 Piloty reaction,3,4 Piloty cyclization,4b or Piloty synthesis.4b,5 In 1918, Robin-
son extensively studied this reaction again, especially for the mechanism,6 since then the
Piloty pyrrole synthesis has also been referred to as the Piloty-Robinson pyrrole synthesis7

or simply the Piloty-Robinson synthesis7b,8 or Piloty-Robinson reaction.8a It should be
pointed out that for the thermal transformation of aliphatic ketazines, a competitive route
also occurs to give pyrazoline as a by-product.6,9

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

It has been proposed that this reaction involves a series of processes, including the
tautomerization of ketazine into bisvinylhydrazine, [3,3] rearrangement, ring formation,
and the subsequent elimination of ammonia, as shown below.7b,8c,9

D. MODIFICATION

This reaction has been modified to occur under solid-supported condition5a or under
microwave irradiation.8a In addition, the base-promoted transformation from ketazine into
pyrrole has also been established by the treatment of alkyl aryl ketazine with two equivalents
of strong base, such as LDA.2 However, such reaction can lead to the formation of pyrrole,
tetrahydropyridazine, or pyrazole, depending on the nature of ketazine. In general, the
ketazine dianions with an electron-donating group at their carbon termini form pyrroles,
whereas ketazine dianions without a substituent at the terminal carbon or with an electron-
withdrawing group at the terminal carbon yield tetrahydropyridazines and pyrazoles.2

E. APPLICATIONS

This reaction is generally useful for the preparation of pyrrole derivatives.

F. RELATED REACTIONS

This reaction is related to the Fischer Indole Synthesis, Hantzsch Pyrrole Synthesis,
Knorr Pyrrole Synthesis and Paal-Knorr Pyrrole Synthesis.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 5a.

To a mixture of 4.58 g morphinan (9.0 mmol), 3.0 g Wang resin (0.52 mmol/g,
1.56 mmol), and 1.33 g PPh3 (5.1 mmol) in 30 mL anhydrous THF was added 2.04 mL
40% toluene solution of diethylazodicarboxylate (DEAD, 4.5 mmol) dropwise for 15 min
at room temperature. The mixture was shaken at the same temperature for 16 h then the
reaction solvent was removed by filtration. The remaining resin was washed three times,
each with 30 mL DMF, MeOH, THF, and CH2Cl2, respectively, and dried in vacuo to afford
4.41 g resin, in a yield of 99%. This resin was then suspended in 35.2 mL CH2Cl2, and
8.8 mL piperidine was added dropwise at room temperature. The mixture was shaken at this
temperature for 16 h and the solvent was removed by filtration. The remaining resin was
washed three times, each with 40 mL DMF, MeOH, THF, and CH2Cl2, respectively, and
dried in vacuo to afford 4.26 g of a new resin. This resin was again suspended in 42 mL DMF,
and 865 mg hydrazine dihydrochloride (8.4 mmol) was added directly at room temperature.
The mixture was heated at 50◦C for 24 h and then allowed to cool to room temperature. The
solvent was removed by filtration. The resulting resin was washed three times, each with
40 mL DMF, MeOH, THF, and CH2Cl2, respectively, and dried in vacuo to afford 4.04 g
the resin bound pyrrole derivative.

N
N

Ph

Ph
THF
52% N

H

PhPh

LDA

Reference 2.
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Under argon, a solution of 3.3 mmol diisopropylamine in 10 mL dry THF was treated with
3.3 mmol n-BuLi (15% hexane solution) at 0◦C. After 10 min, 1.5 mmol propiophenone
azine in 5 mL THF was added to the LDA solution at room temperature. Immediately, the
yellow color of the starting ketazine turned to deep reddish brown and gradually to deep
green within a few minutes. After being stirred for 24 h at room temperature, the reaction
mixture was quenched with degassed water and extracted with ether. After drying over
Na2SO4 and evaporation of the solvent, 52% 3,4-dimethyl-2,5-diphenylpyrrole was isolated
through silica gel column chromatography using benzene as an eluent, m.p. 138–139◦C.

Other references related to the Piloty-Robinson pyrrole synthesis are cited in the
literature.10
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Pinacol Coupling Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Fittig in 1859.1 It is a synthesis of vicinal diols from
carbonyl compounds via reductive coupling. Because vicinal diol (or 1,2-diol) is generally
known as pinacol, the reductive coupling of carbonyl compounds to give vicinal diols is
known simply as the pinacol coupling2 or pinacol coupling reaction.2a,2j,2m,2s,2u,2w,3,4

Specifically, the coupling between two different carbonyl groups is referred to as pinacol
cross-coupling5 or cross-pinacol coupling,6 whereas the dimerization of a carbonyl group
itself to give a symmetrically substituted 1,2-diol is called homo-pinacol coupling.6 It
is known that this reaction involves the initial single electron transfer (SET) from a
low-valent metal to the carbonyl group to form a ketal radical, which then couples to
form pinacol.2q,2r,3e,7 Therefore, the molecules, which can be reduced to radicals or
radical anions, undergo similar radical coupling reaction. Some of these molecules are
aldehydes,2h,2l,2u,3c,8 ketones,2l,2r,3k,5b,9 α-ketoamides,2j α,β-unsaturated amides,3f

alkyl dinitrone,2c benzaldimines (i.e., Schiff bases),10 ferrocenylideneamine,6 and aldehyde
complexes.2s

On the other hand, the large number of low-valent metals and their salts or complexes that
can function as single-electron donors all are able to promote this reaction, thus different
reaction systems have been established. These electron donors fall into different categories:
single metals, metal salts, metallic redox pairs, metal cation complexes, hydrides, multi-
component systems, and others. Among these electron donors, single low-valent metals that
have been applied for the pinacol coupling include Al,2l Ce,2q Fe,2q In,2l Mg2l (or Rieke
Mg11), Mn,2l Nb,2t Sn,2t U,2g Al,12 and In;2l in addition, Mg2l and Mn2l have even been used
for the aqueous pinacol coupling reactions, such as the Mg mediated pinacol coupling in
0.1 M NH4Cl solution2m under ultrasound irradiation.8 The metal salts that are suitable for
this reaction are Ce(O-t-Bu)3,2h SmI2,2j,3f Sm(OTf)3,3a TiCl3,2k,2l,2m and TiCl4/EtCN.3e
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It is interesting that SmI2 can promote the coupling of α,β-unsaturated amides to give
1,6-diamides,3f whereas TiCl4/EtCN initiates the coupling of α,β-unsaturated aldehyde
selectively to give dl-diol;3e Sm(OTf)3 produces (R,R)-diol.3a The metallic redox pairs
include Al-Hg,2a Mg-Hg/TiCl4,9 Et2AlI/Sm,2l SmI2/Mg,2r SmCl3/Sm,2d SmCl3/Mg,2d

TiCl3(DME)1.5/Zn-Cu,13 VCl3/Al,2a and ZnCl2/Zn.2l Among these metallic redox pairs,
SmCl3/Mg,2d SmCl3/Sm,2d VCl3/Al2a and ZnCl2/Zn2l have also been used to promote
the pinacol coupling in aqueous solution. It has been suggested that for the system of
SmI2/Mg, the concentration of metals should be higher than that of ketone to lower the
possibility of side reactions, such as Benzoin Condensation and Tishchenko Reaction.2r

The metal cation complexes that are feasible for pinacol coupling are the complexes
of chromium (II),2l titanium (e.g., [Cp2TiCl]2,2k,2l,2t,14 Cp2TiPh,2f Ti(III)-salen,3d and
titanium-Schiff base complexes2g,2l), vanadium (e.g., [V2Cl3(THF)6]2[Zn2Cl6],2w,3j,5a,15

Cp2VCl2/Me3SiCl/Zn,3h,3i and Cp2VCl2/PhMe2SiCl/Al/imidazole10), and zirconium (e.g.,
anionic zirconaoxirane5b). Among these metal cation complexes, [Cp2TiCl]2 can be used for
both anhydrous and deoxygenated aqueous solutions,2k which gives very high diastereose-
lectivity. Similarly, Cp2TiPh shows a high threo-selectivity,2f and [V2Cl3(THF)6]2[Zn2Cl6]
selectively induces the formation of syn,syn-diols.15 As for the hydrides that have been
used for the pinacol coupling, Bu3SnH,2m,2n,2u Ph3SnH,2q Bu3GeH,2q and (TMS)3SiH2q

have all been proven to be good electron carriers. Besides the systems mentioned for
the pinacol coupling, there are many complicated systems that consist of at least three
components, such as TBOxCr(III)Cl/Mn/Et3SiCl,3c Mg/TMSCl/HMPA,2r SmI2/HMPA/
t-BuOH,2j Sm/I2/Ti(O-i-Pr)4,2l SmI2/Mg/TMSCl/HMPA,2b Ti(III)/Zn/TMSCl,2l and
tricarbonyl(benzaldehyde)chromium/SmI2

2s. It should be pointed out that the multicompo-
nent system of tricarbonyl(benzaldehyde)chromium/SmI2 gives only high threo-selectivity,
whereas Sm/I2/Ti(O-i-Pr)4 mediated pinacol coupling must be carried out in anhydrous
alcohol.2l Other reaction conditions use Al/KOH in dry MeOH,2l SmI2/TMSCl,2l and
TiCl4/tetrabutylammonium iodide (or MePh3PI or MeEt3NI);16 the last system works only
for aromatic aldehydes affording high dl-selectivity.

It should be pointed out that the homogeneous reaction conditions often give higher
diastereoselectivies than the heterogeneous ones;3g in addition, trialkylchlorosilanes appear-
ing in a few of these reaction systems are believed to cleave the metal-oxygen bond to
recycle the catalysts,17 by which triethylsilylchloride may offer better stereoselectivity than
trimethylsilylchloride.3c On the other hand, certain pinacol couplings are reversible because
of the newly formed carbon-carbon bonds are unusually weak, such as those in tetraaryl-
pinacol.3k In addition, some ketones because of the steric hindrance will not undergo the
pinacol coupling, such as 2,2,6,6-tetramethylcyclohexanone.3k

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

An illustrative mechanism is displayed here for the coupling of acetone in the presence of
TiCl3, in which the carbonyl oxygen may coordinate to TiCl3 and a single electron transfer
occurs to give a ketal radical. The ketal radicals may couple together to give a pinacol
dianion or attack a second carbonyl group to give alkoxy radical that is then reduced by
TiCl3 to a pinacol dianion. Final workup yields the pinacol.

D. MODIFICATION

This reaction has been extensively modified by the use of different single electron transfer
systems as described in Section A, in either anhydrous or aqueous solution.

E. APPLICATIONS

This reaction has general application in the preparation of vicinal diols.

F. RELATED REACTIONS

This reaction is related to the McMurry Coupling.

G. CITED EXPERIMENTAL EXAMPLES

Ph H

O

H2O
72%

Ph

Ph

OH

OH

Ph

Ph

OH

OH
VCl3/Al

+

56:44

Reference 2a.

A suspension of 81 mg activated aluminum powder (3 mmol) and 52 mg VCl3
(0.33 mmol) in 1–2 mL water was stirred for ∼5 min at room temperature. Then 0.106 gram
of benzaldehyde (1 mmol) was added to the mixture, which was stirred vigorously for
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3 days. The reaction was quenched with 1 N HCl, and extracted with ether (3 × 30 mL).
The combined organic layers were washed with brine, dried over Na2SO4, and filtered. The
filtrate was concentrated under reduced pressure, and the residue was purified by silica gel
column chromatography using hexanes/EtOAc (3:1) as the eluent to afford 72% pinacol
product with a dl/meso ratio of 56:44.

PhCHO

Ph

Ph

OH

OH

Ph

Ph

OH

OH
Cp2TiCl2

1. i-PrMgCl/toluene

2. PhMgBr/toluene
Cp2TiPh +

96%
67:33

Reference 2f.

To a suspension of 747 mg Cp2TiCl2 (3.0 mmol) in 10 mL dry degassed toluene was
added a solution of freshly prepared i-PrMgCl from 259 mg i-PrCl (3.3 mmol) and 160 mg
Mg (6.6 mmol) in 5 mL dry degassed ether under an argon atmosphere at room temper-
ature. The reaction mixture was stirred for 30 min. To the resultant green solution was
added a solution of freshly prepared PhMgBr from 471 mg phenyl bromide (3.0 mmol)
and 146 mg magnesium (6.0 mmol) in 5 mL dry degassed ether at room temperature;
the reaction mixture was stirred for further 30 min. To this dark green Cp2TiPh solution,
212 mg benzaldehyde (2 mmol) was added at room temperature, and the reaction mixture
was stirred for 1 h. The reaction was quenched by 10 mL 1 N HCl, and the mixture was
stirred for 30 min. The organic layer was separated and washed with 20 mL brine. The aque-
ous layer was extracted with EtOAc (20 mL × 3). The combined organic layers were dried
over MgSO4 and concentrated in vacuo. The residue was purified by silica gel flash column
chromatography using hexanes/EtOAc (2:1) as the eluent to give 206 mg hydrobenzoin as
white solids, in a yield of 96%.

Other references related to pinacol coupling reaction are cited in the literature.18
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Pinacol Rearrangement

(Pinacol-Pinacolone
Rearrangement)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Fittig in 1860.1 It is an acid-promoted 1,2-
rearrangement of vicinal diols to corresponding aldehydes or ketones. Because the vicinal
diols are commonly called the pinaocls, this transformation is generally known as the pina-
col rearrangement2,3 or pinacol-pinacolone rearrangement.2e,2g,4,5 Although this reaction
is often carried out in H2SO4,2m,2o,2r,2s,2v,2z,2aa,2bb,4c,6 many other acidic conditions have
also been successfully used for this reaction, including the application of Brønsted and Lewis
acids. Examples of Brønsted acids are HCO2H,2v HClO4,2p,7 AcOH with a catalytic amount
of H2SO4,2x AcOH with iodine,8 and silica gel impregnated with H3PO4;6d representative
Lewis acids include BF3 in acetic acid,2cc ZnCl2 in acetic anhydride,2cc MgBr2,9 and AlCl3
in the absence of solvent.2b Some of these conditions produce higher yields than the corre-
sponding rearrangements performed in H2SO4. For example, when pinacol is passed over
a silica gel impregnated with H3PO4, it is converted into pinacolone in 94% yield, whereas
the same reaction in H2SO4 yields only 65–72% product.6d It is agreed that this reaction
is a stepwise rearrangement involving the formation of a carbocation intermediate by the
dehydration of the protonated diol,2e,2g,2k,2m,4b,10 the rate-limiting step,2k and the skele-
tal rearrangement by the migration of a neighboring substituent to the carbocation site.10

However, both the computational2g study and the experimental results for the reaction in
gas-phase or aprotic solvents6b,11 indicate that a concerted mechanism dominates over the
stepwise mechanism, because the dehydration of protonated diols is facilitated through the
stabilization of resulting carbocation, and the activation energy for the 1,2-rearrangement
of the stabilized carbocation is higher than a concerted pinacol rearrangement.2g
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On the other hand, to make this rearrangement a practical tool for organic synthesis,
it is very important to know which hydroxyl group will be dehydrated and which group
will migrate in both symmetric and asymmetric pinacols. The regioselectivity for this
rearrangement is determined by the formation of the primarily formed carbocations,10 the
acid used,2z,2ac,12 and the migratory aptitudes of the substituents on the vicinal diols.2e

It is possible that in an asymmetric pinacol, the decrease of the basicity of one hydroxyl
group caused by its neighboring substituents might facilitate the protonation on the other
hydroxyl group.2m In addition, it has been reported that for certain pinacol rearrangements,
the treatment by Brønsted and Lewis acids leads to different pinacolones.2z,2ac,12 The
migratory aptitudes of substituents on diols are generally determined by their electron
density and steric hindrance. The groups with high electron density are easier to migrate
than are the groups with electron deficiency, because such migration groups will rear-
range to the new-formed carbocation.12,13 Thus cyclopropyl,2g vinyl,2g 2-thienyl,13

2,5-dimethyl-3-thienyl,2y and 2-furyl13 groups are all good migratory groups, whereas
2- and 3-pyridyl groups have smaller migratory aptitudes than a phenyl group.2y In addition,
a good migratory group might not move in the pinacol rearrangement unless it can reach the
adjacent carbon atom by a single movement from the opposite face of the leaving hydroxyl
group,2f involving the so-called Walden Inversion.2ee,2gg Thus the electron-donating group,
such as methoxy, enhances the migratory aptitude of the phenyl group at the para-position
but depresses the aptitude when it sits at the ortho-position.2x,4h Similarly, the migratory
aptitude of groups may be reversed between symmetric and asymmetric pinacols.2o,4g

In addition, it has been established that the migration is stereospecific, with retention
of the configuration of the migrating group.2d,6a,14 It should be pointed out that both
solvent2bb and temperature2p will affect the outcome of the pinacol rearrangemet. For
example, the pinacol rearrangement can occur regularly in primary or secondary alcohols
but not in tertiary alcohols because tertiary alcohols will be protonated and hydrated as
well.2x,2bb

Beside pinacols, some other molecules can undertake a similar reaction through the
formation of a carbocation and migration of a group to the carbocation, such as α-
halohydrins,2dd α-hydroxy epoxides,12,15 and aziridines.15a The rearrangement of aziridines
under similar conditions is known as the aza-pinacol rearrangement,15a whereas α-
hydroxy epoxides undergo semi-pinacol rearrangements to give aldols.15b Moreover,
a similar rearrangement involving a double bond is referred to as the vinylogous
pinacol rearrangement.16 Furthermore, the pinacol rearrangement, promoted by photo-
irradiation,2j,10,17 thermolysis,16 or in supercritical CO18

2 can also occur in the absence
of an acid; the photo-irradiation activated pinacol rearrangement is generally called photo-
chemical pinacol rearrangement.2j,10,17

B. GENERAL REACTION SCHEME

R1
R3

OH

R2
R4

OH R1

R3

O

R4

R2

Acid or hν
R1 = alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl
R4 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

A simple pinacol rearrangement promoted by a protic acid is displayed here, including
both stepwise and concerted pathways, though the stepwise route is the primary pathway.

D. MODIFICATION

This reaction has been extensively modified by the application of different initiation
systems, including a variety of Brønsted and Lewis acids, photochemical irradiation, and
supercritical CO2. In addition, this rearrangement has been successfully extended to α-
halohydrin, aziridines, and α-hydroxy epoxides, as noted in Section A.

E. APPLICATIONS

This reaction has very broad application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Nametkin Rearrangement, Retropinacol Rearrangement,
Tiffeneau Reaction, and Wagner-Meerwein Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

HO

OH

S
S

S

S

S

S

S

S

O

~100%

250°C

Reference 16.
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Trans-9,10-bis(thieno[3,2-b]thienyl)-9,10-dihydroxy-9,10-dihydroanthracene (3.1 g,
6.3 mmol) was heated to 250◦C on a hot plate equipped with a thermometer under a
stereomicroscope to yield 2.92 g 10,10-bis(thieno[3,2-b]thienyl)-9,10-dihydroanthracene-
9-one (6.2 mmol) in almost quantitative yield. An analytically pure sample was obtained
by recrystallization from CH2Cl2/hexane, m.p. > 330◦C.

OH

OH

OTBDMS

OTBDMS

OMe

OMe

MeO

MeO

BF3 · Et2O

THF
68%

H

OMe

MeO

MeO

OTBDMS

OTBDMS

OMe

O

Reference 2d.

BF3·Et2O (0.82 mL, 6.7 mmol, 2 eq.) was added dropwise to a stirred solution
of 2.1 g (1R,1R)-1-[2′,3′-di[(tert-butyldimethylsilyl)oxy]-4′-methoxyphenyl]-2-(3,4,5-
trimethoxyphenyl) ethane-1,2-diol (3.3 mmol) in 20 mL anhydrous THF under argon
at room temperature. After 1 h, saturated aqueous NaHCO3 was added to the mix-
ture before extraction with EtOAc (4 × 15 mL) and drying of the combined organics.
Evaporation of the solvent in vacuo afforded a light brown oil, which was sub-
jected to flash column chromatography using hexanes/EtOAc (15:1) as the eluent
to afford 1.3 g (±)-2-(2′,3′-di[(tert-butyldimethylsilyl)oxy]-4′-methoxyphenyl)-2-(3,4,5-
trimethoxyphenyl)acetaldehyde as a clear oil that crystallized from MeOH as a colorless
solid, in a yield of 68%.

Other references related to the pinacol rearrangement are cited in the literature.19
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Pinner Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pinner in 1884.1 It is a strong base-promoted conden-
sation between a non-N-substituted amidine and a β-keto ester2 or β-diketone2b,3 to form a
type of nitrogenous heterocycle known as pyrimidine, suggested initially by Pinner.4 Thus it
is referred to as the Pinner condensation2a,5 or Pinner synthesis.6 However, the preparation
of pyrimidine hydrocarbon depends on the successful reduction of the carbonyl group at
the 6-position and dehydration,4 which in some cases is extremely difficult with reducing
reagents such as zinc in either NaOH or HCl solution,2d although zinc reduction is the most
commonly used method.4 It has been found that using an excess amount of sodium ethylate
at high temperature can result in pyrimidine in higher yield,6 even though extending the
reaction time has no obvious effect on the yield.7

B. GENERAL REACTION SCHEME

R1 NH2

NH

R2 OR3

O O NaOEt N

N
H

R1

R2

O

R1 NH2

NH

R2 R3

O O NaOEt
N

NR1 R3

R2

N

NR1

R2

R1 = alkyl, aryl
R2 = H, alkyl, aryl
R3 = alkyl, aryl

+
Zn/HCl R1 = alkyl, aryl

R2 = H, alkyl, aryl
R3 = Me, Et, etc.

+
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C. PROPOSED MECHANISMS

Only the mechanism of the reaction between amidine and β-keto ester is provided here
because the reaction between amidine and β-diketone undergoes a similar reaction pathway.

D. MODIFICATION

This reaction has been extended to the condensation between amidine and β-cyano ester,8

amidine and β-hydroxyacetylene,9 amidine and malonate,10 N-vinyl amidine and acetal,11

and a three-component reaction of amidine with aldehyde and acetylene.12

E. APPLICATIONS

This reaction is one of the most common methods for the preparation of pyrimidine
derivatives.

F. RELATED REACTIONS

This reaction is related to the Pinner Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Ph NH2

NH

MeO OMe

O O

Et Et

NaOEt

EtOH, ∆
23%

HN

N
H

Ph

O

O

Et

Et+

Reference 7.
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To a 75 mL solution of NaOEt in absolute ethanol prepared by addition of
4.5 g sodium in absolute ethanol were added 9.0 g benzamidine hydrochloride and
10 g carefully purified methyl α,α-diethylmalonate. The mixture was heated for 5 h at
70◦C. The alcohol was partially removed by a current of dry air, and the residue was
acidified with a slight excess of conc. HCl. After removal of the precipitated NaCl,
the solution was further concentrated on the steam bath. The addition of water caused
5,5-diethyl-2-phenyl-4,6-diketo-tetrahydro-pyrimidine to separate in white needles, in an
amount of 3.0 g. The product was further purified by recrystallization from dilute acetic acid.

O2N I

OH

S

S
NH2 · HCl

NH

N N

S

S

O2N

+
(PPh3)2PdCl2, CuI

Et3N, THF, ∆

70%

Reference 9.

To a magnetically stirred solution of 0.25 g 4-iodo nitrobenzene (1.0 mmol),
22 mg Pd(PPh3)2Cl2 (0.02 mmol), and 2 mg CuI (0.01 mmol) in a degassed mixture
of 10 mL THF and 5 mL triethylamine under nitrogen was added a solution of 145 mg
1-(3-thienyl)-propyn-1-ol (1.05 mmol) in 10 mL THF dropwise at room temperature
over a period of 30 min. The mixture was refluxed for 16 h and was allowed to
cool to room temperature. Then 165 mg 2-thienyl amidinium chloride (1.0 mmol) was
added, and the reaction mixture was refluxed again for 48 h. After cooling, the sol-
vents were removed in vacuo, and the residue was dissolved in CH2Cl2 and filtered
through a short pad of silica gel. The solvents were evaporated in vacuo, and the residue
was recrystallized from CH2Cl2/pentane to give 255 mg analytically pure 2-(2-thienyl)-
4-(3-thienyl)-6-(4-nitrophenyl) pyrimidine as a beige powder, in a yield of 70%.

Other references related to the Pinner condensation are cited in the literature.13

H. REFERENCES

1. Pinner, A., Ber., 1884, 17, 2519.

2. (a) Jeong, J. U.; Chen, X. H.; Rahman, A.; Yamashita, D. S. and Luengo, J. I., Org. Lett., 2004,
6, 1013. (b) Hale, W. J. and Brill, H. C., J. Am. Chem. Soc., 1912, 34, 82. (c) Pinner, A., Ber.,
1895, 28, 480. (d) Pinner, A., Ber., 1885, 18, 2845.

3. Pinner, A., Ber., 1893, 26, 2125.

4. Johnson, T. B. and Hahn, D. A., Chem. Rev., 1933, 13, 193.



2236 PINNER CONDENSATION

5. Ghosh, U. and Katzenellenbogen, J. A., J. Heterocycl. Chem., 2002, 39, 1101.

6. Snyder, H. R. and Foster, H. M., J. Am. Chem. Soc., 1954, 76, 118.

7. Dox, A. W. and Yoder, L., J. Am. Chem. Soc., 1922, 44, 361.

8. West, R. A. and Beauchamp, L., J. Org. Chem., 1961, 26, 3809.

9. Müller, T. J. J.; Braun, R. and Ansorge, M., Org. Lett., 2000, 2, 1967.

10. Gershon, H.; Braun, R.; Scala, A. and Rodin, R., J. Med. Chem., 1964, 7, 808.

11. Sakai, N.; Aoki, Y.; Sasada, T. and Konakahara, T., Org. Lett., 2005, 7, 4705.

12. Guzmán, A.; Romero, M.; Talamás, F. X.; Villena, R.; Greenhouse, R. and Muchowski, J. M.,
J. Org. Chem., 1996, 61, 2470.

13. (a) Schomaker, J. M. and Delia, T. J., J. Org. Chem., 2001, 66, 7125. (b) Wang, T. S. and
Cloudsdale, I. S., Synth. Commun., 1997, 27, 2521. (c) Yamanaka, H.; Takekawa, T.; Morita, K.;
Ishihara, T. and Gupton, J. T., Tetrahedron Lett., 1996, 37, 1829. (d) Papet, A.-L. and Marsura, A.,
Synthesis, 1993, 478. (e) Stolle, W. A. W.; Frissen, A. E.; Marcelis, A. T. M. and van der Plas, H. C.,
J. Org. Chem., 1992, 57, 3000. (f) Medwid, J. B.; Paul, R.; Baker, J. S.; Brockman, J. A.; Du, M.
T.; Hallett, W. A.; Hanifin, J. W.; Hardy, R. A.; Tarrant, M. E.; Torley, L. W. and Wrenn, S., J. Med.
Chem., 1990, 33, 1230. (g) Schenone, P.; Sansebastiano, L. and Mosti, L., J. Heterocycl. Chem.,
1990, 27, 295. (h) Kvita, V., Synthesis, 1986, 786. (i) Potts, K. T.; Cipullo, M. J.; Ralli, P. and
Theodoridis, G., J. Org. Chem., 1983, 48, 4841. (j) Kreutzberger, A. and Tesch, U. H.,Chem. Ber.,
1976, 109, 3255. (k) Chauhan, S. M. S. and Junjappa, H., Synthesis, 1974, 880. (l) Bredereck, H.;
Effenberger, F.; Botsch, H. and Rehn, H.,Ber., 1965, 98, 1081. (m) Inoue, S.; Saggiomo, A. J.;
Nodiff, E. A., J. Org. Chem., 1961, 26, 4504. (n) Taylor, E. C.; Knoff, R. J.; Meyer, R. F.; Holmes,
A. and Hoefle, M. L., J. Am. Chem. Soc., 1960, 82, 5711. (o) Dodson, R. M. and Seyler, J. K.,
J. Org. Chem., 1952, 16, 461. (p) Clarke, R. A. and Christensen, B. E., J. Am. Chem. Soc., 1948,
70, 1818. (q) Johnson, T. B., J. Ind. Eng. Chem., 1918, 10, 306. (r) Wheeler, H. L. and Liddle,
L. M., J. Am. Chem. Soc., 1908, 30, 1156. (s) Gabriel, S. and Colman, J., Ber., 1899, 32, 1529.
(t) Pinner, A., Ber., 1893, 26, 2122. (u) Pinner, A., Chem. Ber., 1889, 22, 1612. (v) Pinner, A.,
Ber., 1887, 20, 2361. (w) Pinner, A., Ber., 1885, 18, 759.



504
Pinner Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was first reported by Beckurts and Otto in 1876,1 the extensive
studies on this reaction appeared in Pinner’s work in 1877.2 It is the transformation of nitriles
into imidines or their salts by the treatment of nitriles with an excess of strong acid and
one equivalent of alcohol followed by an excess of ammonia or amines. Therefore, it is
generally known as the Pinner synthesis,3a−3c or Pinner reaction.3d−3g This reaction is gen-
erally carried out at 0oC3c,4 with anhydrous ethanol and an excess amount of hydrochloric
acid in a dry solvent, such as CHCl3,5 nitrobenzene,5 dioxane,6 benzene,3b,5,7 or ether,7b,8

affording five types of imidines, depending on the applied nitrogenous components. Accord-
ing to the substitution and distribution patterns of groups on nitrogen, imidines can be
divided into unsubstituted (I), monosubstituted (II), symmetrically disubstituted (III),
asymmetrically disubstituted (IV), and trisubstituted imidines (V), as shown in Figure
1.9 The extremely reactive trichloroacetonitrile can react with alcohol in the absence of
acid.10 Besides ethanol and methanol, other alcohols are suitable for this reaction, including
propanol,11 isopropanol,12 butanol,11 isobutanol,2a octanol,13 decanol,13 benzyl alcohol,14

phenol,15 and thiophenol.11,16 In addition, almost all the aromatic and aliphatic nitriles
can undergo this reaction,9 with only a few exceptions, such as the acyl cyanides (e.g.,
acetyl and benzoyl cyanides),9 certain ortho-substituted aromatic nitirles (e.g., o-tolunitrile,
2-nitro-4-methylbenzonitrile, 2-amino-4-methylbenzonitrile, α-naphthonitrile),9 and 9,9′-
bifluoryl-1,1′-dinitrile.17 It should be emphasized that this reaction must be carried out
under anhydrous conditions, because imidine is not stable enough in the presence of mois-
ture and can decompose to a nitrile or ester.9 Especially, in the presence of a hydrogen ion,
the formation of ester is accelerated.9 In addition, in the presence of an excess amount of
alcohol, the ortho ester may be generated from the imido ester intermediate.3c
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B. GENERAL REACTION SCHEME

R1 NH2

NH

R1 NHR2

NH

R1 NHR2

NR3

R1 NR2R3

NH

R1 NR2R3

NR4

I II III IV V

FIGURE 1. Five types of imidines.

C. PROPOSED MECHANISMS

A general mechanism is illustrated here for the reaction of nitrile with ethanol and
ammonia.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is still the general method for the preparation of imidines. In addition, the
thioimidate salts from thioglycolic acid has been used to the characterization of nitriles.18

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 19.
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A solution of 1.50 g heptanoic acid 7-[[(5-cyano-1H-indol-2-yl)carbonyl]-amino] ethyl
ester (4.18 mmol) in 250 mL EtOH was treated with a stream of HCl gas for 30 min.
The reaction vessel was sealed, and the solution was stirred for 48 h until 1H NMR indi-
cated the completion of conversion to the imino ether. The reaction was concentrated in
vacuo, reconstituted in EtOH, and evaporated in vacuo again. The residue was taken up in
250 mL EtOH, and the mixture was treated with a stream of NH3 gas for 30 min. The vessel
was sealed, and the contents were stirred for 24 h for the consumption of imino ether. The
reaction mixture was concentrated in vacuo to afford 820 mg of the corresponding amidino
ester hydrochloride as a white solid, in a yield of 50%.

NC CO2Et
Et2O

C CO2H

NH2

H2N

Cl–

EtOH/HCl 1. NH3/MeOH

2. HCl, ∆

70%
+

C CO2Et

NH2

EtO

Cl–
+

Reference 8a.

A solution of 9.84 g ethyl 4-cyanobutyrate (69.3 mmol) and 8.5 mL absolute ethanol
(145 mmol) in 100 mL dry ether was cooled in an ice bath before gently saturating with HCl
gas. The solution was then allowed to come to room temperature before capping the flask
tightly and stirring at room temperature for 18 h. The solution was concentrated in vacuo
to a viscous oil that rapidly solidified on standing. To the residue was added 40 mL 2.0 M
ammonia in methanol (80 mmol) with ice bath cooling. The mixture was stirred vigorously
for 5 min before the ice bath was removed. Stirring was continued for 1 h. The solvent
was evaporated in vacuo, leaving a yellow oil and a solid. Then 100 mL absolute ethanol
was added, and the mixture was stirred until all of the oil had dissolved. The mixture was
chilled overnight at −20◦C and filtered. Concentration of the filtrate in vacuo left an oil that
still contained some solid. The mixture was then taken up in 100 mL CHCl3 and filtered
again. Concentration of the filtrate left ∼ 15 g crude amidine ester as a viscous yellow oil,
which was dissolved in 150 mL conc. HCl and stirred at 95◦C (bath temperature) for 1 h.
The solution was concentrated in vacuo (aspirator first, then 0.5 mmHg), leaving 10.8 g
pale yellow crystalline solid, of which 9.84 g solid was purified by recrystallization from
130 mL absolute ethanol and 0.5 mL pyridine to give 7.34 g 5-amino-5-iminopentanoic
acid as white flakes, in a yield of 70%, m.p., 175–176◦C.

Other references related to the Pinner reaction are cited in the literature.20
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Pinner S-Triazine Synthesis

(Pinner Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pinner in 1890.1 It is the synthesis of 2-hydroxy-
4,6-diaryl-sym-triazines (or sym-triazines) from the condensation of aryl amidines and
phosgene via the intermediate of bisimidylurea2 and is known as the Pinner synthesis.2,3

It has been found that a large amount of bisimidylurea intermediate can be isolated when
the reaction is carried out in an ice-salt cooled bath, whereas the yield of sym-triazine
is enhanced when the reaction temperature is increased.2 However, this reaction might
not be suitable for aliphatic amidines, including propionamidine,1 caproamidine1 and
acetamidine,2 except for the alkylamidines with strong electron-withdrawing groups, such
as α,α,α-trichloroacetamidine,which trimerizes to form sym-triazine at room temperature.4

Alternatively, other types of sym-triazines can be prepared from the thermal trimerization
of amidine, such as by heating benzamidine to 115◦C,5 or treating simple sym-triazine
with amidine.6 It should be pointed out that Pinner also reported an alternative method for
the preparation of sym-triazine from the direct trimerization of benzonitrile with fuming
sulfuric acid as early as 1878.7

B. GENERAL REACTION SCHEME

R NH2

NH
COCl2 ∆

N

N

N

OH

R R

+ (R = aryl, CHCl2, CCl3, etc.)
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C. PROPOSED MECHANISMS

Displayed below is a tentative mechanism for this reaction.

D. MODIFICATION

This reaction has been extended to the trimerization of imidates,8 and the reaction
between amidine salt and imidate.9 In addition, the reaction between amidrazone and
α,β-dicarbonyl compounds has been used for the preparation of as-triazines or 1,2,4-
triazines.10

E. APPLICATIONS

This reaction is useful for the preparation of sym-triazines.

F. RELATED REACTIONS

This reaction is related to the Pinner Reaction and Pinner Condensation.

G. CITED EXPERIMENTAL EXAMPLES

Cl3C NH2

NH
COCl2

NaOH
N

N

N

Cl3C CCl3

OH

+
H2O/toluene, pH 6–8

5–10°C
74%

Reference 2.
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To 400 mL H2O at 25◦C was added 54.0 g trichloroacetamidine (0.33 mol) under stirring.
The amidine dissolved completely upon the addition of approximately one quarter of a
solution of 20 g NaOH in 50 mL H2O. The solution was cooled to and maintained at
5–10◦C throughout the course of the reaction. A solution of 25 g COCl2 (0.25 mol) in
120 mL toluene was added dropwise with efficient stirring until the pH reached 6. By
alternate addition of phosgene and more of the NaOH solution, the pH was maintained at
8–9. Finally, the pH was brought to 6, and the solid was filtered by suction and dried in
vacuo over P2O5 to afford 41.0 g 6-hydroxy-2,4-bis-(trichloromethyl)-s-triazine, in a yield
of 74%, m.p. 218–224◦C. A small amount of product was further purified by first dissolving
it in EtOH and subsequently adding cold water, m.p. 222–224◦C.

N
H

NH

NH2N
Ph

H

O

O
EtOH, ∆

64%
N

N

NN

Ph

+

Reference 10a.

An ethanolic solution of 1.52 g phenylglyoxal (10 mmol) was depolymerized by reflux-
ing for 4 h and then cooled in acetone and dry ice. To this solution was added 1.36 g
2-pyridylamidrazone (10 mmol), and the mixture was refluxed for 2 h. The cooled solution
was diluted with water, and the resultant precipitate was filtered to give 1.5 g 5-phenyl-3-
(2-pyridyl)-as-triazine, in a yield of 64%, m.p. 142.5–145◦C.

Other references related to the Pinner s-triazine synthesis are cited in literature.11
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Piria Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Piria in 1851.1 It is a two-step preparation of aromatic
amines and amino sulfonic acids by the reduction of aromatic nitro compounds with bisulfite
followed by hydrolysis in mineral acid.2 Therefore, this reaction is generally known as the
Piria reaction.2,3 It has been proposed that the nitro group is initially reduced to a nitroso
group, and aromatic ring sulfonation occurs at or beyond the stage of the nitroso formation,2a

with the sulfonic group at either the ortho- or the para-position toward the nitro group.2a

However, in the case of 4-nitrophenol, the sulfonic group enters the meta-position of the
nitro group, possibly through 1,4-addition of NaHSO3 to the -N=C-C=C- system present in
the quinone-oxime form of the intermediate.2a In addition, the aromatic nitroso intermediate
is further reduced to sulfaminic acid salt (e.g., RNHSO3Na),3h as supported by the isolation
of such molecule during reduction without successive acidic hydrolysis or by independent
hydrolysis of sulfaminic acid into amine and sulfuric acid.3h In addition, it has been found
that sodium sulfite reduces the nitro compound faster than sodium bisulfite, and the partially
neutralized NaHSO3 is even more effective in this reaction.2b Furthermore, it has been found
that the reduction is faster when it is carried out in a dilute solution, indicating an ionic
reduction.2b For the case of α-nitronaphthalene, amino-naphthalene disulfonic acid was
isolated in a yield of 66%; the other two products normally found in a regular Piria reaction
are obtained in a yield of only 32%.2b

B. GENERAL REACTION SCHEME

NO2

NaHSO3

NHSO3Na
NHSO3Na

SO3Na

NH2
NH2

SO3Na

+
HCl/H2O

+
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C. PROPOSED MECHANISMS

Although some mechanistic studies have been published about this reaction, a general
route for the formation of an aromatic amine or aromatic aminosulfonic acid has been
proposed.3f However, mechanistic details are not available from the literature. Displayed
here is a tentative mechanism for the production of aniline from nitrobenzene. The formation
of 2- and 4-aminobenzenesulfonic acid should proceed along a similar pathway.

D. MODIFICATION

N/A
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E. APPLICATIONS

This reaction has general application in the preparation of aromatic amines.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NO2

NaHSO3

NH2

SO3H

SO3H

+
1) H2O, ∆

2) HCl
66%

Reference 2b.

A mixture of 35.0 g α-nitronaphthalene (0.2 mol), 200 mL 5.2 N NaHSO3 (75% excess),
and 250 mL H2O was heated under a return condenser until the mixture was completely
homogeneous. The contents of the flask were evaporated to 300 mL and treated with 50 mL
12 N HCl to give a heavy white precipitate, which was filtered from the cooled solution.
This mixture was warmed with 300 mL water, which dissolved the salts present, leaving
the naphthionic acid (solubility of 0.024 g in 100 mL water); 13.5 g aminosulfonic acid was
thus obtained, in a yield of 29%. The combined filtrates were saturated with NaCl, and the
precipitate produced was filtered off. It was nearly free from inorganic salts. When dry, it
weighed 31 g, which, on the basis of a monosodium salt of a naphthylamine disulfonic acid
is equivalent to a yield of 66%.

N
O

Na2SO3

NH2

SO3H

NH2

+
1) H2O, 60°C

2) HCl
+

6% 67%

Reference 2a.

To 200 mL aqueous solution of 16.6 g Na2SO3 at 60◦C was added 4.0 g p-nitrosotoluene.
The mixture was shaken until the green color had disappeared (∼5 min). Then 15 mL conc.
HCl was added, and the solution was evaporated to 50 mL. On cooling, a solid formed
that was filtered off, triturated with water, refiltered, dried, and weighed as 0.45 g, which is
equivalent to a 6% yield of p-toluidine sulfonic acid. The filtrates were made alkaline with
NaOH and extracted with ether. The extracts were combined and dried, and the ether was
evaporated to afford 2.4 g p-toluidine, in a yield of 67%.

Other references related to the Piria reaction are cited in the literature.4
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Plancher Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Plancher in 1896.1 It is the migration of an alkyl
or aryl group from position 2 to position 3 of indolenines, or vice versa,2 to form com-
pounds originating from a more stable carbocation intermediate. Therefore, this reaction is
generally known as the Plancher rearrangement.2,3 The overall rearrangement is controlled
not only by the migratory aptitude of the migrating group but also by the thermodynamic
stability of the rearranged product.2 However, such rearrangement normally does not occur
at room temperature.2b

B. GENERAL REACTION SCHEME

N
H

MeI

∆
N
H

N
H

+

N
H

O

R1

R2

LiAlH4

N
H

OH

R1

R2

H+

N
H

R1

R2

R1 = alkyl, aryl
R2 = alkyl, aryl
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C. PROPOSED MECHANISMS

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has a limited application in the preparation of indole derivatives.

F. RELATED REACTIONS

This reaction is related to the Wagner-Meerwein Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

N

Me
Me

PPA

∆

N Me

Me

56–63%

Reference 3h.

To 25 g stirred polyphosphoric acid was poured slowly 8.15 g 3,3-dimethyl-2-phenyl-
3H-indole. The mixture was stirred until a uniform consistency was attained, and no attempt
was made to moderate the exothermic reaction that took place. After the initial reaction
subsided, the flask was placed in a hot air bath, and the bath temperature was raised to 150◦C.
The reaction mixture was heated at this temperature for 3–5 h, and without being cooled the
reaction mixture was poured into 250 mL cold water. The solution was neutralized with solid
K2CO3, and the tar-like material that separated was taken up in ether. The ether solution
was washed with water, dried over anhydrous potassium carbonate, and concentrated by
distillation. All volatile solvents were removed from the residue by heating under reduced
pressure, and 89–90% 3H-indoles were obtained. The composition analysis indicated 70%
2,3-dimethyl-3-phenyl-3H-indole and 30% starting material.
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Reference 3d.

A solution of 434 mg ethyl 3,3-dimethyl-3H-2-indolecarboxylate (2 mmol) in 4 mL
freshly distilled acetyl chloride was kept at 40◦C for 15 h, during which time the reaction
was monitored by TLC (4% EtOH in benzene). After the addition of 5 mL benzene, solvent
and excess reagent were removed under vacuum, and exclusion of moisture gave a light
brown oil, of which TLC indicated two spots with Rf values smaller than the starting
material. To this light brown oil was added an alcoholic solution of 570 mg potassium
thioacetate (5 mmol) after which KCl separated. Stirring was continued for 2 h; the alcohol
was removed and the residue was extracted with ether. The ether layer was washed with 5%
NaHCO3 and water until neutral and dried over Na2SO4. Upon removal of solvent, 545 mg
of a yellow oil was obtained, which was purified by silica gel column chromatography (4%
EtOH in benzene) to afford ethyl 1-acetyl-2-thioacetyl-3,3-dimethylindoline-2-carboxylate
and its isomer, besides the recovery of 30 mg starting material.

Other references related to the Plancher rearrangement are cited in the literature.4
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Polonovski Reaction

(Polonovski-Potier Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Polonovski in 1927.1 It is the transformation of a
tertiary amine oxide into a N,N-disubstituted acetamide and an aldehyde by treatment of
the tertiary amine oxide with acetic anhydride or acetyl chloride. Therefore, this reac-
tion is generally known as the Polonovski reaction.2 Because the resulting acetylated
tertiary amine oxide can undergo different reaction pathways, including the elimination
of an α-hydrogen and the cleavage of one alkyl group (e.g., methyl) on the nitrogen
atom to form different iminium intermediates,2oo this reaction is also referred to as
the Polonovski transformation,3 Polonovski demethylation,4 Polonovski rearrangement,5

or Polonovski elimination.3 In addition, the replacement of acetic anhydride or acetyl
chloride by trifluoroacetic anhydride, as introduced by Potier in 1968,6 has made the
Polonovski reaction a very useful transformation in alkaloid chemistry, because the
Polonovski reaction under the modified condition can stop at the iminium stage, which
can be trapped by the addition of cyanide to form an amino nitrile.7 Therefore, this mod-
ification is generally known as the Polonovski-Potier reaction.7a,7b,8 Occasionally, this
reaction is also referred to as the Potier modification,9 Potier-Polonovski rearrangement,10

and Potier-Polonovski fragmentation.11 It has been found that the elimination occurs via
an E2 type mechanism,7h by which one of the carbon-nitrogen bonds to be broken must
be both activated toward the cleavage by an adjacent electron-donating group and oriented
anti-periplanar to the N-O bond.2g However, cis-elimination has also been observed for
nupharidine-type alkaloids.3 It has been reported that a similar transformation can also be
promoted by an enzyme such as iron cytochrome P-450.12
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

As mechanistic information is not available in detail, a tentative mechanism is proposed
below by the treatment of acetyl chloride.

D. MODIFICATION

This reaction has been modified by the replacement of acetic anhydride or acetyl chlo-
ride with trifluoroacetic anhydride to obtain an iminium intermediate,2ao,6 followed by the
addition of cyanide to give amino nitriles.7

E. APPLICATIONS

This reaction has wide application in the transformation of alkaloids.

F. RELATED REACTIONS

This reaction is related to Hofmann Elimination.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2f.

m-Chloroperbenzoic acid (6 mg, 0.035 mmol) in 0.1 mL CH2Cl2 was added to a stirred
solution of 10 mg daphnicyclidin D (0.026 mmol) in 0.1 mL CH2Cl2 at 0◦C, and the mixture
was stirred for 1 h. After the reaction mixture was concentrated, 10 µL trifluoroacetic
anhydride (0.072 mmol) was added to the stirred solution of the residue in 0.2 mL dry
CH2Cl2 under nitrogen at −20◦C for 1 h. After the solvent was evaporated, the residue
was subjected to C18 HPLC (25% CH3CN in MeOH with 0.1% TFA) to afford 3.7 mg
daphnicyclidins E and 1.8 mg daphnicyclidins J, respectively.

N

HO

OH

OH HO
H

N

O O

H

O
H

N

O

OH

1) mCPBA/CH2Cl2

2) (CF3CO)2O/CH2Cl2
3) NaBH3CN/MeOH

+

48% 27%

Reference 2g.

m-Chloroperbenzoic acid (8 mg, 0.047 mmol) in 0.1 mL CH2Cl2 was added at 0◦C
to a stirred solution of 10 mg serratinine (0.036 mmol) in 0.1 mL CH2Cl2. After 1 h, the
reaction mixture was concentrated, and then 0.02 mL trifluoroacetic anhydride (0.14 mmol)
was added to a stirred solution of the residue in 0.2 mL dry CH2Cl2 under nitrogen at
−20◦C. After 1 h, excess solvent and trifluoroacetic anhydride were immediately distilled
off in vacuo at 0◦C. The residue was dissolved in 0.1 mL MeOH, and an excess amount of
NaBH3CN was added at 0◦C. After 15 min the reaction mixture was poured into 10 mL
H2O and extracted with CHCl3. Upon removal of solvent, the residue was purified on C18
HPLC (15% CH3CN in MeOH with 0.1% TFA) to afford 4.8 mg Serratezomine A (48%)
and 2.7 mg of its isomer (27%).

Other references related to the Polonovski reaction are cited in the literature.13
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Pomeranz-Fritsch Reaction

(Pomeranz-Fritsch Synthesis,
Pomeranz-Fritsch

Isoquinoline Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first and concurrently reported by Pomeranz1 and Fritsch2 in 1893. It
is the synthesis of isoquinolines via an acid-promoted electrophilic cyclization of benza-
laminoacetals prepared from aromatic aldehydes and aminoacetals. Therefore, this reaction
is known as the Pomeranz-Fritsch cyclization,3 Pomeranz-Fritsch isoquinoline synthesis,3,4

Pomeranz-Fritsch reaction,4a,5,6 Pomeranz-Fritsch ring closure,7 Pomeranz-Fritsch ring
synthesis,8 or Pomeranz-Fritsch synthesis.3a,4a,9

This reaction can directly give isoquinoline derivatives10 and is generally favored by
electron-donating substituents on the benzalaminoacetal;4a,10 in addition, the cyclization
normally occurs at the para-position of the electron-donating group, even though both
para- and ortho-positions are available.4a In the presence of an electron-withdrawing group
such as a nitro group, oxazoles instead of isoquinolines are formed.5h In this reaction,
the feasible acid promoters include hydrochloric acid,11 the combination of hydrochloric
acid and acetic acid,4a methanesulfonic acid,4a orthophosphoric acid,3b perchloric acid,12

polyphosphoric acid,3b,5k,6a sulfuric acid,13 the combination of sulfuric acid and phosphorus
pentoxide,5h,7b triflic acid,4a trifluoroacetic acids,4a and BF3 in trifluoroacetic anhydride.6c

However, as the traditional Pomeranz-Fritsch reaction gives low yields of isoquinolines,4a

probably because of the steric and electronic effect10 and the partial deactivation of
the phenyl ring by the formation of a protonated imino group,4a this reaction has been
extensively modified, such as the Bobbitt modification,3a,4b,9e,14 Fischer modification,9e,9f
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Jackson modification4a,4c and Schlittler-Müller modification.4e,7c The Fischer modification
involves the treatment of benzalaminoacetal with fuming sulfuric acid,9e whereas Bobbitt
modification produces tetrahydroisoquinoline derivative through the hydrogenation of an
imine intermediate in situ to an aminoacetal, which in turn is converted into product by the
acid-promoted cyclization and hydrogenation.3a This modification for tetrahydroisoquino-
line is also known as the Pomeranz-Fritsch-Bobbitt cyclization.3a The Schlittler-Müller
modification involves the preparation of benzalaminoacetal from benzyl amines and gly-
oxal semiacetal.4e,7c In addition, this reaction has been extended to prepare other types of
aromatic heterocycles, such as thieno[2,3-c] and thieno[3,2-c]pyridines by intromolecular
cyclization to thiophene ring.5k

B. GENERAL REACTION SCHEME

O H2N
OR

OR

N

OR

OR
H+ N

+

(R = Me, Et, etc.)

C. PROPOSED MECHANISMS

Illustrated below is the mechanism of the reaction between benzaldehyde and dimethyl
α-amino acetaldehyde.

D. MODIFICATION

This reaction has been modified to different variants, such as the Bobbitt modification,
Fischer modification, and the Schlittler-Müller modification. In addition, different acids
have been used as the promoters for this reaction.

E. APPLICATIONS

This reaction has general application in the preparation of isoquinoline derivatives.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

MeO

MeO
NH

OMeMeO

OMe

OMe

O

MeO

MeO
NH

OMe

OMe

Cl–

+
Conc. HCl

14%
+

Reference 4a.

A mixture of 2.93 g (3,4-dimethoxybenzyl)-(2,2-dimethoxyethyl)amine (11.5 mmol),
4.11 g veratraldehyde (24.7 mmol) and conc. HCl was stirred at 100◦C for 3 h. The reaction
mixture was cooled and washed with ether (50 mL × 3), then basified with NH4OH. The
mixture was extracted with CHCl3 (4 × 50 mL), the combined organic layers were washed
with 100 mL H2O, dried over Na2SO4, and concentrated. The residue was dissolved in
200 mL CHCl3, the resulting solution was filtered, and 40 mL 2 M HCl in ether was
added to the filtrate. The precipitate that formed was recrystallyzed from 300 mL MeOH
to provide 0.594 g 2,3,8,9-tetramethoxy-11H-indeno[1,2-c]isoquinoline hydrochloride as
a bright yellow hygroscopic solid, in a yield of 14%, m.p. 254–255◦C.

