


Abnormal Claisen
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

The first example of abnormal Claisen rearrangements was reported by Lauer and
Filbert in 1936.! In contrast to the regular Claisen rearrangement ([3,3] o migration),2
the abnormal Claisen rearrangement? usually occurs for the allyl aromatic ethers. A similar
reaction also occurs for the thermal rearrangement of cyclopropyl ketones to homoallylic
ketones.* The abnormal Claisen rearrangement is believed to proceed via two consecu-
tive processes, i.e., the normal ortho Claisen rearrangement of y-alkylallyl aryl ether to
an o-(a-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 FeCls, even though other Lewis acids (e.g., HfCly, GaCls, ZrCly)
have limited ability to accelerate such reaction. 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.’

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)® and the stepwise process consisting of two consecutive

steps (Scheme 2).* However, much experimental evidence is inconsistent with the stepwise
mechanism.
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SCHEME 1. Concerted mechanism for abnormal Claisen rearrangement.
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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.

oy
CUY

X o CH,Cly, —78°C

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-SnCl; Complex

To a solution of BINOL (0.22 mmol) in 4 mL distilled CH,Cl, was added 200 pL
1.0 M SnCly in CH3Cl; (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 pL 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 MgSOy4 and concentrated. The residue was purified by silica
gel column chromatography using hexane/CH;Cl, (4:1) as the eluent to give 98% of the
rearrangement product as detected by GC.
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ABNORMAL CLAISEN REARRANGEMENT

Other references related to the abnormal Claisen rearrangement can be found in the

literature.

H.
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2.
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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 1863' and subsequently studied by
Claisen.? It is a self-condensation of ester in the presence of alkali alkoxide in alcohol
to form S-keto esters (e.g. ethyl acetoacetate from ethyl acetate) and is generally known
as acetoacetic ester condensation.’ This reaction was extensively explored by McElvain
in 1930s.* In general, it is carried out under basic conditions (e.g., NaOEt) to generate
B-keto-esters from aliphatic carboxylic acid esters.

B. GENERAL REACTION SCHEME

0]

Q NaOEt 9
R\)I\o/\ EtOH RMO/\ (R =H, alkyl, aryl)

R

C. PROPOSED MECHANISMS

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

Three esters (ethyl isovalerate, ethyl #-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.’ 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.®

E. APPLICATIONS

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

F. RELATED REACTIONS

This reaction is related to Acetoacetic Ester Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

Ph
0 o]
Ph Y _NaOBt Phw ~
o) 0o o
55%

Reference 3a.

To a 500-mL flask equipped with a sealed stirrer and a reflux condenser were added fresh
NaOE:t (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 «,y-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 «,y-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.

R

O\/ NaOEt /\[H\[(O
R/\[( _NaOEt_ -
O (0] (0]
R=C/Hopiq,n=1,2,...12

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 S-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 a-pelargonylpelargonate and ethyl
a-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.
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Acetoacetic Ester Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Simonsen in 1908;! unfortunately, it was not named
after this inventor. It is the synthesis of «-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.” Being adjacent to two electron-withdrawing groups (i.e., carbonyl and ester
groups), the a-methylene protons in S-ketoesters (e.g., acetoacetic esters) are very acidic;
the pKa of which could be as low as 10.> Therefore, the a-methylene proton is readily
deprotonated, and the resulting a-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.* The new substituted S-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.>*°

B. GENERAL REACTION SCHEME

o o0 o0 0
)J\)I\ R Base )H/U\O/R Dilute OH )]\/R' + ROH
o R-X L or H*

Conc. alcoholic
alkali

O

R'\)J\O/R + AcO™
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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.

O O H

JIX

R
-ORN o or EtOH

% Decarboxylation /U\/R
EtO~ R OH EtO—

/%)?\ O
Workup
2N
O f» HI\O/\ R\)]\O/\

ro R EtOAc R

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.