BzO
O

NH2

OMe

MeO
HO

N
+

1. Toluene, ∆

2. TFAA, BF3 · OEt2,toluene

73%

Reference 15.

To a solution of 106 g 3-(benzyloxy)benzaldehyde (0.5 mol) in 1100 mL toluene was
added 79 g aminoacetaldehyde dimethyl acetal (0.75 mol). The mixture was refluxed for
6 h using a Dean-Stark trap. After the mixture was cooled to 5◦C, 212 mL trifluoracetic
acid anhydride (1.5 mol) and 185 mL BF3·Et2O (1.5 mol) were added under nitrogen in
succession at such a rate that the internal temperature was kept below 10◦C. After 5 days of
stirring at room temperature, the precipitated material was separated by filtration, washed
with diethyl ether several times, and dissolved in 750 mL H2O. The pH was adjusted to 9
by adding concentrated aqueous ammonia, and the precipitated product was separated by
filtration, followed by washing with Et2O and drying in vacuo to afford 53.2 g isoquinolin-
7-ol as light yellow solid, in a yield of 73%, m.p, 228–230◦C.

Other references related to the Pomeranz-Fritsch reaction are cited in the literature.16
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Ponzio Reaction

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was first reported by Scholl in 18881 and extended by Born
in 1896,2 it was Ponzio who initially extended this reaction to aromatic compounds in
1897.3 It is the transformation of ketoximes into gem-dinitro compounds via a pseudonit-
role intermediate by means of oxidation with dinitrogen tetraoxide4 and is generally known
as the Ponzio reaction.4,5 Besides the formation of gem-dinitro compounds, some other by-
products are also formed during this oxidation. For example, the oxidation of benzaldoxime
yields 16% benzaldoxime peroxide, 16% diphenylglyoxime peroxide, 12% benzaldehyde,
and 50% dinitrophenylmethane.6 This reaction particularly works for aromatic oximes,
such as p-tolylaldoxime, and anisaldoxime.7 It should be pointed out that meta-nitro dini-
trophenylmethane from meta-nitro benzaldehyde oxime is a more powerful explosive than
TNT.8 According to Ponzio, the oximes of benzaldehyde, hydroxymethyl phenyl ketone,
and methyl phenyl 1,2-diketone all give the corresponding dinitromethanes accordingly,
whereas the ketoximes of benzoylformic acid, acetophenone and benzophenone give neg-
ative results.7 However, the oximes of a few aliphatic ketones can also be converted
into corresponding gem-dinitro compounds, such as the oximes of acetone,1 ethyl methyl
ketone,1 diethyl ketone,1 methyl propyl ketone,2 methyl isopropyl ketone,2 and di-n-propyl
ketone.2 It has been reported that the oxidation of glyoximes such as dimethyl, methyl, and
phenyl glyoximes yields glyoxime peroxides as the predominant products,7 while the oxi-
dation of mono-oxime of 1,2-diketone by dinitrogen tetraoxide leads to the formation of
1,2-diketone as well as carboxylic acid and gem-dinitro compounds from the carbon-carbon
bond cleavage.7,9
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B. GENERAL REACTION SCHEME

X

N
OH

N2O4

O2N NO2

X

(X = Me, NO2, etc.)

C. PROPOSED MECHANISMS

Because mechanistic information for this reaction is not available, a tentative mechanism
is proposed here. It is assumed that dinitrogen tetraoxide may decompose homolytically to
give a nitrogen dioxide radical, which adds to the carbon-nitrogen double bond to introduce
the first nitro group.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is useful for the preparation of α,α-dinitrotoluene derivatives.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

N
OH

N2O4

Dry Et2O 
50%

O2N NO2

Reference 10.

To 200 mL boiling anhydrous ether containing 5.0 g benzaldoxime (0.042 mol) was
added 2.1 g dinitrogen tetraoxide (0.022 mol) in 10 mL anhydrous ether dropwise with
stirring at a rate that maintained a gentle reflux (∼3 min). Stirring was continued for an
additional 3 min, then 50 g ice was added. The ether layer was separated, washed once with
water, and extracted with ice-cold 4% NH4OH solution until the extracts were no longer
colored. The red alkaline solution was washed with 100 mL ether, placed in a beaker, and
covered with 50 mL ether. Upon careful neutralization at 0◦C with aqueous oxalic acid,
the red color disappeared. The aqueous solution then was extracted with 50 mL ether; the
combined ether extracts were washed once with ice-cold water and dried for 10 min with
anhydrous MgSO4. Ether was removed in vacuo, to afford 3.5 g phenylnitrolic acid as pale
yellow needles, in a yield of 50%, m.p. 56–57◦C (dec.). The product was stable at −20◦C
for several weeks, but decomposed within a few hours at room temperature.

Other references related to the Ponzio reaction are cited in the literature.11
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Prévost Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Prévost in 1933.1 It is the one-pot transformation
of alkenes into trans 1,2-diols through the joint oxidation with silver(I) carboxylate and
iodine in an anhydrous solvent followed by the reduction or hydrolysis of 1,2-dicarboxylate
intermediates.2 Therefore, this reaction is generally known as the Prévost reaction.2c,3

Occasionally, it is also referred to as the Prévost trans-dihydroxylation.4 In addition, because
this reaction is the complement of the Woodward cis-Hydroxylation,5 for the conversion
of the alkenes into vicinal diols, the Prévost reaction is also called the Woodward-Prévost
reaction2a,2c,5 or Prévost-Woodward reaction.3a,6 In this reaction, silver(I) carboxylate can
be silver(I) acetate2a,3a or silver(I) benzoate.3a,3b,4 It has been reported that this reaction
may involve the formation of an α-halocarboxylate, which can be easily transformed into the
corresponding trans-1,2-dicarboxylate2a through a (cyclic) dioxolanyl cation intermediate
in the presence of metal carboxylate2c from stereoselective nucleophilic displacement of
the α-halo group.2a However, this reaction also has some drawbacks, such as poor facial
selectivity of epi-iodination in cyclic substrates,7 low reactivity of some haloacetates due
to steric hindrance,6c rearrangement during the oxidation,3i,6a and low yields.8

B. GENERAL REACTION SCHEME

R1
R2 R1

R2

OAc

OAc∆

AgOAc/I2

dry benzene

AgBz/I2 or
LiAlH4

R1
R2

OH

OH
or K2CO3

R1 = H, alkyl, aryl
R2 = alkyl, aryl
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C. PROPOSED MECHANISMS

Because detailed mechanistic information is not available, a tentative mechanism is
proposed here. It is assumed that iodine first adds to the double bond to form an iodonium
cation in a process similar to the bromination of alkene, then nucleophilic attack from
acetate leads to the formation of the trans-α-iodoacetate. In the presence of silver acetate,
α-iodo leaves to give a dioxoanyl carbocation, which is attacked by the second acetate anion
to give trans-1,2-diacetate. Upon hydrolysis or LiAlH4 reduction, diacetate is transformed
into trans-1,2-diol. The displayed mechanism is similar to the one proposed by Sudalai.3a

D. MODIFICATION

This reaction has been modified by the use of Hg(II),9 Cu(II),6a,10 Th(I),11 and Pb(IV)12

salts in the related reactions. In addition, Bi(OAc)3 is also used for this reaction because of
its low toxicity, reasonable cost, and tolerance to moisture.2c Furthermore, similar reaction
has been catalyzed by LiBr in the presence of either NaIO4 or PhI(OAc)2.3a

E. APPLICATIONS

This reaction is very useful for the conversion of alkenes into adjacent trans-diols.

F. RELATED REACTIONS

This reaction is related to the Woodward cis-Hydroxylation.

G. CITED EXPERIMENTAL EXAMPLES

N

AcO I

Ph

Pf

1. AgOAc, toluene, ∆

N

HO OH

Ph

Pf

2. LiAlH4, THF

94%
95% d.e.

Reference 2a.
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A mixture of 0.4 mmol 2-benzyl-3-acetyl-4-iodo-N-(9-phenylfluoren-9-yl) pyrrolidine
and 0.133 g AgOAc (0.8 mmol) was refluxed in 4 mL anhydrous toluene for 3 h. Then
the reaction mixture was filtered, and toluene was evaporated. The residue was reduced
by 0.030 g LiAlH4 (0.8 mmol) in 4 mL THF at 0oC. The mixture was filtered, and
THF was removed in vacuo. The residue was purified by column chromatography using
hexanes/EtOAc as the eluent to afford 94% (2S, 3S, 4S)-2-benzyl-3,4-dihydroxy-N-(9-
phenylfluoren-9-yl) pyrrolidine with 95% d.e.

HO OH

1. 20% mol LiBr, PhI(OAc)2, AcOH

2. K2CO3/MeOH

84%

Reference 3a.

To a 25-mL round-bottomed flask were added 3 mmol cis-stilbene, 0.6 mmol LiBr,
3 mmol PhI(OA(c)2, and 5 mL acetic acid. The mixture was heated at 95◦C for 18 h then
cooled to room temperature and extracted with EtOAc (3 × 30 mL). The combined organic
layers were washed with saturated sodium thiosulfate solution, water, aqueous NaHCO3,
and dried over Na2SO4. Upon removal of solvent, 4.5 mmol K2CO3 and 20 mL MeOH were
added to the flask containing the residue, and the mixture was stirred at room temperature for
24 h. When MeOH was removed by rotatory evaporation, the residue was taken up by EtOAc
(3 × 30 mL). The combined organic phases were washed with water and brine and dried
over Na2SO4. Upon removal of solvent, the residue was purified by column chromatography
using petroleum ether/EtOAc (7:3) as the eluent to afford 84% of trans-diol.

Other references related to the Prévost reaction are cited in the literature.13
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Prey Ether Cleavage

A. GENERAL DESCRIPTION OF THE REACTION

Although this reaction was first reported by Klemenc in 1916,1 it was Prey who
modified the original protocol in 1941 and made it a simple and convenient method
to cleave the aliphatic-aromatic ethers by heating the mixture of appropriate ether and
pyridine hydrochloride.2 Therefore, this transformation is called the Prey ether cleavage
herein. To date, this reaction has been used to remove the methyl groups in anisole,2a

phenetole,3o-methoxphenol,3o-dimethoxybenzene,3 anisaldehyde,3 methoxy-illudinine,4

and 3,5-dichloro-2-methoxy-6-methylacetophenone.5 In addition, by removal of a methyl
group, a series of phenol derivatives have been prepared, such as p-pentadecylphenol,6

desoxymorphine,7 and β-dihydrothebainol.8 It should be pointed out that phenyl ethyl ether
can also be cleaved by this reaction but at a relatively lower speed.3 It has been found that a
few percent of pyridine hydrochloride is adequate for this reaction if dry hydrogen chloride
is passed into the reaction system,3 although dry hydrogen chloride itself does not cleave
the listed ethers under similar conditions.2b

B. GENERAL REACTION SCHEME

OMe

∆

OH
PyH+ Cl–
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C. PROPOSED MECHANISMS

It is believed that methyl aromatic ether is protonated from the thermally stable pyridine
hydrochloride to form an oxonium ion, which undergoes nucleophilic substitution with
chloride to evolve methyl chloride and yield phenol derivatives, as exemplified here by the
reaction of anisole.

HO
CH3

∆

Cl–

CH3Cl

OH

+
Pyridine

O
CH3

N

H
Cl–

+

+

D. MODIFICATION

This reaction has been modified by passing dry hydrogen chloride into the reaction
system with a small amount of pyridinium chloride present.

E. APPLICATIONS

This reaction has been used to cleave methyl aromatic ethers and phenoxy esters.9 In addi-
tion, this reaction has been successfully used for determining methoxyl groups to an accuracy
of 1% by conversion of pyridine hydrochloride into N-methylpyridinium chloride.2c

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

N
MeO

O

170°C

O

N
HO

OPyH+ Cl–

41%

Reference 10.

A mixture of 5.67 g 4-(1,2-dihydro-2-oxo-1-pyridyl)-6-methoxy-2,2-dimethyl-2H-1-
benzopyran (20 mmol) and 6.93 g pyridine hydrochloride (60 mmol) was heated to melt
at 170◦C for 2 h. The hot solution was poured into 150 mL 2% H2SO4, and the product
was extracted with CH2Cl2. The organic layer was dried over MgSO4 and evaporated. The
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residue was purified by crystallization from MeOH to afford 2.21 g 4-(1,2-dihydro-2-oxo-
1-pyridyl)-6-hydroxy-2,2-dimethyl-2H-1-benzopyran, in a yield of 41%.

O
CH3

C15H31

OH

C15H31

Pyridine, ∆

HCl gas

89%

Reference 6.

A solution of 8.92 g p-pentadecylanisole (0.028 mol) in 50 mL dry pyridine was refluxed,
and a strong steam of HCl gas was passed into the stirred mixture. Refluxing ceased after
minutes, and the mixture was heated again for 4.5 h then allowed to cool. Water (50 mL)
and 100 mL Et2O were added to the flask, and the phases were separated. The aqueous
layer was extracted with Et2O (2 × 100 mL), and the combined ether layers were washed
with H2O, dried over MgSO4, and evaporated under reduced pressure to give an off-white
solid, which was recrystallized from hexane to give 7.7 g p-pentadecylphenol, in a yield of
89%, m.p. 71.4–73◦C.

Other references related to the Prey ether cleavage are cited in the literature.11
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Prilezhaev Reaction
(Prilezhaev Epoxidation,

Prileschajew Epoxidation,
Prilezhaev Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Prilezhaev (also known as Prileschajew) in 1909.1,2

It is the convenient transformation of alkenes with isolated olefinic double bond into
epoxides2b,2e (i.e., oxirane3) or glycols4 by means of oxidation with organic peracid in a
neutral4b organic medium. Therefore, this reaction is generally known as the Prilezhaev
reaction.5 In addition, it is also referred to as the Prileschajew reaction,6 Prilezhaev
epoxidation5a,7 or Prilezhaev oxidation;8 while the organic peracid is known as the
Prileschajew reagent.9 This reaction can be carried out in many common organic solvents
such as acetone, chloroform, diethyl ether, and dioxane,3 using perbenzoic acid (also known
as benzoyl hydrogen peroxide10 or benzoylhydroperoxide4b) as the oxidant. This reaction
is especially useful for the epoxidation of nonvolatile, water-insoluble olefins.3 Although
this reaction usually gives good to quantitative yields,3,10 the actual yields and reaction
time depend on both the peracid used and the number and nature of groups attaching to
the olefinic double bond. For example, furoic peracid has been found to be more reactive
than perbenzoic acid and camphoric acid peracid, whereas phthalic acid peracid is almost
inactive for this reaction.11 In addition, the introduction of an electron-withdrawing group to
a phenyl ring increases the electrophilicity and reactivity of perbenzoic acid, thus the appli-
cation of m-chloro-perbenzoic acid (mCPBA, or 3-chloroperbenzoic acid) in epoxidation of
olefins is specifically known as mCPBA epoxidation.12 In addition, the Prilezhaev epoxida-
tion is tolerable for many functional groups, including aromatic ring, ester, and ether,5c and
has shown excellent face selectivity for certain kinds of olefins. Such face selectivity may
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arise from steric hindrance, hydrogen bonding, and aromatic π-π stacking.12d The steric
hindrance is clearly shown in the epoxidation of sterically hindered alkenes (e.g., steroidal
olefins).13 The effect of hydrogen bonding on face selectivity is observable during the
epoxidation of cyclic alkenones14 and olefins with hydrogen-bonding acceptors (e.g., allyl
alcohols,15 allylamides,16 allyl carbamates,17 allyl ethers,18α-diones,19 and unsaturated car-
boxylic acids20). The face selectivity arising from hydrogen bonding is especially shown
in the epoxidation of 3-hydroxycyclohexene to syn-epoxide, whereas the epoxidation of
3-methoxycyclohexene gives predominantly anti-product.21 Such high diastereoselectivity
is attributed to the hydroxy-group directivity.2b,22

B. GENERAL REACTION SCHEME

O

H2O

OHHO

Peracid

C. PROPOSED MECHANISMS

Many mechanisms have been proposed for this reaction, such as the epoxidation via
initial attack of a hydroxyl cation,23 1,3-Dipolar Cycloaddition of a hydroxycarbonyl
oxide to an olefinic double bond,24 and the commonly accepted planar “butterfly” tran-
sition state,2a,2b,24a,25 by which the π HOMO orbital of the olefin approaches the terminal
oxygen of perbenzoic acid and interacts with the σ* LUMO of the O-O bond at 180◦.25c

The planar butterfly transition state is further extended by Sharpless to a spiro-transition
state,26 which has been consolidated by many other investigators.2c,25b,27 An illustrative
mechanism from mCPBA epoxidation is provided here.

D. MODIFICATION

The reaction has been modified to avoid the application of perbenzoic acid by treating the
solutions of olefins with air or oxygen in the presence of benzaldehyde so that perbenzoic
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acid is generated in situ and consumed as it is formed.28 In addition, such epoxidation has
been catalyzed by organometallic complex such as Mn(salen).5a

E. APPLICATIONS

This reaction has a very broad application in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 12d.

To a 100-mL round-bottomed flask equipped with a dropping funnel capped with a
CaCl2 drying tube were added 0.392 mmol 2-(4-methoxyphenyl)-5,6-dimethyl-3a,4,7,7a-
tetrahydroisoindole-1,3-dione and 10 mL CHCl3. Then 0.588 mmol mCPBA in 5 mL CHCl3
was added to the flask dropwise via the dropping funnel over 20 min. The solution was
stirred at room temperature for 3 h, washed successively with 100 mL 20% aq. NaHSO3,
100 mL saturated aq. NaHCO3, and 50 mL H2O and dried over anhydrous MgSO4. Upon
the removal of solvent, the residue was separated by silica gel column chromatography with
hexanes/EtOAc (1:1) as the eluent to afford 29% 9-(4-methoxyphenyl)-3,5-dimethyl-4-oxa-
9-azatricyclo-[5.3.0.03,5]decane-8,10-dione (colorless crystals, m.p. 144–145◦C) and 40%
of its isomer (colorless crystals, m.p. 179–181◦C).

CO3H
CO2H

CHCl3
O

+

Reference 11.
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A total of 5 g d-pinene was mixed with a large excess of camphoric acid peracid in
CHCl3, and the mixture was allowed to stand at 0◦C for 3 days. It was then shaken with a
10% NaOH to remove the unused peracid and camphoric acid and was finally washed with
H2O and dried over anhydrous Na2SO4 for 24 h. Upon removal of CHCl3, the remaining
liquid was purified by fractional distillation, b.p. 102–103◦C at 50 mmHg.

Other references related to the Prilezhaev reaction are cited in the literature.29

H. REFERENCES

1. Prileschajew, N., Ber., 1909, 42, 4811.

2. (a) Cui, M.; Adam, W.; Shen, J. H.; Luo, X. M.; Tan, X. J.; Chen, K. X.; Ji, R. Y. and Jiang, H. L.,
J. Org. Chem., 2002, 67, 1427. (b) Adam, W.; Bach, R. D.; Dmitrenko, O. and Saha-Möller, C.
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Prins Reaction
(Prins Cyclization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Kriewitz in 18991 and studied extensively by Prins
since 1917.2 It is an acid-catalyzed condensation between aldehydes and olefins to form
a variety of compounds such as 1,3-dioxanes, 1,3-diols, allyl alcohols, or 1,3-diesters,
depending on the nature of alkenes and the reaction conditions. Therefore, this reaction is
generally known as the Prins reaction3 or Prins cyclization.4 In addition, this reaction is
also referred to as aldol-Prins reaction4aa or Prins-pinacol reaction.4y,5 This reaction can be
carried out in an aqueous or an anhydrous medium,3ee and the aldehydes can be aliphatic,
aromatic, α,β-unsaturated aldehydes or even cyclic acetals.4aa The acid can be either a
Brønsted acid or a Lewis acid, by which the commonly used Brønsted acid is 10–65%
sulfuric acid,3u,3y,3cc,3gg and the Lewis acid can be AlCl3,3gg ZnCl2,3gg BF3,6 InCl3,7etc.
In this reaction, the commonly used aldehyde is formaldehyde.3m,3n,3r,3s,3u,3v,3y,3bb,3dd−3gg

It has been found that in aqueous solution with sulfuric acid as the catalyst, both 1,3-dioxanes
and 1,3-diols can be obtained from olefins;8 in addition, 1,3-dienes may be formed from
the reaction between formaldehyde and trisubstituted olefins because of the dehydration.9

When an excess amount of formaldehyde is used—for example, more than 10-fold—1,3-
dioxane is predominantly formed.3r However, in the presence of an anhydrous organic acid
and when sulfuric acid is used as the catalyst, diesters of 1,3-glycols are produced.3gg For
the reaction between styrene and formaldehyde, telomer may be formed at a low ratio of
formaldehyde over styrene.3u On the other hand, the Prins reaction has been found to be
highly stereoselective with trans-addition for both alicyclic and acylic olefins,3t,3v,3bb,3dd

especially the anti/syn ratio of formed diols increases when the size of aldehydes increase.3m

It should be pointed out that if the formed carbonium ion is highly stabilized, the Prins
reaction may be controlled by thermodynamics.3v
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B. GENERAL REACTION SCHEME

R1 R2 R3

O
OH OH

R1

R2

R3
+

acid
+

R1 = alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, aryl

O O

R1

R2

R3

OH

R1

R2

R3
+

C. PROPOSED MECHANISMS

It is proposed that this reaction involves an acid-activated formaldehyde intermediate3ee

(i.e., in the form of hydroxymethyl carbonium ion3ff ) that electrophilically attacks the
olefinic double bond to form an oxetane oxonium ion3v,3z,10 or a three-member bridged
carbocation,3t which upon solvolysis yields 1,3-glycol or 1,3-dioxane. An illustrative mech-
anism is given here.

D. MODIFICATION

This reaction has been extended to the reaction between aldehydes and alkenyl com-
plexes of boranes, silanes, and stannes to give allylic alcohols,3m where the reaction with
alkenyl complexes of silanes is known as the silyl-Prins reaction.7 In addition, several
Lewis acids-mediated or -promoted Prins reactions have recently been developed, including
the application of TMSI,4w hafnium (IV) bis(perfluorooctanesulfonyl)amides (in fluorous
biphase system),3d iron (III) species,4m and 2,6-di-tert-butylphenoxy(difluoro)borane.3j

E. APPLICATIONS

This reaction has had wide application in organic synthesis, especially in the 1930s to
1940s for the production of dienes in large quantities for synthetic rubber manufacturing.
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

TMS
OH

Ph

O

Ph

H O

Ph

Ph+
InCl3/CH2Cl2

78%

Reference 7.

To a solution of 20 mL CH2Cl2 containing 0.39 g diphenylacetaldehyde (2 mmol) was
added 0.44 g InCl3 (2 mmol) under an atmosphere of nitrogen, and the resulting solution
was stirred for 1 h. After this time, 0.32 g (Z)-5-trimethylsilylpent-4-en-2-ol (2 mmol) was
added, and the reaction mixture was stirred at room temperature for an additional 16 h.
The reaction mixture was then quenched with 10 mL distilled water, and the water layer
was extracted with CH2Cl2. The combined organic extracts were dried with MgSO4. Upon
removal of solvent, the residue was purified by column chromatography using hexane/Et2O
(10:1) as the eluent to afford 0.41 g (±)-cis-2-benzhydryl-6-methyl-5,6-dihydro-2H-pyran
as a colorless solid, in a yield of 78%, Rf = 0.43 (petroleum ether/Et2O = 10 : 1),
m.p. 75–77◦C (from petroleum ether).

O

OTES
H

MeO H

O
H H

O
SnCl4/CH2Cl2

33% 

Reference 4y.

Tin (IV) chloride (SnCl4, 42 µL, 0.23 mmol) was added dropwise to a solution of
0.16 g rel-(2R,6R)-[(6-methoxytetrahydropyran-2-yl)cyclohex-1-enyl]-rel-(R)-methoxy-
triethylsilane (0.46 mmol) in 9.5 mL CH2Cl2 at 0◦C. After maintaining the reaction at
0◦C for 30 min, the reaction mixture was poured into 5 mL saturated aqueous NaHCO3,
and the aqueous phase was extracted with CH2Cl2 (3 × 5 mL). The combined organic layers
were washed with 10 mL brine, dried over Na2SO4, filtered, and concentrated. The residue
was purified by silica gel column chromatography using hexanes/EtOAc (49:1) to afford
30 mg 12-oxatricyclo[6.3.1.02,7]dodecane aldehyde as a clear pale yellow oil, in a yield of
33%.

Other references related to the Prins reaction are cited in the literature.11
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Pudovik Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pudovik in 1950.1 It is a base-promoted nucleophilic
addition2 of organophosphorus anion to alkenes or alkynes3 and is generally known as the
Pudovik reaction.4,5 Occasionally, it is also referred to as the Pudovik addition.4b In addi-
tion, since Abramov discovered a similar addition reaction of phosphorus compounds to
carbonyl compounds at the same time,6 the addition of organophosphorus compounds to
activated unsaturated systems (e.g., alkenes,2,3 alkynes,2,3 ketones,4h,7 aldehydes,4h,7 and
imines1b,1d,8) is generally called the Pudovik-Abramov reaction.7a This type of reaction
has been reported to occur via an ionic or radical mechanisms.3 The outcome of this reac-
tion depends on the structure of unsaturated substrates, the phosphorus reagents, and the
experimental conditions.3 For example, in the addition of dialkylphosphite to aldehyde, the
labile proton on the phosphorus atom (P-H) can be easily removed by a catalytic amount
of di-n-butylamine,4c whereas solid-supported base such as Al2O3/KOH has been used for
deprotonation of a series of secondary phosphines and phosphites.4e

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Illustrated here is the reaction mechanism between dialkylphosphite and an activated
alkene in the presence of KOH.

D. MODIFICATION

This reaction has been extended to the addition of organophosphorus compounds on
imines.1b,1d,8

E. APPLICATIONS

This reaction has very broad application in the preparation of an array of organophos-
phorus compounds.

F. RELATED REACTIONS

This reaction is related to the Atherton-Todd Reaction and Kabachnik-Fields Reaction.

G. CITED EXPERIMENTAL EXAMPLES

O
OBn

OBn
BnO

BnO

OHC
HP(O)(OEt)2

O
OBn

OBn
BnO

BnO

HO
H

P OEt
OEt

O

O
OBn

OBn
BnO

BnO

HO

H P OEt
OEt

O

LiHMDS, THF
93%

+

1.4:1

Reference 4g.

To a solution of 0.16 mL diethyl phosphite (1.23 mmol) in 0.7 mL THF at −78◦C
was added 1.23 mL 1 M LiHMDS solution in THF (1.23 mmol). The resulting solu-
tion was stirred for 5 min at −78◦C, followed by the addition, via cannula, of a
solution of 618 mg benzyl 6-deoxy-6-formyl-2,3,4-tri-O-benzyl-β-d-glucopyranoside
(1.12 mmol) in 5 mL THF at −78◦C. After 10 min, the reaction was quenched with
aqueous NH4Cl and Et2O. The aqueous layer was further extracted with Et2O. The com-
bined organics were dried over MgSO4, filtered, and evaporated. Upon removal of solvent,
650 mg benzyl 6-deoxy-6-[diethylphosphono(1′-hydroxy)-methyl]-2,3,4-tri-O-benzyl-β-
d-glucopyranoside was obtained as a mixture of diastereomers (1.4:1 ratio), which are
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separable by silica gel flash column chromatography using hexanes/EtOAc (1:1) as the
eluent. On a smaller scale of starting material, the same procedure gave 108 mg diastere-
omeric mixture, in a yield of 93%, the major diastereomer (first eluting) has melting point
of 122–123◦C.

Ph N Ph

OH
H H

P OMe
OMe

S
P

H
N Ph

OH
Ph

S

MeO
MeO

P
H
N Ph

OH
Ph

S

MeO
MeO

+ +

44.2% 10.7%

Reference 8.

To a solution of 0.51 g (R)-(+)-2-phenylglycinol (3.72 mmol) in 10 mL dry toluene
containing 0.5 g 3Å molecular sieves was added 0.38 mL benzaldehyde (3.74 mmol), and
the resulting solution was stirred at room temperature for 2 h until an aliquot showed
completion by the presence of the imino proton at δ 8.51. The reaction was filtered through
Celite, and 0.31 mL dimethyl thiophosphite (3.69 mmol) was added. The reaction mixture
was stirred at 0◦C for 12 h, concentrated to an oil and subjected to column chromatography
using hexanes/Et2O as the eluent. A major diastereomer of O,O-dimethyl (RS)-{[(1R)-2-
hydroxy-1-phenylethyl]amino}(phenyl)methyl-phosphonothioate, in the amount of 0.578 g
was obtained, in a yield of 44.2%, and 0.14 g minor diastereomer (10.7%) and 0.27 g
diasteromeric mixture (20.6%) were obtained as well.

Other references related to the Pudovik reaction are cited in the literature.9
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Pummerer Rearrangement

(Pummerer Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Pummerer in 1909.1 It is an acid (e.g., HCl) or
an anhydride (e.g., Ac2O or TFAA) promoted transformation of sulfoxide bearing an
α-proton to α-substituted sulfide through a sulfenium (or thionium) intermediate;2 more
generally, it is the reduction of sulfonium sulfur with concomitant oxidation or sub-
stitution at the α-carbon of sulfonium.3 Therefore, this reaction is generally known as
the Pummerer rearrangement4,5 or Pummerer reaction.2a,3,4a,4k,4o,4s,4t,6 Occasionally, the
Pummerer cyclization is used to stand for the formation of heterocycles via the addition of an
intramolecular nucleophile to the sulfenium intermediate.4h,6o,6p,7 Besides HCl and acyclic
anhydrides, some other Brønsted acids or Lewis acids are also used to activate this reac-
tion, such as p-toluenesulfonic acid,4y ZnI2,4h TMSOTf,4m,6o DAST(diethylaminosulfur
trifluoride),8and Me3SiX.9 In addition, the Pummerer rearrangement can also occur under
thermal conditions without promoters,4u,4y although it may be suppressed by the appli-
cation of zeolite.10 In this reaction, the formed sulfenium (or sulfonium) intermediate is
very electrophilic, which can even react with some weak nucleophiles such as xylene and
anisole.4y

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Many mechanisms have been proposed for this reaction, that include: (a) the rearrange-
ment via a carbonium intermediate involving either a concerted cyclic elimination of acetic
acid, elimination of HOAc with an external base or elimination to form a sulfonium ylide,
(b) internal transfer of the acetoxy group through either cyclic rearrangement, 1,2-shift of
ylide, homolytic dissociation and recombination, or nucleophilic displacement of ylide.3

Nevertheless, all these mechanisms involve the intermediate of a sulfur-stabilized carbonium
ion, and if there isn’t a conjugate electron-withdrawing group (e.g., carbonyl group) at the
β-position of sulfoxide group,11 the acetoxyl group always migrates to the least substituted
α-carbon of sulfoxide.3 Overall, the general accepted mechanism involves the activation
of the sulfoxide through the conversion of the sulfoxide oxygen into a good leaving group
either by acylation or protonation, followed by the formation of a sulfenium (thionium)
ion,2b,4h a rate- and product-determining step,3 and subsequent nucleophilic addition from
different nuclophiles. It should be pointed out that after the activation of the sulfoxide oxy-
gen atom, the migration of hydrogen to form a sulfenium ion affords the normal Pummerer
rearrangement product, whereas the cleavage of α-alkyl group to generate a new sulfe-
nium ion leads to the formation of new sulfide, and this process is known as the Pummerer
fragmentation.5b An illustrative mechanism is provided here.

D. MODIFICATION

Because of its versatility, this reaction has been extended to different variants. For
example, the thermal conversion of linear α-silyl sulfoxides into siloxymethyl sulfide
for the preparation of carbonyl compounds,12 vinyl sulfides,4j etc. is now known as sila-
Pummerer rearrangement;4e,5a,7e,12,13 in addition, the base treatment of α-chlorosulfoxide
in the presence of trimethylsilyl chloride to form thioester is known as the silicon
Pummerer rearrangement.4x Likewise, the reaction of vinylic sulfoxides4e,9 or
o-alkylphenyl sulfoxides5c via an electrophilic thionium ion from γ-proton loss is known
as the vinylogous Pummerer reaction. Moreover, if a nucleophile adds to the vinylic bond,
then this variant is also known as additive Pummerer reaction;4j,6i,14 whereas the treatment
of sulfoxide with DAST8 or n-Bu4NH2F 5s

3 to produce α-fluorosulfide is referred to as
the fluoro-Pummerer rearrangement, and the rearrangement involving the cleavage of
an α-stannyl or an allylic stannyl group is called the tin-Pummerer rearrangement5m or
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vinylogous tin-Pummerer rearrangement,4e respectively. The comparable rearrangement of
selenium compounds is known as seleno Pummerer reaction or additive seleno Pummerer
rearrangement.4j

On the other hand, sulfoxides bearing an α-proton may undergo a similar reaction to
form thioether when they are treated with a Grignard reagent,15 and α-thiomethyl ester
might eliminate α-proton to form thionium for nucleophilic addition when it is treated with
phenyliodine(III) bis-trifluoroacetate.16

E. APPLICATIONS

This reaction has very broad application in organic synthesis, such as the formation of an
aldehyde by hydrolysis of α-acyloxysulfide,17 the generation of vinyl sulfide by elimination
of α-acyloxy group,18 and the synthesis of glyoxal from β-ketosulfoxide.4z In addition, the
formed vinyl sulfide has been used as an intermediate for many other reactions, such as
Diels-Alder Cycloaddition4s and Michael Addition.4j

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 11.

(3S)-3-(N-Benzyloxycarbonyl)amino-1-methylsulfinyl-2-oxo-4-phenylbutane (166.2 mg,
0.462 mmol) was added to a mixture of 4.6 mL CH2Cl2, 0.5 mL pyridine, and 0.5 mL
acetic anhydride, followed by 3 mg 4-dimethylamino pyridine. The resulting mixture
was stirred at ambient temperature for 17.5 h, then 10 mL 1 M HCl and 15 mL EtOAc
were added. The organic layer was separated and washed with 10 mL saturated
NaHCO3 aqueous solution and 10 mL brine, dried over Na2SO4 and concentrated under
reduced pressure. The resulting residue was purified through preparative silica gel
thin-layer chromatography to afford 124.5 mg (3S)-1-acetoxy-3-(N-benzyloxy-
carbonyl)amino-1-methylthio-2-oxo-4-phenylbutane as a colorless solid, in a yield of
67.1%.

Alternatively, 708.6 mg (3S)-3-(N-benzyloxycarbonyl)amino-1-methylsulfinyl-2-oxo-
4-phenylbutane (1.97 mmol) was dissolved in a mixture of 15 mL DMSO and 6 mL THF.
Then 7.5 mL 2 M HCl was added. After the mixture was stirred for 18 h at ambient
temperature, it was cooled in an ice bath and neutralized with 15 mL saturated NaHCO3
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aqueous solution (15 mL). Water (50 mL) and 50 mL EtOAc were added to the mix-
ture. After the organic layer was separated, the resulting aqueous layer was extracted with
EtOAc (2 × 25 mL). The combined organic layers were washed with 50 mL water and
30 milliliter brine, dried over anhydrous Na2SO4, and concentrated under reduced pressure.
The resulting residue was crystallized in n-hexane/EtOAc to give 659.7 mg crude (3S)-3-(N-
benzyloxycarbonyl)amino-1-hydroxy-1-methylthio-2-oxo-4-phenylbutane as a colorless
crystal, in yield of 93.2%. This intermediate was then acetylated in CH2Cl2 with pyridine
and acetyl chloride to afford 91.5% (3S)-1-acetoxy-3-(N-benzyloxycarbonyl)amino-1-
methylthio-2-oxo-4-phenylbutane.

S
Tol

O S
Tol

OH
1. LDA, –78°C
2. TMSCl
3. NH4Cl

69%
> 98 e.e.

Reference 9.

To 3.0 mL THF solution containing 0.89 mmol i-Pr2NH was added 0.6 mmol 2.3 M
n-BuLi in hexane at 0◦C. After being stirred for 30 min, the mixture was cooled to −78◦C.
Then a solution of 0.5 mmol (S)-1-ethyl-2-(p-tolylsulfinyl)benzene in 2 mL THF was added.
After the mixture was stirred for 1 h, 1.5 mmol freshly distilled TMSCl was added at −78◦C.
When the reaction was completed (< 1 min), the mixture was hydrolyzed with a mixture of
1 mL saturated NH4Cl and 1 mL CH3CN at −78◦C, then the solution was warmed to room
temperature for overnight. The mixture was extracted with Et2O (3 × 10 mL), washed twice
with 10 mL saturated NH4Cl, dried over MgSO4, and concentrated under reduced pressure.
The residue was purified by flash silica gel column chromatography using hexane/EtOAc
(2:1) as the eluent to afford 69% (1R)-1-2-(p-tolylsulfanyl)phenylethan-1-ol as a colorless
oil, with 98% e.e.

Other references related to the Pummerer rearrangement are cited in the literature.19
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Quelet Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Quelet in 1932,1 a natural extension of the Blanc
Chloromethylation. It is the preparation of para-α-chloroalkyl aromatic derivatives by pass-
ing dry hydrochloric acid through the solution of a phenolic ether and an aliphatic aldehyde
in the presence or absence of a Lewis acid reagent (e.g., ZnCl2), and is known as the Quelet
reaction2 or the Blanc-Quelet reaction.3 Although this reaction often occurs at the para-
position of phenolic ether, it also takes place at the ortho-position if the para-position is
blocked. Compared to the Blanc Chloromethylation, the Quelet reaction is much more sen-
sitive to the substituent on the phenolic ether and is more limited in scope.4 For example, a
single halogen atom on the aromatic ring may cause the deactivation, such as the chloroethy-
lation of o-, m- and p-chloroanisole, m- and p-bromoanisole from acetaaldehyde.4 In
addition, this reaction is also contaminated by further alkylation of the aromatic nucleus
from the α-chloroalkyl aromatic to give bis-aryl-alkane.4,5

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed here is an illustration of the reaction mechanism between anisole and acetalde-
hyde in the presence of ZnCl2.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has been used for the preparation of different styrene derivatives.4,5a

F. RELATED REACTIONS

This reaction is closely related to the Blanc Chloromethylation.

G. CITED EXPERIMENTAL EXAMPLES

PhO
OH

PhO
1. HCl/Et2O

2. Pyridine

17%

Reference 4.

To a 1-L, three-necked, round-bottomed flask equipped with a condenser and gas absorp-
tion trap, a stirrer and an inlet tube were added 300 mL Et2O and 50 g a mixture of
1-(4-phenoxyphenyl)-ethanol and its ether prepared from the Quelet chloroalkylation (the
inlet tube should be under the surface of the solution). Then dry gaseous hydrogen chloride
was passed into the stirred solution for 4 h, and heat was evolved at first. The mixture
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became dark brown as the reaction proceeded. Most of the ether was then removed by
distillation, and 175 mL pyridine was added. The resulting mixture was heated at 115◦C
for 6 h, after which the mixture was poured into 750 g ice and 250 mL conc. HCl. This
mixture was extracted with CHCl3 (200 mL, then 2 × 100 mL), and the combined organic
layers were washed with water (3 × 100 mL) and dried over MgSO4. Upon removal of
solvent, the residue was fractionally distilled through a 6-in., Fenske-type column to give
8.2 g 4-phenoxystyrene, in a yield of 17%, b.p. 111–113◦C.

Other references related to the Quelet reaction are cited in the literature.6

H. REFERENCES
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Kagaku Zasshi, 1944, 47, 844. (c) Ueda, U. and Oda, R., Kogyo Kagaku Zasshi, 1944, 47, 565.
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R. and Anglade, M., Bull. Soc. Chim. Fr., 1936, 3, 2200. (l) Quelet, R., Compt. Rend., 1936, 202,
956. (m) Quelet, R., Compt. Rend., 1934, 199, 150. (n) Quelet, R., Compt. Rend., 1934, 198, 102.
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Radziszewski Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Debus in 1858,1 fully developed by Radziszewski
beginning in 1882,2 and further modified by Weidenhagen in 1935.3 It is the synthesis of an
imidazole derivative by the condensation of an α-dicarbonyl compound (e.g., glyoxal), an
aldehyde and two equivalents of dry ammonia in alcohol. Therefore, this reaction is gener-
ally known as the Radziszewski reaction.4 Occasionally, it is also called the Radziszewski
synthesis,5 Weidenhagen Synthesis,5 or Debus-Radziszewski imidazole synthesis.6 As a
result, imidazole is also referred to as glyoxaline because of this reaction.7 Other names
that have been designated for imidazoles include iminazole7 and 1,3-diazole,7 which have
been rarely used in recent literature; whereas the term imidazole was originally chosen as
the name for such molecules by Hantzsch8 and was given official recognition.9

In this reaction, a variety of α-dicarbonyl compounds—including glyoxal,4b

pyruvaldehyde,5b porphyrin-2,3-diones,10 and benzil2a—have been successfully used to
the synthesis of corresponding imidazole derivatives. It is interesting that the replacement
of one equivalent ammonia with a primary amine results in the formation of 1-substituted
imidazoles.11 Although this reaction in general gives poor yields of imidazoles5b,12

and suffers from some side reactions (e.g., the reverse Aldol Condensation and oxazole
formation)12a the condensation of benzil with benzaldehyde and ammonia in alcohol gives
nearly a quantitative yield of 2,3,5-triphenylimidazole (lophine).2a,13 This reaction is useful
for the preparation of imidazoles with a substituent at position 2 from adjacent di-carbonyl
compounds.5a In fact, this reaction is the only reaction of industrial importance for the
production of imidazole derivatives.
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Although there is no general mechanism for this reaction in the cited literature, it is
plausible that ammonia (or primary amine) reacts with an α-dicarbonyl compound to form
α-diimine, which then condenses with an aldehyde, as displayed here. In the meantime, it
is also possible to form an oxazole by-product from this multicomponent condensation.

D. MODIFICATION

This reaction has been extended by Weidenhagen through the condensation of
α-acetoacetone, cupric acetate, and aqueous ammonia to afford imidazoles in yields up to
60%.3,14 This method is thus known as the Weidenhagen modification4b,15 or Weidenhagen
Synthesis.5a In addition, the Radziszewski reaction has been further modified to proceed
in acetic acid by the use of ammonium acetate or ammonium carbonate as the source of
ammonia to give imidazoles of markedly improved yields,16 and this protocol has been
recently carried out under microwave irradiation.12a Furthermore, it has been reported that
the reaction of an amidine with an α-halo ketone also readily yields imidazoles.12b
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E. APPLICATIONS

This reaction is very useful for the preparation of imidazole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

HN
t-Bu

HO CHO

NaOAc

OO

O

HN
t-Bu

HO
N

H
N

+ NH3/H2O/MeOH
32.1%

Reference 4b.

A mixture of 10 g 4-[3-(tert-butylamino)-2-hydroxypropoxy]-benzaldehyde (0.04 mol),
31 g 40% glyoxal (0.22 mol), 26 g NaOAc·3H2O (0.19 mol), 100 mL concentrated ammo-
nium hydroxide (NH4OH), and 250 mL MeOH was stirred overnight at room temperature.
After removal of MeOH under reduced pressure, the aqueous layer was treated with 100 mL
saturated Na2CO3 solution and extracted with CHCl3 (3 × 200 mL). The combined
organic layers were dried, filtered, and concentrated. The residue was chromatographed
on silica gel using 30% MeOH-CHCl3 as the eluent, and 3.7 g 2-[4-[3-(tert-butylamino)-2-
hydroxypropoxy]-phenyl]imidazole was obtained after final crystallization from CH3CN,
in a yield of 32.1%.

F CHO

O

O

NH4Ac
N

H
N

F

+
AcOH, 180°C

microwave
97%

Reference 12a.

To a 2-mL SmithsynthesizerTM reaction vial containing a magnetic stir bar were added
1.0 mL acetic acid, 42 mg benzil (0.2 mmol), 25 mg 4-fluorobenzaldehyde (0.2 mmol),
and 154 mg ammonium acetate (2.0 mmol). The reaction vessel was heated in the Smith-
synthesizer reactor cavity for 5 min at 180◦C, after which the vessel was rapidly cooled
to 40◦C by the unit. The reaction mixture was added dropwise to a concentrated NH4OH
solution cooled to 0◦C and immediately formed a white precipitate, which was collected by
filtration and washed with H2O. The solid was dried in a vacuum oven for 18 h at 50◦C to
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afford 61 mg 2-(4-fluorophenyl)-4,5-diphenylimidazole as a bright white solid, in a yield
of 97%.

Other references related to the Radziszewski reaction are cited in the literature.17
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W., Org. Lett., 2004, 6, 1453. (b) Baldwin, J. J.; Christy, M. E.; Denny, G. H.; Habecker, C.
N.; Freedman, M. B.; Lyle, P. A.; Ponticello, G. S.; Varga, S. L.; Gross, D. M. and Sweet, C. S.,
J. Med. Chem., 1986, 29, 1065.

13. Wiley, R. H., Chem. Rev., 1945, 37, 401.

14. (a) Weidenhagen, R. and Rienacker, H., Ber., 1939, 72, 57. (b) Weidenhagen, R. and Wegner,
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Ramberg-Bäcklund Reaction
(Ramberg-Bäcklund rearrangement)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Ramberg and Bäcklund in 1940.1 It is a base-promoted
transformation of α-halosulfones into olefins with extrusion of SO2 via an episulfone
intermediate and is generally known as the Ramberg-Bäcklund reaction2,3 or Ramberg-
Bäcklund rearrangement.2a,2c,2e,2f,2k,4 In addition, this reaction is occasionally referred
to as the Ramberg-Bäcklund elimination,2f Ramberg-Bäcklund olefination,5 Ramberg-
Bäcklund synthesis,5c or Ramberg-Bäcklund olefin synthesis.6 This reaction is applicable
for nearly all α-halosulfones having at least one α′-hydrogen and occurs at very mild
conditions. For example, it requires only a dilute base and moderate temperatures (room
temperature to 100◦C)4e and usually gives the cis-elimination product.2i,4d It is assumed
that this reaction involves the deprotonation of α′-hydrogen to generate a sulfonyl carban-
ion, which undergoes an intramolecular nucleophilic displacement of α-halogen (a SN2
reaction) to form an episulfone intermediate that is converted directly to a correspond-
ing olefin.4m This mechanism is supported by the deuterium exchange experiment7 as
well as the actual isolation of 2,3-diphenylvinylenesulfone.8 It has been reported that the
α-halosulfones in general are very prone to 1,3-elimination to form episulfone when exposed
to a base, regardless of the number of α-halogens;4l in addition, the formed episulfones
being sufficiently stable may undergo a base-promoted process to evolve SO2.2p However,
the base treatment of trichloromethyl sulfones leads to the formation of sulfonic acid.4l

More information about this reaction is provided in a few reviews.3d,9

B. GENERAL REACTION SCHEME

R1 S R2

O O

Cl

R1 R2Base R1 = alkyl, aryl
R2 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

Displayed below is a general mechanism for the reaction between an α-chlorosulfone
and KOH.

D. MODIFICATION

This reaction has been modified by the in situ chlorination of sulfone using CCl4 as a
chlorination reagent.2d In addition, the sulfones have been mixed with powdered KOH and
Al2O3 to improve the extrusion of SO2.2o The reaction is also extended to a solid-phase
supported condition (e.g., resin).2a

E. APPLICATIONS

This reaction has very broad application in organic synthesis, especially for the prepa-
ration of natural products2i,10 and C-glycosides.2k,2l,11

F. RELATED REACTIONS

Mechanistically, this reaction is similar to the Favorskii Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2d.

To a stirred solution of 350 mg bis(5-benzenesulfonyl-3,7-dimethyl-9-(3-oxo-2,6,6-
trimethyl-1-cyclohexenyl)-2,6,8-nonatrienyl) sulfone (0.38 mmol) in 10 mL CH2Cl2 was
added 5 mL CCl4 and 0.17 g NaOMe (3.14 mmol). The mixture was stirred at room temper-
ature for 4.5 h, then 5 mL H2O was added. The reaction mixture was extracted with CH2Cl2,
washed with a saturated aqueous NaHCO3 solution and H2O, dried over anhydrous Na2SO4,
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filtered, and concentrated under reduced pressure. The residue was purified by silica gel flash
column chromatography to afford 236 mg 1,18-bis(3-oxo-2,6,6-trimethyl-1-cyclohexenyl)-
5,14-dibenzenesulfonyl-3,7,12,16-tetramethyl-1,3,7,9,11,15,17-eicosaheptaene, in a yield
of 73%.

O

O

H

H

S

O

O

O
O

O

O

H

H

O

O

Me Br

CF2Br2, KOH/Al2O3

t-BuOH, CH2Cl2, r.t.
76%

Reference 4a.

10R-Ethanesulfonyldihydroartemisinin (220 mg, 0.61 mmol) was added to a stirred
suspension of 3.80 g alumina-supported potassium hydroxide (KOH/Al2O3) in 45 mL
CH2Cl2 and 9 mL tert-butyl alcohol at 5◦C under nitrogen atmosphere. Then 0.73 mL
dibromodifluoromethane (7.7 mmol) was added dropwise through a syringe for 5 min
with additional stirring for 1 h at room temperature. After the reaction was complete,
the excess solid reagent (KOH/Al2O3) was removed by suction filtration through a
pad of Celite. The filter residue was washed thoroughly with CH2Cl2, and the com-
bined filtrates were concentrated under reduced pressure. The residue was purified by
silica gel column chromatography to give 76% 10-(1-bromoethylidene)-deoxoartemisinin.
E-10-(1-bromoethylidene)-deoxoartemisinin, white crystals, m.p., 104–105◦C; Z-10-
(1-bromoethylidene)-deoxoartemisinin, white crystals, m.p., 120–121◦C.

Other references related to the Ramberg-Bäcklund reaction are cited in the literature.12
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Raney Nickel

A. GENERAL DESCRIPTION OF THE REACTION

This reagent was first reported by Raney in 1925.1 It is a porous nickel suspension
primarily prepared from alkali soaking of 50% nickel-aluminum alloy2 but can also be pre-
pared by acid soaking (e.g., HCl). According to the temperature and alkali concentration,3

different types of Raney nickel can be prepared, such as W-2,4 W-6,2a,3 and T-1.3 It has
been found that Raney nickels retain about one half to one hydrogen per atom of nickel, with
the hydrogen attached in a metastable state.5 This catalyst has surface area of 50–120 m2/g,
with 20% of that being metal and 80% non metal, with an average pore diameter of 84 Å,
and with a high resistance to sintering.6 It has been found that the activity of this catalyst
is proportional to its hydrogen content, and the surface area decreases linearly with loss of
hydrogen until ∼70% of hydrogen is removed.5 In addition, the activity of Raney nickel
decreases along with the storing time.7

Generally speaking, Raney nickel has many applications in organic synthesis, such as
reduction, oxidation, N-alkylation, desulfurization, dehydration and cleavage of chemical
bonds. When employing a gaseous hydrogen source, many functional groups can be reduced,
and even toluene can be hydrogenated.8 However, without gaseous hydrogen, carbon-carbon
double bonds, carbonyls, nitro groups, hydrazo, and azoxy groups are reduced.9 In addition,
other reagents have also been used as reducing reagents or hydrogen donors in the presence
of Raney nickel, such as hydrazinium monoformate for the reduction of nitrile and nitro
moieties,10 hydrazine hydrate with an excess of alcohol for selective reduction of nitro
groups in the presence of carbonyls,11 and isopropanol for the reduction of aromatic rings
(benzene) to cyclohexane and for the dehalogenation of halogenated aromatics.12 Alter-
natively, the combination of Raney nickel and platinum has been used for the reduction
of nitriles to primary amines,13 and the combination of Ti(O-i-Pr)4 and Raney nickel can
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transform aliphatic ketones into enantiomeric amines through reductive amination in the
presence of (R)- or (S)-α-methylbenzylamine.14

Other general applications of Raney nickel include desulfurization15 and deselenization.
It has been found that the desulfurization of sulfides16 and sulfoxides17 occurs through
a radical process with complete racemization of chirality at the carbon atom adjacent to
the sulfur atom, whereas the desulfurization of sulfones affords 90% retention of optical
activity with apparent inversion of configuration at the carbon atom adjacent to sulfur.18

However, the combination of Raney nickel and sodium hypophosphite leads to the reten-
tion of stereochemistry during desulfurization of optically active secondary alcohol.19 It
should be pointed out that the carbon-carbon bond may be cleaved under the condition of
desulfurization, as shown in the hydrogenolysis of ethylenedithiol and its ether.20 In desel-
enization, diselenides and phenyl selenobenzoate are transformed into selenides by Raney
nickel.21 Furthermore, Raney nickel has been used for the oxidation of secondary alco-
hols into ketones in refluxing benzene without hydrogen acceptor added,22 and converting
1,4-diol into lactone.23 On the other hand, alcohols can be used as alkylating agents in the
presence of a Raney nickel catalyst, such as the alkylation of butylamine, N,N-dibutylamine
with ethanol and propanol,24 and the alkylation of piperazine.25 In addition to these applica-
tions, Raney nickel has been widely used for the cleavage of chemical bonds; which include
(a) the carbon-carbon bond during desulfurization (e.g., the cleavage of ethylenedithiol
and its ether);20 (b) N-N bond in conversion of carboxylic acid hydrazides into amides
and ammonia;26 (c) O-O bond in conversion of ozonide into aldehyde and ketone;27 (d)
C-O bond in decarboxylation of alkyl formates to alcohols and potential ketones,28 and
C-O bond during dehydration of alcohols, such as benzyl alcohol to toluene,9 glycerol to
1,2-propanediol,29 2-propanolpyridine to 2-ethylpyridine and 2-methyl-6-ethylpyridine,30

mandelamide to racemic phenylacetamide,31 and tertiary alcohol to alkanes;32 and (e) N-B
bond in decomposition of borane-amine complex (except for Et3N and pyridine) in the pres-
ence of methanol.33 Interestingly, it has been found that the activity of Raney nickel can be
enhanced by addition of cobalt,34 amyl chloride,35 platinum chloride (PtCl4),36 or platinum
chloride in combination with Et3N.37 However, Raney nickel can also be poisoned by sulfur
compounds38 and HCl and organic halides.35 It has been found that organic chlorides and
bromides are moderately toxic to Raney nickel, and iodides are highly toxic. In addition,
propyl chloride and halides with more than one halogen atom on the same carbon are also
highly toxic.35

B. GENERAL REACTION SCHEME

Ni Al
NaOH/H2O

Ni H

Na+Al(OH)4
–

C. PROPOSED MECHANISMS

The aluminum in nickel-aluminum alloy would be soaked out and displaced by hydrogen,
thus no further mechanism is needed.
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D. MODIFICATION

Raney nickel has been prepared from nickel-magnesium alloy.4 In addition, Raney cobalt
in ethanol or dioxane shows a reactivity similar to Raney nickel.39

E. APPLICATIONS

This catalyst has very broad applications in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O NH2

THF
Ph N

H
+

Raney-Ni/H2

90%
98% d.e.

Reference 14.

In an anhydrous solvent (any one from THF, MTBE, DME, hexane, toluene, CH2Cl2,
1,2-dichloroethane, EtOAc, and EtOH) were added 2.50 mmol methyl cyclohexyl ketone,
3.12 mmol titanium tetraisopropoxide, and 2.62–2.75 mmol (R)-α-methylbenzylamine. The
solution was stirred at room temperature for 30 min. Raney-Ni (70–100 wt %) triturated
with EtOH (twice) and the reaction solvent (twice) was added to the reaction solution, and
the reaction vessel was pressurized to 120 psi (8.3 bar) with hydrogen. When the reaction
completed, the mixture was stirred with 10 mL 1.0 M NaOH for 1 h. The heterogeneous
mixture was then filtered through a bed of Celite and washed with EtOAc. The filtrate
was evaporated to remove the low boiling organics, and the remaining aqueous solution
was then extracted with CH2Cl2 (3 × 15 mL). The combined organic extracts were dried
over Na2SO4, filtered, and then concentrated. The residue was purified by flash column
chromatography to afford 90% (1R)-N-((R)-1-cyclohexylethyl)-1-phenylethanamine in
98% d.e.

Reference 13.
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N1,N4-Di(tert-butyloxycarbonyl)-N1,N4-di(2′-cyano-ethyl)-1,4-butanediamine (1.70 g,
4.31 mmol) was dissolved in a mixture of 80 mL absolute ethanol and 20 mL THF.
Raney-nickel (2.1 g, 17.8 mmol) as a 50% suspension in water was added together with
10 mL 2 N NaOH, and the reaction mixture was shaken under 45 psi hydrogen pressure at
room temperature for 8 h. After the catalyst was filtered off and the solvents were removed
in vacuo, a mixture of 100 mL water and 30 mL CH2Cl2 was added, and the organic
phase was separated. The aqueous phase was further extracted with CH2Cl2 (3 × 30 mL),
the combined organic layers were dried with Na2SO4. Upon removal of solvent in vacuo,
1.45 g N1,N4-di(tert-butyloxycarbonyl)-N1,N4-di(3-aminopropyl)-1,4-butanediamine was
obtained as a yellow, highly viscous oil, in a yield of 84%. This product could be fur-
ther purified by silica gel column chromatography using Et3N/MeOH (1:10) as the eluent,
Rf = 0.36 (35% aq. NH3/MeOH, 1:10).

Other references related to Raney nickel are cited in the literature.40
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34. Lee, H.-K.; Jung, E.-E. and Lee, J.-S., Mater. Chem. Phys., 1998, 55, 89.

35. Pattison, J. N. and Degering, E. F., J. Am. Chem. Soc., 1951, 73, 611.

36. Scholnik, S. S.; Reasenberg, J. R.; Lieber, E. and Smith, G. B. L., J. Am. Chem. Soc., 1941, 63,
1192.

37. Levering, D. R. and Lieber, E., J. Am. Chem. Soc., 1949, 71, 1515.

38. Maxted, E. B. and Titt, R. A., J. Soc. Chem. Ind., London, 1938, 57, 197.

39. Reeve, W. and Christian, J., J. Am. Chem. Soc., 1956, 78, 860.

40. (a) Hendsbee, J. A.; Thring, R. W. and Dick, D. G., J. Can. Petroleum Tech., 2006, 45, 47.
(b) Osawa, T.; Yoshino, K.; Takimoto, K.; Takayasu, O. and Harada, T., Catal. Lett., 2006, 112,
167. (c) Toom, L.; Grennberg, H. and Gogoll, A., Synthesis, 2006, 2064. (d) Morgenstern, D.
A. and Fornango, J. P., Energy & Fuels, 2005, 19, 1708. (e) Birry, L. and Lasia, A., J. Appl.
Electrochem., 2004, 34, 735. (f) Nemtseva, M. P.; Lefedova, O. V.; Gostikin, V. P. and Zuenko, M.
A., Zh. Fizicheskoi Khimii, 2003, 77, 1023. (g) Gowda, D. C.; Gowda, S. and Abiraj, K., Indian J.
Chem., Sect. B, 2003, 42B, 1774. (h) Ilikti, H.; Rekik, N. and Thomalla, M., J. Appl. Electrochem.,
2002, 32, 603. (i) Nakagawa, S.; Tai, A.; Okuyama, T. and Sugimura, T., Top. Catal., 2000, 13,
187. (j) Petro, J.; Bota, A.; Laszlo, K.; Beyer, H.; Kalman, E. and Dodony, I., Appl. Catal., A:
General, 2000, 190, 73. (k) Mukhopadhyay, S.; Chandnani, K. H. and Chandalia, S. B., Org. Proc.
Res. Dev., 2000, 4, 254. (l) Zeifert, B. H.; Salmones, J.; Hernandez, J. A.; Reynoso, R.; Nava, N.;
Cabanas-Moreno, J. G. and Aguilar-Rios, G., Catal. Lett., 1999, 63, 161. (m) Zupancic, S.; Svete,
J. and Stanovnik, B., J. Heterocycl. Chem., 1999, 36, 607. (n) Nakabayashi, I.; Moriga, T.; Matsui,
H.; Tomida, T. and Ashida, T., Curr. Top. Catal., 1997, 1, 1. (o) Jung, E.-E.; Lee, H.-K.; Lee,
K.-J.; Yang, Y.-S.; Park, S.-G. and Lee, J.-S., J. Ind. Eng. Chem., (Seoul), 1997, 3, 24. (p) Regla,
I.; Reyes, A.; Korber, C.; Demare, P.; Estrada, O. and Juaristi, E., Synth. Commun., 1997, 27, 817.
(q) Borucinsky, T.; Rausch, S. and Wendt, H., J. Appl. Electrochem., 1997, 27, 762. (r) Larghi, E.
L. and Kaufman, T. S., Tetrahedron Lett., 1997, 38, 3159. (s) Jiang, Y.-L.; Hu, Y.-Q.; Feng, S.-Q.;
Wu, J.-S.; Wu, Z.-W. and Yuan, Y.-C., Synth. Commun., 1996, 26, 161. (t) Vidal, S.; Masson, J.;
Court, J. and Cividino, P., J. Chim. Phys. Phys.-Chim. Biol., 1995, 92, 2060. (u) Choquette, Y.;
Brossard, L. and Ménard, H., J. Appl. Electrochem., 1990, 20, 855. (v) Noller, H. and Lin, W.
M., React. Kinetics Catal. Lett., 1982, 21, 479. (w) Watt, G. W. and Parker, S. G., J. Am. Chem.
Soc., 1952, 74, 1103. (x) Hauptmann, H. and Wladislaw, B., J. Am. Chem. Soc., 1950, 72, 707.
(y) Hauptmann, H. and Wladislaw, B., J. Am. Chem. Soc., 1950, 72, 710. (z) Kleiderer, E. C. and
Kornfeld, E. C., J. Org. Chem., 1948, 13, 455. (aa) Grillot, G. F., J. Am. Chem. Soc., 1944, 66,
2124. (bb) Hoehn, W. M. and Ungnade, H. E., J. Am. Chem. Soc., 1943, 65, 124.



521
Rauhut-Currier Reaction
(Rauhut-Currier Dimerization)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rauhut and Currier in 1963.1 It is a phosphine-
catalyzed dimerization of electron-deficient alkenes2 and is generally known as the
Rauhut-Currier reaction2,3 or Rauhut-Currier dimerization.2a Although this reaction is
reported to have relatively low selectivity and low yield,4 the dimerization of methyl acry-
late at temperatures between 50◦ and 110◦C always gives head-to-tail dimer,5 and the
intramolecular dimerization of unsymmetrical bis(enones) with sufficient steric or elec-
tronic bias gives single products.2b In addition, the reaction between ethyl acrylate and
acrynitrile in t-butanol at 100◦C in the presence of tributylphosphine gives 48% of only
one type cross-condensation product as well as the self-dimerization products.5a The reac-
tion of acrynitrile is very fast under the Rauhut-Currier reaction conditions at refluxing
temperatures, which leads to the vigorous polymerization of acrynitrile.5b However, the
dimer and trimer of acrynitrile can still be obtained if such reaction were carried out in
acetonitrile by addition of an extra proton donor such as water or t-butanol, and separation
of tributylphosphine before isolation of the product.5b

B. GENERAL REACTION SCHEME

R1
X

X X

R1

R1

PR′3 R1 = H, alkyl, aryl
R′ = alkyl, aryl
X = CN, CO2Et, CO2Me, SO2R, NO2, etc.
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C. PROPOSED MECHANISMS

It is proposed that this reaction involves a reversible conjugate addition of phosphine
to electron-deficient alkenes, followed by a Michael Addition of the resulting carbanion
to the second alkene, and subsequent proton migration and elimination of phosphine,2a as
illustrated here by the tricyclohexylphosphine catalyzed reaction of ethyl acrylate.

D. MODIFICATION

This reaction has been modified by the use of proazaphosphatranes3 and tricyclohexylph-
sophine in combination with CS2

6 as catalysts. In addition, the organometallic complexes
of phosphine such as Cp*Ru(PCy3)H3,7 have been used as catalysts as well. It has been
found that the activity of this type catalyst varies along with the phosphine ligands in the
order of P(OR)3 < PAr3 < PR3, with an optimal ratio of 1.5:1 for ligand to Ru.8 Moreover,
this reaction has been extended to the addition of activated alkenes to aldehydes, and it
has been found that intramolecular addition of cis-alkene to aldehyde is faster than that of
trans-alkene.3

E. APPLICATIONS

This reaction should have general application in organic synthesis but has not yet been
extensively explored.

F. RELATED REACTIONS

This reaction is very closely related to the Baylis-Hillman Reaction, and is also related
to Stetter Reaction and Benzoin Condensation in mechanism.

G. CITED EXPERIMENTAL EXAMPLES

CO2Me
N

N
PN

i-Bu
N

i-Bu

i-Bu

MeO2C CO2Me

dioxane, r.t.
82.8%

Reference 4.
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To a solution of 431 mg methyl acrylate (5 mmol) in 2 mL dioxane was added 0.5 mmol
tri-isobutyl proazaphosphatranes in the same solvent by syringe. The mixture was stirred
at room temperature for 3 h, then the solvent was removed under vacuum. The residue was
purified by column chromatography using EtOAc/hexanes (1:4) as eluent to afford 82.8%
2-methylene-pentanedioic acid dimethyl ester.

O

t-BuOH, ∆

O O

O

O

Ph3P, hydroquinone

60% 7%

+

Reference 5a.

To a 350-mL glass-lined reactor were added 20 g methyl vinyl ketone (285 mmol),
0.2 g hydroquinone, 1.85 g Ph3P (7.1 mmol), and 100 g t-butanol under nitrogen. Then the
reaction was sealed under nitrogen and heated at 118◦C for 8 h. t-Butanol and unreacted
methyl vinyl ketone were removed by vacuum distillation, and the residue was distilled
through a small Vigreux column to afford 8.6 g fraction with a boiling point in the range
of 55–75◦C at 1.2 mmHg, along with 4.5 g residue. Gas-liquid chromatography analysis
on the DC-710 column at 180–200◦C showed the presence of 7.2 g 3-methylene-2,6-
heptanedione (60% yield), 0.8 g 5-acetyl-5,6-dihydro-2-methylpyran (7% yield), and 0.4 g
of an unknown compound. The expected 3-methylene-2,6-heptanedione was isolated by fur-
ther fractional distillation through a 2-ft spinning-band column at 91–92◦C (5 mmHg), with
m.p. 5–7◦C. Recrystallization of earlier distillation residue from ethanol yielded 1.4 gram
triphenylphosphine, with a recovery of 75%. (Note: The original paper claimed 0.8 g
6-acetyl-5,6-dihydro-2-methylpyran, but is corrected here.)

Other references related to the Rauhut-Currier reaction are cited in the literature.9
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Reed Reaction

(Reed Process, Reed
Sulfochlorination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reed in 1936.1 It is a photochemical transforma-
tion of hydrocarbon into aliphatic sulfonyl chlorides in the presence of sulfuryl chloride
or sulfur dioxide and chlorine under actinic light illumination2 and is known as the Reed
reaction2,3 or Reed process.2b This reaction is a primary industrial process for production
of aliphatic sulfonyl chlorides with long hydrocarbon chains, which have wide applications
in synthetic detergents3a and wetting agents.2b,3b This reaction is assumed to occur via a
free-radical mechanism,3a,4 and usually gives the mixtures of both sulfochlorination and
chlorination products, including monosulfonyl chlorides, chloroalkyl monosulfonyl chlo-
rides, polysulfonyl chlorides, chloroalkyl polysulfonyl chlorides, and alkyl chlorides and
alkyl polychlorides.2b It has been found that under certain carefully controlled conditions,
monosulfonyl chlorides can be produced predominantly5 because the ratio of chlorination
to sulfochlorination decreases along with the increase in the ratio of SO2/Cl2 supplied and
both light intensity and frequency; in addition, lower reaction temperatures and smaller
bubble size are also favorable for the production of sulfonyl chlorides with high purity.2a

Although this reaction has been extensively used for the preparation of sulfonyl chlorides
of long hydrocarbon chains, the corresponding sulfonyl chlorides from propane,6 butane,7

and isobutene8 have also been successfully prepared from this reaction.
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B. GENERAL REACTION SCHEME

SO2 Cl2 SO2Cln
+ +

hν
n –1

n = 1, 2, 3, . . .

C. PROPOSED MECHANISMS

It is believed that chlorine cleaves homolytically under UV light to generate the initial
chlorine radical, which abstracts a proton from the hydrocarbon to form an alkyl radical
that combines with sulfur dioxide, as illustrated here by the representative chain reactions
of propane. It should be pointed out that proton abstraction by the chlorine radical occurs
predominantly at tertiary or secondary carbons rather than at the primary carbons (i.e.,
terminal CH3).

D. MODIFICATION

This reaction has been modified by the use of gamma-ray illumination; gamma-rays hold
much higher energy than UV light. In this modification, the cleavage of a carbon-hydrogen
bond is assumed to be the initiation step, which is rate-limiting step under the dose rate
(intensity of gamma-ray) below 40 rad/min. However, the reaction rate depends on the
supply of SO2 and Cl2 when the intensity is 400 rad/min.2a In addition, this reaction has
been modified to initiate from free-radical initiators such as peroxides9 and tetraethyl-lead.2a

E. APPLICATIONS

This reaction has wide industrial application in the production of synthetic detergents3a

and wetting agents2b,3b as well as for the modification of polyethylene.3a

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Cl SO2

SO2Cl

Cl

Cl

Cl
Cl

Cl+
Cl2/hν

+ +

26.6% 11.2–12.2% 6–7%

Reference 3a.

To a round-bottomed flask equipped with a gas inlet tube and a dry ice cooled condenser,
was added 1.0 mol ethyl chloride and 2.34 mol sulfur dioxide. Then 1.31 mol chlorine was
slowly passed into the ethyl chloride and sulfur dioxide mixture through the gas inlet within
3.5 h while illuminated by one or two Westinghouse RS 275-watt sunlamps at a distance of
about 6 in. The reaction mixture was first separated by atmosphere pressure distillation from
a water bath, and the low-boiling fraction was added to 20% NaOH solution frozen at −70◦C
and warmed slowly to 0◦C to remove HCl, SO2, and SO2Cl2. Then the aqueous solution
was neutralized with HCl, and the dichloroethanes were separated by steam distillation to
give 6–7% 1,2-dichloroethane (b.p. 83◦C) and 11.2–12.2% 1,1-dichloroethane (b.p. 57◦C).
The residue from initial distillation was further subjected to vacuum distillation to give
26.6% 2-chloroethanesulfonyl chloride as a water white lachrymatory liquid, b.p. 84◦C at
12 mmHg. (Note: The author has no idea about the status of 20% NaOH solution frozen at
−70◦C, i.e., whether it is a solid, semi-solid or a solution).

Other references related to the Reed reaction are cited in the literature.9
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Reformatsky Reaction

(Reformatskii Reaction,
Reformatsky Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reformatsky (also spelled as Reformatskii) in
1887.1 It is a zinc-mediated formation of β-hydroxy esters from the condensation between
α-bromoester and an aldehyde or ketone, or more generally the reaction between an acti-
vated alkyl halide with a carbonyl compound in the presence of zinc to form a hydroxy
compound.2 Therefore, this reaction is generally known as the Reformatsky reaction,3,4

or Reformatskii reaction.5,6 Occasionally, it is also referred to as the Reformatsky (Refor-
matskii) condensation,3f,3n,7 or Reformatsky addition.8 The inserted complex between zinc
and α-bromoester is generally referred to as the Reformatsky reagent.9 Since its discovery,
this reaction has been extensively explored because of its high functional group tolerance.9c

However, the traditional Reformatsky protocol is also known to have several drawbacks,
including a problem in its initiation and regulation because of the heterogeneity;9f the
requirement for fresh preparation of zinc reagent;9c,10 low reproducibility and access only
to the thermodynamic products;11 low yields because of the enolization of the Reformtasky
reagent and many associated side reactions under the reaction condition, including the self-
condensation of carbonyl compounds and α-bromoester;12 elimination of α-bromoester;12

and retro-Reformatsky fragmentation.13 According to what now known, the use of an
excess amount of zinc and α-bromoester can improve the yields,3l and the resulting addi-
tion products are better decomposed by use of dry hydrogen chloride14 or 50% H2SO4.15

Suitable solvents include 1,4-dioxane,7c THF,12 Et2O,16 and benzene;3j,12,14,17 but gener-
ally, benzene, especially the mixed solvent of benzene (e.g., benzene-ether), is the solvent of
choice.18 In addition, the small variation in the alcoholic moiety of α-bromoester remarkably
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affects the reactivity of theα-bromoester.19 For example, the methyl and ethylα-bromoesters
react regularly, whereas isopropyl, t-butyl and neopentyl esters are inert. It is interesting
that the isobutyl ester reacts comparably with ethyl ester, which would be a choice when
ethyl ester is involved in many side reactions.19

So far, this reaction has been used for the addition of Reformatsky reagent to
aldehydes, ketones, thienyl aldehyde,2,3g isatins3p to prepare hydroxy compounds; to
anils for β-amino esters;20 to aroyl chloride21 and 3-acyloxazolidin-2-ones22 for β-
keto esters; and to phenyl esters to form β-keto esters when neither the phenyl
ester nor the α-bromoester bears α-hydrogen.3m In addition, many variants of
α-bromoesters have been developed or used successfully for this reaction, such as α-
bromolactone,23 γ-bromocrotonate,3g,3j,5l bromofluoroacetate,3f,24 iododifluoroacetate,25

α-chloroesters,9f,17b α-methylene-β-bromoester,9d N,N-dialkyl-α-haloamides,3k and α,α-
disubstituted α-bromoester26 (e.g., methyl or ethyl α-bromoisobutyrate3a,3b,3m,21,27).
Among these variants, iododifluoroacetate leads to the formation of α,α-difluoro-β-
hydroxyester,25 while bromofluoroacetate yields α-fluoro-β-hydroxyester in comparable
yield with simple α-bromoester, though it does so more sluggishly.3f However, α,α-
disubstituted α-bromoesters would produce the tetrasubstituted β-lactones rather than
regular β-hydroxy esters when they react with ketones in DMF.26 It is interesting
that for the case of ethyl α-bromoisobutyrate, though β-lactones are formed predom-
inantly under different conditions—such as using zinc or indium powder or at a
sacrificial zinc or indium anode—the normal β-hydroxy esters will form at a sacri-
ficial zinc anode if a catalytic amount of NiBr2 is added.27a Similarly, the reaction
of α-methylene-β-bromoester reacting with cyclic ketone will give spiro-α-methylene-
γ-lactone.9d In contrast, the reaction of γ-halocrotonate, the so-called vinylogous
Reformatsky reaction,3j,28 is substrate- and solvent-dependent. For example, the reac-
tion between methyl γ-bromocrotonate with cyclohexanone, 4-methylcyclohexanone,
β-tetralone, and 3,4,5-trimethoxybenzaldehyde in boiling benzene yields normal viny-
logous Reformatsky products,3j i.e., products resulting from γ-addition, whereas the
same reaction in boiling ether yields α-substituted vinylacetate, probably because of
charge migration in the organic zinc reagent.3g Likewise, the reaction between methyl
γ-bromocrotonate with 2-methyl cyclohexanone and α-tetralone produces the vinyl-
ogous product through the γ-position addition.3j This reaction has been extensively
reviewed.29

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Mechanistically, the insertion complex between zinc and α-bromoester generated in situ
exists at least in two forms, such as the C-metalated and O-metalated species,9g and the
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C-metalated species is normally referred to as the Reformatsky reagent.9e,9f These two
species may further aggregate to form dimer by elimination of alkoxyzinc bromide,9i

though the C-metalated species is the active one in this reaction. This assertion is sup-
ported first by the partial recovery of ketone during the complete consumption of zinc
when an equivalent zinc and ketone are used;3o and second, by the titration experiment on
ethyl α-bromoisobutyrate, in which 70% active reagent and 30% dimeric substance were
identified.9i According to these experimental results, an illustrative mechanism is proposed
here using acetone and methyl α-bromoacetate as an example.

D. MODIFICATION

This reaction has been extensively modified, and these modifications in general can be
grouped into five categories: (a) different forms of active zinc, (b) other metallic reagents
rather than zinc, (c) combination of zinc and other chemicals, (d) different catalysts, and (e)
different reaction environment. So far, because of slow initiation of zinc in the traditional
Reformatsky reaction, several types of activated zincs have been used, such as acid-washed
zinc,15 sand-paper polished zinc foil,14 finely divided metallic zinc reduced from zinc
halide by alkali metal (K),30 granular zinc in a continuous flow system,12 sacrificial zinc
anode,9f Et2Zn,9b,9c Zn/Ag,31 and Zn/Cu.17b,32 In addition, other metals or their salts have
been successfully used for the substitution of the zinc reagent, including cadmium,18,33

germanium (reduced from GeX4 or GeX2 by K),34 lithium,35 magnesium,36 CrCl2,11 and
SmI2.37 The combinations of zinc and other chemicals include Zn/Et3Al,38 Zn/CeCl3,24

Zn/B(OMe)3 (in THF),17a,39 Zn/TMSCl (5–10 mol %),16 and Et2Zn/RhCl(PPh3)3.10b

In addition, NiBr2(bipy),9f Co(PPh3)4,40 Cp2TiX,8 and ate-type tin complexes of
Li+[Bu2SnI3]−/HMPA41 have been used to mediate this reaction. Finally, this reaction has
been carried out under nontraditional conditions, such as in concentrated aqueous solution
without co-solvent,42 in an agate mortar and pestle without solvent,43 on supported solid
phase,44 in ionic liquid,45 and by sonic39 or high intensity ultrasound acceleration.46 In addi-
tion, different ligands, such as cinchona alkaloids47 and (-)-N,N-dimethylaminoisoborneol
((-)-DAIB),9a have been used to enhance the enantioselectivity.

E. APPLICATIONS

This reaction has very broad applications in organic synthesis.
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F. RELATED REACTIONS

This reaction is related to the Aldol Condensation, Blaise Condensation, and
Luche Reaction.

G. CITED EXPERIMENTAL EXAMPLES

N

Boc

CHO N

O

PhBr

O

O

Co[PPh3]4

THF
N

O

Ph

O

O

N

Boc OH

+

70%

Reference 40.

To a solution of 0.31 g 3-(2-bromopropionyl)-4R-methyl-5S-phenyloxazolidin-2-one
(1 mmol) in 5 mL anhydrous THF cooled to 0◦C, was added 1 mmol Co[PPh3]4 solu-
tion dropwise over 30 min. Then 0.20 g N-Boc-L-prolinal (1 mmol) was added to the
dark brown solution. After being stirred for 2 h, the reaction mixture was poured into
cold 0.1 N HCl and extracted with EtOAc. Upon removal of solvent under reduced
pressure, the residue was purified by flash column chromatography using hexane/EtOAc
(4:1) as the eluent to afford 0.30 g (4R,5S,2′R,3′R,2′′S)-3-[3′-(N-tert-butoxycarbonyl-
2′′-pyrrolidinyl)-3′-hydroxy-2′-methylpropanoyl)-4-methyl-5-phenyl-2-oxazolidinone as a
colorless foam, in a yield of 70%.

O

HO

H

OAc

Zn

THF
Br OEt

O HO

H

OAc

O

O

+

59%

Reference 9d.

To a solution of 1 mmol of keto steroid in 8 mL anhydrous THF under argon was added
1.2 mmol freshly activated zinc dust, and the mixture was stirred at 37◦C for 15 min. Then
1.2 mmol ethyl 2-(bromomethyl)acrylate in 4 mL anhydrous THF was added, and the
reaction was monitored intermittently by TLC. After being stirred at 37◦C for 15 h, the
reaction mixture was cooled to room temperature, and 2 mL 10% (w/v) HCl was added.
After being kept at room temperature for 0.5 h, the solution was filtered and extracted with
EtOAc, washed with water and brine, and dried over anhydrous Na2SO4. Upon removal
of solvent, the residue was purified by column chromatography to afford 59% spiro-α-
methylene-γ-butyrolactone, m.p. 256◦C.

Other references related to the Reformatsky reaction are cited in the literature.48
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Regitz Diazo Transfer

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Regitz in 1967.1 It is a base-promoted transfer of a
diazo group from an azide to an active methyl or methylene moiety of a substrate with one
or more electron-withdrawing groups. Therefore, it is known as the Regitz diazo transfer.2

The azides developed for this reaction include the most commonly used toluenesulfonyl
azide (tosyl azide, TsN3),1,2b,3 and others such as p-acetamidobenzenesulfonyl azide,4

2,4,6-triisopropylbenzenesulfonyl azide (trisyl azide),3a,5 4-nitrobenzenesulfonyl azide
(PNBSA),6 methanesulfonyl azide (mesyl azide),7 p-carboxybenzenesulfonyl azide,8

trifluoromethanesulfonyl azide,9 2-azido-3-ethylbenzenethiazolium tetrafluoroborate,10 1-
ethyl-2-azidopyridinium tetrafluoroborate,10 (azidochloromethylene)-dimethylammonium
chloride,11 naphthalene-2-sulfonyl azide,12 p-(n-dodecyl)benzenesulfonyl azide,12 diphe-
nyl phosphorazindaze,13 p-nitrophenyl azide,14 and polystyrene benzenesulfonyl azide.15

The active methyl or methylene group adjacent to a single electron-withdrawing group is
often activated by acylation before the diazotization, followed by deacylation.6,16 It is worth
noting that this reaction has some intrinsic drawbacks such as the azo coupling of the diazo
compound with the starting material,15 the unpredictable transfer of the azido group,3a and
the difficulty in separation of the excess reagent and p-toluenesulfonamide.7 For example,
trisyl azide is superior to TsN3 during the diazotization of cyclic ketone but predominantly
transfers an azido group to the acyclic imide and ester enolate.17
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B. GENERAL REACTION SCHEME

R1 R2

Base, TsN3

R1 R2

N2 R1, R2 = CN, CO2R, SO2R, NO2, aryl
Base = LDA, NaOMe, NaOEt, Et3N, etc.

C. PROPOSED MECHANISMS

Two tentative mechanisms are proposed here for the reaction of TsN3, where the attack
of the generated carbanion at the middle nitrogen of TsN3 is displayed in Scheme 1, and
the attack of the carbanion at the terminal nitrogen of TsN3 is shown in Scheme 2.

SCHEME 1. Carbanion attack at the middle nitrogen.

SCHEME 2. Carbanion attack at the terminal nitrogen.

D. MODIFICATION

This reaction has been extensively modified using different diazo sources.
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E. APPLICATIONS

This reaction has general applications in organic synthesis, especially for the 1,3-Dipolar
Cycloaddition of diazo compounds.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

CO2Me

O

N
Me

Bn

CO2Me

O

N
Me

BnN2

1. NaHMDS

2. MsN3

63%

Reference 18.

To a stirred solution of 0.5 g methyl 2-benzylmethylcarbamoyl phenylacetate (1.6 mmol)
in 15 mL THF at −78◦C, was added 1.9 mL 1.0 M sodium bis(trimethylsilyl)amide in THF
dropwise over a 20 min period. The mixture was stirred at −78◦C for 1 h, and 0.2 mL
mesyl azide in 1 mL THF was added in one portion. The resulting solution was stirred at
−78◦C for 2 h, warmed to room temperature, and stirred for an additional 2 h. The mixture
was quenched with 30 mL phosphate buffer (pH = 7.0) and extracted with CH2Cl2. The
combined organic layers were washed with brine, dried over Na2SO4, and filtered. Upon
removal of solvent, the residue was purified by flash chromatography to afford 0.3 g methyl
[2-(benzylmethylcarbamoyl)-phenyl]diazoacetate as a pale yellow oil, in a yield of 63%.

Reference 15.

To a 5.0-mL disposable polypropylene/polyethylene syringe was added 500 mg
polystyrene benzenesulfonyl azide (0.75 mmol) that was swollen with CH2Cl2. A mixture
of 81.0 mg 1-benzoylacetone (0.5 mmol) and 0.21 mL Et3N (1.5 mmol) in 2.0 mL CH2Cl2
was drawn into the syringe. Then the syringe was fixed on a LabQuake shaker and rotated at
room temperature. The reaction was monitored by TLC (1:1, Et2O/heptane). After 4 h, the
supernatant was collected, and the resin was washed with CH2Cl2 (3 × 5 mL). The washes
were combined with the supernatant and concentrated to give a pale yellow solid, which
was purified by short silica gel column chromatography using heptane/Et2O as the eluent
to afford 92.0 mg 2-diazo-1-phenyl-butane-1,3-dione, in a yield of 98%, m.p. 60–61◦C.

Other references related to the Regitz diazo transfer are cited in the literature.19
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Reilly-Rickinbottom

Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reilly and Hickinbottom in 1920.1 It is a Lewis
acid-promoted thermal rearrangement of an N-alkyl aniline into an aryl-substituted aniline
through the migration of an alkyl group from the nitrogen atom to the aromatic nucleus
and is known as the Reilly-Hickinbottom rearrangement.2 This reaction has been shown to
be intermolecular, not intramolecular.2b It is the natural extension of the Hofmann-Martius
Rearrangement,2c and usually yields predominantly para-alkylated aromatic amine deriva-
tives without formation of alkyl halides.2c In addition, it often gives a higher yield of
alkylated product when ZnCl2 is used as catalyst.2c The only known exception is the
CoCl2-catalyzed rearrangement of N-benzylaniline, which gives an appreciable amount
of the ortho isomer.3 Sometimes, the multi-alkylated products are also formed in this
rearrangement.4

B. GENERAL REACTION SCHEME

N
R2

R1

∆

H
N

R2

R1

H
N

R2

R1

Lewis acid
+ R1 = alkyl

R2 = H, alkyl

C. PROPOSED MECHANISMS

A mechanism catalyzed by ZnCl2 involving a carbocation is outlined here. It is possible
that the p-alkylated aromatic amines are at least partially generated from further migration
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of the alkyl group of o-alkylated aromatic amines in the presence of a Lewis acid, resulting
in both higher yield and higher ratio of p- to o-alkylated aromatic amines.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in the preparation of alkyl substituted aryl amines.

F. RELATED REACTIONS

This reaction is related to the Hofmann-Martius Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

H
N ZnCl2

NH2

NH2

NH2

220–230°C
+ +

32.2%

1.2–5.3%

30.8–36.9%

Reference 2c.
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A mixture of 19.7 g N-α-phenylethyl aniline (0.1 mol) and 13.6 g anhydrous ZnCl2
(0.1 mol) was heated in a sealed Pyrex tube at 220–230◦C for 6 h. The cooled contents of
the tube were digested on the steam bath with 100 mL 10% NaOH, and the resulting mixture
was extracted with Et2O (3 × 100 mL). Then the combined Et2O layer was extracted with
6 N HCl (4 × 100 mL), and the combined aqueous solution was neutralized with 5% NaOH.
After that, the aqueous solution was extracted with benzene, dried over K2CO3, concen-
trated, and distilled to afford 3.6 g aniline, 6.8 g (41%) of a mixture of p-α-phenylethyl
aniline (in a ratio of 75–90%) and o-α-phenylethyl aniline (in a ratio of 3–13%), and 2.0 g
of a higher boiling product. The acid-insoluble fraction gave 2.0 g polymer.

Other references related to the Reilly-Hickinbottom rearrangement are cited in the
literature.5
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Reimer-Tiemann Reaction
(Reimer-Tiemann Formylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reimer1 and subsequently extended by Reimer and
Tieman in 1876.2 It is the transformation of a formyl group onto the ortho- or para-position
of an activating group in an electron-rich aromatic compound by warming with chloroform
and aqueous alkali; therefore, it is generally known as the Reimer-Tiemann reaction.3,4

Occasionally, this reaction is also referred to as the Reimer-Tiemann formylation,5 Reimer-
Tiemann aldehyde synthesis,5g,6 or Reimer-Tiemann process.7 In this reaction, the electron-
rich aromatic compounds include phenols, naphthols,4k pyrroles,8 indoles,9 quinoxalines,4i

thiazoles,4i tropolone,10 and even pyrimidines with at least one hydroxy and two methyl
groups.4h However, this reaction generally gives low yields of aromatic aldehydes4b,5d,11

along with the recovery of starting material4b,11 and some by-products, such as orthoformic
ester,12 hydroxy acids13 and triphenylmethane resin.11,15 Although the use of an excess
amount of base and chloroform can reduce the amount of phenol recovered, the amount of
triphenylmethane resin is increased too.11 Other drawbacks of this reaction are associated
with the biphasic nature of the reaction system, such as the inefficiency of mass transfer
between the layers.5a,5d In addition, the presence of an alcohol may alter the nature of the
biphasic system, but in most cases the addition of alcohol resulted in even lower yields.15

It has been found that this reaction generally favors the ortho-formylated product because
of the electrostatic effect,4j however, the ortho/para ratio varies along with the solvent,16

substituents on the aromatic substrate,4g the haloform,14 and alkali base15b,17 used. For
example, the methyl group increases the rate of ortho-formylation in p-cresol and decreases
the para-formylation because of steric effect, whereas the formyl group decreases the ortho-
formylation on p-hydroxybenzaldehyde.4g The larger the size of the cation in the alkali
base, the more para-formylated product produced;4i likewise, the higher the concentration
of phenoxide, the more o-substituted product formed.4j This is because the phenoxide and
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alkali cation form contacted ion pairs in high concentration, favoring the o-substitution. In
a dilute solution, or with large cation size, such as Cs+ or K+, more loose ion pairs form.

It should be pointed out that certain five-, six- and seven-membered ring systems
also undergo the ring expansion reaction, such as the formation of 3-chloropyridine from
pyrrole (Ciamician-Dennstedt Reaction),8a,18 chloroquinolines from indole,9a,9d,19 and
chloronaphthalenes and chloroazulenes from indenes.20 On the other hand, the ortho-
or para-substituted phenols, naphthols, and tetralols also produce 2,2- or 4,4-disubstituted
cyclohexadienones, along with the normal Reimer-Tiemann products;4i in some cases,
cyclohexadienones are the only products under Reimer-Tiemann reaction conditions, as
exemplified by the formation of 1-methyl-1-dichloromethyl-2-keto-1,2-dihydronaph-
thalene from 1-methyl-2-naphthol, 1-allyl-1-dichloromethyl-2-keto-1,2-dihydronaph-
thalene from 1-allyl-2-naphthol, and 1-(3-chloro-2-butenyl)-1-dichloromethyl-2-keto-1,2-
dihydronaphthalene from 1-(3-chloro-2-butenyl)-2-naphthol, respectively.4k

Nevertheless, compared to other formylation reactions, such as the Duff Formylation,
Gattermann Aldehyde Synthesis, and Gattermann-Koch Formylation, the Reimer-Tiemann
reaction is the only one that occurs under basic conditions, and in certain cases, it is the
only feasible method for the direct formylation,4i e.g., the formylation of oestrogens.5d

B. GENERAL REACTION SCHEME

OH

HCCl3
NaOH

OH

CHO

OH

CHO

+ +

C. PROPOSED MECHANISMS

It is well known that under basic conditions, phenol is converted into phenoxide and
chloroform is transformed into dichlorocarbene, a highly electron-deficient species, thus the
Reimer-Tiemann reaction involves the electrophilic attack of dichlorocarbene on phenoxide,
followed by intermolecular proton transfer, as indicated by the deuterium and tritium isotope
labeling experiment.21 An illustrative mechanism is thus provided for the formation of
salicylaldehyde.
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D. MODIFICATION

This reaction has been improved by use of a slightly “hydrated solid-liquid medium.”4b

In addition, photochemical Reimer-Tiemann reactions3g,3i,3dd,3ff,22 have been developed
that may involve an irreversible charge transfer.22

E. APPLICATIONS

This reaction has general application in the formylation of electron-rich aromatic com-
pounds.

F. RELATED REACTIONS

This reaction is related to the Ciamician-Dennstedt Reaction, Duff Reaction, Gatterman
Aldehyde Synthesis, and Gattermann-Koch Formylation.

G. CITED EXPERIMENTAL EXAMPLES

OH

CHCl3

OH

CHO
+

1. NaOH/Et3N, ∆

2. HCl
20%

Reference 4c.

A mixture of 83 mL 2,4-dimethylphenol and 4.2 mL triethylamine in 350 mL chloroform
was added dropwise to 800 mL 50% NaOH in water at 75◦C with vigorous stirring under
refluxing. Then the reaction mixture was acidified with 110 mL concentrated HCl. After
the addition of sufficient water to dissolve the salt, the dark oil layer was collected, and
the product was extracted with CH2Cl2. After evaporation of the solvent, the product was
purified by steam distillation, silica gel chromatography, and bisulfite reaction to give ∼20%
2-hydroxy-3,5-dimethylbenzaldehyde. (Note: Vigorous stirring under reflux should stand
for the refluxing of chloroform).

OH

NHCO2-t-Bu

CO2H

CHCl3
∆

OH

NHCO2-t-Bu

CO2H

CHO
6 eq. NaOH
2 eq. H2O

+

33%

Reference 4b.
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To a suspension of 2.0 g N-Boc-l-tyrosine (7.12 mmol) and 0.256 mL water in 30 mL
CHCl3 was added 1.71 g powdered NaOH (42.72 mmol). After the mixture was refluxed
for 4 h, an additional 0.42 g NaOH (10.68 mmol) was added over 1.5 h. The reaction was
then diluted with water and EtOAc, and the aqueous layer was acidified to pH 1 with 1 N

HCl and back extracted with EtOAc. The combined organic layers were washed with brine,
dried over MgSO4, and concentrated. Flash column chromatography using CHCl3/MeOH
(12:1) with 1% acetic acid as the eluent afforded 0.72 g N-[(1,1-dimethylethoxy)-
carbonyl]-3-(3-formyl-4-hydroxyphenyl)-l-alanine (33%) and 0.62 g N-Boc-l-tyrosine
(31% recovery).

Other references related to the Reimer-Tiemann reaction are cited in the literature.23
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Reissert Compound

(Reissert Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

The compound 1-benzoyl-2-cyano-1,2-dihydroquinoline was first reported by Reissert
in 1905 from the reaction between quinoline, benzoyl chloride, and aqueous potassium
cyanide.1 Subsequently, Grosheintz and Fischer extended this reaction to prepare acyl cyan-
odihydroquinoline from aliphatic acyl chloride with hydrogen cyanide and two equivalents
of quinoline in dry benzene.2 Later on, other types of heterocycles—such as isoquinoline,3

benzimidazole,4 1,6-naphthyridines,5 phenanthridine,6 pyrimidine,7 indazole,8 purine,9

quinazoline,10 quinoxaline,11 phthalazine,12 pyridazine,13 phenanthroline,14 pyrazine,15

oxazole,16 and especially, pyridines17—were found to give compounds with structures
similar to Reissert’s dihydroquinoline. Thus all of these compounds, prepared similarly, are
generally referred to as Reissert compounds,18,19 and the method to prepare these types
of compounds is known as the Reissert reaction20 or Reissert-type reaction.20d,20e Among
them, 2-cyano-1-benzoyldihydroquinoline is known as quinoline Reissert compound,21

and 1-cyano-2-benzoyldihydroisoquinoline prepared from isoquinoline is known as iso-
quinoline Reissert compound,18e,22 the corresponding 1,2,3,4-tetrahydro derivatives are
referred to as dihydro-Reissert compounds.22 Besides the regular benzoyl and acetyl23

Reissert compounds, molecules with benzoyl substituted by sulfonyl,24 alkoxycarbonyl,25

carbamoyl,26 and phosphate27 have also been prepared. However, the preparation from
aroyl and cinnamoyl chloride is unsuccessful in benzonitrile, ether, dioxane, acetone, or
chloroform.28 Reissert compounds can be easily converted into their conjugated bases
through deprotonation, a process that has been widely used in organic synthesis. Gen-
erally speaking, because of the unsaturation of dihydroquinoline or dihydroisoquinoline
moieties, Reissert compounds can undergo many reactions that normal alkenes undergo,
such as polymerization18c and cyclopropanation.29 More importantly, Reissert compounds
can undergo a few reactions of particular interest. For example, upon acidic hydrolysis,
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Reissert compounds decompose to aldehyde (from the acyl moiety) and quinaldic acid;2,30

while when treated with PCl5 in chloroform, Reissert compounds decompose to 2-cyano
quinoline and benzoyl chloride.31 In addition, Reissert compounds rearrange to C-acyl
quinolines or isoquinolines when heated in strong base.22 Similarly, the conjugate base of
a Reissert compound can undergo alkylation with alkylating reagents, and the alkylated
Reissert compound decomposes to alkyl-substituted quinolines or isoquinolines when
treated with base.21 In addition, these conjugate bases also condense with aldehydes to
form secondary alcohols or their esters, of which the acyl groups migrate from nitrogen to
oxygen in alkaline solution.22 Furthermore, the condensation of Reissert compounds with
Grignard reagents results in the formation of carbinols, which rearrange to 2-acyl quinolines
when treated with NaH.32 Moreover, cyclic urethanes can be prepared from the conjugate
bases of alkoxycarbonyl Reissert compounds with aromatic aldehydes.22,33 It should be
emphasized that among these reactions, the one that decomposes to aldehyde under acidic
conditions provides a route to convert acyl chloride into aldehyde.2,30

B. GENERAL REACTION SCHEME

N

R Cl

O

KCN
N CN

RO

R = alkyl, aryl, OEt, NMe2, etc.

C. PROPOSED MECHANISMS

Although it has been proposed that the formation of Reissert compounds involves the
addition of hydrogen cyanide to the carbon-nitrogen double bond followed by the acylation
of the resultant secondary amine,33 the actual reaction may involve the acylation before
the addition.20d Because quinoline, isoquinoline and pyridine are basic, they can form
salt with acyl chloride to further polarize the carbon-nitrogen double and facilitate the
addition of cyanide, although pyridine and quinoline are inert toward the addition of cyanide
without activation. On the other hand, the decomposition of the Reissert compounds to
aldehyde under acidic conditions is believed to involve the protonation of the amido oxygen
to form a conjugate acid and the cleavage of 2-proton and dissociation to aldehyde and
quinaldonitrile;30c or it may involve protonation and cleavage to form a transient acyl
anion, which abstracts a proton to form aldehyde.30d,34 Displayed here is the formation of
a Reissert compound and its acidic conversion into aldehyde.
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D. MODIFICATION

Generally, the use of other heterocycles3–17 besides quinoline would be considered
modifications of the original Reissert protocol. This reaction has been extended to convert
an acyl chloride into an aldehyde through a one-pot process by adding the acyl chloride
to a solution of quinoline and hydrocyanic acid, and subsequent steam distillation of the
entire mixture with sulfuric acid.2 In addition, the formation of the Reissert compound has
been modified to occur enantioselectively using TMSCN as the nucleophilic species in the
presence of a Lewis acid–Lewis base bifunctional catalyst.20d,35 Moreover, tri-n-butyltin
cyanide19s and acetone cyanohydrin20k are also used for the preparation of the Reissert
compounds.

E. APPLICATIONS

Reissert compounds have very wide application in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

P

O

Ph

Ph

O

P

O

Ph

Ph

O
AlCl

O Cl

O

N

CN

O

O

+

TMSCN (2 eq.)

(1.8 eq.)

CH2Cl2, 48 h

88%
89% e.e.

2.5 mol %

Reference 35b.
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To a solution of 0.015 mmol aluminum catalyst with (R)-6,6′-dibromo-3,3′-bis
(diphenylphosphinoylmethyl)-2,2′-dihydroxy-1,1′-binaphthyl as ligand in CH2Cl2 was
added 0.6 mmol 1-methyl-isoquinoline in 2.25 mL CH2Cl2, followed by 160 µL TMSCN
(1.2 mmol) and 91.8 µL vinyl chloroformate (1.08 mmol) at −60◦C. After 48 h, the reaction
was quenched by 5% NH3 aqueous solution, and extracted with EtOAc. Upon removal of
solvent under reduced pressure, the reside was purified by column chromatography using
hexane/EtOAc as the eluent to afford 91% (+)-1-cyano-1-methyl-1,2-dihydroisoquinoline-
2-carboxylic acid vinyl ester as a colorless oil, with 84% e.e. as determined by chiral HPLC
analysis.

N

CN O

PhHgCBr3

N

CN O

Br
BrH

H
Toluene, ∆

40%

Reference 29.

A mixture of 2.64 g phenyltribromomethyl mercury (5 mmol) and 0.99 g 1-cyano-2-
acetyl-1,2-dihydroisoquinoline (5 mmol, prepared from KCN and acetyl chloride) in 50 mL
toluene was heated at 80◦C for 2.5 h. The precipitated phenylmercuric chloride was removed
by filtration, and the solvent was removed in vacuo. The residue was crystallized from
ether-hexane to yield 745 mg 2-acetyl-1,1-dibromo-1a,2,3,7b-tetrahydro-1H-cycloprop[c]-
isoquinaldonitrile, in a yield of 40%, m.p., 174–175◦C.

Other references related to the Reissert compounds are cited in the literature.36
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Reissert Indole Synthesis

(Reissert Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reissert in 1896.1 It is a multistep synthesis of indole
derivatives from ortho-nitrotoluene involving the basic condensation of o-nitrotoluene with
oxalic ester to o-nitrophenylpyruvic ester, reduction of the nitro group to an amino group,
cyclization to indole-2-carboxylic acid and final decarboxylation. Therefore, it is generally
known as the Reissert indole synthesis.2 In addition, it is also referred to as the Reissert
condensation2h,2m or Reissert synthesis.3 In this reaction, o-nitrotoluene can be deproto-
nated with sodium ethoxide or potassium ethoxide, in which potassium ethoxide offers better
results than sodium ethoxide.4 The resulting o-nitrophenylpyruvic ester can be reduced by
zinc in acetic acid, stannous chloride in MeOH,5 or alkaline ferrous hydroxide,6 or it can
be hydrogenated by Pd/C in EtOH or PtO2 in either EtOH or acetic acid.2e It has been
found that the hydrogenation of 2-nitrophenylpyruvate ester with 5% Pd/C in EtOH is the
best reduction condition for Reissert indole synthesis, although it is accompanied with up
to 10% of 1,2,3,4-tetrahydro-2-quinolone as byproduct.2e If two ortho-nitro groups exist in
phenylpyruvate ester, then the nitro group with the least steric hindrance undergoes reduc-
tion and cyclization before the reduction of the other one.5 The 2-carboxyl group in the
resulting indole derivative can be removed by heating with copper chromite in quinoline.6

B. GENERAL REACTION SCHEME

NO2

CH3

RO
OR

O

O
N
H

+
1) NaOMe

2) SnCl2/MeOH
3) Cu2O/quinoline

R = Me, Et
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C. PROPOSED MECHANISMS

Displayed below is the reaction route for the Reissert indole synthesis from o-nitrotoluene
and dimethyl oxalate, where the hydrolysis of methyl indole-2-carboxylate could be omitted,
depending on the reaction conditions.

D. MODIFICATION

This reaction has been modified by reduction of o-nitrophenylpyruvic ester with stannous
chloride dihydrate in DME at ambient temperature followed by the addition of aqueous
titanium trichloride to improve both the purity and yield.2d

E. APPLICATIONS

This reaction has general application in the preparation of indole derivatives, and in some
aspects, this reaction is even more useful than Fischer Indole Synthesis.2m

F. RELATED REACTIONS

This reaction is related to the Batcho-Leimgruber Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

O2N

OMe

O
N

OMe

O
N

N
H

EtO2C
1) KOEt, (CO2Et)2, 5 days

2) 10% Pd/C, AcOH, EtOH

18%

Reference 3b.
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Powdered potassium, prepared from 0.308 g potassium (7.87 mmol) in 6 mL xylene
heated at 100◦C and stirred rapidly while cooling, was washed with anhydrous Et2O and
covered with 10 mL Et2O. Then 1.3 mL absolute EtOH (22.0 mmol) was added, and the
mixture was stirred and refluxed until the potassium dissolved (∼ 3 h). The cooled mixture
was treated with 1.07 mL diethyl oxalate (7.87 mmol) and then with a solution of 2.0 g
2-(5-methoxy-3-methyl-2-nitrophenyloxy)-N,N-dimethylethanamine (7.87 mmol) in 5 mL
dry Et2O. After 115 h, the dark red precipitate was removed by filtration and washed
with Et2O. The red solid (1.189 g) was dissolved in 45 mL absolute EtOH, acidified with
0.78 mL acetic acid, and hydrogenated over 0.44 g 10% Pd/C at 1 atm of hydrogen for 8 h.
The mixture was filtered through Celite, concentrated, diluted with 100 mL 0.2 M aqueous
Na2CO3, and extracted with EtOAc. The combined extracts were washed with water and
brine, dried over Na2SO4, evaporated, and purified by flash chromatography using 2% Et3N
in EtOAc as the eluent to give 0.44 g ethyl 7-[2-(dimethylamino)ethoxy]-5-methoxy-1H-
indole-2-carboxylate as an oil, in a yield of 18%. (Note: 1.3 mL absolute EtOH was labeled
2.2 mmol in the original procedure but was corrected here.)

I

Cl NO2

CO2Me

O

I

Cl N
H

CO2Me

1) SnCl2 · 2H2O / DME

2) 20% TiCl3

51%

Reference 2d.

To a solution of 1.16 kg SnCl2·2H2O (5.15 mol) in 1.65 L dimethoxyethane at room
temperature was added 880 g crude methyl (2-iodo-4-chloro-6-nitrophenyl)pyruvate, while
the temperature was maintained < 30◦C. After the mixture was stirred for an additional
hour at room temperature, 20% aqueous TiCl3 solution prepared from 2.65 kg TiCl3
(3.43 mol) was then added dropwise to the mixture under cooling with an ice bath to
keep the temperature < 10◦C. The resulting mixture was stirred at 0–10◦C for an additional
hour, and 5.6 L 6 N HCl and 9.6 L 2:1 EtOAc/toluene mixture were added. The organic
layer was separated, washed with 5.6 L 1 N HCl, and concentrated to give 632 g crude
product. This product was suspended in 6.3 L acetonitrile, which dissolved after reflux-
ing for 30 min, and the solution was allowed to cool to room temperature. The precipitate
was filtered, washed with ice-cooled CH3CN (2 × 600 mL), and dried in vacuo to give
295 g methyl 4-iodo-6-chloroindole-2-carboxylate as a white solid, in a yield of 51% with
93 wt % purity, m.p. 216–218◦C.

Other references related to the Reissert indole synthesis are cited in the literature.7
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Reppe Alkyne

Cyclotrimerization

A. GENERAL DESCRIPTION OF THE REACTION

Although the thermal trimerization of acetylene to benzene was first reported by Bert-
holet in 1866 at temperatures > 400◦C,1 it was Reppe who initially reported in 1949 the
Ni(II) complex catalyzed [2 + 2 + 2] cyclotrimerization of alkynes,2 a highly convergent and
atom-economic approach to benzene derivatives.3 This reaction is generally known as the
alkyne cyclotrimerization.3,4 Occasionally, it is also referred to as the alkyne trimerization.5

When acetylene is used as the alkyne source, the corresponding reaction is more specifically
called the metal-catalyzed acetylene trimerization6 or acetylene cyclotrimerization.3,7 This
symmetry-allowed reaction is a highly exothermic transformation because three π-bonds
are converted into three carbon-carbon σ-bonds in a one-step process,6a liberating as much
as 142 Kcal/mol of energy.8 However, in the absence of catalyst, this transformation encoun-
ters an unbelievably high activation energy, in the range of 60–80 Kcal/mol,9 thus the pure
trimerization of alkyne is almost useless for organic synthesis. By means of catalysis from
a transition metal complex, the cyclotrimerization of alkynes is remarkably easy and is
tolerable for a wide variety of functional groups, such as vinyl, aryl, ether, hydroxyl, ester,
carboxyl, amino and silyl.6b In addition, the conjugated alkynes are found to be more reac-
tive than the unconjugated ones.10 Among the transition metals, the complexes from group
VIII elements such as Co, Rh, Ni and Pd have the highest activities,4j and cobalt complexes
are almost always the first choice (e.g., CpCo(L)CO, L = CO, PR3, olefin).10 Although
Ni complexes are less reactive than their cobalt analogs, as indicated by the fruitless reac-
tion between diyne-Ni complex and most disubstituted alkynes,11 the nickel complex is
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the only one successfully used in asymmetric reactions.11,12 It has been found that Pd is
the most active element among Ni, Pd, and Pt;7j and while the Rh-related Grubbs catalyst
is almost as effective as cobalt catalyst, the corresponding reaction takes place via a com-
pletely different mechanism.10 In addition, this reaction has been successfully catalyzed
by other metal complexes such as Copper complex,13 Iridium complex,4f tantalum-η2-
alkyne complexes,4g titanium complexes,4h,4s chromium (VI) complex,4ab dirhodaborane,4l

Grubbs catalyst or Wilkinson’s catalyst,4p as well as metal cluster14 (e.g., Os3(µ-SbPh2)
(µ-H)(µ3,η2-C6H4)(CO)4n

9 ) and metal porphyrin complexes.15 Moreover, enamine-
directed4q and microwave promoted non-metal catalyzed alkyne cyclotrimerization4c have
also been developed.

It is worth noting that when this reaction involves three different asymmetric alkynes,
the regioselectivity is unpredictable, generating as many as 38 different isomers.7e For
example, monosubstituted alkynes form 1,2,4- and 1,3,5-trialkylbenzenes, with the ratio
varying along with the reaction conditions, including the kinetic vs. thermodynamic con-
trol and the electronic and spatial requirements of the catalyst.6b Recent developments
have improved the regioselectivity by use of a partial or total intramolecular version10 of
cyclotrimerization using a silyl16 or borate tether.4i Also of special interest, the cyclotrimer-
ization through titanium metalation, known as metalative Reppe reaction,7e,17 converts three
different asymmetric alkynes into single aromatic compounds.17

B. GENERAL REACTION SCHEME

R

R

RR

R

R

R

Transition metal
complex

and/or

R = H, OH, NH2, CO2R′, CO2H, OR′, vinyl, aryl, alkyl, SR′3, etc.

C. PROPOSED MECHANISMS

Although it is known that transition metal complexes can form three-membered met-
allocycles with alkenes and alkynes,18 the cobalt-catalyzed reaction (using CpCo(CO)2,
for example) involves the formation of a cobalt-dialkyne complex, which transforms into
metallocyclopentadiene through oxidative coupling,6,18 and the insertion or addition of the
third alkyne on metallocyclopentadiene leads to the metallocycle, which produces a benzene
derivative by reductive elimination of the metal complex.10 However, a theoretical study
shows that this reaction may involve the direct addition of cobalt cyclopentadiene with the
third alkyne in a fashion of Diels-Alder Cycloaddition to form the cyclopentadiene-cobalt-
η4-cyclohexatriene intermediate, which decomposes to yield the benzene derivative, instead
of via reductive elimination.6a Thus a revised mechanism is displayed in Scheme 1. Alter-
natively, the metallocyclopentadiene may dimerize to give a cyclooctatetraene intermediate
that decomposes into a benzene derivative and an alkyne, which is also an energetically
feasible process.7j,19
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SCHEME 1. Mechanism of cobalt complex–catalyzed alkyne cyclotrimerization.

In contrast, the cyclotrimerization catalyzed by the Grubbs catalyst involves consecutive
intramolecular ring metathesis through carbene complexes10 or formation of a ruthenabicy-
clo[3.2.0]heptatriene intermediate3 similar to that formed in the cobalt complex-catalyzed
reaction. This mechanism is illustrated in Scheme 2 using acetylene as the alkyne source
and CpRuCl[COD] as catalyst.

SCHEME 2. Mechanism of ruthenium complex–catalyzed alkyne cyclotrimerization.



2348 REPPE ALKYNE CYCLOTRIMERIZATION

D. MODIFICATION

This reaction has been successfully extended to the reaction between alkynes and
nitriles3,6b,10,20 (which function as “heteroalkynes”), especially the electron-deficient
nitriles,4j for preparing heterocycles, such as pyridines, by which the cobalt complex is
the only choice of the catalyst.10 In addition, the reaction has been extended to other reac-
tion partners, such as olefins,21 isocyanate (to form pyridone),3 isothiocyanate (to form
thiopyranimines),3 and carbon disulfide (to give dithiopyrone).3 Furthermore, the metalative
Reppe reaction7e,17 and the reaction using Grubbs catalyst3,10 or the addition of Lewis acid
(e.g., aluminum phenoxide)22 have been developed to give cycloadducts regioselectively.
It is worth mentioning that several non-metallic complexes catalyzed cyclotrimerizations
of alkynes have also been developed: the diethylamine-catalyzed reaction of aroylethyne
to 1,3,5-triaroyl benzene,23 the disilane (Si2Cl6)-catalyzed cyclotrimerization of alkyne
involving a free-radical mechanism4w and enamine-directed4q and microwave-promoted
alkyne cyclotrimerization.4c

E. APPLICATIONS

This reaction has very wide applications in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 4i.

To 1 mL degassed dry 1,2-dichloroethane containing 9.5 mg Cp*RuCl(cod)
(0.025 mmol), 105.1 mg 1-hexynyl-boronate (0.50 mmol) and 104.3 mg 1-hexyne
(2.0 mmol) was added 30.8 mg propargyl alcohol (0.55 mmol) in 3 mL degassed dry
1,2-dichloroethane over 15 min at room temperature under an argon atmosphere. The
resulting mixture was stirred at room temperature under an argon atmosphere for 5 h,
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and then the solvent was removed under reduced pressure. To the residue were added
13.0 mg Pd2(dba)3·CHCl3 (0.0125 mmol), 15.9 mg PCy3 (0.055 mmol), 184.5 mg
p-iodoacetophenone (0.75 mmol), 3.5 mL toluene, and 1.5 mL 2 M K2CO3 solution. The
reaction mixture was degassed at –78◦C under reduced pressure and refilled with argon.
After heating at 70◦C for 3 h, the resultant solution was extracted with EtOAc (3 mL × 3),
and the combined organic layers were dried over MgSO4. Upon removal of solvent under
reduced pressure, the residue was purified by silica gel flash column chromatography using
hexane/EtOAc (6:1) as the eluent to afford 123.4 mg biphenyl as a pale yellow oil, in a yield
of 73%, Rf = 0.2 (hexane/EtOAc, 3:1).

Reference 20.

To a stirred solution of 30 mg N,N-diethyl-2-nonynamide (0.143 mmol) and 0.053 mL
Ti(O-i-Pr)4 (0.179 mmol) in 2 mL Et2O was added 0.295 mL 1.36 M i-PrMgCl in Et2O
(0.401 mmol) at −78◦C under argon to give a yellow homogeneous solution. The solu-
tion was warmed to −50◦C over 30 min, during which time its color turned red. After the
solution was stirred at −50◦C for an additional 5 h, 0.017 mL 1-octyne (0.115 mmol) was
introduced at −50◦C, and the solution was stirred for another 3 h. Then 31 mg pulverized
p-toluenesulfonylnitrile (0.172 mmol) was added, and the reaction mixture was stirred for
3 h at −50◦C. The reaction was terminated by the addition of 0.05 mL water and quickly
warmed up to room temperature. The resulting heterogeneous mixture was dried over anhy-
drous Na2SO4 and filtered through a short pad of Celite. The filtrate was concentrated in
vacuo to give a crude oil, which was purified by silica gel column chromatography to afford
25 mg N,N-diethyl-3,5-dihexyl-2-picolinamide as a colorless oil, in a yield of 63%.

Other references related to the Reppe alkyne cyclotrimerization are cited in the
literature.24
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D.; Vyskocil, S. and Fiedler, P., J. Org. Chem., 2003, 68, 5193. (f) Kirchner, K.; Calhorda, M. J.;
Schmid, R. and Veiros, L. F., J. Am. Chem. Soc., 2003, 125, 11721. (g) Yamamoto, Y.; Takagishi,
H. and Itoh, K., J. Am. Chem. Soc., 2002, 124, 28. (h) Witulski, B.; Zimmermann, A. and Gowans,
N. D., Chem. Commun., 2002, 2984. (i) Eichberg, M. J.; Dorta, R. L.; Grotjahn, D. B.; Lamottke,
K.; Schmidt, M. and Vollhardt, K. P. C., J. Am. Chem. Soc., 2001, 123, 9324. (j) Eichberg, M.
J.; Dorta, R. L.; Lamottke, K. and Vollhardt, K. P. C., Org. Lett. 2000, 2, 2479. (k) Herberhold,
M.; Yan, H.; Milius, W. and Wrackmeyer, B., Organometallics, 2000, 19, 4289. (l) Lautens,
M.; Klute, W. and Tam, W., Chem. Rev., 1996, 96, 49. (m) Nickel, T.; Goddard, R.; Krüger, C.;
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Reppe Carbonylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reppe in 1953.1 It is a three-component reaction to
transform unsaturated hydrocarbons (e.g., alkene, alkyne, conjugated dienes, styrene, etc.)
and carbon monoxide (CO) into a variety of saturated or unsaturated acids, esters, or anhy-
drides using a CO complex of group VIII transition metals as a catalyst with water, alcohol,
or acid as a nucleophile, respectively.2 This reaction, as a part of the Reppe chemistry,3

is generally known as the Reppe carbonylation2,4 or the Reppe process.5 Occasionally, it
is also referred to as the Reppe reaction.6 However, when water is applied as the nucle-
ophile, the corresponding Reppe carbonylation is also referred to as hydrocarboxylation;2

when alcohol is chosen as a nucleophile for the production of ester, the reaction is known
as hydroesterification, hydroalkoxycarbonylation or hydrocarbalkoxylation.2 In this reac-
tion, although carbon monoxide complexes of all group VIII transition metals are active
catalysts, the cobalt and palladium complexes are the most active ones.2 In addition, this
reaction is very versatile and tolerable for a wide variety of functional groups.2 Theoretical
calculations have indicated that this reaction is a thermodynamically favored and kineti-
cally easy process.4b For the carbonylation of alkenes, it has been found that the reaction
rate generally follows the order of aliphatic alcohols ≈ acids > water > phenols,7 whereas
among the alcoholic nucleophiles, the reactivity order is primary > secondary > tertiary
alcohols,7,8 although aliphatic alcohols with a carbon chain length between one and six
have no apparent effect on the reaction rate.7,9 However, in the presence of hydrogen, the
effect of steric bulkiness vanishes.10 For the carbonylation of alkynes, it has been found
that water increases the reaction rate and especially the rate for the formation of linear
acids.2
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In alkaline solution of an iron-carbon monoxide complex, the alkenes are converted into
aldehydes and finally alcohols of one more carbon atom.6a Under these conditions, the
iron complex of carbon monoxide was found to be binuclear,11 whereas the mononuclear
complex is labile at temperatures above 140◦C.12 In addition, it has been found that aldehyde
is an initial product that is reduced to alcohol in the second stage of the reaction, and
the nature of the base plays an important role in controlling the reaction path, either to
produce aldehyde (e.g., KOH) or alcohol (e.g., alkyl amines).6a The formation of aldehyde
is known as Reppe hydroformylation or the Reppe reaction.6a

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

For the Reppe carbonylation, it is proposed that the reaction involves the initial oxidative
addition of a nucleophile to the transition metal complex, followed by the complexation of
an unsaturated hydrocarbon to the metal and insertion into a metal-H bond. Subsequently,
migration of hydrocarbon species to CO followed by a reductive elimination afford the
corresponding product.4a Scheme 1 illustrates the formation of ester from acetylene, CO,
and methanol in the presence of a catalytic amount of Pd[CO]4. In addition, a mechanism
analogous to that of Hydroformylation13 is proposed and displayed in Scheme 2 for the
Reppe formylation.

SCHEME 1. Preparation of ester from acetylene, CO, and alcohol by the Reppe carbonylation.
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has important application in industrial manipulation.3b

F. RELATED REACTIONS

This reaction is related to the Hydroformylation.

G. CITED EXPERIMENTAL EXAMPLES

F3C
1 mol % Pd(PPh3)2Cl2

CH3CN, ∆, 62 h
EtOH CO

F3C OEt

O

F3C

O

OEt+ + +

20.2% 75.8%

Reference 13.

To a 50-mL stainless-steel autoclave fitted with a magnetic stirring bar were added
0.1 mmol Pd(PPh3)2Cl2, 3 mL degassed ethanol, and 10 mL degassed acetonitrile. The
autoclave was cooled with dry ice/acetone and evacuated, then 0.96 g gaseous trifluoro-
propene (10 mmol) was introduced and the autoclave was pressurized with CO up to 110 atm
(at room temperature). The autoclave was heated to 100◦C under stirring for 62 h. After that,
the autoclave was rapidly cooled with ice water, and CO was carefully purged out to afford
75.8% ethyl 2-methyl-3,3,3-trifluoropropionate and 20.2% ethyl γ ,γ ,γ-trifluorobutyrate.

HCO2H CO
CO2H

n

+ +
Pd(OAc)2, dppb

DME, ∆, 21 h
n

Reference 14.

To a 45-mL autoclave equipped with a glass liner containing a stirring bar were added
4 mL DME, 4.5 mg palladium acetate (0.02 mmol), and 17 mg dppb (0.04 mmol). To this
mixture was added a solution of 270 mg 1,2-polybutadiene in 1 mL DME (equivalent to
5 mmol of vinyl groups) and then 460 mg formic acid (10 mmol). The autoclave was purged
with CO and pressurized to 100 psi, and heated at 150◦C for 21 h. Then the autoclave was
cooled to room temperature, CO was vented, and the reaction mixture was filtered and evap-
orated to near dryness. Ether (30 mL) was used to rinse all the mass out of autoclave, and the
polymer product precipitated instantly. After extracting with 30 mL 2 M NaOH, the ether
layer was dried over MgSO4 and evaporated to give a solid residue that did not contain
any traces of starting polymer. The aqueous solution was acidified by 30 mL 6 M HCl,
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and the precipitated polyacid was collected by filtration and dried in vacuo. A small
amount of polyacid adhering to the glass wall was further recovered by small amount of
acetone.

Other references related to the Reppe carbonylation are cited in the literature.15
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Reppe Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reppe in 1948.1 It is a nickel complex-catalyzed
[2+2+2+2] cyclotetramerization of acetylene to cyclooctatetraene (COT), and is generally
known as the Reppe cyclization.2 Occasionally, it is also referred to as the Reppe reaction,3

Reppe synthesis,4 or Reppe cyclooctatetraene synthesis.5 The nickel catalysts used for this
reaction include Ni(acac)2,6 Ni2(COT)2,7 1,2-diaza diene nickel complex (Ni(dad)2)8 and
even vapor-deposited nickel.9 This reaction is the showcase of efficiency for organometallic
complex-catalyzed reactions. For example, cyclooctatetraene was synthesized from pseu-
dopelletierine by a 13-step manipulation in 1901 in very low yield,10 whereas up to 90%
yield of cyclooctatetraene can be obtained by pressurizing acetylene into a warm suspension
of Ni(CN)2 and CaC2 in THF,1a,11 or NiBr2/CaC2.6a In addition, it is known that the turnover
number can be as high as up to 106 in neat propargylic alcohol, regardless of the catalyst.12

Although it has been reported that nickel catalyst does not work for disubstituted alkynes,13

in a few cases, disubstituted alkynes form octa-substituted cyclooctatetraenes, as evidenced
in the reaction of 1-methyl-2-phenyl-acetylene on nickel prepared by vapor deposition9

and cobalt complex-catalyzed cyclization of acetylenedicarboxylic acid ester.14 In general,
this reaction does not hold regioselectivity,13c and 1,2,4,7-tetrasubstituted cyclooctatetraene
and 1,2,4,6- and 1,3,5,7-tetrasubstituted cyclooctatetraenes are often produced from mono-
substituted acetylenes.13c Other types of substituted cyclooctatetraenes can be produced by
application of monosubstituted or disubstituted acetylene with 3 equivalents of acetylene.15

Often, this reaction is accompanied with side reactions yielding benzene derivatives.15d,16
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B. GENERAL REACTION SCHEME

Ni catalyst

C. PROPOSED MECHANISMS

This reaction is believed to involve a number of complex processes,17 by which four
alkynes coordinate to a metal center to undergo either a stepwise coupling or a concerted
“zipper-type” cyclization.2d,13c However, the Ni2(COT)2-catalyzed reaction involves the
formation of a bis(cyclopentadienylnickel) complex,7 a homobimetallic center,2c as sup-
ported by the actual determination of the structure from X-ray crystallography;7 by the fast
initiation of the reaction without an induction period when used directly for alkynes com-
pared to other types of catalysts,18 and by kinetic studies and labeling experiments.2d,3,5

An illustrative mechanism catalyzed by Ni2(COT)2 is given here.

D. MODIFICATION

This reaction has been modified by use of the sterically hindered 1,2-diaza diene nickel
complex, Ni(dad)2 as catalyst to improve the regioselectivity. Under these conditions, pri-
mary propargylic alcohol is converted to 1,3,5,7-tetrasubstittued COT,8 whereas secondary
propargylic alcohol and propargylic esters are transformed into 1,3,6,8-tetrasubstituted
COTs,19 and propargylic ether is converted into 1,4,5,8-tetrasubstituted COT.20 In addi-
tion, the ruthenium catalyst [(Ph3P)3Ru(CO)H2] has also been used successfully to convert
diphenylbutadiyne into cyclooctatetraene.21 It should be mentioned that a combination of
Lewis acid and base (e.g., AlBr3 and Et3N) has also been developed to transform termi-
nal acetylenes into 1,3,5,7- and 1,2,5,6-tetrasubstituted syn-tricyclo[4.2.0.02,5]octadienes
which rearrange into 1,3,5,7- and 1,2,5,6-tetrasubstituted cyclooctatetraene through thermal
or photochemical ring opening.6b

E. APPLICATIONS

This reaction has general application in the preparation of cyclooctatetraene derivatives.
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F. RELATED REACTIONS

This reaction is closely related to the Reppe Alkyne Cyclotrimerization.

G. CITED EXPERIMENTAL EXAMPLES

Me

Me

+
Ni(acac)2/CaC2

THF, ∆
+

Reference 15d.

To a 1-L stainless-steel autoclave cooled with dry ice and trichloroethylene were added
10 g nickel acetylacetonate, 20 g powdered calcium carbide, and 30 g propyne dissolved
in 250 mL THF also cooled with dry ice and trichloroethylene. The system was sealed,
and the air was evacuated and replaced by acetylene to a pressure of 150–300 psi. The
mixture was stirred and heated at 70–90◦C for 7–12 hours while the acetylene was main-
tained at same pressure by represurizing acetylene at frequent intervals. After that, the
mixture was steam distilled until 2 L of distillate was collected to separate volatile material
(e.g., THF, benzene, substituted benzene, and cyclooctatetraene) from a water-insoluble
residue (largely cuprene from polymerization of alkyne). The water-insoluble portion of the
residue was separated by filtration, and extracted in a Soxhlet apparatus for 24 h with ben-
zene containing a small amount of hydroquinone as a polymerization inhibitor. The benzene
extract was concentrated and distilled, and the crude distillate was combined with the residue
obtained by fractionation of the organic portion of the steam distillate (after the benzene, and
cyclooctatetraene present had been removed as low-boiling fractions). This process yielded
40 g cyclooctatetraene and 14.1 g methylcyclooctatetraene (16%). Methylcyclooctatetraene
was further purified by conversion into the crystalline silver nitrate complex and regenera-
tion by shaking with a 100% excess of concentrated NH4OH, extraction with pentane and
redistillation, b.p. 84.5◦C at 67 mmHg.

Other references related to the Reppe cyclization are cited in the literature.22
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Weinheim/Bergstr., Germany, 1965. (j) Fredericks, R. J.; Lynch, D. G. and Daniels, W. E., J. Poly.
Sci. Part B: Poly. Lett., 1964, 2, 803. (k) Leto, J. R. and Leto, M. F., J. Am. Chem. Soc., 1961,
83, 2944. (l) Cairns, T. L.; Engelhardt, V. A.; Jackson, H. L.; Kalb, G. H. and Sauer, J. C., J. Am.
Chem. Soc., 1952, 74, 5636.



532
Reppe Vinylation

(Reppe Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Reppe in 1931.1 It is a strong-base catalyzed addition
of acetylene to form a variety of vinylic compounds and is known as the Reppe vinylation
or Reppe synthesis.2 In this reaction, vinyl ethers, vinyl sulfides, vinyl phenyl ethers, vinyl
esters, and vinyl amines have been prepared by the addition of acetylene with alcohols, thiols
or disulfides, phenols, carboxylic acids, and amines, respectively, at temperatures from 160◦
to 200◦C and acetylene pressure from 100 to 300 psi.3 It is known that acetylene is an explo-
sive substance; however, acetylene can be handled safely under these reaction conditions by
either diluting acetylene with inert material (e.g., N2,2,3 CO2

3), by using special apparatus,
in which the amount of free space in the reaction system is minimized by packing mate-
rial (e.g., steel or porcelain Raschig ring), or by using bunches of small reaction tubes.3

The option of dilution with inert nitrogen is good for an autoclave operation, whereas
the condition with minimized free space is good for continuous operation, especially
with solid contact catalyst.3 For the preparation of vinyl ethers from alcohols, the best
catalysts are KOH and potassium alkoxide,3 and the reactivity is in the order of primary
alcohols > secondary alcohols > tertiary alcohols,3,4 where the carbon chain in primary
alcohols can be from C1 to C18, and the short-chain alcohols are best carried out in con-
tinuous fashion.3 In addition, polyhydroxyl alcohols, such as ethylene glycol, glycerol,
sorbitol,3 pentaerythritol,5 and sugar derivatives (e.g., mannitol6) can also be vinylated
under these conditions to produce divinyl, trivinyl, or multivinyl ethers or cyclic acetals.3

However, there is the potential that the potassium alkoxide catalyst may gradually diminish
because of the transformation of the fatty acids into corresponding potassium carboxylates
and hydrogen at such high temperature.3 For the reaction between amines and acetylene,
zinc or cadmium acetates are used as catalyst; however, alkylidenimines are formed instead
of vinyl amines from primary aliphatic amines.7 In addition, the β- or γ-hydroxy primary
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or secondary amines are converted into 2-methyloxazolidines or 2-methyltetrahydro-1,3-
oxazines in reaction with acetylene with or without catalyst present, and nitrogen is the
atom involved in the addition rather than oxygen.8 For example, N-phenylethanolamine is
converted into N-phenyloxazolidine with acetylene when zinc or cadmium acetate is used
as catalyst.9 Other less basic nitrogen-containing compounds, such as carbazoles, cyclic
amides, pyrrolidones,3 and N-monoalkyl sulfonamides,10 have been vinylated under similar
conditions with acetylene, even though N-monoaryl sulfonamide, p-toluenesulfonanilide,
butanesulfonamide, and unsubstituted sulfonamides failed for this reaction.10 Similarly,
fatty acids such as lauric acid, stearic acid, and oleic acid have been successfully converted
into corresponding vinyl esters;11 and many phenols, especially monoalkylated phenols can
be vinylated at 160◦C using zinc naphthenate as catalyst.3

B. GENERAL REACTION SCHEME

R
X

H
KOH or KOEt

R
X

R OH

O KOH

∆

∆ R O

O

+ R = alkyl, aryl
X = NH, NR', S, O

+ R = alkyl

C. PROPOSED MECHANISMS

It is believed that a strong base such as KOH or potassium alkoxide will deprotonate the
active hydrogen from the reactants, such as alcohols, thiols, amines, carboxylic acids, and
phenols, to generate the nucleophiles that add to acetylene, as illustrated by the formation
of vinyl ether from alcohol and acetylene. This can qualitatively explain the reactivity order
among primary, secondary, and tertiary alcohols, without considering the steric hindrance.
It is known that tertiary alcohol is less acidic than secondary and primary alcohol, therefore,
less potassium t-butoxide will be formed than primary potassium alkoxide from KOH.4

D. MODIFICATION

The preparation of vinyl sulfides (or thioethers) has been extended by X-ray12 or UV13

irradiated addition of thiols to acetylene, and Pd(OAc)2 or Pd(PPh3)4
14 catalyzed addition of

thiol or disulfide to alkynes. In addition, alkyl halides (e.g., ethyl bromide, n-butyl bromide,
sec-butyl bromide, benzyl chloride, etc.) have been successfully converted into correspond-
ing vinyl sulfide through a one-pot process addition of acetylene mediated by thiourea.15
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Furthermore, [Pd(Triphos)](CF3SO3)2 has been used as an effective catalyst for the addi-
tion of amine to alkyne,16 and the vinyl carbamate derivatives can be prepared in one step
from acetylene, CO2, and one of the following amines: dialkylamine, morpholine, piperi-
dine, and pyrrolidine, using RuCl3·3H2O or [RuCl2(norbornadiene)]n as the catalyst.17 In
addition, the preparation of vinyl phenyl ethers has been modified using tributyl(vinyl)tin18

or 2,4,6-trivinylcyclotriboroxane-pyridine complex19 as the vinyl source.

E. APPLICATIONS

This reaction has very important industrial applications for the production of vinylic
monomers for polymerization.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH2 N+
Cd(OAc)2/Zn(OAc)2

120–140°C
55%

Reference 7.

An autoclave containing a catalyst prepared from 2.5 g cadmium acetate dihydrate and
2.5 g zinc acetate dihydrate was evacuated, chilled in dry ice acetone and charged with
188.5 g ethylamine (4.18 mol) and acetylene to a pressure of 200 psi. The sealed autoclave
was then heated at 120◦C for 17 h and at 140◦C for 12 h. More acetylene was added after
cooling at 20◦C before a final heating period of 6 h at 140◦C. The maximum pressure
was recorded as 785 psi. When the autoclave was cooled down to room temperature, the
gases were vented slowly through traps at dry ice temperature. Than 50 g of a colorless
liquid, assumed to be mostly ethylamine, was trapped. The minimum amount of acetylene
absorbed was calculated to be 78 g (3 mol). The product was distilled in a 24-in. column of
23 mm diameter, which was packed with Podbielniak, stainless steel. Approximately 100 g
ethylamine was recovered, and 77 g N-ethylethylidenimine was obtained, in a yield of 55%
based on the ethylamine consumed, b.p. 38–47◦C.

Reference 15a.
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A solution of 477 g dimethylaminoethyl isothiouronium chloride hydrochloride was
prepared by refluxing 144 g dimethylaminoethyl chloride hydrochloride (1 mol) and 83 g
thiourea (1.1 mol) in 250 mL water for 6 h. Then 415 mL of this solution was charged
to a 1-L autoclave with 160 mL 50% aqueous NaOH (3 mol). The autoclave was rushed
with acetylene and heated to 120◦C in 16 min and maintained at 120–132◦C for 1 h at a
maximum acetylene pressure of 480 psi. The total acetylene absorption was 1.73 mol. The
reactor was cooled to room temperature, and the products were removed under nitrogen
pressure. The crude products (744 g) were in two layers. The upper oil layer (173 g) was
separated and flash distilled to give 145 g distillate (including 15 g water) and 25 g dry salt-
like residue. The dry distillate (123 g) was fractionated through a 12 in. Vigreux column to
give 85 g dimethylaminoethyl vinyl sulfide (66.7 %) and 15 g dimethylaminoethylthioethyl
vinyl sulfide (16.2%).

Other references related to Reppe vinylation are cited in the literature.20
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(Retro-Diels-Alder Cleavage,
Retro-Diels-Alder Fragmentation)

A. GENERAL DESCRIPTION OF THE REACTION

The first useful retro-Diels-Alder reaction was reported by Diels and Thiele as early as
1938.1 It is a thermally allowed [π4s+π2s] cycloreversion2 of an organic compound with a
double bond in a six-membered ring, leading to the formation of a diene and a dienophile,
i.e., the reversed process of the Diels-Alder Cycloaddition. Thus this reaction is gener-
ally known as the retro-Diels-Alder fragmentation,3 or retro-Diels-Alder reaction.2,3a,3y,5

Occasionally, it is also referred to as the retro-Diels-Alder cleavage.6 Even though the
Diels-Alder Cycloaddition is thermodynamically reversible, the Diels-Alder Cycloaddition
products (i.e., the Diels-Alder cycloadducts) are fairly stable, and the retro-Diels-Alder
reaction does not occur regularly, as demonstrated by the ample examples of the resistance
of norbornenes and norbornadienes toward thermolysis.4x This is because two stronger
σ-bonds must break for the formation of two π-bonds. However, as the unimolecular
retro-Diels-Alder reaction is dominated by enthalpy of activation with small contribu-
tion from entropy of activation,2,7 most retro-Diels-Alder reactions take place at very high
temperature,4i if the resulting dienes and dienophiles are more stable.4t This is demonstrated
by the thermal cracking of dicyclopentadiene at 180◦C, a usual process for producing fresh
cyclopentadiene in the laboratory. For the thermal retro-Diels-Alder reaction, it is possi-
ble to observe the lengthening of two breaking C C σ bonds at the ground state,8 and
the ring strain may further weaken the breaking σ bonds. For example, the two breakable
σ bonds in bicyclo[2.2.2]octene are found to be about 0.009 Å longer than correspond-
ing σ bonds in bicyclo[2.2.2]octane; whereas the two σ bonds in bicyclo[2.2.1]heptene
are ∼0.02 Å longer than those of the saturated analogue.9 Besides the normal thermol-
ysis of Diels-Alder cycloadducts, a few conditions have also been reported to facilitate
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the retro-Diels-Alder reaction, such as the use of a catalytic antibody4b,10 (e.g., antibody
9D911), photo-initiation4s,4u (either by powerful irradiation or low power with longer illu-
mination time12), electron impact,3y,3aa laser induction in the presence of SiF4,4w flash
vacuum pyrolysis,4k,13 and the combination of Lewis acid and diene scavenger (e.g.,
MeAlCl2 + maleic anhydride).14 Among these conditions, the laser-induced retro-Diels-
Alder reactions of norbornadiene, cyclohexene, 4-vinylcyclohexene, and 2,3-dihydropyran
take place at ambient temperature;4w the antibody-catalyzed retro-Diels-Alder reaction to
give nitroxyl and anthracene is found to be independent of a buffer, co-solvent effect,
as well as pH when pH is regulated between 4 and 10;4b and electron impact-induced
fragmentation is popularly used for structure determination in mass spectroscopy which
may proceed through a stepwise or concerted process.3aa In addition, some special struc-
tural components may facilitate the retro-Diels-Alder reaction too, such as the anionic
oxygen in endo-bicyclo[2.2.1]hepta-5-en-2-ol generated by treatment with phenyl magne-
sium bromide,6d the carbanion intermediate as in 7-phenylnorbornenyl,4x cycloadduct of
5-cyanocyclopentadiene,4t the trimethylsilyl group4o and the siloxy group,4m where the
acceleration of the retro-Diels-Alder reaction from the carbanion intermediate is attributed
to the “formation of resonance stabilized and weakly basic anions” from more strongly
anionic cycloadducts,4t and the effect of the siloxy group can be seen even three bonds
away from the reaction center.4m It should be mentioned that the thermal retro-Diels-Alder
reaction of anthracene cycloadducts is accelerated by electron-donating groups4m,4n in
the order of NH2 > OH > OPh > OMe > Me > H,4n whereas it is less affected by
electron-withdrawing groups and steric effects.4m,4n It is interesting that the reaction of
anthracenedione is observed to be faster in aqueous solution than that in organic solvent
and can be accelerated by addition of glucose and retarded by addition of organic solvent
to the aqueous solution.4h

B. GENERAL REACTION SCHEME

∆
+

C. PROPOSED MECHANISMS

Mechanistically, the retro-Diels-Alder reaction is comparable to the Diels-Alder
Reaction4h in that it may take place through a concerted or a stepwise path. Because this
reaction is dominated by the enthalpy of activation rather than the entropy of activation, it
is generally accelerated by the electron-withdrawing groups on the resulting dienophiles
and the electron-donating groups on the forming dienes.4h The theoretical computation
on the retro-Diels-Alder reaction of norbornene has indicated that the concerted mecha-
nism is favored over the diradical in a stepwise route by 12.4 Kcal/mol,4d but the reaction
of cyclohexene to form ethylene and butadiene does occur through an asymmetric step-
wise mechanism from MINDO/3 calculation4v as well as by electron impact fragmentation
study.3aa Under the conditions of high-energy photo-irradiation, the excited π* singlet may
be rapidly converted to diradicals directly.3a An illustrative mechanism is provided here for
the reaction of cyclohexene to ethylene and butadiene under the electron impact condition.
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Electron
impact

Neutralization
+

D. MODIFICATION

This reaction has been extensively modified by the use of different reaction conditions
as described in earlier sections.

E. APPLICATIONS

This reaction has very wide application in organic synthesis, such as the formation of
quinones,4o benzoquinones,4h heterocycles (e.g., oxazoles,15 imidazoles,15 pyridazine,4c

pyrrole,4c furan4c) and olefins with stereospecificity4z,14,16 as well as the protection of
double bonds.4r

F. RELATED REACTIONS

This reaction is closely related to the Diels-Alder Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 13.

The starting material (20.8 mg, 0.049 mmol) was placed in a small porcelain crucible,
which was then inserted into one end of a fused silica tube with ball joints sealed by a
glass cap held on by a clamp. The tube was then placed in a tube furnace with the other
end connected to a high vacuum through a trap at −78◦C. The tube was heated to 400◦C
for 4 min under high vacuum (< 2 mmHg). The cycloreversion products condensed on the
glass tube as soon as they exited the tube furnace and were not detected in the traps. After
cooling, the products were collected from the tube by washing with CHCl3. After removal
of solvent, the residue was purified by flash chromatography with EtOAc to afford 5.6 mg
(+)-(R)–6,7,8,8a–tetrahydro–8a-methyl-5H-indolizin-3-one as a colorless oil (75% yield,
Rf = 0.13, hexane/EtOAc, 1:1) and 13.9 mg (-)-(R)-9-(1,2-dimethoxyethyl)anthracene, in
99% recovery.
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N

NH

Bu
N

H
N Bu

Decalin

73%
195°C

Reference 15.

(3aα,4a,7a,7aα)-2-Butyl-3a,4,7,7a-tetrahydro-4,7-methano-1H-benzimidazole (210 mg,
1.11 mmol) in 5 mL decalin was heated at 195◦C for 2 h. The cooled reaction mixture
was then applied to a silica gel column chromatography using 10% MeOH in CHCl3 as
the eluent to afford 100 mg 2-butylimidazole as an off-white solid, in a yield of 73%. The
sample was further purified by vacuum sublimation at 70◦C at 0.15 mmHg to give a white
solid, m.p. 53–54◦C.

Other references related to retro-Diels-Alder reaction are cited in the literature.17
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Retro-Ene Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was probably reported initially by Perkins and Cruz in 1927 during the
preparation of undecylenic acid from ricinoleic acid, the major component of castor oil.1

It is an intramolecular thermolysis of organic compounds with an unsaturated functional
group involving the transfer of a γ-hydrogen to the unsaturated center via a six-membered
transition state to yield both ene and enophile.2 This reaction is thus generally known as
the retro-ene reaction.3,4 In addition, it is also referred to as retro-ene fragmentation,2b,5

retro-ene decomposition6 or retro-ene elimination.7 Theoretically, this reaction belongs
to a group of reactions known as pericyclic reactions,8 but involves a [1,5]-H sigma-
tropic migration.4a In this reaction, the unsaturated functional groups include alkenyl,9

alkynyl,4c allenyl,4d,10 cyclopropyl,11 carbonyl,12 diazo,13 and iminyl,2a occurring in the
molecules of olefins, 1,6-dienes,9 allyltrimethylsilanes,14 acetylenic ethers,4g,15 allylic
and propargylic diazenes,16 allylic sulfinic acid,17 β-hydroxyethyl pyrazine,4h cyclic α-
hydroxynitrosamines,18 metastable immonium salts,2a allenic esters, allenic amides,4d etc.
In most cases, this reaction involves a concerted mechanism,2,4g,9,15,17,19 and gives a prod-
uct with the stereochemical integrity preserved.15 While olefins prefer an envelope-like
transition state geometry,20 only the retro-ene reaction through a planar transition state
geometry is feasible for acetylene.20b,21 Consequently, the retro-ene reaction does not
take place among cyclic alkenes smaller than a seven-membered ring22 or fused rings,
of which one or more atoms involved in the reaction are part of the fused ring, except for
a cyclopropyl ring.12a,23 For the case of immonium salt, the alkyl group at γ-carbon facil-
itates the retro-ene reaction by distributing a substantial fraction of positive charge at the
transition state.2a In addition, olefins with an acetylene group at β-position will undergo a
competing Cope Rearrangement rather than the retro-ene reaction.20b
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B. GENERAL REACTION SCHEME

H

X
Y

R

R′

O H

∆ X H
Y

R′

∆

O

R

C C C
H

R = H, alkyl, aryl
R′ = H, alkyl, aryl
Y = C, N
X = C, N, O, Si

+

+

C. PROPOSED MECHANISMS

It is known that this reaction involves a concerted six-member transition state, as illus-
trated below.

H
RR′ ∆ R′ R+

D. MODIFICATION

This reaction has been extended to a variety of compounds with unsaturated functional
groups, as described in Section A.

E. APPLICATIONS

This reaction has broad applications in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Alder Ene Reaction.

G. CITED EXPERIMENTAL EXAMPLES
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Reference 24.

To a flask containing 50.5 mg 8-allyldihydroberberine (0.13 mmol) at 0◦C was added
2 mL dry ethyl bromoacetate (18.03 mmol) during stirring under a nitrogen atmo-
sphere. The solution was then heated to 100◦C for 2.5 h to give a suspension. Then
dry toluene was added, the mixture was filtered, and the filtrate was evaporated to
afford 57.3 mg 13-(2-ethoxy-2-oxoethyl)-9,10-dimethoxy-5,6-dihydrobenzo[g]-1,3-benzo-
dioxolo[5,6-a]quinolizinium bromide as an orange-yellow solid, which was further purified
by recrystallization from dichloromethane containing 1% MeOH, and diethyl ether to give
39.3 mg pure product, as yellow needles, in a yield of 59%, m.p., 202–204◦C.

Reference 4i.

A solution of 1.0 g N-(diphenylmethyl)-4-aza-2,2-dimethyl-l-phenyl-3-butenone
(3 mmol) in 60 mL MeOH was refluxed for 8 h. The solvent was evaporated, and the
residual oil was distilled under reduced pressure at 100◦C (80 mmHg) to remove methyl
benzoate, and the residue was purified to give N-(diphenylmethyl)-2-methylpropanimine.
No yield was given in this experiment.

Other references related to the retro-ene reaction are cited in the literature.25
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Retropinacol Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Zelinsky and Zelikow in 1901.1 It is the conversion
of alcohols with a tertiary β-carbon into olefin along with the migration of an alkyl group
from the tertiary β-carbon in the presence of an acid. Therefore, this reaction is generally
known as the retropinacol rearrangement.2 It is known that alcohol is protonated to form
an oxonium in the presence of an acid, which dehydrates to give the carbonium ion; the
generated carbonium ion does not rearrange by itself, whereas the migration is facilitated by
the base (conjugate base) attack at the β-position.2q Thus the extent of the rearrangement
is determined by the strength of the base and the accessibility of the β-position to the
base, so that shielding the β-carbon by either a bulky group or an electron-rich group can
prevent the retropinacol rearrangement.2q Strictly speaking, the retropinacol rearrangement
is the reverse of normal Pinacol Rearrangement, as demonstrated from the reaction between
pinacolone and liquid sulfur trioxide to yield cyclic sulfate.3

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The rearrangement of alcohol with a tertiary β-carbon in the presence of an acid is
illustrated in Scheme 1, along with its competing reactions to form corresponding alkyl
chlorides. In addition, the mechanism for the formation of a cyclic sulfate from pinacolone
and liquid sulfur trioxide is provided in Scheme 2.

SCHEME 1. Mechanism of retropinacol rearrangement.

SCHEME 2. Reaction between sulfur trioxide and pinacolone to form a cyclic sulfate.

D. MODIFICATION

A base triggered retropinacol rearrangement has been developed, by the use of 2-chloro-
1,1,2-trifluoroethyldiethylamine.2k

E. APPLICATIONS

This reaction has certain applications in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Pinacol Rearrangement and Wagner-Meerwein
Rearrangement.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2k.

A mixture of 2.2 g 1α-hydroxy-5α-androstane-3,17-dione and 2.2 mL 2-chloro-1,1,2-
trifluoroethyldiethylamine in 25 mL CH2Cl2 was refluxed for 15 min, after which time
the TLC indicated the completion of the reaction. This solution was washed with water,
aqueous NaHCO3 and water again, then dried over Na2SO4 and evaporated under vac-
uum to an oil. The residue was chromatographed on 200 g silica gel using EtOAc/benzene
(1:19) as the eluent to afford 463 mg 1β-methylestr-5(10)-ene-3,17-dione, m.p. 136◦C.
This product was further purified by recrystallization from benzene/hexane to yield
257 mg pure 1β-methylestr-5(10)-ene-3,17-dione, m.p. 139–140◦C. From the benzene
mother liquors from which crude 1α-hydroxy-5α-androstane-3,17-dione was crystallized,
261 mg 1β-methylestr-9-ene-3,17-dione was recovered. Continued elution of the column
(from which the two compounds and their mixture were obtained) with 5% EtOAc in
benzene afforded 44 mg impure 10β-methylestr-1(2)-ene-3,17-dione, m.p. 99–107◦C.

Other references relatd to the retropinacol rearrangement are cited in the literature.4
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Reverdin Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Reverdin in 1896.1 It is the preparation of 2-iodo-
4-nitro-anisole from the nitration of 4-iodo-anisole, involving the migration of iodine from
the 4-position to the 2-position during the nitration and is generally known as the Reverdin
rearrangement.2 Occasionally, it is also referred to as the Reverdin reaction.3 It should be
pointed out that bromine can migrate in a fashion similar to iodine and only a catalytic
amount of nitro source is needed if a nitro group already exists on the aromatic ring.3

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reaction is assumed to take place via an initial ipso attack of nitro at the iodo position
and the subsequent liberation of iodine,4 which then halogenates at the intermediate to form
2-iodo-4-nitro-anisole and 2,4-diiodoanisole, the latter is then slowly nitrosodeiodinated.2b
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D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has certain applications in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Cl

Cl

OH

Br NO2

Cl

Cl

OH

O2N Br

Propionic acid, NaNO2

65%

Reference 3.

A 20-mL scintillation vial equipped with a magnetic stir bar was charged with 1.33 g
4-bromo-3,6-dichloro-2-nitrophenol (4.64 mmol), 10 mL propionic acid, and 0.022 g
sodium nitrite (0.32 mmol) and capped. The hazy red-orange solution was stirred at room
temperature for 2 h and then poured into 10 mL brine. The mixture was extracted with ethyl
ether (2 × 10 mL), and the combined ether layers were dried over anhydrous Na2SO4. Upon
evaporation of solvent, 1.27 g of an orange solid was obtained, which was recrystallized
three times from cyclohexane to afford 0.86 g 2-bromo-3,6-dichloro-4-nitrophenol, in a
yield of 65%, m.p., 129–130◦C (dec.).

Other references related to the Reverdin rearrangement are cited in the literature.5
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Riehm Quinoline Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Engler and Riehm in 1885.1 It is a synthesis of 2,4-
dimethylquinoline from the thermal condensation of aniline hydrochloride and acetone2 or
mesityl oxide along with the evolution of water and methane,3 and is known as the Riehm
quinoline synthesis.4 This reaction can occur under the conditions with or without any
condensation reagents2 and may evolve other hydrocarbons as well.2,3b

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reaction is assumed to involve the formation of ketylidene or alkylidene anils,5 which
dimerizes and cyclizes to give 1,2-dihydroquinoline.3a,4 This intermediate then aromatizes
by evolving the methyl or other hydrocarbon moiety in the presence of an acidic or a basic
catalyst.4 An illustrative mechanism is given here for the reaction between acetone and
aniline hydrochloride.
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D. MODIFICATION

This reaction was modified by addition of iodine to the mixture of aniline and ketone to
initiate the reaction.4

E. APPLICATIONS

This reaction is useful for the preparations of 2,4-disubstituted quinolines.

F. RELATED REACTIONS

This reaction is related to Doebner Reaction and Doebner-von Miller Quinoline
Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

NH2

NH2 O

N
H

N
+

Benzene

270–280°C

22.7%

Reference 3a.

A 100-mL flask was equippd with a Claisen adapter that was sealed with a graduated tube
for measuring the amount of water from azeotropic distillation. In addition, the center arm
of the adapter was closed with a stopper, and the side arm was connected with a refluxing
condenser, of which the top led to a solid dry ice trap and then to a 1500-mL eudiometer.
The capillary tube with stopcock at the top of the eudiometer was sealed for the removal of
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gas sample. To the 100-mL flask of this reaction system, were added 5.4 g freshly prepared
o-phenylenediamine (recrystallized from heptane then water), 29.0 g freshly distilled ace-
tone, and 20 mL dry benzene; the flask was heated with a heating mantle packed with glass
wool for 2 h at 270–280◦C. Gas evolution initially occurred at 260◦C. After the reaction, the
volatile solvent was removed by evaporation, and the residue was purified by crystallization
from water to afford 1.5 g 2-methylbenzimidazole as white leaflets, in a yield of 22.7%,
m.p. 174.0–175.5◦C.

NH2

O I2

N
H

N

+
170–175°C 285°C

Reference 4.

2-Butanone (835 g) was passed into the reaction mixture of 279 g aniline and 9.0 g
iodine maintained at 170–175◦C. After the reaction, the residual 2-butanone and aniline
was separated by preliminary distillation, and the residue was fractionated on a 4-ft. glass
helix column, and the fraction that boiled at 170–174◦C at 28 mmHg was collected to afford
95 g 2,4-diethyl-2-methyl-1,2-dihydroquinoline. Then the hydrochloride salt of dihydro-
quinoline was heated at 285◦C for 5 min, and the residue was fractionated again to give
2-methyl-4-ethylquinoline.

Other references related to the Riehm quinoline synthesis are cited in the literature.6
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Rieke Metal

A. GENERAL DESCRIPTION OF THE REACTION

This reagent was initially prepared by Rieke and Hudnall in 1972.1 It is a general method
of preparing superfine (e.g., nanometer size2) and highly active3 and dispersed4 metal par-
ticles of low valence from the heterogeneous reduction of corresponding anhydrous metal
salts5 by highly reductive metal (e.g., K, Na, Li)6,7 or hydride (e.g., NaBEt3H, LiBEt3H)2 in
ethereal (e.g., THF,3,8 DME,3 glyme9) or hydrocarbon solvent (e.g., toluene2), in the pres-
ence of an electron-carrier such as naphthalene.9a The resultant low-valent metal (LVT)10

is known as Rieke metal,11 for example, Rieke Mg,8 Rieke Zn,12 and Rieke Ni.11 So far,
low-valent Cr, Mo, W, Mg, Mn, Ni, Zn, etc. have been prepared by this method. It has been
found that the choice of solvent affects the outcome of this reduction, as indicated by the
formation of metal colloid of Cr, Mo, and W in high yield from the reduction of CrCl3,
MoCl3 and MoCl4 with NaBEt3H in toluene at room temperature, whereas metal carbides
(M2C) are obtained from the reduction by NaBEt3H or LiBEt3H in THF of the same metal
salts.2 However, this preparation method for Rieke metal has a few limitations, such as
the chemical incompatibility with certain functional groups (e.g., NO2, CN, etc.),9a long
reaction time,11 necessary removal of a large amount of naphthalene before or after the
reaction induced by these active metals,11 and the intrinsic tendency toward deactivation
and the need for further activation.10

B. GENERAL REACTION SCHEME

M*MXn
K, Naphthalene

Ether or toluene

M = Cr, Mg, Mn, Mo, Ni, W, Zn, etc.
X = Cl
n = 1, 2, 3, etc.

2388

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



CITED EXPERIMENTAL EXAMPLES 2389

C. PROPOSED MECHANISMS

The highly active low valent metal is assumed to form via an electron-transfer reaction
mediated by naphthalene9 or biphenylene,5 as illustrated below for the reduction of zinc
chloride by potassium in toluene.

D. MODIFICATION

This preparation has been modified by electronic reduction in DMF solution containing
0.3 M Bu4N+BF −

4 as electrolyte in an undivided cell with a platinum cathode and the
anode prepared from the expected metal as cation source.11

E. APPLICATIONS

Rieke metal has broad application in organic synthesis that requires an active metal of
low valence, such as the McMurry Coupling (Cr) and the Reformatsky Reaction (Zn).

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

MnCl2
THF

BnCl

THF
BnMnCl

PhCOCl
O

Li, Naphthalene
Mn*

91%

Reference 13.

To a mixture of 0.139 g lithium (20 mmol), 0.256 g naphthalene (2 mmol), and 3.087 g
manganese iodide (10 mmol) was added 15 mL freshly distilled THF via syringe at room
temperature. The resulting mixture was then stirred at room temperature for 30 min to give
a black slurry. To this highly active manganese slurry being stirred at room temperature
was then added 1.13 g benzyl chloride (9 mmol) via syringe, and the resulting mixture was
stirred at room temperature for 20 min. The reaction was monitored by gas chromatography.
After the completion of the oxidative addition, the mixture was cooled to 0◦C, and 1,2-
dibromoethane was added to the mixture at the same temperature to scavenge the excess
amount of active manganese for 5 min. The resulting mixture was transferred via cannula to
the benzoyl chloride solution in THF at room temperature. After being stirred for 30 min, the
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mixture was quenched with 3 M HCl solution and extracted with diethyl ether. The combined
organic layers were washed with NaHCO3, Na2S2O3, and brine, dried over anhydrous
MgSO4, and concentrated. The residue was purified by flash column chromatography using
EtOAc/hexanes as the eluent to afford 1.786 g benzyl phenyl ketone as a white solid, in a
yield of 91%, m.p. 55–56◦C.

TiCl3
Li

Ti
I2

N

Bn

THF

H
N

80%

Reference 10.

To a mixture of 1.55 g TiCl3 (10 mmol) and 0.231 g Li (33 mmol) was added 50 mL
dry THF, the resulting mixture was refluxed for 3 h under argon. After cooling, 0.635 g
crystalline iodine (2.5 mmol) was added in portion and the mixture was stirred for 5 min. On
addition of iodine, the black suspension of low valent titanium gradually turned brown. To
this activated LVT-I2 reagent, was added 0.643 g N-benzyl carbazole (2.5 mmol) in 5 mL
THF. The resulting solution was then stirred at room temperature for 16 h, then diluted with
hexane and passed through a short pad of Celite. Upon removal of THF, the residue was
mixed with an EtOAc/hexanes (20:80) mixture, washed with brine, and dried over Na2SO4.
After evaporation, the residue was purified by preparative TLC (SiO2, hexane) to afford
0.335 g carbazole, in a yield of 80%.

Other references related to the Rieke metal are cited in the literature.14
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Riemenschneider Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Riemschneider in 1949.1 It is an acidic transforma-
tion of alkyl or aryl thiocyanates into thiocarbamates and is known as the Riemschneider
reaction.2 In this reaction, when thiocyanates are treated with concentrated sulfuric acid,
the corresponding thiocarbamates are obtained.3 In parallel, when thiocyanates are treated
with concentrated sulfuric acid in the presence of alcohol or olefin, the corresponding
N-substituted carbamates are yielded.4 The alcohols or olefins that are stable in the presence
of sulfuric acid, including isopropyl alcohol, sec-butyl alcohol, t-butyl alcohol, cyclohex-
anol, isobutylene, and camphene all are suitable for this reaction, whereas low-order alcohols
such as methanol and ethanol do not react with thiocyanate to give the corresponding
N-substituted thiocarbamates.4 In addition, the benzyl thiocyante4 and some ortho-
substituted phenyl thiocyanates cannot be transformed into the corresponding thiocarba-
mates under these conditions because they are sensitive to sulfuric acid.3,4 Some unsuitable
thiocyanates are o-carboxyl, o-methoxy, o-nitrophenyl thiocyanates,3 and o-methyl-4-
amino phenyl thiocyanate.4

B. GENERAL REACTION SCHEME

S
C

N

S
H
N

R

O

ROH/H2SO4

or olefin/H2SO4

R = H, alkyl
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C. PROPOSED MECHANISMS

Illustrated below is the mechanism for the reaction between phenyl thiocyanate and a
general alcohol.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has general application in organic synthesis as well as in analytical
chemistry.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

S
C

N

S NH2

O

95% H2SO4

0–5°C

87%

Reference 3.

A benzene solution of 2 g phenyl thiocyanate was treated slowly under shaking and
ice cooling with 10 mL 95% H2SO4. The mixture was kept at 0–5◦C for 15 h and then
poured on ice. The precipitate was collected, washed with water, and dried in air. The
phenylthiocarbamate was a needle crystal, m.p. 98◦C; the yield was 87%.
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Reference 4.

From t-Butyl Alcohol

To a mixture of concentrated sulfuric acid and 1.85 g t-butyl alcohol (25 mmol), was
added 3.4 g phenyl thiocyanate (25 mmol) dropwise under stirring. After all the phenyl
thiocyanate was added to the solution, the stirring was continued for 5 h with cooling on an
ice bath. Then the reaction mixture was stirred into 250 mL ice water to yield yellow crys-
tals, which were further purified by recrystallization several times from hexane following
treatment with activated charcoal, m.p. 115◦C. The yield was 40%.

From Isobutylene

To a mixture of 30 mL glacial acetic acid and 5 mL 95% sulfuric acid, was added 7.0 g
phenyl thiocyanate (51 mmol) dropwise. At the same time, a slow stream of isobutylene was
passed through the reaction mixture at a temperature of 10◦C; within 40 min, the reaction
mixture absorbed 6.0 g isobutylene (107 mmol). After being maintained at 10◦C for 24 h, the
contents of the reaction vessel were poured into 250 mL ice water, and extracted with ether.
The combined ethereal solution was dried and evaporated. The residue was fractionated
to give 5.5 g phenyl thiocyanate (71–73◦C at 1.5 mmHg), the residue remained after the
distillation was recrystallized from hexane to afford 0.7 g N-t-butyl phenylcarbamate, in a
yield of 30.1% based on 21.4% conversion.

Other references related to the Riemschneider reaction are cited in the literature.5
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540
Riley Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Riley in 1930.1 It is the oxidation of a methyl or
methylene group activated by an adjacent double bond, carbonyl, aromatic, etc. into a
carbonyl or alkoxyl group using selenium dioxide as the mild oxidant. Therefore, it is
generally known as the Riley oxidation.2 In this reaction, the methylene group is activated
by a carbonyl group, and converted into an adjacent carbonyl group again;3 whereas a
hydroxy group is often introduced onto the allylic methylene group,4 and the position of
the double bond often remains untouched under the condition of allylic oxidation.4c In
addition, the methylene group in an allylic moiety can be trapped at the alcohol stage by
carrying out the reaction in acetic anhydride or acetic acid.5 At low temperature, saturated
hydrocarbons, alcohols, ethers, acids, esters, and most halides will not be oxidized by
SeO2;5b but at high temperature, even the double bond can be oxidized, as indicated by the
high yield of glyoxal (80%) from ethylene,6 and 19% of methylglyoxal from propylene at
220–240◦C.6c The recovered selenium can be oxidized and used again.5b This reaction can
also be carried out at room temperature under sunlight or UV.5b

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The allylic oxidation is assumed to occur through an initial ene reaction followed by
a [2,3]-sigmatropic rearrangement,4b,4f as illustrated in Scheme 1. Although not many
mechanistic studies are available for the oxidation of a ketone or aldehyde to an adjacent
dicarbonyl compound, it is plausible that such oxidation by SeO2 undergoes a similar
reaction pathway, as shown in the tentative mechanism outlined in Scheme 2.

SCHEME 1. Mechanism of allyl alcohol formation by SeO2 oxidation.

SCHEME 2. Tentative mechanism for the oxidation of ketone (or aldehyde) from SeO2.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has wide application in organic synthesis, especially for the preparation of
allyl alcohol with retention of stereochemistry,4d,4f,4g and 1,2-diketones.3

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O SeO2
O

OHEtOH, ∆
48.7%

Reference 8.
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A 2-mL magnetically stirred 95% ethanol solution containing 348 mg 2,7,7-
trimethylbicyclo[2.2.2]oct-2-en-5-one (2.12 mmol) was treated dropwise with 2 mL 95%
ethanol solution containing 250 mg SeO2 (2.26 mmol). The reaction mixture was stirred
and refluxed for 48 h, then diluted with ether and washed with brine. The ethereal phase was
dried and concentrated to leave a residue that was purified by silica gel chromatography
using 5% ether in petroleum ether as an eluent to afford 186 mg 2-hydroxymethyl-7,7-
dimethylbicyclo[2.2.2]-oct-2-en-5-one as a colorless liquid (48.7%), and 52 mg of starting
material (15% recovery).

AcO
H

H

H

CO2CH2OAc

O

SeO2

AcO
H

H

H

CO2CH2OAc

O

O

Dioxane/Ac2O/AcOH
∆

69%

Reference 3b.

A mixture of 5 mL dioxane solution containing 250 mg acetoxymethyl 3β-acetoxy-21-
oxolup-18-en-28-oate (0.43 mmol), 200 mg SeO2 (1.8 mmol), 2.5 mL AcOH, and 0.25 mL
Ac2O was refluxed until the oxidation was completed as monitored by TLC (PhMe/Et2O,
10:1). After cooling, precipitated selenium was removed by filtration, and the filtrate was
poured slowly into an excess of vigorously stirred water. The red-orange precipitate was
filtered under reduced pressure, washed carefully with H2O, and air dried. The crude product
was dissolved in CHCl3, and the solution was filtered through a column of alumina. The
column was eluted with CHCl3, and the filtrate was evaporated under reduced pressure. The
residue was crystallized from butanone to afford 176 mg acetoxymethyl 3β-acetoxy-21,22-
dioxolup-18-ene-28-oate as pale-orange needles, in a yield of 69%, m.p. 227–228◦C.

Other references related to the Riley oxidation are cited in the literature.7
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Ritter Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction can be traced back as early as in 1922, when Kohler et al. investigated
the reaction between methyl cyanoacetate and benzal-acetophenone or benzal-p-chloro-
acetophenone in the presence of hydrogen chloride or hydrogen bromide to form lactams.1

Subsequently, Bus reported the reaction of N-hydroxymethyl phthalimide with nitriles in
the presence of sulfuric acid.2 It was Ritter who extensively studied and extended the reac-
tion of nitriles;3 therefore, a strong acid-promoted amidation of alcohol or olefin with nitrile
is generally known as the Ritter reaction.4,5 Under strong acidic conditions, both alcohol
and olefin are protonated to generate a carbocation with an empty p-orbital that can be
filled by the lone pair electrons on the nitrogen atom of nitriles to form the nitrilium ion,
which is converted to an amide upon hydrolysis.4g,4n,4q,4w Besides alcohols and olefins,
some other types of molecules can also undergo this reaction under similar conditions by
formation of carbocations such as trioxane,4s N-tosylazetidine,6 aziridine,4c oxirane,5uu

and epoxide.4b,5e It has been found that the outcome of this reaction depends on the reac-
tivity of nitriles and the stability of carbocations,4r thus the reactions from tertiary alcohols
normally give much higher yields than those from primary and secondary alcohols.4r In
addition, temperature may affect the reaction, as demonstrated from the reaction between
nitrile and chalcone, which takes place at temperatures > 55◦C even when sulfuric acid is
replaced by the much milder phosphoric acid and diluted with acetic acid; whereas the same
reaction occurs more slowly below 55◦C.4z Furthermore, it has been found that stereochem-
istry is completely retained in this reaction when a bromo group is present at the neighboring
position, through the bromo bridge intermediate, as indicated from the exclusive formation
of threo-2-acetamido-3-bromobutane and threo-2-benzamido-3-bromobutane from threo-
3-bromo-2-butanol with acetonitrile and benzonitrile, respectively.4u However, given the
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nature of this reaction, the Ritter reaction is also in competition with other side reac-
tions involving carbocations, such as the ring-enlargement of cyclic carbocations4w and
the rearrangement of carbocations.4t

B. GENERAL REACTION SCHEME

R1

R3

R2 OH

R1 R2

R-CN

R-CN R N
H

O R1
R2

R N
H

O R1

R3

R2
conc. H2SO4 R1, R2, R3 = alkyl, aryl

R = alkyl, aryl, Cl, H

conc. H2SO4 R1, R2 = alkyl, aryl
R = alkyl, aryl, Cl, H

C. PROPOSED MECHANISMS

This reaction involves the initial formation of a carbocation from olefin or alcohol when
treated with a strong acid such as sulfuric acid that is subsequently attacked by the lone
pair electrons of the nitrogen atom of a nitrile to give a nitrilium ion, which, on addition of
water during workup, hydrolyzes to form an amide,4g,4n,4q,4w as illustrated below using a
general tertiary alcohol as an example.

D. MODIFICATION

The original reaction protocol has been extensively modified, including the acti-
vation of a primary alcohol with trifluoromethanesulfonic anhydride,7 stabilization of
primary carbocations with transition-metal complex (e.g., Co(CO)3),4r replacement of
sulfuric acid by Pd2+,4p liquid hydrogen fluoride,4v P2O5/SiO2,5b bismuth salt (III),5d,5e

heteropolyacids,5g,5h or a Lewis acid-assisted Brønsted acid, which is prepared from a 1:2
molar mixture of B(OH)3 and 4,5,6,7-tetrachlorocatechol.4a In addition, the Ritter reac-
tion has been extended to the reaction of nitrile with either aldose5a or ketose.5ee Further
modifications include the sulfur mediated Ritter reaction;5z the application of acetic acid
as co-solvent;4o and the reactions between olefin and cyanogen chloride,8 haloolefin and
nitrile,9 camphene and hydrogen cyanide,10 and especially metal cation and nitriles.11
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E. APPLICATIONS

This reaction has very wide applications in organic synthesis, not only for the gen-
eral preparation of amides5a but also for a variety of monocyclic and fused heterocyclic
compounds,4m bridged heterocycles,4m and polyamides.4s,4x

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Ph

Ph
OH B(OH)3

Cl

Cl

Cl

Cl

HO

HO

Ph

Ph

H
N

O

+ + CH3CN, ∆
93%

Reference 4a.

A dry, 10-mL round-bottomed flask equipped with a Teflon-coated magnetic stirring bar
and a reflux condenser was charged with 6.2 mg B(OH)3 (0.10 mmol), 50 mg tetrachloro-
catechol (0.20 mmol), and 368 mg diphenylmethanol (2.0 mmol) in 5 mL acetonitrile. The
mixture was refluxed for 11 h and then cooled to ambient temperature and mixed with satu-
rated aqueous NaHCO3. The product was extracted with EtOAc, and the combined organic
layers were dried over MgSO4 and concentrated. The residue was purified by silica gel
column chromatography to afford 93% N-α,α-diphenylmethyl acetamide, m.p. 151◦C.

N
Ts

Ph

CH3CN
BF3 · OEt2

CH2Cl2 N

NPh

Ts

+

60%

Reference 6.

To a 10-mL round-bottomed flask were added 211 mg 2-phenyl-N-tosyl azetidine
(1 mmol) and 3 mL anhydrous CH2Cl2 under argon at room temperature, followed by
1 mmol acetonitrile and a slow addition of 0.2 mmol freshly distilled BF3·Et2O. After 2 h,
2 mL saturated aqueous NaHCO3 solution was added. The organic layer was separated, and
the aqueous layer was extracted with dichloromethane (2 × 5 mL). The combined organic
layers were washed with water, brine, and dried over anhydrous Na2SO4 and concentrated.
The residue was purified by column chromatography using 30% EtOAc in petroleum ether
as the eluent to afford 60% 2-methyl-4-phenyl-1-(toluene-4-sulphonyl)-1,4,5,6-tetrahydro-
pyrimidine as a colorless paste, Rf = 0.42 (EtOAc/petroleum ether, 2:3).

Other references related to the Ritter reaction are cited in the literature.12
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Robinson Annulation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rapson and Robinson in 1935.1 It is the synthesis
of α,β-unsaturated cyclohexanone resulting from the attachment of four carbon units to a
ketone’s carbonyl and α-carbon atom, respectively.2 This reaction involves the following
steps: the generation of an enolate from the ketone, Michael Addition of the enolate to the
α,β-unsaturated ketone, Aldol Condensation, and dehydration. Therefore, this reaction is
generally known as the Robinson annulation,2−4 or Robinson annelation.5 Occasionally,
it is also referred to as the Robinson cyclization6 or Robinson transposition reaction.7 In
addition, the corresponding reaction involving a nitrogen atom is similarly called the aza-
Robinson annulation.8 This reaction has been widely used in organic synthesis,3,4 especially
in the preparation of steroids.2,5g,9

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Displayed here is the mechanism of the Robinson annulation between cyclohexanone
and vinyl methyl ketone in the presence of KOH.

D. MODIFICATION

This reaction has been extended to the Michael Addition on α,β-unsaturated nitrile
by temporarily chelating the Grignard reagent to γ-hydroxy unsaturated nitrile.3d An
alternative route involving a free-radical β-alkylation of nonactivated carbon atoms and sub-
sequent anionic cyclization has been developed as a complementary route of the Robinson
annulation.3g In addition, this reaction has been modified to occur under antibody catalysis4r

or with the combination of a lithium enolate with aluminum tris(2,6-diphenylphenoxide).4s

Further modifications include the Robinson annulation in supercritical CO2,5a the reaction
promoted by K2CO3 under ultrasound,4c and the solid-supported reaction under microwave
irradiation.4h

E. APPLICATIONS

This reaction has wide application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Aldol Condensation, Michael Addition, and Wichterle
Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 3c.
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Potassium t-butoxide (296 mg, 2.65 mmol) was dissolved in 25 mL ethanol at 0◦C under
argon and stirred for 20 min. Then 8 mL ethyl 2-oxocyclohexanecarboxylate (50 mmol) was
added slowly at the same temperature. After 15 min at 0◦C, 4.15 mL methyl vinyl ketone
(50 mmol) was added over 5 h via syringe pump. Then the resulting deep orange solution
was refluxed for 6 h. The reaction mixture was cooled to ambient temperature. After being
stirred for 18 h, the mixture was poured into a separatory funnel containing 30 mL saturated
NH4Cl and extracted with Et2O (3 × 200 mL). The combined organic layers were dried
over MgSO4 and concentrated to give 11.0 g crude product as an orange oil, in a yield of
99.0%.

Reference 3b.

Sodium metal was dissolved in 4 mL methanol at ambient temperature. After complete
dissolution, 2.1 mL ethyl 2-oxocyclohexanecarboxylate (14.7 mmol) was added slowly via
syringe. After 15 min, 1.63 g β-phenyldimethylsilylvinyl methyl ketone (7.99 mmol) dis-
solved in 0.5 mL MeOH was added over 7 h via syringe pump. At the end of addition, the
deep orange solution was stirred at ambient temperature for 18 h. Then the mixture was
refluxed in a preheated bath at 80–85◦C for 24 h before being cooled to ambient temper-
ature. The reaction mixture was then poured into a separatory funnel containing 50 mL
saturated NH4Cl, and extracted with Et2O. The combined organic layers were washed with
brine and dried over MgSO4. The solvent was removed under vacuum to give a crude
orange oil, which was purified by flash column chromatography using hexanes/EtOAc
(5:1) as the eluent to afford 1.03 g (±)-(4R,4aR) methyl 4-(dimethylphenylsilyl)-
2-oxo-2,3,4,4a,5,6,7,8-octahydronaphthalene-4a-carboxylate and (±)-(4S,4aR) methyl
4-(dimethylphenylsilyl)-2-oxo-2,3,4,4a,5,6,7,8-octahydronaphthalene-4a-carboxylate as a
6:1 mixture of diastereomers, in a yield of 40%. These diastereomeric mixtures were fur-
ther separated by a second column chromatography using hexane/EtOAc (8:1) to yield each
diastereomer with analytical purity.

Other references related to the Robinson annulation are cited in the literature.10
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Robinson-Gabriel Oxazole

Synthesis
(Robinson-Gabriel Cyclodehydration,

Robinson-Gabriel Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Gabriel in 19071 and subsequently by
Robinson in 1909.2 It is the synthesis of 2,5- and 2,4,5-substituted oxazole
derivatives by the intramolecular condensation and dehydration of N-acyl α-
aminoketones in the presence of a dehydration reagent such as PCl5 or sulfuric
acid. This reaction is thus known as the Robinson-Gabriel cyclization,3 Robinson-
Gabriel cyclodehydration,4 Robinson-Gabriel dehydration,4d,4e Robinson-Gabriel oxazole
synthesis,4g,5 Robinson-Gabriel reaction,4g,4h,6 or Robinson-Gabriel synthesis.4a,5d,6b,7

Other cyclodehydrating reagents include the Burgess reagent ([(methoxycarbonyl-
sulfamoyl) triethylammoniumhydroxide inner salt], i.e., Et3N+SO2N−CO2Me),4b,4f,8

phosphorus oxychloride (POCl3),4a,6b,7e polyphosphoric acid (PPA),5d,6b phosgene
(COCl2),6b hexachloroethane/triphenylphosphine,4b triphenylphosphine/iodine/triethyl-
amine,3c,4c,6b,9 SOCl2,5a trifluoroacetic anhydride,4a,6b triflic anhydride,4a P2O5,7d and
anhydrous hydrogen fluoride.6b However, polyphosphoric acid is found to be superior to
most of the above dehydrating reagents.5d As the nature of this reaction requires the appli-
cation of harsh conditions, this reaction is not applicable to molecules with acid-labile
functional groups.5a
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B. GENERAL REACTION SCHEME

R1 N
H

R3

O

O

R2

O

N

R2

R1

R3
Cyclodehydrating reagents R1 = alkyl, aryl

R2 = alkyl, aryl
R3 = alkyl, aryl

cyclodehydrating agent = POCl3/pyridine, H2SO4, PPA, PCl5, COCl2, PPh3/I2/Et3N
                                         PPh3/Cl2/Et3N, PPh3/Br2/Et3N, SOCl2, P2O5, Tf2O, etc.

C. PROPOSED MECHANISMS

This reaction, through the isotopic labeling experiment,5d,7g is proved to involve the
protonation of the ketone carbonyl, followed by nucleophilic attack by the amido oxygen
to form dihydrooxazolol, which dehydrates to form oxazole,4a as illustrated below by an
example using sulfuric acid as the dehydrating reagents.

D. MODIFICATION

The initial protocol has been extensively modified by the application of different
dehydrating reagents as listed earlier, in which POCl3/pyridine is a recently added
reagent,4b,4e−4g and the application of PPh3/Cl2/Et3N,10 PPh3/Br2/Et3N,8 or Burgess
reagent8 has allowed the synthesis of oxazole derivatives in solid phase under milder condi-
tions. Alternatively, the oxazoles and bis-oxazoles can be prepared from side chain oxidation
of α-hydroxy amides followed by cyclodehydration with PPh3/I2/Et3N,3c or cyclization of
activated α-hydroxy amides to oxazolines followed by dehydrogenation,4j or the one-pot
condensation between α-amino ketone and triethyl orthoester.7f

E. APPLICATIONS

This reaction has general application in the syntheses of 2,5-disubstituted and 2,4,5-
trisubstituted oxazole derivatives, especially for the syntheses of 2,5-diaryloxazoles.5d



2412 ROBINSON-GABRIEL OXAZOLE SYNTHESIS

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

NH

OO

N

O

POCl3/pyridine (1:5)

77%

Reference 4g.

To 2.5 mL dry pyridine solution containing 217 mg N-benzoyl-2-amino cyclohexanone
(1.0 mmol) at 25◦C was added 0.5 mL POCl3. The resultant solution was then stirred for
3 hours. Upon completion, the reaction mixture was diluted with 10 mL EtOAc, trans-
ferred into 25 mL saturated aqueous NaHCO3 cooled at 0◦C, and extracted with EtOAc
(3 × 15 mL). The combined organic layers were then washed with 25 mL water and brine
each, dried over MgSO4, and concentrated. The residue was purified by flash column
chromatography to afford 77% 2-phenyl-5,5,6,6,7,7,8,8-tetrahydrobenzooxazole as a white
solid, Rf = 0.64 (EtOAc/hexanes, 1:1).

O

O
O

OH

HO

HN

O
OH

CH2Cl2

O

O

OH

HO

N

O
OH

Cl3CCOCl/pyridine/4-DMAP

64%

Reference 7c.

To an ice bath-cooled 23 mL CH2Cl2 solution containing 960 mg N-(2-oxobutyl)-
monamide (2.32 mmol), 46.4 mmol pyridine (20 eq.), and a few crystals of
4-(dimethylamino)-pyridine was added 20.9 mmol trichloroacetyl chloride (9 eq.). After
being stirred for 30 min, the solution was washed with saturated aqueous NaHCO3 solution,
and then evaporated under reduced pressure. The residue was dissolved in 12 mL methanol,
and the solution was cooled to 0◦C before the addition of 7 mmol K2CO3 (3 eq.). After
15 min at 0◦C, brine and EtOAc were added, and the organic layer was separated. The
aqueous layer was further extracted with EtOAc, and the combined extracts were washed
with brine, dried over MgSO4, and then evaporated under reduced pressure. The residue
was chromatographed on silica using 0–10% methanol in CH2Cl2 as the eluent to give
5-ethyl-2-(1-normon-2-yl)oxazole (589 mg), in a yield of 64%.

Other references related to the Robinson-Gabriel oxazole synthesis are cited in the
literature.11
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Robinson-Schöpf

Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Robinson in 19171 and subsequently improved by
Schöpf in 1935.2 It is an ingenious one-pot multicomponent synthesis of tropinone from
succindialdehyde, acetonedicarboxylic acid and methylamine in aqueous solution involving
a double Mannich Reaction.3 This reaction is thus known as the Robinson tropinone
synthesis,4 Robinson synthesis,3a,4a,5 Robinson-Schöpf reaction,3c,6 Robinson-Schöpf
condensation,7 or Robinson condensation.4c It has been reported that the Robinson
tropinone synthesis can take place without any racemization at the stereogenic center
adjacent to the aldehyde group, as demonstrated by the formation of L-allo-teloidinone
from D-tartaraldehyde, and D-allo-teloidinone from L-tartaraldehyde respectively.4a

B. GENERAL REACTION SCHEME

N

O

H3C

O
O

HO2C CO2H

O
CH3NH2+ +
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C. PROPOSED MECHANISMS

The condensation of cis-cyclopentane-1,3-dialdehyde with high stereospecificity indi-
cates that the reaction involves a stepwise process in which the cyclization step is affected by
the nonbonded interactions.3c An illustrative mechanism is provided below for the reaction
among succindialdehyde, acetonedicarboxylic acid, and methylamine.

D. MODIFICATION

This reaction has been extended to cis-cyclopentane-1,3-dialdehyde, methylamine, and
acetonedicarboxylic acid to give a tricyclic amino ketone with high stereospecificity, of
which the N-methyl group is primarily in the axial configuration with respect to the piperi-
done ring, and nitrogen and carbon bridges are anti to each other.3c Further modification
can be found in the reaction using dialdehyde dioxime or 2,5-dimethoxytetrahydrofuran3a

or bis-dimethyl acetal7b as the precursor of unstable dialdehyde.

E. APPLICATIONS

This reaction has been used to the preparation of several alkaloids including cocaine,
and atropine.8



2416 ROBINSON-SCHÖPF CONDENSATION

F. RELATED REACTIONS

This reaction is related to the Petrenko-Kritschenko Piperidone Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

N

O

OMeO OMe

O

O HO2C CO2H

O

HCl/H2O

H2O, MeNH2 · HCl, NaOAc
pH 5.1

90%

Reference 3a.

To a 50 mL aqueous solution of 20.4 g 2,5-dimethoxytetrahydrofuran (0.154 mol) was
added 2 mL conc. HCl (25 mmol), and the mixture was heated at 70–75◦C for 30 min
and then cooled to ambient temperature. A 500-mL, four-necked flask equipped with a
thermometer, pH probe, mechanical stirrer, and nitrogen inlet was charged with 150 mL
water, 50.0 g NaOAc (0.61 mol), 15 mL 40% MeNH2 aqueous solution (0.17 mol), 14.2 mL
conc. HCl (0.18 mol), and 24.8 g acetonedicarboxylic acid (0.17 mol). The solution (pH 5.1)
was cooled to 10◦C, and the dialdehyde solution was added to this flask over 10 min (final
pH at end of addition was 5.1). The mixture was warmed to 40◦C over 10 min, stirred at
40◦C for 50 min, and then cooled to 20◦C. Then the solution was alkalinized with 12.5 mL
50% NaOH solution to pH 10, and 40 g NaCl was added. After the NaCl was completely
dissolved, the aqueous solution was extracted with CH2Cl2 (3 × 85 mL). The combined
CH2Cl2 layers were concentrated to give 18.7 g tropinone as an off-white solid, in a yield
of 90%, m.p. 40–42◦C.

Reference 7b.

Thiodiacetaldehyde bis(dimethylaceta1) (265 g, 1.26 mol) was hydrolyzed in 700 mL hot
water containing 12 mL conc. HCl. After completion of hydrolysis, the solution was cooled
to 25◦C, and 94 g methylamine hydrochloride (1.39 mol) and 220 g acetonedicarboxylic acid
(1.51 mol) were added. The mixture was stirred, and solid K2CO3 was added slowly until
the pH of the solution was 3.0. The clear solution was allowed to stand at room temperature
in the dark, and the pH was held between 3.0 and 3.5 by the addition of hydrochloric acid
after 2 h and after 7 h. After 24 h, the dark brown solution was acidified to pH 2 with
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6 N HCl and extracted with four portions of ether. The aqueous solution was then made
strongly alkaline, saturated with K2CO3, and extracted with 17 portions of CH2Cl2. The
combined extracts were dried over Na2SO4, concentrated to 200 mL, and thoroughly mixed
with alumina (20 mesh) to give, after the evaporation of the solvent, a brown powder that
was placed in a Soxhlet thimble and extracted with ether. From the ether extracts, a dark
crystalline solid was obtained, which on sublimation in vacuo afforded 62 g 9-methyl-3-
thiagranatanin-7-one, in a yield of 29%, m.p. 124–128◦C. The product could be further
purified via recrystallization from benzene-ligroin, m.p. 126–128◦C. No improvement in
yield was seen in smaller scale experiments carried out in buffered solution at pH 3, in dilute
solution, or in solution containing an excess amount of acetonedicarboxylic acid.

Other references related to the Robinson-Schöpf condensation are cited in the literature.9
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Rosenmund Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rosenmund in 1921.1 It is the synthesis of an
arylarsonic acid by refluxing the mixture of an aryl halide and aqueous tripotassium arsenite
in the presence of alkali, alcohol, and copper powder,2 and is known as the Rosenmund
reaction3 or Rosenmund synthesis.4

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

As no mechanistic information is available, it is assumed that this reaction follows a
nucleophilic substitution pattern, as illustrated below.
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D. MODIFICATION

This reaction was extended by Albert and Schulenberg for the preparation of
p-acetophenone-arsonic acid.5

E. APPLICATIONS

This reaction is useful for the preparation of arylarsonic acid.

F. RELATED REACTIONS

This reaction is related to the Bart Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Br

CO2H

K3AsO3 As

O

OH
OH

CO2H

H2O, EtOH, Cu, ∆
41%

Reference 4.

Under stirring, a mixture of 20 g o-bromobenzoic acid (0.1 mol), 63 mL 10% KOH
solution, 20 mL EtOH, 40 mL 50% K3AsO3 solution, and a little freshly reduced copper
was refluxed at 90–95◦C for 12 h. The reaction mixture was filtered while hot to remove the
copper; the filtrate was acidified with 20 mL conc. HCl and was evaporated to dryness on
a steam cone. The residue was extracted with absolute methanol, and the methanol extract
was evaporated to dryness. The residue was washed with ether to remove salicylic acid and
unreacted o-bromobenzoic acid. The ether washed residue was recrystallized twice from
hot water after decolorization with bone black to afford 10.1 g o-carboxyphenylarsonic
acid, in a yield of 41%.

Other references related to the Rosenmund reaction are cited in the literature.6
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Rosenmund Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rosenmund in 1918.1 It is the transformation of
an acyl chloride into corresponding aldehyde by the hydrogenation in a toluene solu-
tion over barium sulfate-supported palladium. Therefore, it is generally known as the
Rosenmund reduction.2 Occasionally, it is also referred to as the Rosenmund-Zetzsche
reduction,3 Rosenmund hydrogenation,4 or Rosenmund hydrogenolysis.5 This reaction
is normally carried out by bubbling hydrogen gas through a rigorously dry solvent with
5–10% palladium catalyst in suspension, and the yield of aldehyde critically depends on
the resistance of the aldehyde toward further reduction.2u,6 Thus a variety of molecules
are added as catalyst “poisons,” “modifiers,” or “regulators.”2d,6 These molecules include
sodium acetate,7 nitrogenous bases, such as quinoline with sulfur,2v N,N-dimethylaniline,8

ethyldiisopropylamine,9 2,6-dimethylpyridine,10 and sulfur-containing molecules, such as
thiourea,4a thiophene,4a and dibenzothiophene,4a though the regulator is not always nec-
essary for the reduction.6,11 The presence of poisons or regulators is believed to block
sites with the most catalytic activity and prevent undesired reactions;2d however, recent
studies indicate that these poisonous molecules do not actually block the active sites but
alter the surface of the catalyst,2d,6 such as the formation of thin palladium particles.6 Dur-
ing the Rosenmund reduction, it has been found that the reducible groups such as nitro
and chloro in aromatic compounds are reduced;2u in addition, aliphatic aldehydes can be
obtained in high yield (e.g., 80–90%) when aliphatic acyl chlorides are reduced in anhydrous
acetone or EtOAc over palladium hydroxide-BaSO4 in the presence of dimethylaniline.2u

Reduction of unsaturated acyl chlorides in some cases result in the overreduction of double
bonds and the extensive rearrangement of the double bond as well,2aa although in many
cases the corresponding unsaturated aldehydes are obtained.12 However, because palladium
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2422 ROSENMUND REDUCTION

catalyst is labile under these reaction conditions and the particle size and surface structure
change quickly,6 the Rosenmund reduction is an unreliable and irreproducible method for
organic synthesis,6 and it is often in competition with other side reactions. For example,
alcohols are often the by-products of the Rosenmund reduction.2u In addition, hydrocar-
bons with one less carbon atom formed by removal of an entire –COCl group are also
obtained from the Rosenmund reduction;2u especially during the reduction of aromatic
acyl chloride, as demonstrated by the formation of tetraphenylethane from diphenylacetyl
chloride.2w Furthermore, some acyl chlorides do not undergo the Rosenmund reduction.
For example, the reduction of trichloroacetyl chloride affords 50–60% of dichloroacetyl
chloride instead of the expected chloral,2t the reduction of succinyl chloride leads to the
formation of butyrolactone, and the reduction of adipyl chloride yields the corresponding
aldehyde and cyclopentanecarboxylic acid as well.13 Because of its intrinsic problems of
reproducibility, the Rosenmund reduction has been widely replaced by the more reliable
Brown Hydroboration,2d using lithium tributoxyborohydride as the reducing reagent.2r

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

Because the reduction mechanism is not as clear as that of Lindlar Hydrogenation,2q a
tentative mechanism in the presence of quinoline containing sulfur is provided below.

D. MODIFICATION

This reaction has been modified by employing THF as solvent at 0◦C for the production
of aliphatic aldehydes.10 In addition, Ru(PCy3)2(H)Cl2 has been used as a catalyst for the
Rosenmund reduction.2b
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E. APPLICATIONS

This reaction had wide application in the preparation of aldehydes before the development
of better methods in modern organic synthesis.

F. RELATED REACTIONS

This reaction is related to the Lindlar Hydrogenation.

G. CITED EXPERIMENTAL EXAMPLES

Cl

O

Cl
Cl

Cl
Cl

O

Cl
Cl

H

H2

Pd/BaSO4

Quinoline-S

50%
Insectisol, ∆

Reference 2t.

The mixture of 40 g trichloroacetyl chloride (0.22 mol), 4.0 g 2% Pd/BaSO4 catalyst,
0.4 mL quinoline-S regulator, and 190 mL freshly refined petroleum fraction (i.e., Insec-
tisol, refluxed over sodium and distilled fraction, b.p.190–220◦C) was heated to 140◦C.
Hydrogen was passed through the stirred mixture at such a rate that a millimole of HCl per
minute was collected in the aqueous exit gas scrubber. After 0.22 mol HCl had been titrated
(∼ 5 h), the mixture was cooled, filtered, and distilled. The fraction at 104–106◦C
(729 mmHg) was collected to afford 15.5 g dichloroacetyl chloride, in a yield of 50%.

O

OH SOCl2

O

Cl
H2

O

HPd/BaSO4

Quinoline-S
toluene, ∆

46%

Reference 2s.

The 2-biphenylylacetyl chloride was prepared by refluxing 25.5 g 2-biphenylylacetic
acid with 18 mL thionyl chloride. An excess amount of thionyl chloride was removed
under vacuum (water pump) at the temperature of a steam bath, and last traces of thionyl
chloride were entrained by means of dry toluene. Then 0.5 g quinoline-sulfur regulator and
5.0 g Pd/BaSO4 catalyst were added. Hydrogen was passed through the stirred solution
until no more HCl evolved, then the catalyst was filtered off, and the filtrate was diluted
with 100 mL ether. The resulting solution was stirred with a saturated aqueous Na2SO3
solution for 24 h. The addition product was collected, washed with ether, and decomposed
by stirring with 250 mL 10% Na2CO3 solution for 3 h. The aldehyde was extracted with
CH2Cl2, dried over MgSO4, and concentrated. The residue was distilled to afford 10.9 g
2-biphenylylacetaldehyde as a colorless oil, in a yield of 46%, b.p. 130–133◦C at 2 mmHg.

Other references related to the Rosenmund reduction are cited in the literature.14
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Rosenmund-von Braun

Reaction
(Rosenmund-von Braun Nitrile

Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rosenmund et al. in 19191 and subsequently modified
by von Braun et al. in 1931.2 It is the synthesis of an aryl nitrile from an aryl halide
and cuprous cyanide in a high boiling solvent. Therefore, it is generally known as the
Rosenmund-von Braun reaction3 or Rosenmund-von Braun cyanation.3c,4 Occasionally, it is
also referred to as the Rosenmund-von Braun aromatic nitrile synthesis,3x Rosenmund-von
Braun cyanodehalogenation,3c Rosenmund-von Braun nitrile synthesis,5 or Rosenmund-
von Braun synthesis.3x,6 This is a biphasic reaction in temperatures ranging from 150◦C to
280◦C,3d,5a using high boiling point solvents such as nitrobenzene,3e NMP3c,7 and DMF.3c

In addition, this reaction is an auto-catalyzed reaction,5 as demonstrated by the reaction
between p-bromotoluene and CuCN, which at 250◦C completes only 15% within the first
60 min, while 60% more product is formed in the subsequent 30 min of reaction.5a Moreover,
the presence of a small amount of nitrile effectively reduces the induction period.3x Some
nitrogenous bases such as tertiary amine8 and pyridine5aalso promote this reaction. It has
been found that CuSO4 has a catalytic effect for this reaction, whereas hydroquinone retards
the formation of aromatic nitrile, indicating that this reaction involves the divalent copper
ion.3x,5a However, this reaction also has a few associated problems: the requirement for
extreme reaction conditions (150–280◦C);3d a harsh work-up process by heating with HCl
and FeCl3;3c a stoichiometric amount of cuprous cyanide which leads to the formation of
equivalent amount of copper halide which may complicate the product separation and cause
the problem of waste disposal as well.3d
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B. GENERAL REACTION SCHEME

Ar X CuCN
NMP, ∆ Ar CN+ X = Br, I

C. PROPOSED MECHANISMS

Although it has been reported that divalent copper is involved in this reaction, and a
mechanism has been proposed to rationalize the reaction,3x,5a it is doubtful that the reaction
involves the free aryl cation, Cu+ and Cu2+ ions. Thus an alternative mechanism is proposed
below.

D. MODIFICATION

This reaction was modified by the replacement of CuCN with cheaper NaCN in the
presence of palladium9 or nickel catalyst,10 as exemplified by the 5% Pd(PPh3)4/10% CuI
catalyzed reaction11 and the Ni(CN)2 or NaCN/NiBr2 based reaction under microwave
irradiation3f for aryl bromide.3b,3e The latter condition is also used for the cyanation of
aryl chloride with NaCN and NiBr2.3e In addition, this reaction has also been extended
to the preparation of some α,β-unsaturated nitriles.3x Further modifications include the
copper-catalyzed domino halogen exchange-cyanation3d and the application of ionic liquid
as reaction media.3e,3h

E. APPLICATIONS

This reaction has general application in the preparation of aromatic nitriles.

F. RELATED REACTIONS

This reaction is related to the Sandmeyer Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 3c.

At room temperature, 120 mg CuCN (1.3 mmol) was added to a stirred
solution of 150 mg (3R)-6-bromo-7-naphthalen-1-ylmethyl-5-oxo-8-phenyl-2,3-dihydro-
5H-thiazolo[3,2-α]pyridine-3-carboxylic acid methyl ester (0.30 mmol) in 1.0 mL NMP.
The mixture was heated at 220◦C for 20 min under microwave irradiation, and the solvent
was then removed by lyophilization from deionized water. The residue was thoroughly
extracted with CH2Cl2, dried, and concentrated. Silica gel column chromatography using
heptane/EtOAc (1:1) as the eluent afforded 110 mg (3R)-6-cyano-7-naphthalen-1-ylmethyl-
5-oxo-8-phenyl-2,3-dihydro-5H-thiazolo[3,2-α]pyridine-3-carboxylic acid methyl ester as
a white foam, in a yield of 82%.

Br NC

Ni(CN)2 · 4H2O/NMP

mw, 200ºC
99%

Reference 3e.

In a 10-mL glass tube were placed 0.171 g 4-bromotoluene (1.0 mmol), 110 mg
Ni(CN)2·4H2O (0.6 mmol), 1.0 mL NMP, and a magnetic stir bar. The vessel was sealed
with a septum and placed into the microwave cavity, and irradiated at 200◦C for 10 min.
After allowing the mixture to cool to room temperature, the reaction mixture was trans-
ferred to a separating funnel, and the tube was washed with water and then with ether. All
washings were added to the separating funnel then another 20 mL water and Et2O each
were added, and the organic layer was separated. The aqueous layer was further extracted
with Et2O, and the combined organic layers were washed with water (3 × 40 mL) to remove
remaining NMP. The organic layer was dried over MgSO4 and concentrated to afford 99%
of 4-methyl benzonitrile.

Other references related to the Rosenmund-von Braun reaction are cited in the
literature.12
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Rothemund Reaction

(Rothemund Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rothemund in 1935.1 It is a one-pot synthesis of
porphine or isoporphine by the thermal condensation of aldehydes with pyrroles and is gen-
erally known as the Rothemund condensation,2 Rothemund synthesis,2e,2g,3 or Rothemund
reaction.2e,4 Occasionally, it is also referred to as the Rothemund-Lindsey reaction.4b,5

Nowadays, this reaction has become the mainstay for the synthesis of porphyrins,4g espe-
cially for 5,10,15,20-,2g (or α,β,γ ,δ-)6 tetrasubstituted hindered meso-porphyrins. Initial
studies have indicated that the condensation between pyrrole and aldehyde can occur under
various conditions, such as in gaseous acetaldehyde (or formaldehyde) when reacted with
pure acetaldehyde or formaldehyde, in methanol at room temperature or at refluxing tem-
perature, or in methanol at 85–90◦C in a sealed tube.1 It has also been found that the same
reaction in a sealed tube at 150–155◦C yields different products,6b and the addition of
pyridine,1 CaCO3/MgO,1 or PbCrO 1

4 results in higher yields of porphyrins. Thus many
current preparations of porphyrin derivatives have been carried out in heterocyclic base,
such as 2,4,6-collidine.2g Furthermore, the addition of a metal ion species, such as Cu(I)7

and Co(II)8 can increase the yield of expected porphyrins, as demonstrated by the dupli-
cation of the yield of porphyrin by use of zinc acetate.9 Such enhancement of the yield is
attributed to the acidifying effect of the added metal ion rather than to the template effect.4i

Furthermore, it is known that the reaction involving an electron-deficient aldehyde normally
leads to a higher yield of porphyrin than the electron-rich one,2b and the substituent on alde-
hyde will control the course of this reaction,2b in which a number of porphyrin analogues
might form, such as chlorin,4k sapphyrin,4c isosmaragdyrin,10 ozaphyrin,11 hexaphyrin,12

and corrole.2e It is the complication of this reaction by formation of other analogues and
the difficulty in isolation of porphyrin out of these contaminants that results in the low
yield of porphyrin.2b Among those porphyrin analogues, there might be “inverted”2c,4g or
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“N-confused”4a,4c,4e,4f (or mutant,4d carba4d) porphyrin, of which the position of nitrogen
and carbon atoms are interchanged in one of the pyrrole rings.

B. GENERAL REACTION SCHEME

R H

O
H
N

∆
N

HN

N

NH

R R

RR

+
2,4,6-collidine/DDQ

R = H, alkyl, aryl

C. PROPOSED MECHANISMS

This one-pot synthesis of porphyrin may involve a series of condensation and dehydration
steps4k to form bipyrrin, tripyrrin, and bilane or bilin. The bilane or bilin then condenses with
one more aldehyde molecule and cyclizes to give porphyrin and its analogues. Displayed
here is an illustrative reaction route for the formation of porphyrin.
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D. MODIFICATION

This reaction has been modified by Alder and Longo by heating the mixture of pyrrole
and aldehyde in propionic acid at 141◦C while open to air to give unhindered porphyrin
derivatives.13 However, such modification often causes problems such as the formation of a
high level of tar material that complicates the purification process, the incompatibility with
certain functional groups on aldehydes, and the low batch-to-batch reproducibility.4i On
the other hand, Lindsey has carried out the reaction in the presence of a catalytic amount
of BF3 or TFA under equilibrium conditions, followed by oxidation with an electron-
deficient quinone,4i,14 such as DDQ.2b,4a,4i In addition, this reaction has been extended
to the preparation of corrole by the application of an excess amount of pyrrole.2e

E. APPLICATIONS

This reaction is the primary method for the preparation of porphyrin derivatives and their
analogues.

F. RELATED REACTIONS

This reaction is related to the Bakelite Process.

G. CITED EXPERIMENTAL EXAMPLES

HNNH

Ph

PhPh
O O

H

NaBH4

NH N

H
N

H
N

Ph

Ph Ph

THF/MeOH
(3:1)

1. Pyrrole, Dy(OTf)3, CH2Cl2

2. Et3N, p-chloranil, CH2Cl2, ∆

49%

Reference 15.

Phenyl-bis(2-(5-benzoyl)pyrrolyl) methane (215 mg, 0.5 mmol) in 40 mL THF/MeOH
(3:1) was reduced by 946 mg NaBH4 (25.0 mmol) to afford the corresponding carbinol,
which upon being dried under vacuum for 30 min was immediately subjected to condense
with 3.47 mL pyrrole (50 mmol) in the presence of 122 mg Dy(OTf)3 (0.2 mmol) in 200 mL
CH2Cl2 for 1.3 h at room temperature. After the addition of 0.139 mL triethylamine
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(1.0 mmol) and 246 mg p-chloranil (1.00 mmol), the mixture was refluxed for 45 min. Then
the entire reaction mixture was filtered through a pad of silica gel, and eluted with CH2Cl2.
The filtrate was concentrated to dryness. The residue was then dissolved in 75 mL CH2Cl2,
adsorbed onto 15 g silica gel, concentrated, and purified by silica gel column chromatog-
raphy using CH2Cl2/hexanes (1:1) as the eluent to afford 128 mg 5,10,15-triphenylcorrole,
in a yield of 49%.

Reference 5.

Benzaldehyde (0.110 mL, 1.09 mmol) and 317 mg 2,3,5,6-tetrafluoro-4-(5,5-dimethyl-
1,3-dioxan-2-yl)benzaldehyde (1.09 mmol) were dissolved in 15 mL dry acetonitrile. Then
2 mL dry acetonitrile containing 21.0 mg dry trichloroacetic acid (0.129 mmol) was added,
and the resulting mixture was stirred under argon in the dark. After that, a solution of
500 mg bis(3-ethyl-4-methyl-2-pyrrolyl)methane (2.17 mmol) in 3 mL dry acetonitrile was
added to the mixture, and the resulting mixture was stirred for 5.5 h. Then a suspension of
790 mg p-chloranil (3.21 mmol) in 15 mL dry THF was added, and the mixture was stirred
overnight. The reaction mixture was passed through a short alumina column and washed by
acetonitrile. Upon evaporation of the solvent, the residue was separated by silica gel column
chromatography with CH2Cl2 as an eluent and was further separated by gel permeation
chromatography (GPC) using THF as an eluent. The second fraction was collected and
further purified by silica gel column chromatography using EtOAc/hexane (1:1) as the eluent
to afford 146 mg 5-(4-(5,5-dimethyl-1,3-dioxan-2-yl)-2,3,5,6-tetrafluorophenyl)-2,8,12,18-
tetraethyl-3,7,13,17-tetramethyl-15-phenylporphyrin, in a yield of 16.5%.

The acetal porphyrin (100 mg) was dissolved in a mixture of TFA (5 mL), 5 mL 10%
HCl, and 1 drop concentrated H2SO4. The resulting mixture was moderately refluxed for
3 h. After being cooled to room temperature, the reaction mixture was neutralized with
saturated NaHCO3 aqueous solution. Then the aqueous solution was extracted with EtOAc,
washed with brine, and dried over Na2SO4. Upon removal of the solvent, 5-(4-formyl-
2,3,5,6-tetrafluorophenyl)-2,8,12,18-tetraethyl-3,7,13, 17-tetramethyl-15-phenylporphyrin
was obtained, in a yield of 100%. (Note: The description of the original protocol is not
clear; a few steps were omitted.)

Other references related to the Rothemund reaction are cited in literature.16
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Roush Crotylboration

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Roush in 1985.1 It is an enantioselective synthesis of
a chiral alcohol by the condensation between a crotylboronate derived from diisopropyl-
(R,R)-tartrate and an achiral aldehyde. Therefore, it is known as the Roush crotylboration,2

Roush asymmetric crotylboration,3 or Roush crotylboronate chemistry.4 The (Z)- or (E)-
crotylboronate derived from diisopropyl-(R,R)-tartrate can be readily prepared from cis-
2-butene or trans-2-butene by a series of treatments on 2-butene with n-BuLi/KO-t-Bu,
B(i-Pr)3, acid and diisopropyl tartrate, respectively. The initial configuration of 2-butene
is preserved during the preparation, and the resulting crotylboronates are referred to as the
Roush crotylboranes5 or Roush crotyl boronate reagents,3 which are very convenient to
use and can be stored in the freezer in toluene solution.3 In addition, no extra oxidation
step is necessary during the workup stage after the addition of the Roush crotylborane to
aldehyde.3 It has been found that the (Z)-crotylboronate results in a syn-homoallylic alcohol
in preference,6 whereas (E)-crotylboronate yields the corresponding anti allylic alcohol
in favored amounts.6b However, these crotylboronates can yield only good to moderate
enantioselectivity for the addition to most achiral aldehydes with a typical e.e. between
60% and ∼ 87%,7 except for the reaction with metal carbonyl-complexed unsaturated
aldehydes, which gives e.e. in the range of 83–98%.8 Guided by the reaction mechanism,
Roush’s group has developed a second generation of crotylboronates with a chiral auxiliary
of (R,R)-N,N ′-bis-(2,2,2-trifluoroethyl)-N,N ′-ethylenetartramide, which rank among the
most highly enantioselective reagents. It should be pointed out that the auxiliary group can
be easily recycled after the reaction.9
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

An illustrative mechanism is provided here for the addition of crotylboronate to aldehyde
with control of stereochemistry.

D. MODIFICATION

This reaction has been modified by the application of (R,R)-N,N ′-bis-(2,2,2-tri-
fluoroethyl)-N,N ′-ethylenetartramide as a chiral auxiliary to obtain the highest enantio-
selectivity.9

E. APPLICATIONS

This reaction has wide application in asymmetric synthesis.

F. RELATED REACTIONS

This reaction is related to the Evans Aldol Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

OO

MeO

B
O

O
CO2-i-Pr

CO2-i-Pr

+
4Å MS

Toluene, –78°C
58%

O

MeO

Reference 6a.

A mixture of 32.2 g (4S,5S)-2-[(2Z)-2-butenyl]-1,3,2-dioxaborolane-4,5-dicarboxylic
acid bis(1-methylethyl) ester (108.0 mmol), 450 mL anhydrous toluene, and 3.22 g 4Å
molecular sieves was stirred at room temperature for 30 min under nitrogen and cooled to
−78◦C. Then 15.0 g (2S)-3-[(4-methoxyphenyl)methoxy]-2-methyl-propanal (72.0 mmol)
in 50 mL anhydrous toluene was slowly added, while maintaining the temperature at −78◦C.
The resulting mixture was maintained at −78◦C for 18 h, then carefully quenched with
a suspension of 1 g NaBH4 in 100 mL absolute ethanol. The mixture was warmed to
0◦C, diluted with 500 mL 1 N NaOH, and stirred vigorously for 2 h. The layers were
separated, and the aqueous layer was extracted with Et2O (3 × 100 mL). The organic
layers were combined, dried over K2CO3, and concentrated. The residue was purified by
flash chromatography over SiO2 using EtOAc/hexanes (1:9) to afford 11.0 g (2S,3R,4S)-
1-[(4-methoxyphenyl)methoxy]-2,4-dimethyl-5-hexen-3-ol as a clear oil, in a yield
of 58%.

O
O

CHO N

NO

O
B

C6H11

C6H11

O

O

O
O

OH

+
4Å MS, –78ºC

Pivaldehyde/THF

53%
99.4 : 0.6 d.e.

Reference 9.

A mixture of 0.66 mmol allylboronate with (R,R)-N,N ′-bis(cyclohexylmethyl)-N,N ′-
ethylenetartramide as chiral auxiliary, 1.0 mL THF, and 600 mg 4Å powdered molecular
sieves was stirred at room temperature for 30 min and was cooled again to −78◦C. A
solution of 5.2 µL pivaldehyde (0.044 mmol) in 200 µL dry THF was added dropwise.
After the addition was complete, the solution was warmed to room temperature and stirred
for 30 min. The mixture was cooled to −78◦C again and then a solution of 0.069 g
d-glyceraldehyde pentylidene ketal (0.44 mmol) in 0.2 mL dry THF was added dropwise
down the side of the flask. After the addition was complete, the solution was maintained at
−78◦C for 36 h. Excess acetaldehyde was then added dropwise via syringe, the cooling bath
was removed, and the solution was warmed to room temperature. The mixture was filtered
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through a plug of Celite, and the filtrate was concentrated under reduced pressure. The
residue was purified by flash silica gel chromatography using hexane/Et2O (9:1) to afford
0.047 g erythro-1,2-O-pentylidenehex-5-en-1,2,3-triol with 99.4:0.6 diastereoselectivity,
as determined by capillary GC analysis, in a yield of 53%.

Other references related to the Roush crotylboration are cited in the literature10.

H. REFERENCES

1. Roush, W. R.; Walts, A. E. and Hoong, L. K., J. Am. Chem. Soc., 1985, 107, 8186.

2. (a) Suenaga, K.; Kimura, T.; Kuroda, T.; Matsui, K.; Miya, S.; Kuribayashi, S.; Sakakura, A. and
Kigoshi, H., Tetrahedron, 2006, 62, 8278. (b) Yeung, K.-S. and Paterson, I., Chem. Rev., 2005,
105, 4237. (c) Smith, A. B.; Friestad, G. K.; Barbosa, J.; Bertounesque, E.; Hull, K. G.; Iwashima,
M.; Qiu, Y. P.; Salvatore, B. A.; Spoors, P. G. and Duan, J. J.-W., J. Am. Chem. Soc., 1999, 121,
10468.

3. Oikawa, M.; Ueno, T.; Oikawa, H. and Ichihara, A., J. Org. Chem., 1996, 60, 5048.

4. Zheng, W. J.; DeMattei, J. A.; Wu, J.-P.; Duan, J. J.-W.; Cook, L. R.; Oinuma, H. and Kishi, Y.,
J. Am. Chem. Soc., 1996, 118, 7946.

5. Faul, M. M. and Huff, B. E., Chem. Rev., 2000, 100, 2407.

6. (a) Francavilla, C.; Chen, W. C. and Kinder, F. R., Org. Lett., 2003, 5, 1233. (b) White, J. D.;
Hanselmann, R.; Jackson, R. W.; Porter, W. J.; Ohba, Y.; Tiller, T. and Wang, S., J. Org. Chem.,
2001, 66, 5217. (c) Brown, H. C. and Narla, G., J. Org. Chem., 1995, 60, 4686.

7. (a) Roush, W. R.; Ando, K.; Powers, D. B.; Palkowitz, A. D. and Halterman, R. L., J. Am. Chem.
Soc., 1990, 112, 6339. (b) Roush, W. R.; Hoong, L. K.; Palmer, M. A. J. and Park, J. C., J. Org.
Chem., 1990, 55, 4109.

8. (a) Roush, W. R. and Park, J. C., J. Org. Chem., 1990, 55, 1143. (b) Roush, W. R. and Park, J. C.,
Tetrahedron Lett., 1990, 31, 4707.

9. Roush, W. R. and Grover, P. T., J. Org. Chem., 1995, 60, 3806.

10. (a) Flamme, E. M. and Roush, W. R., J. Am. Chem. Soc., 2002, 124, 13644. (b) Knapp, S.
and Dong, Y., Tetrahedron Lett., 1997, 38, 3813. (c) Roush, W. R. and Wada, C. K., J. Am.
Chem. Soc., 1994, 116, 2151. (d) White, J. D. and Johnson, A. T., J. Org. Chem., 1994,
59, 3347. (e) White, J. D.; Porter, W. J. and Tiller, T., Synlett, 1993, 535. (f) Roush, W.
R. and Marron, T. G., Tetrahedron Lett., 1993, 34, 5421. (g) Roush, W. R. and Brown, B.
B., J. Am. Chem. Soc., 1993, 115, 2268. (h) Roush, W. R.; Roush, W. R. and Grover, P.
T., Tetrahedron, 1992, 48, 1981. (i) Chen, S.-H.; Horvath, R. F.; Joglar, J.; Fisher, M. J. and
Danishefsky, S. J., J. Org. Chem., 1991, 56, 5834. (j) Hoong, L. K.; Palmer, M. A. J.; Straub,
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Chem., 1990, 55, 5938. (m) Roush, W. R. and Palkowitz, A. D., J. Org. Chem., 1989, 54, 3009.
(n) Hoffmann, R. W.; Dresely, S. and Hildebrandt, B., Ber., 1988, 121, 2225.
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Rowe Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reportd by Rowe et al. in 1926.1 It is an acid-promoted thermal trans-
formation of pseudo-phthalazones into phthalazones2 and is commonly known as the Rowe
rearrangement.2,3 This reaction is generally carried out in a 1.2 N HCl solution at 180◦C in a
sealed tube for a few hours,2,3 and the migratory attendance of the aryl group depends on its
substituents and the nature of the substituent at the 4-position of the pseudo-phthalazone.2

For example, an electron-withdrawing group at the 2- or 4-position of the aryl, such as
nitro, facilitates the rearrangement of the aryl moiety, whereas an electron-donating group,
such as methyl, at the 2- or 4-position retards such migration.2 During this intramolecular
rearrangement, the aryl group remains attached to the same nitrogen atom,2 indicating the
nitrogen atoms in diazonium ions are not equivalent.3

B. GENERAL REACTION SCHEME

N

N

R

O–

X

H+

∆ N

N

R

O
X

X = 2- or 4-Me, Cl, NO2, etc.

+
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C. PROPOSED MECHANISMS

Although the reaction mechanism has been studied via an isotopic labeling experiment,
the proposed mechanism is still not clear. Thus a revised and tentative mechanism is dis-
played here. In this mechanism, the initial addition of an amido nitrogen to the iminium
ion eliminates the charge, but the protonation of nitrogen increases the ring strain, and the
three-membered ring opens.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction has limited application in organic synthesis but is useful for mechanistic
study.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

N

N

O–

NO2

SO4
2–

∆ N

N

O
NO2

1.2 N H2SO4

50–60%

+

Reference 3.
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A mixture of 2.5 g ψ-phthalazone sulfate and 36 mL 1.2 N H2SO4 was sealed in a glass
tube, and heated at 180◦C for 9 h to give 50–60% of 2-(4-nitrophenyl)-4-methylphthalazone,
m.p. 215.5–216.5◦C after recrystallization from acetic acid/water. Considering the actual
content of free base in the sulfate mixture (65%), the yield was adjusted to 86–91%.

Other references related to the Rowe rearrangement are cited in the literature4.

H. REFERENCES
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Rubottom Oxidation

(Rubottom Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rubottom1 and Brook et al.2 concurrently in 1974. It
is the transformation of a ketone into the corresponding α-hydroxyketone by means of the
epoxidation or dihydroxylation of a silyl enolate of the ketone with m-chloroperbenzoic acid
(m-CPBA) or dimethyldioxirane (DMDO). Therefore, this reaction is generally known as
the Rubottom reaction3 or Rubottom oxidation.3a,4 Under certain conditions, the Rubottom
oxidation can establish a hydroxyl group enantioselectively, such as in the introduction of
cis-hydroxyl group with respect to the isopropyl group in 8α,11β-dimethyl-13β-hydroxy-
12β-isopropyl-5β,15-isopropylidenedioxy-14-keto-(�1,2,�3,4)-tricycle.4 The silyl group
can be cleaved by means of tetra-N-butylammonium fluoride (TBAF).4a

B. GENERAL REACTION SCHEME

R
R′

O

R
R′

OSiR′′3
R

R′

O

OH

Et3SiOTf/Et3N

or LDA/TMSCl

1. m-CPBA or DMDO

2. TBAF

R = alkyl, aryl
R′ = alkyl, aryl
R′′ = Me, Et

C. PROPOSED MECHANISMS

It is assumed that the epoxidation of the silyl enolate yields an anomeric effect-stabilized
silyloxy carbocation, which transforms into α-silyloxy ketone via 1,4-silyl migration.
Hydrolysis of such α-silyloxy ketone gives the α-hydroxy ketone. A general illustration
of this reaction is provided here.
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D. MODIFICATION

The oxidation of the silyl enolate has been extended by the application of DMDO rather
than m-CPBA.

E. APPLICATIONS

This reaction has general application in the transformation of ketones into α-hydroxyl
ketones.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

O

O

O

O

O OH

1. Et3SiOTf/Et3N/CH2Cl2

2. DMDO/acetone/CH2Cl2
    then Me2S

82%

Reference 4a.

To a 10-mL pear-shaped flask were added 8.5 mg 8α,11β-dimethyl-12β-isopropyl-
5β,15-isopropylidenedioxy-14-keto-(�1,2,�3,4)-tricycle (0.024 mmol, 1.0 eq.) and 1 mL
CH2Cl2 under argon, followed by 33 �L Et3N (0.24 mmol, 10.0 eq.) and 27 �L Et3SiOTf
(0.12 mmol, 5.0 eq.). The mixture was stirred for 10 min and then diluted with 5 mL EtOAc,
washed with 1 mL saturated NaHCO3 solution, dried over Na2SO4, filtered, and concen-
trated under reduced pressure to give an oil. This oil was azeotropically dried with toluene,
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then dissolved in 2.4 mL CH2Cl2 in a 10-mL pear-shaped flask, and cooled to −78◦C under
argon. A solution of 0.52 �L DMDO (0.036 mmol, 1.5 eq.) in CH2Cl2 was added dropwise
down the side of the flask. The resulting solution was stirred for 15 min at −78◦C, and 27 �L
Me2S (0.37 mmol, 15 eq.) was added to quench the excess amount of DMDO. The quenched
reaction solution was stirred for 5 min at −78◦C, allowed to warm to room temperature,
and then concentrated under reduced pressure. The residue was purified by flash column
chromatography using EtOAc/hexanes (1:19 to 1:4) to afford 7.3 mg 8α,11β-dimethyl-
13β-hydroxy-12β-isopropyl-5β,15-isopropylidenedioxy-14-keto-(�1,2,�3,4)-tricycle as a
colorless oil, in a yield of 82%. This compound can be further purified by recrys-
tallization via vapor diffusion between EtOAc and hexanes to provide white needles,
m.p. 184.6–186.4◦C, Rf = 0.28 (hexane/EtOAc, 4:1).

H

H

CO2Me

O

H

H

CO2Me

O

TMSO
1. Et3N/TMSCl/CH2Cl2

2. m-CPBA/CH2Cl2

74%

Reference 5.

To a solution of 183 mg methyl 3-oxo-28-lupanoate (0.389 mmol) in 8 mL CH2Cl2 at
–78◦C under argon was added with stirring 0.54 mL triethylamine (3.87 mmol) followed
by 0.352 mL trimethylsilyl trifluoromethanesulfonate (TMSOTf, 1.95 mmol). After 1 h
at –78◦C, the reaction was quenched by 3 mL saturated aqueous NaHCO3 solution, and
extracted with hexanes (3 × 3 mL). The combined organic extracts were washed with
brine, dried over Na2SO4, and concentrated under reduced pressure. The crude silyl enol
ether was dissolved in 8 mL CH2Cl2 at 0◦C, and 10 mL precooled CH2Cl2 solution con-
taining 107 mg m-CPBA (0.434 mmol) was added. The mixture was stirred for 2 h and
quenched by 5 mL saturated aqueous NaHCO3 solution. The mixture was extracted with
CH2Cl2 (3 × 5 mL), washed with brine, dried over Na2SO4, and concentrated. Flash chro-
matography on silica gel using hexanes/EtOAc (97:3) as the eluent afforded 156 mg methyl
2-O-trimethylsilyl-3-oxo-28-lupanoate as a colorless oil, in a yield of 74%, Rf = 0.52
(hexanes/EtOAc, 9:1).

Other references related to the Rubottom oxidation are cited in the literature.6
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Ruff Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Ruff in 1892.1 It is a transformation of an aldose
to its analog of one less carbon atom by oxidation of the original aldose into aldonic acid
followed by the decarboxylation of the corresponding calcium salt of aldonic acid with
hydrogen peroxide in the presence of ferric acetate [Fe(OAc)3]. Therefore, this reaction is
generally known as the Ruff degradation.2 Occasionally, it is also referred to as the Ruff
oxidative degradation3 or Ruff reaction.2w For example, d-arabinose is easily prepared from
calcium d-gluconate,2u,4 and d-lyxose is degraded from calcium d-galactonate.2u In addi-
tion, this reaction can be used for the general conversion ofα-hydroxy acids into aldehydes.2s

Although the Ruff degradation has been widely used for the structural determination and
the preparation of new sugars, it suffers from difficulty in separating the sugar from the
gross quantities of organic and inorganic materials presenting in the reaction mixture.2u It
has been reported that this reaction can be catalyzed by titanium-containing zeolites.3c

B. GENERAL REACTION SCHEME

CHO

OHH

HHO

OHH

OHH

CH2OH

CO2H

OHH

HHO

OHH

OHH

CH2OH

CHO

HHO

OHH

OHH

CH2OH

Br2/H2O a) CaCO3

b) H2O2/Fe3+
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C. PROPOSED MECHANISMS

Displayed here is an illustration of the Ruff degradation.

D. MODIFICATION

This reaction has been optimized by the application of an active and reliable catalyst
prepared by double decomposition of ferric sulfate with barium acetate.5

E. APPLICATIONS

This reaction has general application in the structural determination of carbohydrate.

F. RELATED REACTIONS

This reaction is related to the Weerman Reaction, Wohl Degradation, and Fenton
Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 2h.

To a stirred mixture of 1.716 g 3-deoxy-l-hexonolactone, 34 mL water, 442 mg calcium
hydroxide, 272 mg barium acetate monohydrate, and 170 mg hydrous ferrous sulfate was
added 2 mL 30% H2O2, and an additional 2 mL 30% H2O2 was added after 45 min of
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stirring. Then the solution was kept at room temperature for 2 h with occasional stirring,
and then treated with decolorizing carbon and filtered. The filtrate was passed successively
through columns of Amberlite IR-120 (H+) (40 mL) and Amberlite IR-4 (OH−) (40 mL).
Concentration in vacuo gave 430 mg of a yellow syrup, in a yield of 30%.

CO2)2Ca

OHH

HHO

OHH

OHH

CH2OH

CHO

HHO

OHH

OHH

CH2OH

Ba(OAc)2 · H2O/Fe2(SO4)3

H2O/H2O2
42.6–50.0%

Reference 5.

A solution of 20.86 g barium acetate monohydrate (0.076 mol) in 60 mL water and a
solution of 10.2 g ferric sulfate (0.0255 mol) in 60 mL water (equimolecular quantities) are
poured into 2 L distilled water in a 4-L glass beaker. Calcium gluconate dihydrate (200 g,
0.43 mol) was then added, and the solution was heated to boil with stirring. The solution was
then removed from the flame, allowed to settle, and filtered on a Buchner funnel precoated
with filtercel. To the clear amber-colored filtrate, 1 L water was added, and the solution was
cooled to 35◦C, then 120 mL 30% H2O2 was added. Within a few minutes, an evolution of
gas began, and the temperature rose spontaneously to ∼ 55◦C. The reaction was complete
in about 30 min, as indicated by the sudden appearance of a dark purple color. After the
mixture cooled to 40◦C, an additional 120 mL 30% H2O2 was added, whereupon a new
reaction took place very similarly. The dark turbid solution was then filtered through carbon
on a Buchner funnel and concentrated to 250 mL under vacuum. To this solution was added
1500 mL methanol with shaking, and the granular precipitate was filtered on a Buchner
funnel precoated with carbon and washed with 300 mL methanol. To the clear filtrate was
added 900 mL ether with shaking. After 5 min of settling, the new granular precipitate
was filtered on a carbon-coated Buchner funnel. The filtrate was concentrated to a syrup
under vacuum. When it had become so stiff as barely to flow, it was taken up in ∼100 mL
warm methanol and poured out into an Erlenmeyer flask; another 25 mL methanol was
used for rinsing. Crystallization took place readily without seeding. After a few hours in the
refrigerator, the sugar was filtered, washed with MeOH and dried. The yield was 55–65 g
or ∼ 42.6–50% of the theoretical amount. It was recrystallized by being dissolved in two
thirds its weight of water and filter with carbon rapidly while hot; five volumes of methanol
was added. Sharp prisms of d-arabinose separated in a yield of 80% of the crude substance
used. The product was dried at 60◦C under vacuum for 2 h, m.p. 155.5–156.5◦C.

Other references related to the Ruff degradation are cited in the literature.6
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Rupe Rearrangement

(Rupe Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Rupe and Kambli in 1926.1 It is a formic acid-promoted
thermal transformation2 of tertiary α-acetylenic alcohols into α,β-unsaturated ketones, and
is generally known as the Rupe reaction2c,3 or Rupe rearrangement.2,3c,3e,4 Besides formic
acid, other acids2c and even the salt of silver carbonate4b can trigger this reaction as well.
In many cases, this reaction is competed by the Meyer-Schuster Rearrangement, which
also leads to the formation of α,β-unsaturated ketones or aldehydes.2a,3e,4d,5 However,
there is a distinct difference between these two reactions. For example, the Rupe rearrange-
ment involves dehydration to form a vinyl acetylene intermediate, and the hydration of
this intermediate gives the α,β-unsaturated ketone;2a,2c,3a,3d,3e,5 while the Meyer-Schuster
Rearrangement is a 1,3- or allylic shift to form an allenic carbonium intermediate, and the
hydration of this intermediate leads to a different α,β-unsaturated ketone,2c and an alde-
hyde from the rearrangement of a terminal acetylene.2a In certain cases, only the Rupe
rearrangement takes place, as in the case of phenylethynylcarbinol with a methoxy group
at the para-position of the phenyl group.3e

B. GENERAL REACTION SCHEME

R1

R3

OHR2

HCO2H

∆ R1

R2

O

R3
R1 = H, alkyl, aryl
R2 = alkyl, aryl
R3 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

This reaction involves the protonation of a tertiary alcohol and dehydration to form a
tertiary carbonium ion that expels the α-proton to form an enyne intermediate. Hydration
of the acetylene moiety yields the α,β-unsaturated ketone.2a A general illustration of this
reaction is provided below, as well as the possible competition to yield the Meyer-Schuster
Rearrangement product.

R1

R3

OHR2

H+

R1

R3

OH2
R2 H2O

R1

R3

R2

H

R1

R3

R2
H+

H2O

R1

R3R2

O
H

R1

R2

O

R3

+

+

D. MODIFICATION

This reaction has been initiated by the application of silver carbonate.4b

E. APPLICATIONS

This reaction has general application in the preparation of α,β-unsaturated ketones.

F. RELATED REACTIONS

This reaction is related to the Meyer-Schuster Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

Ph

OH HCO2H

∆
42%

Ph

O

Reference 3e.

The mixture of 38 g methylethyl-(phenylethynyl)carbinol (0.218 mol) and 300 mL 88%
formic acid was refluxed vigorously for 3 h. The reaction mixture became cloudy and a
clear red oil rose to the surface. After cooling, the mixture was transferred to a beaker
and neutralized with solid NaHCO3. The resulting neutral mixture was transferred into a
separation funnel, and extracted with benzene (4 × 50 mL). The combined organic layers
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were washed with brine and dried, and the benzene was removed by distillation. The residue
was fractionated under reduced pressure using a modified Claisen flask to afford 16.1 g
1-phenyl-3-methyl-pent-3-ene-2-one as a pale yellow viscous liquid, in a yield of 42%,
b.p., 154–157◦C at 24 mmHg.

OH O

∆

AcOH/H2O/resin

86.7%

Reference 6.

A stirred mixture of 39.0 g 1-ethynylcyclohexanol, 100 mL acetic acid, 10 mL H2O, and
20 g resin was refluxed for 45 min. As soon as the reflux temperature had been reached,
the resin began to darken, and in a few min had changed from the original brown to almost
black. After cooling, the resin was filtered off and washed with ether. The filtrate and
washings were diluted with water and made slightly alkaline by the cautious addition of
40% NaOH solution. This mixture was extracted with ether, and the combined ether layers
were washed with brine and filtered through anhydrous MgSO4. Upon removal of ether,
the residue was distilled to afford 33.8 g 1-acetyl cyclohexene, in a yield of 86.7%, b.p.
96–98◦C at 22 mmHg.

Other references related to the Rupe rearrangement are cited in the literature.7
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Sabatier-Senderens

Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction can be traced back to Debus’s transformation of hydrocyanic acid into
methylamine over platinum in 1863, De Wilde’s hydrogenation of acetylene into ethylene
and ethane in 1874,1 and Mond’s extensive work from 1890 to 1895.2 However, it was in
1899 that Sabatier and Senderens established nickel-based hydrogenation3 and converted
the unsaturated organic molecules (e.g., ketones, aldehydes, alkenes and aromatics) into
corresponding saturated compounds (i.e., alcohols, hydrocarbons) by passing the vapor of
organic molecules and hydrogen over hot, finely divided nickel. This nickel-based vapor
phase hydrogenation became one of the most practically useful reactions and won Sabatier
the Nobel Prize in 1912.1 It is generally known as the Sabatier-Senderens reduction.4

This reaction is different from reductions using nascent hydrogen as the reducing agent,
such as amalgam of sodium in alcohol (alkaline condition) and or zinc or tin with hydrochlo-
ric acid (acidic medium). In this reaction, the purity of nickel and reaction temperature are
found to be critical for successful hydrogenation.1 For example, trace amounts of sulfur,
bromine, or iodine will deactivate the nickel catalyst; in addition, it has been found that
each hydrogenation process takes place only within a well-defined temperature range,1

as evidenced by the hydrogenation of benzene to cyclohexane at temperatures ranging
from 70◦ to 190◦C, with an optimal temperature between 170◦ and 190◦C, and the fur-
ther reduction of benzene to methane accompanied by the deposited carbon on nickel at
temperatures > 300◦C.5 Under the correct hydrogenation conditions, Sabatier et al. success-
fully converted oleic acid into stearic acid, acetone to isopropanol, carbon monoxide into
methane or a gaseous mixture rich in methane, phenol and p-cresol into cyclohexanol and
p-methylcyclohexanol, benzene to cyclohexane, and naphthalene to tetralin, etc.1 All these
reductions afford the expected products, except for the hydrogenation of naphthalene; other
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reducing methods may lead to the unexpected products, as demonstrated by the reduction
of benzene with hydroiodic acid at 250◦C to afford methyl cyclopentane,1 and the hydro-
genation of only one phenyl group of triphenylcarbinol over the Adam’s platinum oxide
catalyst.6 At the same time, Sabatier et al. also found that the reduced cobalt, iron, copper,
and powdered platinum have catalytic activities similar to nickel. Copper in particular is
known to be superior to nickel during the hydrogenation of nitrobenzene to aniline, due to
its insensitivity to accidental impurities.1 It is interesting that Sabatier was able to reduce
naphthalene into only tetralin,7,8 other researchers have successfully converted naphthalene
into decalin over nickel.9

B. GENERAL REACTION SCHEME

CO
∆

CH4
R R′

O

∆ R R′

OH

R

R′
∆

R

R′

H2/Ni H2/Ni

H2/Ni R = alkyl
R′ = H, alkyl

C. PROPOSED MECHANISMS

Although Sabatier proposed that the hydrogenation occurs via nickel perhydride (NiH2)
from the well-prepared and pure nickel, via a poorer hydride from nickel with impurities, or
at a very high temperature,1 it is clear that nickel can absorb a great deal of hydrogen, as indi-
cated by the current use of the nickel hydrogen (Ni/H2) battery cell.10 On the other hand, the
hydrogenation of carbon monoxide into methane is assumed to involve the formation of an
intermediate complex, CHxO, on the nickel surface11 or an active carbon intermediate from
the dissociation of carbon monoxide,11 which is hydrogenated into methane. In addition,
it has been proposed that hydrogen or non-hydrogen gas assists the dissociation of carbon
monoxide.11a Alternatively, the Sabatier-Senderens reduction may proceed in another route,
in which nickel inserts into hydrogen via oxidative addition, and the resulting intermedi-
ate forms a coordination complex with carbon monoxide; then a series of transformations,
including acyl transfer and reductive elimination, take place until the formation of methane.
In addition, the deposited carbon on nickel might be caused by dehydrogenation occurring
at an elevated temperature. Displayed here is a tentative mechanism (next page) to illustrate
the formation of methane from carbon monoxide.

D. MODIFICATION

In terms of hydrogenation, the Sabatier-Senderens reduction has been extensively
modified, as shown by the Fischer-Tropsch Synthesis (or process), the Adkins Catalyst,
and Raney-Nickel Catalyst. In addition, the silica black-supported nickel catalyst,12 and
nickel-based complex reducing agents (Nic, e.g. NaH-RONa-Ni(OAc)2),13 have also been
developed, the latter is a heterogeneous hydrogenation catalyst that works at atmospheric
pressure.
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E. APPLICATIONS

This reaction has an important application in organic synthesis, especially in the trans-
formation of carbon monoxide or carbon dioxide into organic compounds.

F. RELATED REACTIONS

This reaction is related to the Fischer-Tropsch Synthesis and Raney-Nickel.

G. CITED EXPERIMENTAL EXAMPLES

Cotton seed oil
H2/Ni on silica black

Partial saturated oil
180°C

Reference 12.

To a reaction flask were added 50 mL cotton seed oil and 2.5 g silica black-supported
nickel catalyst, and the mixture was agitated until complete suspension was attained. Then
the mixture was stirred with a mechanical stirrer for 10 min, and the flask was placed in
a furnace and connected with a hydrogen tube that reached to the bottom of the flask.
The flask was maintained at 180◦C for different time intervals, while hydrogen was bub-
bled through at the rate of 400–450 bubbles/min at ordinary atmospheric pressure. At the
end of hydrogenation period, the experiment was stopped, and the product was filtered
through asbestos at 140◦C. The degree of unsaturation for the oil was verified by iodine
numbers.

Other references related to the Sabatier-Senderens reduction are cited in the literature.14
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1. (g) Harms, A.; Höhlein, B.; Jørn, E. and Skov, A., Oil Gas J., 1980, 78, 120. (h) Goodmann,
D. W.; Kelley, R. D.; Madey, T. E. and White, J. M., J. Catal., 1980, 64, 479. (i) Rostrup-Nielsen,
J. R. and Pedersen, K., J. Catal., 1979, 59, 395. (j) Bresler, S. A. and Ireland, J. D., Chem. Eng.,
1972, 1, 94. (k) Gueron, J. and Magat, M., Ann. Rev. Phys. Chem., 1971, 22, 1. (l) Shuikin, N.
I. and Erivanskaya, L. A., Russ. Chem. Rev., 1960, 29, 309. (m) Bailey, A. E., Ind. Eng. Chem.,
1952, 44, 990. (n) Litkenhous, E. E., Ind. Eng. Chem., 1939, 31, 1059. (o) Litkenhous, E. E. and
Mann, C. A., Ind. Eng. Chem., 1937, 29, 934. (p) Adkins, H.; Cramer, H. I. and Connor, R., J. Am.
Chem. Soc., 1931, 53, 1402. (q) Adkins, H. and Cramer, H. I., J. Am. Chem. Soc., 1930, 52, 4349.
(r) Adkins, H.; Connor, R. and Cramer, H., J. Am. Chem. Soc., 1930, 52, 5192. (s) Sabatier, P.,
Ind. Eng. Chem., 1926, 1005. (t) Gauger, A. W., J. Am. Chem. Soc., 1924, 46, 674. (u) Sabatier,
P. and Senderens, J. B., Bull. Soc. Chim., 1907, [4] 1, 107. (v) Sabatier, P. and Senderens, J. B.,
Ann. Chim. Phys., 1905, [8] 4, 368. (w) Sabatier, P. and Mailhe, A., Compt. Rend., 1904, 139,
345. (x) Sabatier, P. and Senderens, J. B., Compt. Rend., 1902, 134, 514. (y) Sabatier, P. and
Senderens, J. B., Compt. Rend., 1901, 132, 1255. (z) Sabatier, P. and Senderens, J. B., Compt.
Rend., 1901, 132, 210.



555
Saegusa Cyclization

(Saegusa Indole Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Saegusa, et al. in 1977.1 It is the synthesis of indole
and 2- or 3-substituted indole derivatives by means of the lithiation of ortho-alkyl phenyl
isocyanide and subsequently intramolecular cyclization. Therefore, it is known as the
Saegusa cyclization.2 In this reaction, the treatment of ortho-alkyl phenyl isocyanide with
two equivalents of base such as LDA or LiTMP in diglyme at low temperature followed
by intramolecular cyclization leads to the formation of simple indole, while the reaction
between o-lithomethylphenyl isocyanide and an electrophile (e.g., alkyl halide, epoxide,
etc.) followed by lithiation and ring closure produces 3-substituted indoles.1 This reaction
is solvent dependent and can give indoles in quantitative yields.1 For example, the lithiation
of o-tolyl isocyanide by LDA in ether or THF results in the low yield of indole, along
with the formation of a substantial amount of N,N-diisopropyl-N ′-(o-tolyl)-formamidine.1

This is probably attributed to the strong coordination from the two oxygen atoms in
diglyme to the lithium cation, whereas only one oxygen atom exists in ether, THF, or
monoglyme. Furthermore, o-(acylmethyl)phenyl isocyanides prepared from the acylation
of o-lithomethylphenyl isocyanide with allyl carboxylates can yield 3-acyl indoles or 2-alkyl
indoles by the treatment with cuprous oxide or acid.3
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B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A simple mechanism is provided below for the preparation of indole.

N N

Li+

N

Li+

N
Li+

N

H

N
H

2 eq. LDA

Workup Isomerization

–

+

C

–

–

–C

–

C+

D. MODIFICATION

This reaction has been modified by the activation of the ortho-benzylic proton with
ruthenium complexing to tetramethyl ethylene diphosphine.4 In addition, the o-alkynyl
phenylisocyanide has been converted into indolene or indole derivatives via radical initiated
cyclization.5

E. APPLICATIONS

This reaction has certain application in the preparation of indole derivatives.
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F. RELATED REACTIONS

This reaction is related to the Madelung Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

N

TMS

N
H

SEt

EtS
TMS

AIBN, EtSH

Toluene, ∆
86%

C

+

–

Reference 5.

A mixture of 1.13 g ortho-isonitrile phenyl trimethylsilyl acetylene (5.68 mmol), 2.10
ethanethiol (28.4 mmol), 0.14 g AIBN (0.85 mmol), and 142.0 mL toluene was refluxed
for 15 min and then concentrated in vacuo. The residue was purified by alumina column
chromatography using hexanes/EtOAc (10:1) as the eluent to afford 1.57 g 2-ethylthio-
3-(1-trimethylsilyl-1′-ethylthio)methyl indole as a pale yellow solid, in a yield of 86%,
m.p. 94–96◦C.

N
O

Cu2O

N
H

O

Benzene, ∆
71%+

–C

Reference 3.

A mixture of 302 mg o-[(3-methylbutyroyl)methyl]phenyl isocyanide (1.5 mmol) and
29 mg Cu2O (0.2 mmol) in 5 mL benzene was refluxed under nitrogen for 2 h and monitored
by IR for the characteristic IR peak of the isonitrile group. The reaction mixture was filtered,
and the filtrate was concentrated. The residue was purified by silica gel column chromatog-
raphy using CHCl3/EtOAc (1:1) to afford 71% 3-(isobutyroyl)indole, m.p. 135.5–137.0◦C,
Rf = 0.76 (CHCl3/EtOAc, 1:1).

Other references related to the Saegusa indole synthesis are cited in the literature.6
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Saegusa Oxidation
(Saegusa-Ito Oxidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Saegusa et al. in 1978.1 It is a two-step process for the
regioselective conversion of a ketone into an α,β-unsaturated ketone, involving the trans-
formation of the ketone into a silyl enol ether and palladium (II) acetate (i.e., Pd(OAc)2)
mediated dehydrosilylation in acetonitrile. Therefore, this reaction is generally known as
the Saegusa oxidation.2 Occasionally, it is also referred to as the Saegusa-Ito oxidation3 or
Saegusa-Ito reaction.4 Currently, a variety of protocols have been developed for the prepara-
tion of silyl enol ethers, including TMSCl/LHMDS,5 TMSCl/LDA,6 TMSCl/LDA/Et3N,2h

TMSCl/LiTMP,4 TMSOTf/Et3N,7 TMSOTf/2,6-lutidine,2d and TMSOTf/EtN(i-Pr)2.3b

Although this reaction normally requires a stoichiometric amount of palladium (II)
acetate,1,8 it also takes place when less than an equivalent1,9 of or even a catalytic amount
of Pd(OAc)2e,2h,4,8−10

2 is present, if an oxidating reagent exists in the reaction system.
These oxidants include oxygen,2e,8a diallyl carbonate,4 benzoquinone,2h iodoxybenzoic
acid (IBX),11 t-BuOOH,10 and Cu(OAc)2.9 Even though this reaction has become one of
the most convenient reactions for the preparation of α,β-unsaturated ketones,8b sometimes
it still fails.2a,3a,9,12 However, the modification of the standard protocol by the addition of
water9 or base2g,3a often works properly.

B. GENERAL REACTION SCHEME

R1 R2

O

R1 R2

OTMS Pd(OAc)2

CH3CN R1 R2

OTMS-X/base

R1 = H, alkyl, aryl
R2 = H, alkyl, aryl
X = Cl, OTf
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C. PROPOSED MECHANISMS

In Pd(OAc)2, Pd(II) has 8 out-shell electrons in total, and requires 10 more electrons
to satisfy the 18-e rule. Because acetate is a bidenate ligand, Pd(OAc)2 itself can in fact
bind to only one more ligand, which possibly is the double bond of the silyl enol ether.
The migration of the silyl group leads to the addition of palladium to the double bond, and
reductive elimination of palladium results in the α,β-unsaturated ketone. If an oxidant exists
in the reaction system, the palladium species from the reductive elimination is oxidized to
Pd(II), which enters the catalytic cycle again. An illustrative mechanism focusing on the
dehydroxysilylation in CH3CN is displayed below, using quinone as the oxidant.

D. MODIFICATION

This reaction has been extensively modified to a catalytic version by the use of different
oxidants.2e,2h,4,8−10 Especially, different α,β-unsaturated ketones can be obtained from the
same silyl enol ether by the use of different bases, such as Na2HPO4 and CsCO3.10

E. APPLICATIONS

This reaction has been widely used for the preparation of α,β-unsaturated ketones, and
the cleavage of tertiary cyclobutanols.8a
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F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OO

O

O

O

OO

O

O

OTMS

CH3CN

OO

O

O

O

LDA/TMSCl

THF, –78°C

Pd(OAc)2/Na2CO3

63.4%

Reference 3a.

To a solution of LDA freshly prepared from 1.70 mL diisopropylamine (12 mmol)
and 4 mL 1.5 M n-BuLi in hexane (6 mmol) in 10 mL THF at –78◦C under argon was
added dropwise a solution of 600 mg ketone (2 mmol) in 4 mL THF. After 15 min, 5 mL
chlorotrimethylsilane (4 mmol) was added, and the reaction was allowed to warm to 0◦C.
The mixture was quenched with 8 mL H2O, extracted with Et2O (4 × 10 mL), dried over
MgSO4, and concentrated in vacuo. The resulting silyl enol ether was taken up by 30 mL
acetonitrile; 275.6 mg anhydrous Na2CO3 (2.6 mmol) and 583.5 mg palladium acetate
(2.6 mmol) were added in turn. The reaction mixture was stirred for 12 h under a nitrogen
atmosphere. Then the mixture was filtered with a short gel column and washed by EtOAc.
Upon removal of solvent, the residue was purified by silica gel column chromatography
using petroleum ether/EtOAc (8:1) as the eluent to afford 378 mg enone (63.4%) along with
104 mg starting ketone (17.0% recovery).

OTIPSO
H

OPMB

OTIPSTMSO
H

OPMB

(Allyl-O)2CO, CH3CN
OTIPSO

H

OPMB

LiTMP/TMSCl

(> 6:1 regioselectivity)

6.8 mol % Pd2(dba)3 · CHCl3

Two steps, 90%

Reference 4.

To a solution of 0.22 mL 2,2,6,6-tetramethylpiperidine (1.31 mmol, 1.5 eq.) in 6.0 mL
THF was added 0.79 mL 1.48 M BuLi in hexane (1.22 mmol, 1.4 eq.) at 4◦C (ice water
bath). After being stirred for 1 h at the same temperature, the reaction mixture was cooled
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to –78◦C. TMSCl (0.17 mL, 1.22 mmol,1.4 eq.) was then added, followed by 402 mg
starting material (0.873 mmol) in 6.0 mL THF via cannula. After being stirred for 2 h
at –78◦C, the reaction mixture was allowed to warm up, quenched by saturated NaHCO3
aqueous solution, extracted with Et2O, dried over Na2SO4, and concentrated. The residue
was dissolved in 4.7 mL CH3CN, then 0.17 mL diallyl carbonate (1.2 mmol, 1.4 eq.)
and 61.0 mg Pd2(dba)3·CHCl3 (59 �mol, 6.8 mol %) were added at room temperature.
After being stirred for 12 h at room temperature, the reaction mixture was quenched by
saturated NaHCO3 aqueous solution, extracted with CH2Cl2, dried over Na2SO4, and
concentrated. The residue was purified by flash column chromatography using 15%–20%
EtOAc in hexane as the eluent to afford 361.3 mg (R)-5-[(E)-3-(4-methoxybenzyloxy)-
1-triisopropylsilyloxymethyl-1-propenyl]cyclohex-2-enone and its regioisomer (> 6:1) as
a colorless oil (90% for two steps, Rf = 0.43 (hexane/EtOAc, 3:1)), and 35 mg starting
material (9% recovery).

Other references related to the Saegusa oxidation are cited in the literature.13
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Sandmeyer Isatin Synthesis

(Sandmeyer Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Sandmeyer in 1919.1 It is a synthesis of isatin deriva-
tive involving the condensation of chloral (i.e., trichloroacetaldehyde), hydroxylamine, and
a primary aryl amine to an α-isonitrosoacetanilide and subsequent electrophilic cyclization
of the latter in the presence of a strong acid such as concentrated sulfuric acid.2 Therefore,
this reaction is generally known as the Sandmeyer isatin synthesis2a,3 or the Sandmeyer
synthesis.4 During this reaction, the oximino intermediate can be isolated by extraction
with warm 2 N NaOH followed by the precipitation with a 2 N HCl solution and purified
by recrystallization in ethanol.5 The isatin derivatives from this reaction have been used as
the starting material for quinolines, acridines, and indophenazines.3c It is possible that the
oximino intermediate from the meta-substituted aryl amine may form two stereoisomers
during electrophilic cyclization (i.e., the 4- and 6-substituted isatins), which cannot be sepa-
rated completely by fractional crystallization.6 It is interesting that these two stereoisomers
could be completely and rapidly isolated by precipitation of 4-isomer (usually red nee-
dles) with acetic acid followed by the precipitation of 6-isomer (usually yellow plates) by
concentrated HCl.6 However, this reaction fails to convert the oximino intermediates aris-
ing from nitroanilines,7 2-fluoroanilines, and 2,4-difluoroanilines3c into the corresponding
isatin derivatives.
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B. GENERAL REACTION SCHEME

NH2

X Cl3CCHO NH2OH
N
H

O

NOH
X

N
H

O

OX

+ +
conc. H2SO4

(X = 3- or 4-F, Br, Me, etc.)

C. PROPOSED MECHANISMS

It is assumed that hydroxylamine condenses with chloral to give oxime, which then
undergoes the nucleophilic substitution with aniline, and hydrolyzes to give oximino inter-
mediate under basic conditions. In the presence of a strong acid, such as concentrated
sulfuric acid, the oximino compound cyclizes via nucleophilic addition of aromatic ring to
C=N double bond. An illustrative mechanism is provided below.

D. MODIFICATION

The oximino intermediate has been cyclized with PPA as the dehydrating reagent.3a

E. APPLICATIONS

This reaction has a general application in the synthesis of isatin derivatives, which could
be used as the starting materials for quinolines, acridines and indophenazines etc.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

H2N CO2Me

Cl3CCHO NH2OH
∆

N
H

O

O

CO2Me

+ +
HCl/Na2SO4

H2O, ∆

conc. H2SO4

34%

Reference 4a.

A mixture of 13.6 g methyl 3-aminobenzoate (0.09 mol), 16.1 g chloral hydrate
(0.09 mol), 234.4 g Na2SO4, 19.8 g hydroxylamine hydrochloride (0.29 mol), 145 mL
water, and 8 mL concentrated HCl was refluxed for 2 h and then kept at room temperature
overnight. The cream color isonitroso intermediate was filtered off, washed with water, and
dried to give 16.0 g intermediate, in a yield of 80%. This compound in a total of 16.0 g
(0.07 mol), was added in portions to 70 mL conc. H2SO4 maintained at 70–75◦C over a
period of 30 min under stirring. The resulting mixture was then heated at 80◦C until the
reaction was complete, as monitored by TLC (CHCl3/EtOH, 8:2). After being cooled to
room temperature, the mixture was slowly poured onto ice. The aqueous phase was extracted
with EtOAc; the combined organic layers were dried over MgSO4, filtered, and evaporated.
The resulting orange solid was purified by gradient flash column chromatography on silica
gel, eluting with CHCl3/EtOH (8:2) to give 5.0 g methyl 4-isatincarboxylate, in a yield of
34%, m.p. 215–217◦C.

MeO NH2

OMe

Me

MeO N
H

OMe

Me

O

NOH

MeO

OMe

Me

N
H

O

O

Na2SO4/H2O
∆

PPA, ∆

70%

Cl3CCH(OH)2
NH2OH · HCl

Reference 3a.

After a mixture of 1.68 g chloral hydrate (10.2 mmol), 2.03 g hydroxylamine hydro-
chloride (29.2 mmol), 13.4 g anhydrous Na2SO4, and 45 mL water was stirred at 45–50◦C
for 15 min, a 7.0 mL solution prepared from 1.517 g aniline, 0.75 mL conc. HCl, and water
was added. The resulting mixture was heated for 1 h each at 45–50◦C, 55–60◦C and 65–
70◦C. An additional 0.45 g chloral hydrate and 4.1 g hydroxylamine hydrochloride were
added, and the reaction mixture was heated at 75–80◦C for another hour. When the mixture
was cooled in ice water, a light brown precipitate formed, which was filtered to afford 1.58 g
N-(2,3-dimethoxy-4-methylphenyl)-2-(hydroxyimino)-acetamide of sufficient purity, in a
yield of 73%. To 20 mL polyphosphoric acid at 100◦C was added 2.0 g N-(2,3-dimethoxy-
4-methylphenyl)-2-(hydroxyimino)-acetamide (8.39 mmol) over a period of 5 min. After
20 min, the reaction mixture was cooled, and 40 mL water was carefully added to yield an
orange precipitate, which was filtered to give 1.30 g 6,7-dimethoxy-5-methyl-1H-indole-
2,3-dione, in a yield of 70%. This compound could be further purified by recrystallization
in methanol, m.p. 180.5–181.5◦C.

Other references related to the Sandmeyer isatin synthesis are cited in the literature.8
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Sandmeyer Reaction

(Sandmeyer Transformation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Sandmeyer in 1884 during the preparation of
phenylacetylene from benzenediazonium chloride and cuprous acetylide.1 It is a two-step
synthesis of aryl halides or cyanides from primary aryl amines involving the formation
of diazonium salts of the corresponding amines with nitrous acid and the transformation
of diazo intermediates into aryl halides or cyanides with cuprous halides or cyanide. This
reaction is therefore generally referred to as the Sandmeyer reaction.2,3 Occasionally, it is
also known as the Sandmeyer transformation.4 In addition, the preparation of aryl nitrile
from this reaction is specifically known as the Sandmeyer nitrile synthesis.2v Likewise, the
combination of the alkali halide and cuprous halide is known as the Sandmeyer reagent.2v,5

It is clear that the halo group introduced into the aromatic ring originates from cuprous
halide instead of the diazonium halide, as supported by the formation of p-dichlorobenzene
from p-chlorobenzenediazonium bromide and cuprous chloride as well as the production of
p-chloro-bromobenzene from p-chlorobenzenediazonium chloride and cuprous bromide.6

In addition, the halogen exchange has also been observed in the Sandmeyer reaction.3a,3n

Although cupric or ferrous chloride does not promote this reaction,1a it has been found
that a saturated solution of CaCl2, ZnCl2, and zinc ammonia chloride [Zn(NH3)2Cl2], with
maximal concentration of chloride ions, reacts equally well with aryl diazonium salt to
give aryl chloride.1a In contrast, the yield of aryl nitrile can be improved by a reaction of
diazonium salt with nickel cyanide (i.e., Ni(CN)2), rather than CuCN,1a whereas other salts
of cyanide such as that with Fe, Cr, and Zn are not effective.7 It should be pointed out
that the iodonation of the aromatic diazonium salt does not need the presence of cuprous
iodide.1a,2e Overall, this reaction usually gives less than a quantitative yield of aryl halide
due to the formation of some side products, including biaryl, azobenzene, and phenol.1a,2b,8
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B. GENERAL REACTION SCHEME

NH2 X

1. NaNO2/HCl

2. CuX

(X = Cl, Br, I, CN, SCN, SeCN, etc.)

C. PROPOSED MECHANISMS

Although different mechanisms have been proposed for this reaction, including the
addition of cuprous chloride to the N=N double bond, the formation of cupric salt from
oxidation-reduction, the formation of copper complex [CuCl4]2−,1a and the isolation of
C6H5N2Cu2Br3 crystal as the reaction intermediate,3l more recent experimental evidence
supports the concept that this reaction involves an aryl radical,1a,2x,3f,3p as illustrated below.

D. MODIFICATION

A standard condition has been optimized for this reaction, in which the aryl amine is
diazotized in 10 times its amount of acetic acid, followed by the addition of one equivalent
of cuprous halide in hydrohalic acid. Under these conditions, the acetate salt of aryl amine is
relatively soluble, and less froth and tarry material are formed during diazo transformation.9

In addition, chlorination, bromination, and iodonation of p-haloaniline to dihalobenzenes
under such standard conditions give almost comparable average yields. Other modifications
of this reaction include the formation of phenyl selenocyanate by the reaction with potas-
sium selenocyanate,2c and aryl nitrile by the reaction with nickel cyanide.1a Moreover, this
reaction has been extended to the preparation of phenyl thiocyanate, phenyl isothiocyanate3h

and aromatic sulfonyl chloride.3o

E. APPLICATIONS

This reaction has very general application in the preparation of aryl halides and nitriles.

F. RELATED REACTIONS

This reaction is related to the Gattermann Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

N

N

NH2

N

N

I

1. NaNO2/HCl

2. KI, ∆
55%

Reference 2e.

A solution of 87 mg NaNO2 (1.26 mmol) in 2 mL water was added dropwise to a solution
of 250 mg 2-amino-8-methyl-8H-quino[4,3,2-kl]acridine (0.84 mmol) in 50 mL 2 M HCl
at 0◦C. After the mixture was stirred at 0◦C for 15 min, a solution of 0.24 g KI (1.47 mmol)
in 10 mL water was added dropwise, and the resulting mixture was heated for 0.5 h at
80◦C. After cooling, the reaction mixture was alkalinized to pH 12 with 10% NaOH, and
the product was extracted with CHCl3 (4 × 50 mL). Upon removal of solvent, the residue
was purified by column chromatography using 0.25% MeOH in CHCl3 as the eluent, to
afford 190 mg 2-iodo-8-methyl-8H-quino[4,3,2-kl]acridine, as a yellow solid, in a yield of
55%, m.p. 265–268◦C.

Br

NMe2

NMe2

H2N Br

NMe2

NMe2

Cl
1. NaNO2/HCl/DMSO

2. CuSO4/CuCl/DMSO
47%

Reference 2q.

To a stirred solution of 9.0 g 5-amino-2-bromo-1,3-bis-[(dimethylamino)methyl] ben-
zene (31.4 mmol) in 75 mL DMSO was added 15 mL concentrated HCl dropwise. The
reaction mixture was cooled to 0◦C, and subsequently, a mixture of 15 mL conc. HCl and
6.1 g NaNO2 in 50 mL DMSO was added, while the temperature of the reaction mixture
was maintained at 10◦C. After this addition, 7.86 g CuSO4 (31.4 mmol) and 1.55 g CuCl
(15.7 mmol) were added. There was immediate gas evolution, and the greenish mixture was
then stirred for an additional 16 h, while the temperature was slowly raised to room temper-
ature. The reaction mixture was poured into 400 mL 2 M NaOH, whereupon the solution
turned blue and then brown. To this heterogeneous mixture was added 200 mL CH2Cl2, and
the whole mixture was filtered through a G4 glass frit with a layer of infusorial earth. The
organic layer of the orange filtrate was separated, and the aqueous phase was extracted with
CH2Cl2 (2 × 100 mL). The combined organic layers were washed with brine, dried over
MgSO4, and evaporated to afford a yellow oil. Fractional distillation under reduced pressure
at 0.05 mmHg produced 4.56 g 2-bromo-5-chloro-1,3-bis[(dimethylamino)methyl]benzene,
in a yield of 47%.

Other references related to the Sandmeyer reaction are cited in the literature.10
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Sarett Oxidation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Sarett et al. in 19531 after the initial preparation
of a relevant oxidation reagent in 1948.2 It is a mild oxidation of primary or secondary
alcohols into corresponding aldehydes or ketones using chromium trioxide and pyridine
complex as the oxidant and is generally referred to as the Sarett oxidation.3 Likewise, the
complex from anhydrous chromium trioxide and pyridine is commonly termed the Sarett’s
reagent.4 The advantage of using Sarett’s reagent is its relatively high solubility in the
chlorinated hydrocarbons,5 in which the allylic oxidation6 and α-oxidation of alkyne4b can
be effectively performed. For example, methylene chloride, the most commonly used solvent
for the Sarett oxidation, has a solubility of 12.5 g per 100 mL for the chromium trioxide-
pyridine complex.7 In addition, Sarett’s reagent can be prepared directly in methylene
chloride,7 which is superior to pyridinium chlorochromate (PCC) in the α-oxidation of
alkyne because of the rapid formation of product.4b

B. GENERAL REACTION SCHEME

R1 OH

R2

CH2Cl2 R1 O

R2CrO3/pyridine

R1 = alkyl, aryl, vinyl, alkynyl
R2 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

An illustrative mechanism is provided below for the Sarett oxidation.

D. MODIFICATION

This reaction has been modified by using methylene chloride as the reaction solvent.5,7

E. APPLICATIONS

This reaction has broad application in organic synthesis.

F. RELATED REACTIONS

This reaction is related to Corey-Schmidt Oxidation and Corey-Suggs Oxidation.

G. CITED EXPERIMENTAL EXAMPLES

Reference 3a.

To a solution of 320 mg scutegalin B (0.63 mmol) in 17 mL pyridine was added a mixture
of 1.7 g CrO3 and 17 mL pyridine, and the mixture was left at room temperature for 24 hours.
Then the mixture was poured into 100 mL water and extracted with Et2O (5 × 25 mL).
The combined organic layers were dried over Na2SO4, and evaporated. The residue was
purified by silica gel column chromatography using petroleum ether/EtOAc (1:1) as the
eluent, to afford 102 mg [(13S,19R)-6α-acetoxy-4α,18-epoxy-7-oxoneoclerodan-16,15-
olide 19,2α-(19-O-tigloyl) hemiacetal] (an amorphous white solid, 32%, m.p. 115–120◦C)
and 56 mg of [(13S,19R)-6α-acetoxy-4α,18-epoxy-7β-hydroxyneoclerodan-16,15-olide
19,2α-(19-O-tigloyl) hemiacetal] as colorless needles, in a yield of 17.5%, m.p. 223–226◦C
(from EtOAc).
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MeO

AcO

CH2Cl2
MeO

AcO

O

CrO3/2 pyridine

72%

Reference 8.

To a rapidly stirred mixture of 7.75 g dry pyridine and 220 mL CH2Cl2, was added 4.9 g
chromium trioxide, and the resulting mixture was stirred at room temperature for additional
20 min. Then, to this solution was added 2.5 g chloest-5-ene-3b-19-diol 3-methyl ether
19-acetate in 10 mL CH2Cl2 in one portion, and the mixture was stirred for 17 h. At the
end of this period, an additional portion of CrO3·2pyridine complex, prepared from 1.52 g
chromium trioxide and 2.4 g pyridine in 100 mL CH2Cl2, was added, and the mixture was
stirred for another 7 h. The solution was diluted with 600 mL ether and washed with saturated
NaHCO3 solution (3 × 75 mL), 3% HCl (2 × 75 mL), saturated NaHCO3 solution (1 ×
100 mL) and brine (1 × 100 mL). The organic layer was dried over MgSO4, and evaporated
in vacuo. The resulting brown oil was purified by silica gel column chromatography using
hexanes/EtOAc (3:1) as the eluent to afford 1.78 g 7-oxochloest-5-ene-3b,19-diol 3-methyl
ether 19-acetate, in a yield of 72%, m.p. 95–96.5oC.

Other references related to the Sarett oxidation are cited in the literature.9
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Saytzeff Rule

(Zaitsev Rule)

A. GENERAL DESCRIPTION OF THE REACTION

This rule was first formulated by Saytzeff (Zaitsev) in 1875.1 It is a rule for predicting
the regio-selectivity of olefin formation by the elimination of secondary or tertiary alkyl
halides, in which the proton is eliminated preferentially from the carbon bearing the smallest
number of protons; therefore, it is generally known as the Saytzeff rule2 or Zaitsev rule.3

Nowadays, it is more generally accepted that the elimination of aliphatic halides, alcohols,
esters, etc. forms thermodynamically stable products,4 and this elimination is termed as the
Zaitsev elimination.5 The regioselectivity to give a more stable olefin is referred to as the
Saytzeff regiospecificity,6 and the corresponding olefin is known as the Saytzeff product,7 or
Zaitsev product.8 The Saytzeff rule does not apply to the pyrolysis of esters in the gas phase
(e.g., > 400oC)9 and the elimination of onium salts,2n such as the quaternary ammonium
salts and substituted sulfonium salts, of which the Hofmann Rule works and the least-
substituted olefins predominate in the products.2d,4b,10 The unimolecular elimination such
as the Chugaev Reaction11 and the pyrolysis of esters in the liquid phase (e.g., < 200oC)9

also follows the Saytzeff rule. Furthermore, the steric effect during the elimination may also
lead to the product obeying the Hofmann Rule,12 as indicated by the increased ratio of 1-/2-
olefin from the elimination of a series compounds of RCH2CBr(CH3)2, in which R varies
from Me, Et, i-Pr to t-Bu.13 Similarly, the size of the base applied in the elimination also
affects the regioselectivity between the Saytzeff and Hofmann rules.12a,14 It is interesting
that the steric effect may also result in the Saytzeff product from the elimination of an
ammonium salt.2d
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B. GENERAL REACTION SCHEME

X

Base
(X = Cl, Br, I, etc.)

C. PROPOSED MECHANISMS

It is well known that in the absence of a significantly steric interaction, the formation
of a more stable olefin during elimination is attributed to electronic stabilization (e.g.,
hyperconjugative factors) of the double bond in the transition state.2f,10,12a,14 It is not
necessary to illustrate the mechanism here.

D. MODIFICATION

The complexes of Group IVB (d0) metal with benzamidinate have been used for the
transformation of olefins into the most stable isomers.15

E. APPLICATIONS

This rule is very useful in predicting the regioselectivity of elimination.

F. RELATED REACTIONS

This rule is related to the Hofmann Rule.

G. CITED EXPERIMENTAL EXAMPLES

MeO

OAc

∆

MeO

70 %

Reference 10a.

To a small flask equipped with a short refractional column was added 10.0 g
1-(p-anisyl)-3-phenylpropyl acetate. The flask was heated with a soft Bunsen flame until
acetic acid began to distil. Heating was continued at such a rate that the acetic acid distilled
rapidly, until the calculated amount had been collected in a graduated centrifuge tube. The
residue was then cooled, taken up in CH2Cl2, and washed free of any excess acid. Upon
removal of the solvent, the residue was distilled under reduced pressure to afford 5.5 g
1-(p-anisyl)-3-phenylpropene, in a yield of 70%, b.p. 160oC at 1 mmHg.
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Br

∆

4-picoline
+

93% 1:3

Reference 14.

To a 200-mL round-bottomed flask equipped with a Todd microcolumn was placed
100 ml of 4-picoline and 15.10 g t-amyl bromide (0.1 mol). The mixture was rapidly
heated to reflux. Olefin was removed at the top of the column as rapidly as it appeared
there. The collected sample was washed with water and separated to give 6.46 g methyl
butene, in a yield of 93%. The refractive index of 1.3850 indicated a composition of 25%
2-methyl-1-butene and 75% 2-methyl-2-butene.

Other references related to the Saytzeff rule are cited in the literature.16
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Schiff Base

A. GENERAL DESCRIPTION OF THE REACTION

The first Schiff base was reported by Schiff in 1864.1 It is a special type of imine
derivative formed by the condensation between a primary aromatic amine and an aldehyde
or ketone, but sometimes the condensation products from aliphatic amine and ketone2

or aldehyde3 are also referred to as the Schiff bases.4 It has been reported that under
certain conditions, the formation of a Schiff base linkage proceeds reversibly without any
additives.5 In addition, imine formation is observed to take place faster in a slightly acidic
conditions,5 but the formed imine is subject to hydrolysis in a more acidic medium.6 The
prepared Schiff bases have found wide uses, such as to tune the metal-center electronic
factors,4b,7 the model compounds for the study of active sites of metalloenzymes,8 and
the chelators in coordination chemistry.4d−4p,7,9,10 It should be pointed out that the salens
(e.g., oxomanganese salen [N,N ′-ethylene-bis(salicylideneaminato)] complex) are widely
used in the Jacobsen-Katsuki Epoxidation,10,11 and the chromium(III) complexes with
chiral tridentate Schiff base is successfully used to catalyze the highly enantioselective
and diastereoselective hetero-Diels-Alder Cycloaddition,2a etc. In addition, some Schiff
bases have shown different biological activities, including antituberculous activity12 and
obstruction of the growth of animal tumors.2d

B. GENERAL REACTION SCHEME

NH2
R1 R2

O

H2O N

R1

R2

+ R1 = alkyl, aryl
R2 = H, alkyl, aryl
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C. PROPOSED MECHANISMS

An illustrative mechanism for the formation of a Schiff base is given here.

D. MODIFICATION

N/A

E. APPLICATIONS

The Schiff base has wide application in coordination chemistry as well as in organic
synthesis.

F. RELATED REACTIONS

The Schiff base is related to the formation of imine.

G. CITED EXPERIMENTAL EXAMPLES

Br

Br

HO NH2 · HCl

OHC

N

OEt

Cl

Cl

N

OEt Cl

Cl

Br

Br

HO N

EtOH
70%

+

Reference 13.

To a solution of 3.0 g 2,6-dibromo-4-aminophenol hydrochloride (10 mmol) in dry warm
ethanol was added a conc. ethanol solution of 2.9 g 4-[N,N-bis(2-chloroethyl)amino]-
3-ethoxybenzaldehyde (10 mmol). The resulting dark red solution was stirred for a few
hours and then cooled in ice to deposit the crystal solid. The crystal was filtered and
washed with absolute ethanol and diethyl ether, and dried to afford 3.4 g 4-({4-[N,N-bis(2-
chloroethyl)amino]-3-ethoxybenzylidene}-amino)-2,6-dibromophenol hydrochloride, in a
yield of 70%.
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CHON HO
NH2

∆
57%

N
N

OH

+
Benzene

Reference 2e.

A mixture of 14.92 g p-N,N-dimethylaminobenzaldehyde (0.1 mol), 4.45 g ethanol-
amine, and 50 mL dry benzene in a Dean-Stark moisture determination apparatus was
refluxed in an oil bath until the volume of water collected in the trap remained constant
(2–3 h). The benzene was removed by distillation under reduced pressure, and the residual
oil was poured onto an ice-water mixture. The solid crystalline mass was triturated with
cold water, collected on a suction filter, and washed on the filter with several portions of
cold water. After drying the crystals on the filter by use of a rubber dam followed by air
drying, the crude material was dissolved in boiling petroleum ether (b.p. 30–60◦C), treated
with Norite A for 15 min, and filtered. The filtrate was cooled in an ice-water bath to induce
crystallization. The crystals were collected on a suction filter and washed with several small
portions of cold petroleum ether, in a yield of 57%, m.p. 103–104◦C.

Other references related to the Schiff base are cited in the literature.14
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Schlack-Kumpf Reaction

(Johnson Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Johnson in 1911,1 and subsequently used by Schlack
and Kumpf in 19262 to sequence peptides and proteins from the C-terminal. It is the synthesis
of 2-thiohydantoins from α-amino acids with thiocyanate and acetic anhydride; therefore, it
is simply called the Johnson reaction;3 however, because it has an important use for peptide
and protein sequencing, this reaction is mostly known as the Schlack-Kumpf reaction.4

In this reaction, the terminal carboxyl group is activated by the formation of a mixed
anhydride with acetic anhydride,5 which then reacts with ammonium thiocyanate to give
a peptidyl 2-thiohydantoin, the 2-thiohydantoin is then cleaved from the peptide chain to
expose the second carboxyl group as the new terminal carboxyl group by the treatment with
a base. However, this reaction does have a few disadvantages: the severity of the conditions
for the complete conversion of terminal carboxyl group into peptidyl 2-thiohydantoin and
its cleavage.6 In addition, the C-terminal aspartate, proline3b,6,7—as well as other amino
acids such as lysine, glutamine, glutamate, and arginine8—all have difficulty forming the
corresponding 2-thiohydantoin derivatives.

B. GENERAL REACTION SCHEME

N
H

H
N

OH

O

R′O

R

NH4SCN N
H

N
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O NaOH
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Ac2O/AcOH

2488

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



CITED EXPERIMENTAL EXAMPLES 2489

C. PROPOSED MECHANISMS

Only the mechanism for the formation of peptidyl 2-thiohydantoin is illustrated here.

D. MODIFICATION

This reaction has been extended to the reaction of terminal amino acids with thiocyanic
acid7b,9 (also developed initially by Johnson10) and trimethylsilyl isothiocyanate11 for the
formation of thiohydantoin. In addition, 12 N HCl11 and acetohydroxamate8 have been
used to cleave the 2-thiohydantoin from the peptide chain.

E. APPLICATIONS

This reaction has a general application in the preparation of 2-thiohydantoins from pure
amino acids but mostly is used for the sequencing of peptide and protein starting from the
C-terminal.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

OH

O

NH2

NH4SCN

HN

NH

S

O

Ac2O/AcOH

DL-Isoleucine

Reference 8c.
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A mixture of 10 mmol amino acid, 0.9 g ammonium thiocyanate, 10 mL acetic anhydride,
and 1.3 mL acetic acid was heated at 100◦C for 30 min. Then the mixture was poured
into 50 mL water, and an oil separated from the water, which subsequently crystallized.
Further purification was accomplished by recrystallization of the crude 2-thiohydantoin
from ethanol. The 5-sec-butyl-2-thiohydantoin from racemic dl-isoleucine has melting
point of 163◦C. (no yield was given for this preparation).

Other references related to the Schlack-Kumpf reaction are cited in the literature.12
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Schlotterbeck Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Meyer in 1905,1 and was closely investigated by
Schlotterbeck beginning in 1907.2 It is the reaction between a carbonyl compound (alde-
hyde and ketone) and a diazoalkane to form a new ketone or oxirane (i.e., epoxide) and is
generally referred to as the Schlotterbeck reaction.3 This reaction is not always clean-cut,
forming either a ketone or an epoxide.4 For example, m- and p-nitrobenzaldehydes react
with diazomethane to give corresponding acetophenones, whereas o-nitrobenzaldehyde
affords o-nitrostyrene oxide.3d For another example, piperonal reacts with two equivalents
of diazomethane to afford safrole oxide.5 As a result, this reaction is currently of no gen-
eral use in organic synthesis,3d and alternative methods have been used for the preparation
of ketones. However, this reaction is useful for the preparation of β-keto ester from ethyl
diazoacetate.2b

B. GENERAL REACTION SCHEME

R1 R2

O
NN

R3
R1

R2

O

R3

O
R1

R2 R3

+ and/or

R1 = alkyl, aryl
R2 = H, alkyl, aryl
R3 = H, alkyl, CO2Et, etc.

– +

2491

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.



2492 SCHLOTTERBECK REACTION

C. PROPOSED MECHANISMS

Although a free radical mechanism has been proposed for this reaction,6 it is much
more plausible that the Schlotterbeck reaction involves a nucleophilic attack of the
diazoalkane7 on the carbonyl group to form a diazonium betaine or neutral �2-1,2,3-
oxadiazoline intermediate, which then decomposes to give either a ketone or an epoxide8 as
illustrated here.

D. MODIFICATION

This reaction has been extended to directly convert aldehydes into β-keto esters by
reacting with ethyl diazoacetate in the presence of a catalytic amount of SnCl2.9 In addition,
the reaction between diazoalkanes and acyl halides to form α-halomethyl ketones, known
as the Nierenstein Reaction, should be considered as another extension of the Schlotterbeck
reaction.

E. APPLICATIONS

This reaction is currently of limited application in organic synthesis.

F. RELATED REACTIONS

This reaction is closely related to the Nierenstein Reaction.
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G. CITED EXPERIMENTAL EXAMPLES

CHO

HAcO

OAcH

OAcH

CH2OAc

C

HAcO

OAcH

OAcH

CH2OAc

O

CH3

CHCl3, 0–5°C
62%

CH2N2/Et2O

Reference 10.

The diazomethane generated by the decomposition of 20 mL urethane was distilled in
an ether stream directly into an absolute chloroform solution of 24 g aldehydo-d-arabinose
tetraacetate cooled to 0–5◦C. There was a steady, vigorous evolution of nitrogen as the reac-
tion proceeded. The yellow color of the diazomethane was discharged very quickly until
about three fourths of the total quantity had been added. The solution then acquired a perma-
nent yellow tinge, indicating an excess of diazomethane. After the solution stood overnight
at room temperature, the color vanished. The amorphous precipitate of polymethylenes
was removed by filtration, and the solvent was removed by evaporation. The syrup was
taken up in 50 mL absolute ethanol, and the solution made opalescent by the addition of
petroleum ether. The product of 1-deoxy-keto-d-fructose tetraacetate on standing in an ice
box (two crops) crystallized slowly to give 15.4 g beautiful cubic crystals, in a yield of 62%,
m.p. 75–77◦C. Pure product was obtained after four recrystallizations from 95% ethanol,
m.p. 77–78◦C.

Reference 3a.

Redistilled chloral (59.0 g, 0.4 mol) and 45.6 g ethyl diazoacetate (0.4 mol) were mixed
according to Schlotterbeck’s procedure. The yellow liquid obtained was fractionally distilled
under reduced pressure to yield 75.0 g of a mixture of ethyl trichloroacetoacetate and ethyl
3-(trichloromethyl)glycidate in a ratio of 1:9, in a yield of 80.4%, b.p. 80◦C at 1 mmHg. The
product gave a positive ferric chloride test. This yellow liquid was then dissolved in ether
and washed three times with ice-cooled 10% ammonium hydroxide solution and then with
water until the water layer was neutral when tested with litmus paper. The ether layer was
dried over anhydrous MgSO4, and the ether was removed by distillation. The remaining
yellow oil was fractionally distilled in vacuo to give 45 g ethyl 3-(trichloromethyl) glycidate,
with a yield of 48.2% based on the original starting material, b.p. 85◦C at 1.5 mmHg.

Other references related to the Schlotterbeck reaction are cited in the literature.11
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Schmidlin Ketene Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Schmidlin and Bergman in 1910.1 It is a gaseous
synthesis of ketene by thermal decomposition2 or pyrogenic decomposition3 of acetone
through a combustion tube filled with pieces of clay,2b,4 in a temperature range of 500–
750◦C. The optimal temperature is the maximum temperature that is compatible with the
decomposition of ketene itself by heat,4 and is found in the range of 695–705◦C.3b At this
temperature, acetone decomposes into ketene and methane.4,5 In general, three major factors
that will affect the yield of ketene in this reaction are the choice of the combustion tube, the
reaction temperature, and the fraction of acetone decomposed. For example, this reaction
cannot be conducted through a metal tube, either a copper tube4 or an iron pipe3b because
carbon may form via dehydrogenation in the presence of some metal oxides.3b Although
the quartz static system is a suitable reaction environment for ketene synthesis,6 the yield
of ketenes is essentially similar to that conducted in the glass tube.7 In addition, it has been
observed that acetone decomposes into methane, carbon monoxide, and acetylene at 1000◦C
in a 1-m long copper tube,4 whereas it yields mesityl oxide between 410◦ and 420◦C over a
thoria catalyst8 as well as over alumina or zirconia.4 At the optimal temperature in a glass
tube, it has been found that the best yield of ketene obtainable is ∼ 35% when less than
40% of acetone is decomposed,3b indicating that a comparatively rapid flow of the acetone
vapor is needed to carry the ketene out of the reaction chamber once it is generated.4

B. GENERAL REACTION SCHEME

O
H2C C O CH4

695–705°C
+
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C. PROPOSED MECHANISMS

It is assumed that acetone at such high temperatures decomposes into methyl and acetyl
radicals, and the latter further degrades into methyl radical and carbon monoxide. Then
methyl radical abstracts one hydrogen atom from acetone to give methane and an acetyl-
methyl radical that decomposes into ketene and another methyl radical.2b Displayed here
is the reaction mechanism for the Schmidlin ketene synthesis.

D. MODIFICATION

N/A

E. APPLICATIONS

This reaction is very useful for the production of ketene and is cheaper than the analogous
thermal decomposition of acetic anhydride9 and acetyl chloride.4

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O
H2C C O

∆
25–29%

Reference 3a.

A 500-mL two-necked round-bottomed flask was equipped with a dropping funnel and
an adaptor to a glass combustion tube filled with broken porcelain. The other end of the
combustion tube was connected with a refluxing condenser through a three-way stopcock,
one to a flask to collect the condensed acetone and the other for connecting with the con-
denser. The evolved gas from the condenser is led to another reactor to trap the ketene via
a tube. To this reaction setup, 126 mL acetone (1.7 mol) was added to the dropping funnel,
and the flask was heated by boiling water. The combustion tube was heated by 14 burners,
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and tiles are placed over the burners and adjusted to yield a maximum temperature. When
the combustion tube was fully heated, acetone was dropped into the flask at a rate of
3–4 mL/min, and about half the acetone was recovered from the condenser. The ketene was
produced in 25–29%.

Other references related to the Schmidlin ketene synthesis are cited in the literature.10
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Schmidt Glycosylation

(Schmidt Glycosidation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction, originating from Sinaÿ’s glycosyl imidate donor reported in 1976,1

has been extensively explored by Schmidt and co-workers since 1980.2 It is a Lewis
acid-catalyzed glycosylation using glycosyl trichloroacetimidate as the donor. Therefore,
this reaction is generally known as the Schmidt glycosylation.3 Occasionally, it is also
referred to as the Schmidt glycosidation,4 Schmidt coupling,3h,5 or Schmidt trichloroace-
timidate method.6 Nowadays, it is one of the most popular methods for glycosylation,
second only to the glycosylation with a thioglycoside donor.7 In this reaction, the glycosyl
trichloroacetimidate can be simply prepared by the treatment of a carbohydrate precursor
with trichloroacetonitrile in the presence of a base, such as DBU, K2CO3, Cs2CO3, or NaH.
When K2CO3

8 or DBU9 is used as the base, β-glycosyl trichloroacetimidate predominates,
even though the formation of α- and β-anomeric mixtures is also possible by the treat-
ment of DBU.10 In contrast, α-glycosyl trichloroacetimidate is formed in preference when
Cs2CO3

11 or NaH12 is used. The popularity of this reaction in carbohydrate transforma-
tions may be attributed to the mildly acidic coupling conditions and the opportunities to
alter α/β selectivity via different glycosyl trichloroacetimidate donors and/or the coupling
reagents.3h The mild acids compatible with this glycosylation include TMSOTf,4b,10a,11,13

BF3·Et2O,10b,14 TBDMSOTf,10a TBSOTf,7 and perchloric acid.7 Among these promot-
ers, TMSOTf,10a,11,13d TBDMSOTf,10a and AgOTf11 often lead to the formation of a
β-glycosidic linkage, especially when α-glycosyl trichloroacetimidate is used as the gly-
cosyl donor;11 in addition, the general 1,2-trans selectivity of glycosylation also applies to
this reaction, as evidenced in the formation of β-glucoside and α-mannoside.13e However,
in the presence of BF3·Et2O promoter, α-glycoside is favored,10b and such preference is
even observed for the preparation of α-C-glycosides.15
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B. GENERAL REACTION SCHEME

PO
O

OH
PO

O
O CCl3

NH ROH
PO

O

OR

CCl3CN/DBU Lewis acid

P = protecting group
R = alkyl, carbohydrate, etc.
Lewis acid = TMSOTf, BF3 · Et2O, etc.

C. PROPOSED MECHANISMS

Similar to the glycosylation from other types of glycol donors, it is assumed that glycosyl
trichloroacetimidate is converted into glycosyl cation, which then couples with a glycosyl
acceptor. However, the direct attack of glycosyl trichloroacetimidate by an acceptor (a SN2
reaction) may also be involved in this reaction, where a higher amount of α-glycosides
can be obtained from a β-glycosyl trichloroacetimidate.13a A general illustration of the
glycosylation is displayed here.

PO
O O CCl3

NH

TMSOTf
PO

O
+

OTf–
ROH

PO
O

OR

D. MODIFICATION

Glycosyl trifluoroacetimidate has recently been developed as the glycosyl donor,3f,16

which holds a particularly good reactivity for the glycosylation of sialic acid.7 In addition,
the Schmidt glycosylation has been extended to occur on a solid phase12a,17 or column,3 as
well as in an ionic liquid (e.g., [emim][OTf] and [bmim][PF6]).13a Especially, in ionic liq-
uids, it has been found that under certain conditions, the Schmidt glycosylation takes place
without a Lewis acid catalyst and yields preferentially the β-glycosides from trichloroace-
timidate bearing a nonparticipating group at C-2 in [emim][OTf].13a Moreover, this reaction
has been carried out under sonication, a condition with shortened reaction time, enhanced
reactivity, and stereoselectivity.18

E. APPLICATIONS

This reaction has a very broad application in the carbohydrate transformation.

F. RELATED REACTIONS

This reaction is related to the Helferich Glycosylation. In addition, many other glycol
donors have also been developed, which include glycosyl fluorides,19 1,2-anhydrosugars,20

glycosyl phosphates,21 glycosyl sulfoxide,22 n-pentenyl glycosides,23 thioglycosides,24 and
thioimidates.25
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G. CITED EXPERIMENTAL EXAMPLES

Reference 13c.

A mixture of 300 mg O-(2,3,4,6-tetra-O-benzyl-β-d-galactopyranosyl)-trichloro-
acetimidate (0.44 mmol), 141 mg 5,6-O-isopropylidene-2-O-pivaloyl-d-galactono-1,4-
lactone (0.47 mmol), and 500 mg powdered 4Å molecular sieves in dry ether was vigorously
stirred at 0◦C under an argon atmosphere. After 20 min, 25 µL TMSOTf (0.14 mmol) was
slowly added, and the stirring was continued for 2 h. The suspension was neutralized by the
addition of N,N-diisopropyl-N-ethylamine, filtered through Celite, and concentrated under
reduced pressure. The residue was purified by column chromatography using toluene/EtOAc
(20:1) as the eluent to afford 269 mg 2,3,4,6-tetra-O-benzyl-α-d-galactopyranosyl-(1→3)-
5,6-O-isopropylidene-2-O-pivaloyl-d-galactono-1,4-lactone as a colorless syrup, in a yield
of 74%, Rf = 0.71 (toluene/EtOAc, 5:1).

OO
O

O
N3

BnO

Ph

NH

CCl3

OH
TMSOTf

OO
O

N3

BnO

Ph

O

+
[emim][OTf]

α/β = 5/95
68%

Reference 13a.

A mixture of 100 mg 2-deoxy-2-azido-3-O-benzyl-4,6-O-benziliden-α-d-glucopy-
ranoside (0.23 mmol), and 275 mg 2-propanol (4.58 mmol, 20 eq.) was dissolved in
0.5 mL [emim][OTf]. Then 2.3 �mol TMSOTf (0.01 eq.) was added. The reaction was
stirred at room temperature for 1 h, and water was added to quench the reaction. The
resulting mixture was extracted with CHCl3. Upon removal of the solvent, the residue was
purified by flash column chromatography using hexane/EtOAc (9:1) as the eluent to afford
68% of O-isopropyl-2-deoxy-2-azido-3-O-benzyl-4,6-O-benziliden-β-d-glucopyranoside
and its α-anomer in a 95:5 ratio.

Other references related to the Schmidt glycosylation are cited in the literature.26
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Schmidt Reaction

(Schmidt Rearrangement)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Schmidt in 1923.1 It is a reaction between a hydroazoic
acid (i.e., azoimide) and a carboxylic acid or a carbonyl compound via an 1,2-migration
to form a nitrogen-containing molecule such as primary amine or amide. Therefore, this
reaction is generally known as the Schmidt reaction.2 In particular, the reaction between a
hydroazoic acid and a carboxylic acid to yield a primary amine with one less carbon atom
by decarboxylation is referred to as the Schmidt rearrangement,3 Schmidt degradation,4 or
Schmidt decarboxylation.5 In comparison, the reaction between a hydroazoic acid and a
carbonyl compound, generally yielding two possible amides from a ketone or formamide
from an aldehyde, is known as the Schmidt rearrangement6 or Schmidt transformation.7

Today, the scope of the Schmidt reaction has been extended to include reactions between
hydroazoic acid or alkyl azide and other molecules that can form carbocation intermedi-
ates under acidic conditions, such as olefins,4o,8 tertiary alcohols,9 and some secondary
alcohols (e.g., benzhydrols).3k As a result, the Schmidt reaction is very versatile and has
the advantages of simplicity, readily available reactants, mild reaction conditions, and
a certain level of functional group tolerance.2h For example, this reaction is often car-
ried out in sulfuric acid,10 and hydroazoic acid can be generated in situ from sodium
azide.2h,4n,10a,10d

For the degradation of carboxylic acid, factors that may affect the reaction outcome
are the ratio of sulfuric acid/carboxylic acid, the reaction temperature and the dilution
extent of sulfuric acid.4o Even though some of the Schmidt degradations of carboxylic
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acids are known to be quantitative,4n the decarboxylation of carboxylic acids with chain
branching at the α-position often gives amines in yields less than the theoretical values,
along with the formation of some by-products, such as carbon monoxide, ketones, alco-
hols, and ammonia.4o However, it is intriguing that the reaction between sodium azide and
2-phenyl-2-methylhexanoic acid in sulfuric acid gives 55% aniline.10a

The Schmidt reaction between hydroazoic acid and aldehyde often gives formamide.10d

However, the reaction with benzaldehyde produces both benzonitrile and formanilide, with
the yields varying from 70% and 13% to 5% and 50%, respectively, when the ratio of
sulfuric acid/benzaldehyde changes from 0.72 to 5.4.11

It should be pointed out that the reaction between hydroazoic acid and ketone is much
more complicated, yielding two possible amides by the migration of different alkyl or aryl
groups, and the ratio of two amides depends on the strength of acid and the migratory
aptitude of the two groups. Generally speaking, the aryl group is preferred over the alkyl
group for the migration from aminodiazonium ion,12 and the migrating tendency corre-
lates well with the Hammett substituent constant, in which an electron-donating group on
aryl facilitates the migration while an electron-withdrawing group decreases the migrating
ability.13 For example, the migratory aptitude in diarylethylene is found in the order of
p-anisyl > p-tolyl > p-biphenyl > phenyl > p-chlorophenyl > methyl.8c However, such
a trend does not always apply to the Schmidt reaction of ketones, where the electronic
effect might not be as apparent as that in diarylethylenes.14 For example, both p-chloro-
p′-methoxybenzophenone and p-nitro-p′-methoxybenzophenone give two amides in 1:1
ratio.8b In addition, the strength of acid also affects the constitution of products. For
example, the Schmidt reaction of adamantan-2-one in methanesulfonic acid yields 88%
4(e)-methanesulfonoxyadamantan-2-one and 11% 4-azatricyclo[4.3.1.11,8]undecan-5-one
whereas the same reaction in methanesulfonic acid-acetic acid, water, trichloroacetic acid
or trifluoroacetic acid gives 40–61% of bicyclo[3.3.1]non-6-one-3-carbonitrile and 27–60%
of 4-azatricyclo[4.3.1.11,8]undecan-5-one, and also produces 4-acetoxy-adamantan-2-one,
4-hydroxyadamantan-2-one, and 4-azatricyclo[4.3.1.11,8]-undecan-5-one in sulfuric acid–
acetic acid.15 Moreover, the particular reaction of benzyl azide may give a normal Schmidt
reaction product and the unexpected Mannich Reaction product, and the ratio of these
two products varies, depending on the acid applied.16 For example, when TiCl4 is used,
the Schmidt product is favored, whereas in the presence of TfOH, the Mannich product
predominates.16b Furthermore, solvent also affects the reaction outcome, even though most
reactions are carried out in chloroform. For example, the reactions in ether or benzene in
the presence of a 76% sulfuric acid take place in two different pathways, in which the
reaction in benzene/76% sulfuric acid is fast and all the substrates remain in the sulfuric
acid phase, whereas the reaction in ether is much slower and the reactants stay in the ether
phase.6e

The Schmidt reaction of a simple cyclic ketone yields lactams with the ring
expanded,2g,2h while the intramolecular Schmidt reaction of cyclic ketone with an azido
group at the side chain leads to the formation of bicyclic lactams with nitrogen at the posi-
tion of fusion.2h,17 It is interesting that the reaction between a cyclic ketone and 2-azido
ethanol can form either a lactam or a lactone by means of the treatment with a different
base, in which the lactam is formed when the reaction system is treated with KOH, whereas
lactone is generated when NaHCO3 is used as the base.18 Especially, the reaction between
4-tert-butylcyclohexanone and 3-azido-2-methyl-2-phenylpropanol gives lactam in 19:1
stereoselectivity.19
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B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

For the degradation of carboxylic acid, it is known that the reaction involves an acyl azide
intermediate, in a manner similar to the Curtius Rearrangement,2g as shown in Scheme 1.
Similar to the acid-catalyzed esterification of alcohol, it is assumed that the carbonyl oxygen
is protonated rather than the hydroxyl oxygen. However, for the Schmidt reaction of ketones,
it is well accepted that the reaction undergoes in two different routes, both involve the
α-hydroxyhydrazidium ion arising from the nucleophilic addition of hydroazoic acid to the
protonated carbonyl group.2m,20 The resulting α-hydroxyhydrazidium ion may rearrange to
amides along with the evolution of nitrogen, and the ratio of amides produced depends on
the inherent migratory aptitudes of both groups and the abilities of the group acting as the
stationary group to stabilize the positive charge. Alternatively, the α-hydroxyhydrazidium
ion undergoes dehydration to form iminodiazonium ion,6d and the stereospecific migration
of the group antiperiplanar to the azido group produces an acylium ion, which upon hydra-
tion forms the corresponding amide,2m as shown in Scheme 2. In this mechanism, the ratio
of amides depends on the population of syn- and anti-iminodiazonium ions arising from
different steric repulsions in the transition state of dehydration, which cannot isomerize
but may interchange into each other only through the hydration and dehydration process.
If the hydration and dehydration process is fast enough, then two iminodiazonium ions
can quickly reach an equilibrium, this situation is controlled by the migratory tendency of
substituents in the hydroxyhydrazinium ion.2m,14,20,21

SCHEME 1. Schmidt degradation of a carboxylic acid.



2506 SCHMIDT REACTION

SCHEME 2. Schmidt reaction with a general ketone.

D. MODIFICATION

This reaction has been extensively modified. First, the Schmidt reaction is often car-
ried out in a halogenated solvent, such as chloroform, so there exists a potential to form
explosive multi-azides. For this matter, DME is suggested as the solvent,22 or polyphospho-
ric acid is applied as both acid and reaction medium.6e,7,23 Second, alkyl azide, retaining
the important dipolar character of the azido group, has been widely used for the Schmidt
reaction,6c,16b,17,24 even though it is much less nucleophilic than hydroazoic acid.2g In
addition, it has been suggested that a higher yield could be obtained for the degradation
of succinic acid if it were converted into succinic anhydride before the degradation.25

Other modifications include the photoinduced Schmidt reaction,26 the P2O5/SiO2 cat-
alyzed one-pot reaction,2e the ionic exchange resin2j or silica sulfuric acid2f catalyzed
Schmidt reaction, the trimethylsilyl azide3h or azidotrimethylsilane2b,3g mediated Schimdt
reaction, and the transition metal activated Schmidt reaction. For example, the reaction
between alkyl azide and gold (I) activated alkynes has been used in the preparation of
multisubstituted pyrroles;24a likewise, mercury salt has been used to promote the Schmidt
reaction,8a which has the following advantages: the wide applicability, e.g., to even 1,2-
disubstituted olefins rather than to only tertiary, allylic, benzylic, or propargylic alcohol
to form a stable carbocation intermediate under strong acid conditions as required by the
normal Schmidt reaction; tolerance to acid-labile functionalities; and no carbocation rear-
rangement before the cyclization/rearrangement, which usually occurs in the acid-promoted
Schmidt reactions.2l,8a

E. APPLICATIONS

The degradation of carboxylic acid has been used for the preparation of amines,2l,4o,10a,27

amino acids,28 and structural elucidation, especially via 14C labeling.4n The reaction with
carbonyl compounds has an even wider application in organic synthesis.
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F. RELATED REACTIONS

This reaction is related to the Curtius Rearrangement, Hofmann Rearrangement, Lossen
Rearrangement, and Stieglitz Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

OH

O

∆
HCl

CH3NH2 · HCl
NaN3/H2SO4

87%

Reference 4o.

A mixture of 20.0 g 99.5% pure acetic acid (0.33 mol), 232 g concentrated sulfuric
acid in chemical purity (2.37 mol), and 27.9 g NaN3 (0.43 mol) was stirred at 60◦C. The
methylamine was collected in concentrated HCl, which was evaporated to afford 21.5 g
crude methylamine hydrochloride, m.p. 186–220◦C. The crude product was recrystallized
from absolute ethanol to give 19.5 g beautiful plates without improvement for melting point,
in a yield of 87%, in good agreement with the 89% yield of carbon dioxide obtained. In
addition, sodium azide was found to decompose ∼ 26%.

O

N3
TiCl4

CH2Cl2

O

N+

100%

Reference 16b.

To a mixture of 119 mg 2-adamantanone (0.79 mmol), 200 mg 1-azidohexane
(1.58 mmol), and 2.5 mL methylene chloride in an ice bath was added 380 mg TiCl4
(2.0 mmol) dropwise. The reaction was allowed to warm to room temperature, with imme-
diate gas evolution noted. A precipitate formed after 15 min, but the suspension was stirred
for a total of 16 h, at which time it was diluted with 20 mL EtOAc and partitioned between
200 mL EtOAc and 30 mL saturated NaHCO3 solution. The organic layer was washed with
30 mL brine and dried over anhydrous Na2SO4. Upon evaporation of the EtOAc, the residue
was purified by flash column chromatography with EtOAc/hexane (1:4) as the eluent to give
197 mg 4-hexyl-4-azahomoadamantane, as a clear oil, in a yield of 100%.

Other references related to the Schmidt reaction are cited in the literature.29
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G. L.; Mossman, C. J. and Aubé, J., J. Am. Chem. Soc., 1995, 117, 10449.

25. Phares, E. F. and Long, M. V., J. Am. Chem. Soc., 1955, 77, 2556.

26. Evans, P. A. and Modi, D. P., J. Org. Chem., 1995, 60, 6662.

27. Datta, S. K.; Grundmann, C. and Bhattacharyya, N. K., J. Chem. Soc, C, 1970, 2058.

28. Rothchild, S. and Fields, M., J. Org. Chem., 1951, 16, 1080.

29. (a) Iyengar, R.; Schildknegt, K.; Morton, M. and Aubé, J., J. Org. Chem., 2005, 70, 10645. (b)
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Schmidt-Rutz Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Schmidt and Rutz in 1928.1 It is the synthesis of nitro-
olefins by means of the treatment of acetates of α-nitro-alcohols with sodium bicarbonate
and is generally known as the Schmidt-Rutz reaction.2 Occasionally, it is also referred
to as the Schmidt-Rutz degradation.3 This reaction is suitable for the α-nitro esters with
one proton at the α-carbon bonding to the nitro group;4 however, such restriction is not
strictly followed as shown in the formation of 1-nitro-olefins.5 In addition, the Schmidt-
Rutz reaction is applicable to the substrates without any other base-labile functional groups
and usually gives nitro-olefins in good yields.4b,4c,6,7 It has been reported that the best
yields can be achieved from the esters of nitro-alcohols with nine or more than nine carbon
atoms.7b Besides sodium bicarbonate, other mild bases such as potassium bicarbonate,
sodium carbonate, and even sodium acetate can be used in this reaction.2f,4c The resulting
nitro-olefins can be reduced to amines, so that the Schmidt-Rutz reaction has become one
of the powerful methods for amines with a definite structure free of isomers.4b Moreover,
this reaction has been widely used in carbohydrate chemistry, due to a good crystalline
capability of nitro carbohydrate acetates, which easily crystallize even in the presence of a
large amount of other carbohydrate acetates.7a

B. GENERAL REACTION SCHEME

R R′
H

O2N
OAc

NaHCO3

Et2O R
R′

NO2 R = H, alkyl, aryl
R′ = H, alkyl, aryl
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C. PROPOSED MECHANISMS

Due to the presence of a nitro group, the α-proton in α-nitro-alcohol acetate is activated
and can easily be deprotonated, so that subsequent elimination occurs once the carbanion
is generated, as shown here.

D. MODIFICATION

This reaction has been extended to the sulfonate of α-nitro-alcohol, which undergoes the
reaction in the presence of pyridine.4a

E. APPLICATIONS

This reaction has a general application in the preparation of nitro-olefins.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 8.

To a mixture of 0.508 g methyl 3-deoxy-3-nitro-β-d-ribofuranoside-1,4-dialdose 5,5-
dimethyl acetal, 1.0 g triethylamine, and 7.0 mL CHCl3, was gradually added 0.95 g
methanesulfonyl chloride. After being stirred at 20◦C for 1 h, 15 mL water was added, and the
stirring was continued for 0.5 h. The CHCl3 layer was separated, and the aqueous layer was
extracted with CH2Cl2. The combined organic layers were washed with 1% HCl, saturated
NaHCO3 solution, and brine and then dried over MgSO4. Vacuum evaporation of the solu-
tion afforded 430 mg methyl 2,3-dideoxy-2-ene-3-nitro-β-d-ribofuranoside-1,4-dialdose
5,5-dimethyl acetal as a brown gum, in a yield of 84%.
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NO2

OAc

NO2

SBn

BnSH/Na2CO3

Benzene, ∆
82.6%

Reference 9.

A mixture of 18.9 g 2-acetoxy-1-nitrohexane (0.1 mol), 12.4 g benzyl mercaptan
(0.1 mol), 5.3 g sodium carbonate (0.05 mol), and 25 mL benzene was refluxed for
3 h. The sodium acetate was filtered from the benzene and dissolved in water, and the
aqueous solution was extracted with benzene. The combined benzene solution was dried
over MgSO4. Upon removal of benzene, 26.2 g 2-benzylthio-1-nitrohexane was obtained,
which was further purified by vacuum distillation to give 20.9 g product, in a yield 82.6%,
b.p. 140◦C at 0.1 mmHg.

Other references related to the Schmidt-Rutz reaction are cited in the literature.10
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Schmittel Cyclization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Schmittel et al.1a and Gillmann et al.1b concurrently
in 1995. It is an intramolecular C2-C6 cyclization of hepta-1,2,4-triene-6-yne (i.e., enyne-
allene) to form a five-membered cyclic structure via a methyl fulvene biradical intermediate
and is generally known as the Schmittel cyclization.2 Occasionally, this reaction is also
referred to as the Schmittel reaction2i,2l,2m,2q,3 or Schmittel ring closure reaction.2q

Before the discovery of the Schmittel cyclization, the enyne-allenes were generally
considered to undergo C2-C7 cyclization to give aromatic compounds, i.e., the Myers-
Saito Cyclization.4 Theoretical studies indicate that the Schmittel cyclization is disfavored
by 25 Kcal/mol with respect to the Myers-Saito Cyclization,2q because aromaticity is
attained in the Myers-Saito Cyclization,2c whereas the Schmittel cyclization proceeds via
a not completely delocalized π-radical intermediate with a slightly alternating single and
double bond.2r As a result, the Schmittel cyclization is endothermic at ∼10 Kcal/mol,
with an activation barrier of 35 Kcal/mol.2n,2p,2s,4 However, enyne-allenes with an aryl
group at the alkynyl terminus can easily undergo the Schmittel cyclization,1 due to the
stabilization of biradical intermediate from the benzylic group.5 Likewise, the Schmit-
tel cyclization is also facilitated by benzannulation with enyne-allenes.2q,6 In addition,
enyne-allenes with a sterically bulky group (e.g., t-butyl, trimethylsilyl) at the alkynyl
terminus6b,7 or eight or nine-membered cyclic enyne-allenes2s also undergo the Schmittel
cyclization because the steric hindrance burdens the occurrence of the Myers-Saito Cycliza-
tion. For example, benzannulation lowers the reaction barrier from 30 to 25.2 Kcal/mol for
the Schmittel cyclization, whereas it lowers the activation energy only ∼ 1.2 Kcal/mol for
the corresponding Myers-Saito Cyclization, although the endothermicity is lowered by only
1.0 Kcal/mol.2l To an extreme extent, the benzannulated enyne-allene with an aryl group
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at the alkynyl terminus proceeds via the Schmittel cyclization in mild thermal condition.6,8

The occurrence of the Schmittel cyclization is attributed to the formation of a strong sp2-
sp2σ bond from sp-hybridized carbons.2c Moreover, oxyanion substitute of enyne-allene
also switches the preferences of product formation from a biradical to a polar closed-shell
singlet, and this effect is more apparent for the Schmittel cyclization.2p

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reaction, similar to the competing reaction of the Myers-Saito Cyclization, proceeds
via a biradical intermediate,2d,2j−2l,2n,2o,2q,3 as supported by the trapping of a biradical
intermediate with 1,4-cyclohexadiene10 and the experimental fact that the change of the
polarity of solvent has no effect on the reaction rate and the ratio of products formed,
indicating the absence of a zwitterionic intermediate.2c The proton abstraction by the vinyl
radical leads to the formation of fulvene derivatives. An illustration of this reaction is
provided here.

D. MODIFICATION

The benzannulation and oxyanion of enyne-allenes to facilitate the Schmittel cyclization
can be considered as modifications of this reaction.

E. APPLICATIONS

This reaction has important application in organic synthesis2c as well as in double-
stranded DNA cleavage.2c,3

F. RELATED REACTIONS

This reaction is related to the Bergman Cyclization, Moore Cyclization, and Myers-Saito
Cyclization.
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G. CITED EXPERIMENTAL EXAMPLES

Reference 2b.

A solution of 45 mg 1-(1′-acetoxy-3′-methyl-3′-trimethylsilyl)-2-(2′′-trimethylsilyl)-
acetyenyl cyclohexene (0.13 mmol) in 0.42 mL toluene was heated to 50◦C for 3 h. Then
solvent was removed in vacuo, and the residue was purified by flash chromatography
with 10% Et2O/pentane to give 18 mg 4,5,6,7-tetrahydro-2-(1-trimethylsilylvinyl)-1-
(trimethylsilylmethylidene) indenyl acetate, in a yield of 40%.

Ph

OMs

N

H
N

N

N

PhNaOH, Bu4NI,

Toluene/H2O, r.t.
26%

Reference 2d.

To a stirred mixture of 10 mg imidazole (0.15 mmol), 27 mg tetrabutylammonium iodide
(0.073 mmol), and 0.52 mL 50% aqueous NaOH in 0.41 mL toluene was added 47 mg 3-(o-
(2′-phenyl)acetyenyl) phenyl propargyl methanesulfonate (0.15 mmol). After the mixture
was stirred at room temperature for 15 min, 0.5 mL toluene and 0.5 mL water were added.
The organic layer was separated, washed with water, dried over MgSO4, and concentrated.
The residue was purified by column chromatography using Et2O/MeOH (100:3) as the
eluent to afford 11 mg 11-phenyl-6H-indeno[1,2-d]imidazo[1,2-a]pyridine as a pale yellow
solid, in a yield of 26%.

Other references related to the Schmittel cyclization are cited in the literature.10
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Scholl Reaction

(Scholl Condensation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Scholl in 1910.1 It is a Lewis acid-catalyzed coupling
of aromatic compounds while eliminating two of the aryl-bound hydrogens.2 Therefore,
it is generally known as the Scholl reaction,2,3 or Scholl condensation.2a,4 Occasionally,
this reaction is also referred to as the Scholl oxidation.2a,3b The commonly used Lewis
acid is AlCl3,3c,3v,3x,3cc,3ii because some other Lewis acids may lead to the formation of
by-products. For example, the use of molten SbCl3 results in the formation of a Scholl con-
densation product as well as some hydro-aromatics arising from hydrogen redistribution.4g

In addition, the alumina pillars in the clay are also found to catalyze this reaction.3k Although
this reaction does not take place in the presence of the most protic acids (e.g., 40% HF,
benzenesulfonic acid, trifluoroacetic acid, FSO3H, 98% sulfuric acid, liquid hydrochloric
acid),2b it does occur in anhydrous HF.5 Moreover, this reaction is facilitated by the addition
of NaCl2b,3c or trace amounts of HCl or water.6 Generally, the yield of this reaction is rela-
tively low,2b except for some intramolecular reactions, as indicated by the 66% conversion
of 1-phenylbenz[a]anthracene to dibenzo[a,1]pyrene.7 Presumably, the most exciting result
by the Scholl reaction is to form as many as 126 new aryl-aryl bonds in a single step from
dendritic oligophenylenes.8

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Although a mechanism involving a radical cation has been proposed for the Scholl
reaction, as indicated by the paramagnetic properties of many polycyclic aromatic hydro-
carbons (PAHs) when they are treated with Lewis acids or concentrated sulfuric acid,3l it is
assumed that the Scholl reaction occurs in a manner similar to the Friedel-Crafts Alkylation,9

involving an arenium cation instead of a radical cation.3c,6 In detail, the Scholl reaction of
hexaphenylbenzene involves the complexation between a Lewis acid and aromatic nucleus,
electrophilic addition, and deprotonation,2a as illustrated here. In the presence of NaCl or
HCl, chloride is beneficial for the elimination of aryl hydrogen by the formation of hydrogen
chloride, as indicated by the bold chloride.

D. MODIFICATION

This reaction has been modified by the use of alumina pillars in the clay3k or anhydrous
HF5 as the promoter.

E. APPLICATIONS

This reaction has an important application in the production of polycyclic aromatic
hydrocarbons8 and carbon nanotube segments.9

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

CH2Cl2, r.t.
99.3%

MoCl5 (12 eq.)

Reference 2a.

To 10 mL dichloromethane containing 0.1022 g 1,2,3,4,5,6-hexaphenylbenzene
(0.187 mmol) was added 0.613 g MoCl5 (2.24 mmol, 12 eq.). The resulting mixture was
stirred under nitrogen at ambient temperature for 12 h. Methanol (10 mL) was added to the
solution, and the stirring was continued for an additional hour. The reaction mixture then was
further diluted with dichloromethane and methanol. The resulting hexa-peri-benzocoronene
was filtered through a high density sintered glass filter, and washed thoroughly with
methanol, dichloromethane, methanol, distilled water, methanol, dichloromethane, tetrahy-
drofuran, benzene, and again dichloromethane. The crude hexabenzocoronene was dried in
the air for 24 h and weighed. In addition, the filtrate was diluted with distilled water and
extracted with dichloromethane. The organic layer was washed with distilled water, dried
over MgSO4, and evaporated to dryness. The combined weight of hexa-peri-benzocoronene
was 0.0992 g, in a yield of 99.3%.

S

∆
95%

S

AlCl3/NaCl

Reference 2b.

A mixture of 100 mg aromatic starting material (0.35 mmol), 300 mg NaCl (5.1 mmol),
and 1.50 g AlCl3 (11.2 mmol) was heated at 140◦C (and the reaction might be moni-
tored by TLC). When the reaction was complete, water was added slowly to the molten
mixture under stirring to yield a yellow-orange precipitate, which was taken up by
200 mL benzene, The organic layer was washed with water and saturated NaHCO3 solu-
tion, and dried over MgSO4. Upon filtration and evaporation, the residue was purified
by column chromatography on alumina using benzene as the eluent. The collected frac-
tion was dried, and the residue was recrystallized twice from methylcyclohexane to afford
95 mg pyreno[5,4,3-cde]benzo[b]thiophene as long orange yellow needles, in a yield of
95%, m.p. 298–299◦C.

Other references related to the Scholl reaction are cited in the literature.10
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Schöllkopf Bis-Lactim Ether

Method
(Schöllkopf Bis-Lactim Method)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Schöllkopf in 1979.1 It is a synthesis of an unnatural
nonproteinogenic amino acid from the lithiated enolate equivalent of a simple amino acid
(e.g., glycine, alanine and valine), which involves the diastereoselective alkylation of the
lithiated bis-lactim ether of an amino acid with an electrophile2 or an Aldol Reaction or
Michael Addition to an α,β-unsaturated molecule3 and subsequent acidic hydrolysis. There-
fore, the intermediate of the bis-lactim ether prepared from corresponding amino acids is
generally referred to as the Schöllkopf bis-lactim ether,3a,3b,4 Schöllkopf chiral auxiliary,2,5

Schöllkopf reagent,3a,3b,6 or Schöllkopf bis-lactim ether chiral auxiliary.2a,7 Likewise, the
Schöllkopf bis-lactim ether mediated synthesis of chiral nonproteinogenic amino acid is
known as the Schöllkopf bis-lactim ether method,2b,6b Schöllkopf bis-lactim method,6b

or Schöllkopf methodology.6a In addition, the reaction between a lithiated Schöllkopf
bis-lactim ether and an electrophile is termed as the Schöllkopf alkylation,8 while the
addition of such lithiated intermediate to an α,β-unsaturated compound is referred to as the
Schöllkopf-type addition.8

To smoothly prepare the Schöllkopf bis-lactim ether from an amino acid, it is important to
add 2,6-di-tert-butylpyridine to the reaction system.9 It has been reported that the alkylation
of the lithiated Schöllkopf bis-lactim ether in diethyl ether contains high levels of π-facial
discrimination,3a,4m where the tosylate or halide electrophile is introduced into the opposite
side of the bulky group on the bis-lactim ether ring.8 Such stereochemical outcome for
the Schöllkopf alkylation is known as the Schöllkopf’s rule or Schöllkopf’s observation.8

However, this rule is not always obeyed, and the reaction is probably controlled by both
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reagent and substrate.3b For example, the reaction between the Schöllkopf bis-lactim ether
with a benzyl group at the 3-position and methyl iodide or deuterium chloride all give
products in favor of trans isomers, with a trans/cis ratio of 4:1; whereas the alkylation with
a triflate leads to the formation of a racemic mixture.8 In addition, due to the low solubility
of the lithiated Schöllkopf bis-lactim ether in diethyl ether, a small amount of THF is
necessary to ensure a homogenous reaction condition.4m For comparison, the conjugated
addition of the lithiated Schöllkopf bis-lactim ether to the α,β-unsaturated compounds may
yield products with high levels of stereochemical control at both the α- and β-positions.3b

Furthermore, the lithiated Schöllkopf bis-lactim ether can add to aldehydes or ketones to
yield threo diastereomers.4i It should be emphasized that to ensure a complete hydrolysis
of the Schöllkopf bis-lactim ether, it is better to use a higher concentration of HCl,4d rather
than a mild acidic condition.10

B. GENERAL REACTION SCHEME

N

N
H

OR'

R'O

R'O

R'O
R

H
N
H

H
N

H
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Li+
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CO2R'

NH2
CO2H

NH2

R

E

LDA E

R' = Me, Et, etc
E = electrophile, e.g., alkyl halides, tosylates, ketones, aldehydes, 
        α,β-unsaturated compounds

C. PROPOSED MECHANISMS

It is assumed that the alkylation can be considered as a simple nucleophilic substitution,
probably via a SN2 mechanism. For the case of alkylation, due to the steric effect of iso-
propyl group on the bis-lactim ether ring, the electrophile enters from the opposite side.
However, for the alkylation with an alkyl triflate, the reaction could be too fast to display the
facial discrimination. For comparison, a “compact” and “relaxed” transition state has been
proposed to rationalize the stereochemical outcome for the conjugated addition of the lithi-
ated Schöllkopf bis-lactim ether to an α,β-unsaturated compound, such as α,β-unsaturated
phosphonate.2c An illustrative diagram is provided here for the alkylation with a general
alkyl tosylate.
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D. MODIFICATION

This reaction has been modified by exchanging the lithium ion of the Schöllkopf
bis-lactim ether intermediate with Sn(II),11 Cu(I),12 or Ti(IV)13 to enhance the diastereos-
electivity in Aldol Condensation and the Michael Addition.

E. APPLICATIONS

This reaction is very useful for the preparation of unnatural, nonproteinogenic amino
acids that are used for the synthesis of immunostimulants, hormones, synthetic enzymes,
and peptide drugs with special biological properties.4k

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 4d.

To 20 mL THF solution containing 2.50 g 6(S)-isopropyl-2,5-diethoxy-3,6-
dihydropyrazine (11.8 mmol) at −78◦C, was added under argon 7.05 mL 1.67 M n-BuLi
in hexane (1 eq.) dropwise over 10 min. After being stirred for an additional 20 min, the
reaction mixture was transferred via a Teflon cannula to 20 mL THF solution of 0.527 g
CuCN (5.89 mmol, 0.5 eq.) over 30 min, so that all of CuCN dissolved over this period.
Then the solution was cooled to −78◦C again, and 20 mL THF solution of 3.39 g tert-
butyldimethylsilyl 8-iodooctanoate (8.83 mmol, 1.5 eq. with respect to CuCN) precooled
to −78◦C was transferred via a Teflon cannula. The reaction mixture was then warmed
to −23◦C and was stirred at this temperature for a further 5 h, after which time the
reaction was stored at −23◦C for 18 h. The reaction was then quenched with 30 mL con-
centrated NH3/saturated NH4Cl solution (1:9); the resulting mixture was extracted with
750 mL Et2O in portions, and the combined organic layers were washed with concentrated
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NH3/saturated NH4Cl solution (1:9, 3 × 300 mL) and dried over Na2SO4. Upon removal of
solvent in vacuo, 1.44 g crude yellow oil was yielded. To this crude 8-(R)-(4(S)-isopropyl-
3,6-diethoxy-2,5-dihydropyrazin-2-yl)-tert-butyldimethylsilyl octanoate (assumed to be
5.89 mmol based on CuCN) under argon was added 17.7 mL 1.0 M tetra-n-butylammonium
fluoride (TBAF) THF solution, and the mixture was stirred at room temperature for 75 min
and then quenched with 35 mL saturated NH4Cl solution. The reaction mixture was extracted
with Et2O (2 × 125 mL), and the combined organic layers were dried over Na2SO4. Upon
removal of solvent in vacuo, the 4.77 g white solid was purified by column chromatography
using Et2O/hexane (1:1) containing 0.1% formic acid as the eluent (Rf = 0.4) to afford 2.06 g
8-(R)-(5(S)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)octanoic acid, in a yield of
98% (based on CuCN). The chiral purity was checked by chiral HPLC as single product.
After hydrolysis of this product with 1.0 M HCl, the expected amino acid could be obtained.
(Note: There is an inconsistency of weight in this experimental procedure: from 1.44 g 8-(R)-
(4(S)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-2-yl)-tert-butyldimethylsilyl octanoate,
it is impossible to produce 2.06 g 8-(R)-(5(S)-isopropyl-3,6-diethoxy-2,5-dihydropyrazin-
2-yl)octanoic acid by removal of the dimethyl-tert-butylsilyl group.)

Reference 3b.

To 1050 mL THF solution containing 22.4 g 3(R)-isopropyl-2,5-diethoxy-3,6-
dihydropyrazine (105.5 mmol) at −78◦C, was added 42.2 mL 2.5 M n-BuLi in hexane,
and the resulting solution was stirred for 1 h. Then 116 mL THF solution of 10.35 g
propenylphosphonate (58.1 mmol) was added dropwise. After being stirred at −78◦C
until the completion of the reaction, the reaction mixture was quenched with AcOH
and warmed to room temperature. Upon removal of the solvent in vacuo, the resulting
material was diluted with water and extracted with EtOAc. The combined organic layers
were dried over Na2SO4 and evaporated, and the residue was purified by flash column
chromatography (silica gel, EtOAc/hexane, 2:1–4:1) to yield 13.4 g (2S,5R,1′R)-3,6-
diethoxy-2-[2-(diethoxyphosphoryl)-1-(methyl)ethyl]-2,5-dihydro-5-isopropylpyrazine as
a colorless oil, in a yield of 59%, Rf = 0.46 (EtOAc).

A mixture of 9.37 g (2S,5R,1′R)-3,6-diethoxy-2-[2-(diethoxyphosphoryl)-1-(methyl)-
ethyl]-2,5-dihydro-5-isopropyl-pyrazine (24.0 mmol), 200 mL THF, and 240 mL 0.25 N

HCl was stirred at room temperature for 24 h. Then the solvent was evaporated to half of
its initial volume (< 40◦C), and the aqueous solution was made basic (pH = 10) by the
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addition of NaHCO3 followed by concentrated ammonia. The aqueous layer was extracted
with CH2Cl2, and the combined organic layers were dried over Na2SO4 and evaporated. The
residue was purified by silica gel flash column chromatography (EtOAc to EtOAc/MeOH
(8:1)) to afford 6.4 g ethyl (2S,3R)-2-amino-4-diethoxyphosphoryl-3-methylbutanoate as
a colorless oil, in a yield of 95%, Rf = 0.36 (EtOAc/MeOH, 10:1).

Other references related to the Schöllkopf bis-lactim ether method are cited in the
literature.14
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1. Schöllkopf, U.; Hartwig, W. and Groth, U., Angew. Chem. Int. Ed. Engl., 1979, 18, 863.

2. (a) Krikstolaityte, S.; Sackus, A. and Undheim, K., Chemija, 2001, 12, 76. (b) Ma, C. R.; He, X.
H.; Liu, X. X.; Yu, S.; Zhao, S. and Cook, J. M., Tetrahedron Lett., 1999, 40, 2917.

3. (a) Ruiz, M.; Fernández, M. C.; Dı́az, A.; Quintela, J. M. and Ojea, V., J. Org. Chem., 2003, 68,
7634. (b) Ojea, V.; Ruiz, M.; Shapiro, G. and Pombo-Villar, E., J. Org. Chem., 2000, 65, 1984.
(c) Ruiz, M.; Ojea, V.; Fernandez, M. C.; Conde, S.; Diaz, A. and Quintela, J. M., Synlett, 1999,
1903. (d) Ojea, V.; Conde, S.; Ruiz, M.; Fernandez, M. C. and Quintela, J. M., Tetrahedron Lett.,
1997, 38, 4311. (e) Williams, R. M., Synthesis of Optically Active α-Amino Acids, Pergamon,
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Schöllkopf Oxazole

Synthesis
(Schöllkopf Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Schöllkopf and Schröder in 1971.1 It is the formation
of a 2-unsubstituted oxazole derivative by the condensation of an α-metalated isocyanide
with an acylating reagent. Therefore, this reaction is known as the Schöllkopf oxazole
synthesis2 or Schöllkopf reaction.3

In this reaction, the α-alkali metalated isocyanide, generated by the treatment of an
isocyanide with an α-hydrogen by a regular base such as butyllithium, potassium tert-
butoxide, sodium hydride, DBU, and even triethylamine, functions as both nucleophile
and electrophile,4 and reacts with a suitable acylating reagent, including acyl halide,
amide,1 ester,4 anhydride,5 and acyl imidzole.6 During this reaction, the intermediate of
α-isocyanoketone is not isolable, and cyclizes to give oxazole at the workup stage.4 Among
the formed oxazole derivatives, the substituent at the 4-position comes from the group on
the methylene carbon of the isonitriles, while the substituent at the 5-position has the origin
from the acylating reagent.6 One important utility of the Schöllkopf oxazole synthesis is to
prepare amino esters and amino ketones in high yields.7

Besides the formation of oxazole derivatives, Schöllkopf and the others have successfully
extended the α-alkali metalated isocyanides to the formation of the chain-extended primary
amines,8 2-oxazolines,9 2-thiazoline-4-carboxylic esters,4 2-imidazolines,10 2-pyrrolines
and pyrroles,11 thiazoles,12 2-imidazolin-5-ones,4 2-imidazolinones,4 etc. For example, a
simple reaction between lithiomethyl isocyanide with two equivalents of piperonal fol-
lowed by acetylation of the intermediate with acetic anhydride affords the corresponding
oxazoline.13
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B. GENERAL REACTION SCHEME

Base+
R1 N

C R2 X

O

N

OR2

R1

+
R1 = alkyl, aryl, sulfonyl, etc.
R2 = alkyl, aryl
X = halo, carboxyl, alkoxyl, imidazole

–

C. PROPOSED MECHANISMS

It is assumed that this reaction involves the deprotonation of an α-hydrogen to form
an isocyano group stabilized carbanion that adds to the carbonyl group of the acylating
agent followed by the cyclization via the attack of alkoxyl anion on the isocyano group, as
illustrated here.

D. MODIFICATION

Kozikowski has extended this reaction by using selenol esters as the acylating reagent
instead of the acyl chlorides, in which the activated isonitriles in the presence of a soft metal
ion have shown a strong affinity for selenium.2b This modification is thus referred to as the
Kozikowski modification.2a

E. APPLICATIONS

This reaction has general application in the preparation of oxazole derivatives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 2a.
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To a mixture of 0.15 g selenol ester (0.41 mmol), 63 mg triethylamine (0.62 mmol),
and 0.12 g methyl isocyanoacetate (1.21 mmol) in 5 mL anhydrous THF was added
92 mg anhydrous cuprous oxide (0.62 mmol). After being stirred at room temperature
for 1 h, the reaction mixture was filtered through a pad of silica gel, which was eluted with
EtOAc. The combined filtrate was concentrated in vacuo and the residue was purified by
flash chromatography using EtOAc/hexane (1:3) as the eluent to afford 0.11 g oxazole ester
as a colorless oil, in a yield of 73%.

Reference 3a.

To a solution of 0.827 mL methyl isocyanide (15.1 mmol) in 20 mL THF at −78◦C was
added 5.0 mL 1.5 M n-BuLi in hexanes (7.55 mmol). The mixture was stirred for 10 min and
warmed to −45◦C. To this solution was added 0.661 g 4-benzyloxy-3-methoxycarbonyl-
1-(triisopropylsilyl)indole (1.51 mmol) in 5 mL THF dropwise. The resulting solution was
stirred at −45◦C for 30 min and warmed to 0◦C for an additional 30 min. Then the mixture
was poured into 50 mL saturated NaHCO3 solution and extracted with EtOAc (3 × 30 mL).
The combined extracts were dried over anhydrous MgSO4, filtered, and concentrated. The
residue was purified by silica gel column chromatography using ether/hexanes (2:1–3:1)
to afford a 4:1 mixture of oxazole to keto isocyanide products (1:2 ratio in the original
article, but 4:1 in the corresponding experimental section). The mixture of products was
dissolved in 15 mL CH2Cl2 and treated with 0.076 g pyridinium p-toluenesulfonate (PPTS)
(0.302 mmol) for 2 h. The mixture was concentrated and filtered through a plug of silica
gel with ether as the eluent to afford 0.310 g 4-benzyloxy-3-(5-oxazolyl)indole as a white
solid, in a yield of 71%, Rf = 0.29 (ether/hexane, 3:1). Pure material was obtained by
crystallization from CH2Cl2, mp 167–168◦C.

Other references related to the Schöllkopf oxazole synthesis are cited in the literature.14
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Schönberg Rearrangement

(Schönberg Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Freudenberg on the rearrangement of the methyl
xanthate of diacetonehexose in 19271 and was subsequently studied by Schönberg on the
thermal transformation of thioncarbonates (O-aryl) into thiolcarbonates (S-aryl) in 1930.2

Therefore, it is generally known as the Schönberg rearrangement3 or Schönberg reaction.3a,4

This reaction has been well documented for aryl thioncarbonates (or xanthates) that lack
a β-hydrogen atom,3a,3i whereas the thioncarbonates or xanthates with a β-hydrogen atom
can also undergo the competing pyrolysis (e.g., Chugaev Reaction5) to afford olefins.3a It is
assumed that the Schönberg rearrangement is driven by the higher nucleophilic character of
the sulfur atom and the electron-donating capability of the aryl (or alkyl) group;3i as a result,
the rearrangement is facilitated by electron-withdrawing groups at the ortho- and para-
positions of the O-aryl moiety, which sulfur migrates to.3h This reaction has an important
use in the conversion of phenols to thiophenols,3i especially for some substituted thiophenols
that are difficult to attain when prepared by other methods.3e

B. GENERAL REACTION SCHEME

R
X O

S
Y R

X S

O
Y

R = alkyl, aryl
X = O, S
When Y = ortho- or para-electron-withdrawing group, reaction is favored
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C. PROPOSED MECHANISMS

This reaction has been found to be strictly first order in kinetics.3h In addition, experi-
mental evidence has indicated that this reaction is an intramolecular reaction involving the
attack of sulfur atom on the O-aryl ring via a four-membered cyclic transition state.3d,3e,3g,3h

An illustrative mechanism is displayed here.

D. MODIFICATION

The yield of this reaction can be considerably improved by conducting a vapor phase
pyrolysis.3e

E. APPLICATIONS

This reaction has an important application in the synthesis of substituted thiophenols.

F. RELATED REACTIONS

This reaction is related to the Chapman Rearrangement and Newman-Kwart Rearrange-
ment.

G. CITED EXPERIMENTAL EXAMPLES

MeS O
Cl

S

∆
Cl +

80%

MeS S
Cl

O

10%

Reference 3a.

The yellow methyl 6-chloro-hexyl xanthate (60.0 g, 0.265 mol) was vacuum distilled
at 525◦C for 3.5 h in a quartz tube, which was, in advance, coupled with two traps cooled
by liquid nitrogen. Still under vacuum, the first trap was warmed to room temperature, and
the volatile fragments including carbonoxy sulfide and methylmercaptan were automati-
cally transferred to the second trap, which was placed in the hood to allow the contents to
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evaporate to avoid the odour. The crude pyrolysate (45 g) in the first trap was fractionated to
give 25.3 g 6-chloro-1-hexene (0.21 mol, 81%), and 5.9 g S-(6-chloro-1-hexyl)-S′-methyl
dithiocarbonate as a yellow liquid, in a yield of 10%, b.p. 175–176◦C at 20 mmHg.

O OCl

Cl
S

Cl

∆

O SCl

Cl
O

Cl

93%

Reference 3g.

A solution of 4.83 g 3,4-dichlorophenyl chlorothionoformate (0.02 mol) in 15 mL CHCl3
was added dropwise to a stirred solution of 2.83 g 3-chloro-1-propanol (0.03 mol) and
1.7 milliliters of pyridine in 15 mL CHCl3 at 0–5◦C. After the reaction completed, the
solution was washed with 1 N NaOH and water, dried, and evaporated. The residue was
heated at 170◦C for 1 h, and the mixture was distilled at 171◦C (0.6 mmHg) to yield 5.6 g
3,4-dichlorophenyl 3-chloropropanethiol carbonate, in a yield of 93%.

Other references related to the Schönberg rearrangement are cited in the literature.5
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Schotten-Baumann Reaction

(Schotten-Baumann Acylation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Schotten in 18841 and subsequently extended by
Baumann in 1886.2 It is the acylation of alcohols and amines from acyl halide or anhy-
dride in an aqueous alkaline solution (e.g., 1 M NaOH),3 and is generally known as the
Schotten-Baumann reaction4 or Schotten-Baumann acylation.4s,4u,5 Occasionally, it is also
referred to as the Schotten-Baumann method,4l,4o or Schotten-Baumann esterification.4h,4q

Likewise, the formation of benzoyl ester under these conditions is called the Schotten-
Baumann benzoylation.4i It is assumed that the reaction would perform well if carried out
in a biphasic system of water and an immiscible organic solvent (e.g., CH2Cl2), which has
an important application in the acylation of amino acids.4t,4x For example, p-nitrohippuric
acid and dibenzoylornithine (ornithuric acid) all can be prepared under these conditions.4t

It is interesting that when tyrosine is acylated with benzoyl chloride under this condition, it
forms a dibenzoyl derivative that cannot react with the diazotized sulfanilic acid; whereas
histidine yields only a monobenzoyl derivative that can further react with diazonium acid.4t

However, it has been found that when pyridine is added to scavenge the generated HCl, the
reaction yield might be reduced.4b

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

This reaction should occur in a manner similar to a regular acylation reaction. However,
in the presence of a base, the hydrogen chloride is rapidly removed by the base, although
the base may also react with acyl chloride or hydrolyze the new-formed ester. A general
mechanism of the ester formation is illustrated here.

D. MODIFICATION

This reaction has been made feasible in an ionic liquid such as [bmim][BF4]6 in the
presence of KHCO3.4a

E. APPLICATIONS

This reaction has a certain application in the preparation of esters and amides.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 5d.
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To a mixture of 7 mL EtOAc, 10 mL saturated aqueous NaHCO3 and 10 mL H2O
containing 0.10 g butitaxel starting material (0.096 mmol) was added dropwise a solution
of 0.015 g propyl chloroformate (0.13 mmol, 1.3 eq.) in 1 mL EtOAc. The mixture was
stirred at 24◦C for 30 min and extracted with EtOAc (2 × 30 mL). The combined organic
layers were washed with water and brine and dried over Na2SO4. Upon removal of solvent
under reduced pressure, the residue was purified by silica gel flash column chromatogra-
phy using EtOAc/hexane (1:3) as the eluent to afford 0.08 g carbamate. This carbamate
was then mixed with 0.1 g zinc dust, 3 mL MeOH, and 3 mL acetic acid, and the mixture
was heated at 60◦C for 2 h. The reaction mixture was cooled to room temperature and fil-
tered. The solvents were removed under reduced pressure, and the residue was dissolved in
15 mL EtOAc, washed with 10 mL saturated aqueous NaHCO3 solution, 10 mL brine,
and dried over Na2SO4. Upon removal of the solvent, the residue was purified by sil-
ica gel flash column chromatography using CH2Cl2/MeOH (20:1) as the eluent to afford
0.04 g N-debenzoyl-N-(propoxycarbonyl)butitaxel as a white solid, in a total yield of 49%,
m.p. 155–157◦C, Rf = 0.49 (EtOAc).

Reference 6.

A 5-L three-necked flask equipped with a mechanical stirrer and a dropping funnel
was charged with 182 g ethyl nipecotate·dibenzoyl tartarate salt (271 mmol) followed by
590 mL EtOAc. To the rapidly stirring slurry was added 715 mL water followed by 482 mL
15% Na2CO3 (∼2.5 eq.) over 15 min via a dropping funnel. After the mixture was stirred
briefly, 91.3 g (2-thiophenyl)acetyl chloride (568 mmol) in 111 mL EtOAc was added over
10 min via a dropping funnel, during which time mild gas evolution was observed. Upon
completion of the addition, the mixture was allowed to stir for 30 min., at which time the
layers were separated, and the aqueous layer was extracted with EtOAc (2 × 350 mL).
The combined organic layers were dried over Na2SO4, filtered, and concentrated in vacuo.
The yellow residue was purified by silica gel flash column chromatography using hexane/
EtOAc (1:1–1:3) to afford 150 g (S)-ethyl-1-(2-thiopheneacetyl)-3-piperidinecarboxylate
as a faintly off-white oil, in a yield of 99%.

Other references related to the Schotten-Baumann reaction are cited in the literature.7
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Schwartz Reagent
(Schwartz’s Reagent)

A. GENERAL DESCRIPTION OF THE REACTION

The organometallic compound, known as bis(cyclopentadienyl)zirconium(IV) chloride
hydride,1 [zirconium, chlorobis(η5-2,4-cyclopentadien-1-yl)hydro],2 or simply
zirconocene hydrochloride (Cp2ZrHCl)3 was first introduced by Schwartz into organic syn-
thesis in 1974,4 and is thus referred to as the Schwartz’s reagent5 or Schwartz reagent.1,3,5a,6

Although the Schwartz reagent is poorly soluble in commonly used solvents (e.g., toluene,
THF, CH2Cl2)5a,7 and is also difficult to purify because of its disproportionation,7 it is still
widely used in organic synthesis because of its easy preparation by the reduction of zir-
conocene dichloride with LiAlH4,2 compatibility with several functionalities,6e and special
reactivity. Similar to other hydride reagents, the Schwartz reagent also undergoes reduction
in which the carbonyl compounds including aldehydes, ketones, carboxylic acids, and esters
are usually reduced to alcohols because of the strong hydridic character of the reagent;1 in
comparison, imines are reduced to amines,1 dichlorophosphine and dicyano-phosphine are
reduced to phosphines (or diketoimines);8 and nitriles and tertiary amides are converted
into corresponding aldehydes.5a In addition, the Schwartz reagent usually does not lead to
the formation of a mixture as observed in the DIBAL reduction, due to the lack of a strong
base.5a On the other hand, although the hydrozirconation of unsymmetrical alkynes is
observed to proceed with complete stereoselectivity and high regioselectivity to give vinylic
zirconium complexes,3b the regioselectivity actually depends on the reaction stoichiome-
try, temperature, solvent, and reaction duration.3b For example, the hydrozirconation of
(4S,5S)-4-methyl-5-methoxy-5-benzyl-2-pentyne yields a mixture of vinylic zirconium
complex with one equivalent of Schwartz reagent, whereas a thermodynamic vinylic
zirconium complex is favored with an excess amount of Schwartz reagent; in addition, a
longer reaction period and electron-donating solvent (e.g. THF) favor the thermodynamic
product.3b Similar to tributyltin hydride, the Schwartz reagent is also known to be an
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MODIFICATION 2541

efficient radical chain carrier that can mediate a radical reduction process of alkyl
halides,1,6d the cyclization of unsaturated haloacetals,6c etc. It should be pointed out that
the radical cyclization can be performed in the presence of a catalytic amount of Schwartz
reagent and sodium bis(2-methoxyethoxy)aluminium hydride (Red-Al).6d In addition,
triethylborane (Et3B) can be applied to depress the competitive hydrozirconation during
the radical cyclization of terminal olefins, where the cyclization of internal olefins proceed
smoothly.6c

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

This reagent can participate in a variety of reactions, involving different reaction mech-
anisms. For the Schwartz reagent-mediated radical cyclization, it is proposed that the key
step is the homolytic cleavage of the zirconium-hydrogen bond,1 as illustrated here.

D. MODIFICATION

The Schwartz reagent has been replaced by bis(cyclopentadienyl)zirconium(IV) hydride
triflate [Cp2Zr(H)OTf], which displays the advantages over the Schwartz reagent, such
as less tendency for aggregation and the higher reactivity of hydride due to the weak
coordination ability of triflate anion.7
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E. APPLICATIONS

This reagent is very useful in organic synthesis.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

I

O

THF

O

Cp2Zr(H)Cl/Et3B

82%

Reference 1.

To a 50-mL reaction flask were added 387 mg Cp2Zr(H)Cl (1.5 mmol) and 3.0 mL
THF under argon. Then 148 mg (2R,3S)-3-iodo-2-(3-methyl-2-butenoxy)-tetrahydropyran
(0.50 mmol) in 2.0 mL THF and 0.5 mL 1.0 M triethylborane in hexane (0.50 mmol) were
added. The resulting heterogeneous mixture turned to a clear yellow solution after being
stirred for 1 h at 25◦C. After being stirred for an additional 2 h, the mixture was poured
into a 30 mL 1 N HCl solution and stirred for 15 min. The mixture was extracted with
hexane/EtOAc (10:1) (30 mL × 3). The combined organic layers were dried over Na2SO4
and concentrated in vacuo. The residue was purified by silica gel column chromatography
using hexane/EtOAc (20:1) as the eluent to afford 70 mg product, in a yield of 82%.

1. Cp2ZrHCl/toluene

2. 2 N HCl
34%

Reference 5g.

To a solution of 222 mg [11]metacyclophane-2,9-diyne (1.0 mmol) in 25 mL dry toluene
was added 1.30 g Schwartz’s reagent (5.0 mmol) at once. The reaction was monitored by
TLC. After 4 days, the solution was cooled to 0◦C, and 3.0 mL 2.0 N HCl (6.0 mmol)
was added at once, and the mixture was stirred for additional 10 min. The suspension was
filtered, and the residue was washed several times with CH2Cl2. The combined filtrate was
dried over Na2SO4, and the solvent was evaporated in vacuo. The residue was purified by
silica gel column chromatography (petroleum ether) and further by Kugelrohr distillation
to afford 76 mg (Z,Z)-[11]metacyclophane-2,9-diene as a colorless oil, in a yield of 34%,
b.p. 115◦C at 0.02 mbar.

Other references related to the Schwartz reagent are cited in the literature. 9
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Screttas Lithiation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Screttas in 1978.1 It is one of the most common
methods for preparing an organic lithium reagent by reductive lithiation of an alkyl or
aryl thioether2 with an aromatic radical anion (e.g., lithium naphthalene) in THF, which is
feasible for the preparation of primary, secondary, tertiary,2a,2c,2d and even vinyl lithium
species.2a It has been found that the less stable the organic lithium is, the greater the ease of
generating the organic lithium by reductive lithiation.2a The resulting lithium reagent can
react with a variety of electrophiles, such as epoxides, aldehydes, ketones, α,β-unsaturated
compounds, alkyl halides, etc. It has been found that in the presence of titanium isopropox-
ide or cerium chloride, the addition of allyl lithium to aldehydes or ketones shows high
stereoselectivity.3 In addition, the generated lithium species undergoes an intramolecular
cyclization to form four- to six-membered ring structures,2a,2c with the reactivity order of
secondary > tertiary > primary. In particular, the secondary lithium reagent leads to the
formation of cyclobutane or cyclopentane derivatives with extremely high stereoselectiv-
ity; however, such cyclization is inhibited by a terminal olefinic methyl group.2a In most of
the cases, the Screttas lithiation is carried out in THF,2a,2c,2d,4 with only an exception of
dimethyl ether.2c

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

It is assumed that this reaction involves a radical reductive process. Displayed below is
the lithiation of an alkyl phenyl thioether with lithium naphthalene.

D. MODIFICATION

The lithium naphthalene has been replaced by an even more reactive lithium 4,4′-di-
tert-butylbiphenylyl (LDTBB) or lithium dimethylaminonaphthalene (LDMAN). LDTBB
“not only is a more powerful reducing reagent but is less susceptible to radical attack”;2c

in addition, it can be applied in a catalytic amount (5 mol %) by suspension of an excess
amount of lithium powder in THF.2c For comparison, the use of LDMAN has the advantage
of easy removal of DMAN by a dilute acid wash, although LDMAN may decompose when
the reaction temperature is above –45◦C.2d

E. APPLICATIONS

This reaction has a very important application in carbanion chemistry and is one of the
rare and general methods to prepare organolithium species.2c

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 2a.

A LDMAN solution (45 mL, 0.51 M) in THF prepared from 3.8 mL DMAN
(23.0 mmol) and 161 mg lithium (23.0 mmol), was cooled to –78◦C; then a mixture of 2.90 g
2,2-bis(phenylthio)propane (11.2 mmol) and 10 mL THF was added. The dark green color
of the solution turned into dark red. After 10 min of stirring, 1.39 mL 1-bromo-4-pentene
(11.2 mmol) was added. The resulting mixture was stirred at –78◦C for 2 h, and the
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temperature was then raised to –20◦C. After the solution had been stirred at –20◦C for
30 min, 30 mL saturated aqueous NaHCO3 was added. The reaction mixture was extracted
with ether (50 mL × 3). The combined organic layers were washed with 30 mL 5% HCl
(to remove DMAN) and 30 mL brine and then dried over anhydrous MgSO4 and filtered
through cotton. Upon removal of the solvent in vacuo, the residue was purified by flash chro-
matography using hexane as the eluent to give 2.19 g 6-methyl-6-phenylthio-1-heptene as
a yellow oil, in a yield of 89%.

SPh

Me3Si

1. Li, THF, –78°C, DBB

2. TMSCl, –78°C

71%

Reference 2b.

To a two-necked round-bottomed flask equipped with an argon inlet, were added 1.4 mL
THF and 22 mg di-tert-butylbiphenyl (0.08 mmol). Small lithium pieces in a total amount
of 288 mg (41.5 mmol)—prepared by scrapping the dark oxide coating off the surface while
immersed in mineral oil and cut into small but shiny pieces and dipped in hexane—was
quickly added to the solution of DBB while the flask was rapidly purged with argon. The
mixture was sonicated for 5 min at room temperature, then cooled to –78◦C. A solution
of 200 mg allylthioether (0.83 mmol) in 1 mL THF was added to the preformed solution
of LiDBB under argon, and the mixture was stirred until the originally dark green color
reappeared; then 180 mg TMSCl (1.66 mmol) was added. The reaction was maintained at
–78◦C for an additional 5 min and the resulting solution was filtered to remove the excess
lithium. The mixture was extracted three times with Et2O. The combined organic layers
were washed with water and brine, dried over MgSO4, and concentrated to dryness. The
residue was purified by column chromatography (hexane) to afford 184 mg Z-(trimethyl-
(4-phenyl-3-(phenylthio)but-2-enyl)silane as a colorless oil, in a yield of 71%, Rf = 0.26
(hexane).

Other references related to the Screttas lithiation are cited in the literature5.
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Selenoxide Elimination

(Selenoxide Pyrolysis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Jones et al. in 1970.1 It is the synthesis of an
olefin via the pyrolysis of an alkyl selenoxide and is generally known as selenoxide
elimination2 or selenoxide pyrolysis.3 Occasionally, it is also referred to as the selenoxide
syn elimination2cc,4 or hydrolytic selenoxide elimination.5 This reaction often takes
place under very mild conditions, with few exceptions at a temperature > 100◦C.2cc Because
the selenoxide is reluctant to undergo further oxidation, the preparation of selenoxide can be
achieved by different oxidants,2cc including ozone,3b,6 mCPBA,2cc H2O2,7 and NaIO4.8

It has been found that an electron-withdrawing group accelerates the elimination process
and lowers the reaction temperature.9 For example, α-carbonyl selenoxides can decompose
into α,β-unsaturated ketones around or even below room temperature.2cc,9 In addition, the
selenoxide elimination has shown good regioselectivity for the asymmetrical ketones.2d It
should be pointed out that the selenoxides are extremely polar molecules and are highly
hygroscopic.2aa Overall, this reaction is suitable for the preparation of allyl alcohols (from
epoxide),10 acetylenes, or allenes (from α-selenoxide alkyene),2z dienes,11 α,β-unsaturated
ketones,2cc esters,12 and nitriles.13

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

A simple mechanism is illustrated here for the syn-elimination.

D. MODIFICATION

This reaction has been modified by the use of different oxidants to generate the selen-
oxides. In addition, an antibody-catalyzed selenoxide elimination has been developed.2g

Moreover, this reaction has been performed under basic conditions.14

E. APPLICATIONS

This reaction has a very general application in organic synthesis to form olefinic deriva-
tives.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Reference 3b.

A solution of 6.84 g methyl N-benzoyl-2-[2′-(phenylseleno)ethyl]phenylalaninate
(14.7 mmol) in 150 mL CH2Cl2 at −78◦C was bubbled through ozone until the blue color
persisted. Then 31.7 mL 1-hexene (255 mmol) was added, and this cold mixture was added
dropwise to 500 mL boiling benzene, and the refluxing was continued for 30 min. Upon
evaporation of all the solvent, the residue was purified by flash column chromatography
using EtOAc/hexane (0:1–1:9) to afford 4.48 g methyl N-benzoyl-2-vinylphenylalaninate
as a white solid, in a yield of 99%, m.p. 116–117◦C.

SO2ArPh

MePhSe

SO2Ar

Ph OH

1. mCPBA/THF

2. 3 M KOH, 18-c-6

65%

Reference 14.
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A mixture of 298 mg selenide (0.70 mmol), 144 mg mCPBA (0.84 mmol), and 10 mL
THF was stirred for 5 min. Then 5 mL 3 M KOH solution and a catalytic amount of
18-crown-6 were added, and the resulting mixture was stirred vigorously for 18 h at room
temperature. The reaction mixture was then extracted with ether, and the combined organic
layers were washed with water (2 × 10 mL) and brine (10 mL), and dried over anhydrous
Na2SO4, and evaporated in vacuo. The residue was purified by preparative TLC using
hexane/EtOAc (4:1) as the eluent to afford 130 mg 3-phenyl-2-(p-tolylsulfonyl)-2-propen-
1-ol, which was further purified by crystallization from ether/hexane, in a yield of 65%,
m.p. 95.5–96.5◦C.

Other references related to the selenoxide elimination are cited in the literature.15
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Semmler-Wolff
Aromatization

(Semmler-Wolff Rearrangement,
Semmler-Wolff Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Semmler in 18921 and subsequently studied by
Wolff in 19022 and Schroeter in 1911.3 It is the rearrangement of an oxime of an α,β-
unsaturated cyclohexenone (or known as the α,β-unsaturated cyclohexenyl ketoxime) to
an aromatic amine in a mixture of acetic anhydride and acetic acid saturated with HCl or
HBr.4 Therefore, this reaction is generally known as the Semmler-Wolff aromatization,4b,5

Semmler-Wolff rearrangement,5e,6 or Semmler-Wolff reaction.7 Occasionally, it is also
referred to as the Semmler-Wolff-Schroeter reaction.8 It should be pointed out that the
Beckmann Rearrangement,4b,5d,5e,9 and the fragmentation to nitriles5d often compete
with the Semmler-Wolff aromatization. In addition, the Semmler-Wolff aromatization is
obstructed by the substituents close to the reaction center.5e

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

Illustrated here is the mechanism for the aromatization of an α,β-unsaturated cyclohex-
enyl ketoxime.

D. MODIFICATION

This reaction has been modified by heating the oximes in acetic anhydride and anhydrous
phosphoric acid at 80◦C4a or heating the mixture of ketoxime and one equivalent of acetyl
chloride in toluene in a sealed tube at 80◦C10 to improve the reaction yield.

E. APPLICATIONS

This reaction has certain application in the preparation of aromatic amines.

F. RELATED REACTIONS

This reaction is related to the Beckmann Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

N

N

O

HO

PPA

∆

N

NH

O

78%

Reference 5d.

Finely powdered (±)-(Z)-1,10a-dihydropyrrolo[1,2-b]isoquinoline-3,10-(2H,5H)-
dione-10-oxime (30 g, 0.14 mol) was added quickly to 600 g hot polyphosphoric acid
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(100◦C) under stirring. The resulting mixture was vigorously stirred for 10 min during
which period the internal temperature increased to 128◦C. The hot mixture was decanted
over 2.5 L crushed ice and diluted with water to give a solution, that was basified to pH
8–9 with 50% NaOH. Further dilution with water to keep the inorganic salts in solution
was necessary. The yellow precipitate was collected by vacuum filtration, and the filter
cake was washed thoroughly with water and dried in vacuo at 40◦C over NaOH pellets to
give 21.6 g crude 1,4-dihydrobenzo[c]-1,5-naphthyridin-2(3H)-one, in a yield of 78%. The
product was further purified by preparative HPLC and recrystallization from 95% ethanol
to afford yellow crystals, m.p. 227–228◦C.

N
H

O

N
HO

∆

N
H

O

NH

O

Ac2O/AcOH/HCl

53%

Reference 5e.

To a mixture of 4 mL acetic acid and 1.5 mL acetic anhydride was added 0.5 g
4-methyl-5,6,7,8-tetrahydro-5-(hydroxyimino)-2-hydroxyquinoline (3.0 mmol). The solu-
tion was saturated with anhydrous HCl gas and then held at reflux for 18 h. At the end of the
reaction period, the solution had become dark, whereupon it was cooled, diluted with water,
and allowed to stand for several hours. The white precipitate that formed was washed with
water and crystallized from alcohol to provide 0.30 g 4-methyl-5-acetamido-2-quinolone,
in a yield of 53%, m.p. 355◦C.

Other references related to the Semmler-Wolff aromatization are cited in the literature.11
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Serini Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Serini in 1939.1 It is a zinc-promoted rearrangement
of 17-hydroxy-20-acetoxy-steroids into 20-oxo-steroid derivatives with the complete inver-
sion of stereochemistry at C-17 and is generally known as the Serini reaction.2 Occasionally,
it is also referred to as the Logemann-Serini reaction3 or Serini-Logemann reaction.4 It has
been found that the treatment of steroid derivatives with anhydrous zinc acetate yields
the results similar to that when refluxed with zinc, indicating that the function of zinc
in the Serini reaction is to generate a Lewis acid.2f This reaction has been extended to
other cyclic and open-chain 1,2-diol monoacetates as well as corresponding benzoates and
p-nitrobenzoates.2f Under normal conditions, the 1,2-diol monobenzoates or p-nitrobenzo-
ates offer better results than the corresponding monoacetates.2f If an aromatic ring is
attached to the secondary carbon, the corresponding aldehyde might form because of the
1,2-aryl migration.2f

B. GENERAL REACTION SCHEME
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C. PROPOSED MECHANISMS

The mechanism of this reaction has been studied to a certain extent.2f,2l,4 It has been
proposed that zinc is actually converted into a complexing Lewis acid. In addition, the C-O
bond, as a part of the monoacetate at C-20, of these steroids never breaks and is transformed
into the carbonyl group in the final product while the hydrogen at C-20 migrates to the C-
17 position, accompanying with the inversion of stereochemistry at C-17, as illustrated
here.2f,2l

D. MODIFICATION

This reaction has been extended to other cyclic and open-chain 1,2-diol monoesters.2f

E. APPLICATIONS

This reaction has certain application in steroid chemistry.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

O

OH

O

NO2

O
20 eq. Zn

95%
130°C

Reference 2f.

To a special reaction vessel equipped with a nitrogen inlet and removal trap, was added
powdered (3′-methyl-3′-hydroxyl)-2-butyl p-nitrobenzoate and 20 eq. of freshly activated
zinc dust through a funnel. The reaction vessel was immersed into an oil bath at 130◦C for
2.5 h and a steady nitrogen flow (60 bubbles/min) carried the volatile products or by-products
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toward the trap, which was cooled with dry ice/acetone. At the end of the reaction, the volatile
product (i.e., methyl isopropyl ketone) was collected in the trap, in a yield of 95%.

Reference 2q.

A mixture of 200 mg �5-pregnene-3β,17α,20β-triol-3,20-diacetate and 4.0 g zinc dust
was finely ground and heated slowly in an air bath to 180◦C at 0.03 mmHg. The material
that sublimed was extracted with CHCl3, and the product so collected on crystallization
from dilute acetone gave 78 mg 17-iso-�5-pregnene-3β-ol-20-one-3-acetate, in a yield of
47.5%; on further crystallization from alcohol, the substance obtained melted at 159–164◦C
and 167–168◦C. (Note: Two different melting points were given in the original work.)

Other references related to the Serini reaction are cited in literature 5.

H. REFERENCES

1. Serini, A., Logemann, W. and Hildebrand, W., Ber., 1939, 72, 391.
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Seyferth-Gilbert

Homologation
(Seyferth-Gilbert reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Seyferth in 19701 and was subsequently extended by
Gilbert et al. in 1979.2 It is the transformation of aldehydes or ketones into alkynes with
one more carbon atom by means of the reaction with dimethyl (diazomethyl)phosphonate
in the presence of potassium t-butoxide. Therefore, it is known as the Seyferth-
Gilbert reaction,3 Seyferth-Gilbert homologation,4 Gilbert-Seyferth homologation,5 or
Gilbert-Seyferth reaction.6 Similarly, dimethyl (diazomethyl)phosphonate is referred to
as the Seyferth reagent,7 Seyferth-Gilbert reagent,8 Seyferth-Gilbert diazophosphonate
reagent, Gilbert-Seyferth diazo phosphonic reagent,9 or simply the Gilbert-Seyferth
reagent.10

B. GENERAL REACTION SCHEME

R R′

O

MeO
P H

O

N2
MeO

KO-t-Bu
R R′ R = alkyl, aryl

R′ = H, alkyl, aryl
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C. PROPOSED MECHANISMS

It is proposed that this reaction occurs via a mechanism similar to the Wittig Reaction.11

In detail, deprotonation of the Seyferth-Gilbert reagent by potassium t-butoxide gener-
ates a carbanion, which adds to the carbonyl group to yield an oxaphosphatane; then
subsequent elimination of dimethylphosphate leads to the formation of a vinyl diazo
intermediate from which the vinyl carbene forms by evolution of nitrogen gas; final 1,2-
migration of the substituent on vinyl carbene yields the alkyne. An illustrative mechanism is
displayed here.

D. MODIFICATION

This reaction has been modified by Ohira12 and Bestmann13 via the generation of
dimethyl(diazomethyl)phosphonate in situ by the treatment of dimethyl-1-diazo-2-oxo-
propylphosphonate with methanol and K2CO3. This method, often gives a very high yield
of terminal alkynes from aldehydes and is also known as the Bestmann modification.3a,6

Dimethyl-1-diazo-2-oxopropylphosphonate is referred to as Ohira’s reagent.8

E. APPLICATIONS

This reaction should have a very wide application in organic synthesis, in terms of the
preparation of alkynes.

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

Reference 11.

To a 250-mL, flame-dried, round-bottomed flask, were added 40 mL dry THF and 2.29 g
dimethyl methylphosphonate (18.4 mmol), and the mixture was cooled to −78◦C. Then
7.66 mL 2.4 M n-butyllithium in hexanes (18.4 mmol) was added over 5 min; after the
solution was stirred at −78◦C for 15–30 min, 5.41 g 2,2,2-trifluoroethyl trifluoroacetate
(3.73 mL, 27.6 mmol) was added rapidly (1–2 s), and the resulting mixture was stirred at
−78◦C for 15 min and was then warmed to room temperature. The crude reaction mix-
ture was partitioned between 250 mL Et2O and 10 mL 3% HCl solution, the combined
organic layers were washed with 10 mL saturated NaHCO3 and brine, dried over MgSO4,
and concentrated to give 90% dimethyl (3,3,3-trifluoro-2,2-dihydroxypropyl)phosphonate,
which upon purification from column chromatography had melting point of 57–61◦C.
This intermediate was immediately dissolved in 40 mL dry CH3CN, then 3.97 g
4-acetamidobenzenesulfonyl azide (16.5 mmol) was added, and the solution was cooled
to 0◦C. Triethylamine (1.66 g, 2.29 mL, 16.5 mmol) was slowly added within 5 min. The
mixture was allowed to warm to room temperature and was stirred overnight. Solvent was
removed by rotary evaporation from the resulting slurry, which contained the precipitated
4-acetamidobenzenesulfonamide. The residual orange oily solid was suspended in CHCl3
and filtered through a coarse glass frit to remove 4-acetamidobenzenesulfonamide, which
was washed with a small portion of additional CHCl3. Upon concentration of the filtrate,
the residue was purified by column chromatography using EtOAc as the eluent and iodine
for visualization to afford 1.23 g dimethyl (diazomethyl)phosphonate, in a yield of 50%.

O OTHP

H

TIPSO

O

O

O OH

H

TIPSO

O

1) (MeO)2P(O)CHN2, KO-t-Bu

2) p-TsOH, MeOH

74%

Reference 4.

A solution of 63 mg dimethyl (diazomethyl)phosphonate (0.42 mmol) in 5 mL THF was
treated with 0.42 mL 1 M KO-t-Bu at −78◦C and stirred for 20 min at this temperature.
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Then aldehyde in 5 mL THF was added slowly. The resulting mixture was allowed to
slowly warm to 0◦C and stirred at 0◦C for an additional 8 h, then quenched with saturated
aqueous NH4Cl. The mixture was extracted with EtOAc (2 × 20 mL), the combined organic
layers were washed with brine, dried over MgSO4, and concentrated in vacuo. This crude
acetylene was then dissolved in 10 mL MeOH, and a catalytic amount of p-toluenesulfonic
acid was added. The mixture was stirred at room temperature for 5 h, and diluted with
20 mL EtOAc, washed sequentially with aqueous saturated NaHCO3 and brine, dried over
MgSO4, and concentrated in vacuo. The residue was purified by column chromatography
using hexane/EtOAc (4:1) as the eluent to afford 117 mg propargyl alcohol as a colorless
oil, in a yield of 74%.

Other references related to the Seyferth-Gilbert homologation are cited in the literature.14
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Shapiro Reaction
(Shapiro Elimination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially reported by Shapiro in 1967.1 It is a synthesis of olefins
by means of a base-promoted decomposition of p-toluenesulfonylhydrazones of the corre-
sponding ketones or aldehydes.2 Therefore, it is generally known as the Shapiro reaction,2b,3

or Shapiro elimination.4 Occasionally, it is also referred to as the Shapiro olefination,5

Shapiro lithiation reaction,6 Shapiro fragmentation,3d or Shapiro degradation.4d

Normally, at least two equivalents of a strong base (typically an alkyllithium or lithium
dialkylamide) are required to react with the hydrazones, and subsequent aqueous workup
will give the expected alkenes.3j However, the Shapiro reaction has recently been reported
to occur catalytically.3k This reaction is commonly carried out under very mild conditions
compared to the Bamford-Stevens Olefination. In addition, due to the syn-dilithio effect,7

the Shapiro reaction normally affords high yields of alkenes without rearrangement or other
side reactions.2c Moreover, when the Grignard reagent is used as a base, substituted nitrile
can be generated.3d The alkenes formed are kinetically controlled products—that is, less
substituted alkenes.2b It should be pointed out that the Shapiro reaction does not work
well with substrates containing only tertiary R-carbon atoms,8 because the formation of the
dianionic intermediate is problematic in this case and substitution at the imino carbon atom
competes effectively with the elimination.8a

B. GENERAL REACTION SCHEME

R

N

H
N

Ts n-BuLi R
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C. PROPOSED MECHANISMS

It is assumed that the Shapiro reaction involves the deprotonation of the hydrazone NH
and subsequently of an α-CH group, the resultant dianion eliminates p-toluenesulfinate
followed by the evolution of nitrogen, as illustrated here.2b

D. MODIFICATION

This reaction has been modified to occur with only a catalytic amount of lithium amide.3k

E. APPLICATIONS

This reaction has wide application in the preparation of alkenes or other derivatives.2

F. RELATED REACTIONS

This reaction is closely related to the Bamford-Stevens Reaction.

G. CITED EXPERIMENTAL EXAMPLES

Reference 4.

To a solution of 446 mg phenylaziriine (Z)-hydrazone of 14-(tert-butyldimethylsiloxy)-
5-tetradecanone (1.0 mmol) in 1.0 mL dry ether at 0◦C under argon atmosphere was added
a solution of 0.2 mL 0.5 M LDA in ether/hexane. The mixture was stirred at 0◦C for 1 h
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and then poured into a mixture of AcOH/THF/H2O (2:1:1, 40 mL). The mixture was stirred
vigorously at room temperature for 3 h. Ether (50 mL) was added, and the organic layer
was washed with saturated aqueous NaHCO3 followed by brine, dried over Na2SO4, and
concentrated. The crude (Z)-9-tetradecenol was treated with 142 µL Ac2O (1.5 mmol) and
121 µL pyridine (1.5 mmol) in 3.0 mL dichloromethane, in the presence of a catalytic
amount of DMAP at 25◦C for 1 h. A standard workup and purification by column chro-
matography on silica gel (ether/hexane, 1:8) afforded 201 mg (Z)-9-tetradecenyl acetate,
in a yield of 79%.

S
N
H

N
O O

NPh
Me

Si

NPh

Ph

Si
Cl

Ph

1. TMEDA
2. n-BuLi

3.

73%

Reference 3b.

To a 1-L round-bottomed flask equipped with an addition funnel and an inter-
nal thermometer were added 18.6 g N-(1-benzyl-piperidin-4-ylidene)-N ′-tosyl-hydrazine
(52 mmol) and 260 mL hexanes. Under a nitrogen atmosphere, 40 mL TMEDA (267 mmol)
was added and the mixture was cooled by dry ice/acetone bath and stirred for 25 min to
resolve a white suspension. Then 160 mL 1.6 M n-butyllithium in hexanes (256 mmol)
was added through the addition funnel dropwise over a period of 20 min, during which
the reaction mixture turned into a yellow-orange suspension and the internal tempera-
ture rose by ∼10◦C. After the addition of n-BuLi completed, the solution was stirred at
−78◦C for 15 min and then was allowed to warm to room temperature (∼18◦C) within
1.5 h while being stirred. Over this time period, bubbling was observed, and the reaction
slowly became reddish orange and then reddish brown. Then the solution was cooled by
an ice bath for 10 min; after that, 14 mL benzyldimethylsilyl chloride (neat) (77 mmol)
was added through a syringe over about 1 min. The reaction mixture quickly turned more
reddish in color, and the internal temperature rose by ∼15◦C. After being stirred overnight,
the reaction mixture was placed in an ice bath and quenched by 400 mL water, portion-
wise at first. The mixture turned from reddish brown to bright yellow, and the internal
temperature rose by ∼20◦C. After separation of the organic phase, the aqueous layer
was extracted with hexanes (2 × 150 mL). The combined organic layer was dried over
Na2SO4 and concentrated in vacuo. The residue was purified by silica gel chromatography
(automated column, 330 g SiO2, 0%–20% EtOAc in hexanes gradient) to afford 12.19 g
1-benzyl-4-(benzyldimethylsilanyl)-1,2,3,6-tetrahydro-pyridine as an orange oil, in a yield
of 73%.

Reference 3d.
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To a solution of 205 mg (E)-tosylhydrazone of 3α,5-cyclo-23,24-dinor-6β-methoxy-
5α-cholane-24-al (0.4 mmol) in 1.4 mL THF was added 0.6 mL 2 M i-PrMgCl in THF
(1.2 mmol). The mixture was stirred at room temperature for 24 h. The excess Grignard
reagent was quenched with aqueous NH4Cl, and the product was extracted with Et2O and
purified via column chromatography, to give 143 mg starting material (70% recovery yield)
and 19 milligrams of 20(S)-6β-methoxy-3,5-cyclo-5α-pregnane-20-carbonitrile, in a yield
of 14%.

Other references related to the Shapiro reaction are cited in the literature.9
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