WO\/ Mel, NaOEt o Cer
EtOH NO-

_—
O © )

A
_ o —, | )
NO, OEt No,

F. RELATED REACTIONS

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

NaOEt ¢
)J\)J\O/Buf PhCOCI Ph)J\)]\ ABU T Mel MSeO} Ph)%O/Bu
0
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 zert-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 #-butyl e-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 x 100 mL), and the ether extracts were
combined. The aqueous layer then was acidified with 10 mL 1 M HCI 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 a,e-dimethyl-benzoylacetate.

t 2 O
N
(0] 2) NC H
O A

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% NaHCOj3
and water and dried over MgSOy4. Upon removal of solvent by evaporation, about 31.0 g
N-cyclohexyl B-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.’
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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,' and was further
extended by Bouveault and Locquin.? It is the synthesis of symmetrical a-hydroxy ketones
via the reductive condensation of esters in an inert solvent in the presence of sodium. Since
symmetrical o-hydroxy ketones, the aliphatic analogs of benzoins, are generally known as
acyloins, the formation of a-hydroxy ketones from esters is simply referred to as acyloin
condensation.’ In a few cases, it is also referred to as acyloin reaction. 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.> 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 NH3.32 The yield of this reaction can be greatly improved
when trimethylchlorosilane presents.*d Intromolecular acyloin condensation from aliphatic
diesters affords cyclic ketones of different ring sizes.

B. GENERAL REACTION SCHEME

RN AT O
/ ‘COOR /
!‘ Na i
¢ !
\\ COOR Inert Solvent l\\
= e OH

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
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14 ACYLOIN CONDENSATION
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 a-dicarbonyl intermediate, which is further reduced by two sodium atoms to ene-diolate.
Upon hydrolysis, the ene-diol tautomerizes to acyloin product.® A general mechanism for
acyloin condensation is displayed below.

_Na
(@) R O7
Na )\ _R' ) R._.0/ Na
e S
\ R_J)O ¢
R O/R \r/ R' o IO 2 NaOR!' R O\Na
O R
Na

D. MODIFICATION
This reaction has been modified to form bis(trimethylsilyloxy) alkenes.*d In addi-

tion, CgK” and thiazolium salt,® such as 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium
chloride,¢ 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.’

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 (s
> <> / CaK CeK ‘
D ———— —_—
N O D
Reference 7.

Preparation of CgK. 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 CgK 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 MgSOy, 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.

\/\/\/\/\/\[(O\ Na
_—
o) Xylene
HO

Reference 10.

(o)

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.!!
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Acyloin Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

Acyloins are the general name of symmetrical a-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.! The acyloin rearrangement is the conversion of an a-hydroxycarbonyl
compound into its structural isomer (also an «-hydroxylcarbonyl compound), which is
accomplished by the interchange of the carbonyl group and migration of an alkyl group
to the adjacent carbon atom.? While this rearrangement is usually promoted by acid® or
base,* it also proceeds under pyrolytic conditions;> and the thermal acyloin rearrangement
can be accelerated by high pressure.® The details of acyloin rearrangement are given in the
literature.”

B. GENERAL REACTION SCHEME

)O OH
Rz Ro
R4 ‘\K R Acid (or base) R1m
3
OH (0]

C. PROPOSED MECHANISMS

Both acid-(Scheme 1) and base-(Scheme 2) catalyzed reactions are displayed here.
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9] A—H HA OH
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SCHEME 1. An acid-catalyzed acyloin rearrangement.
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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

HO Q

o ko, 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 (KO,
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 KO, 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 Na; SOy, 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 (1:1) 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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EtO,C o EtO,C OH
| Ph 5% KOH | Ph
—_—
N” “oH A N" o

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 HCI. The precipitated hydroxypyrrolinone was extracted with CHCl3 (2 x 40 mL). The
combined organic layers were washed with water and dried over Na;SO4. 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.

H.

Other references related to acyloin rearrangement are cited in the literature.!
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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,! hydrogena-
tion of amide to amine,? and other hydrogenations.? Similarly, dehydrogenations include
dehydrogenation of alcohol,* dehydrogenation of aromatic compounds,® and some other
dehydrogenations.® The protocols for the preparation of these catalysts are also provided
by Adkins.”

B. GENERAL REACTION SCHEME

Some representative reactions are illustrated here.

0 Catalyst
J. R —— R OH
R” "0 Hz

o Catalyst o~
e S e,

Ha
H
Catalyst | X
+
Ho =

Hydrogenation
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0 === 0
—_—

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).

R4 R
H‘l\/
AV P B
oy —old —ol
C{J}J\" Clu -
- &

SCHEME 1. Hydrogenation of olefin over an Adkins catalyst.
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SCHEME 2. Decarboxylation of «,8-unsaturated carboxylic acids.
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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

0 OH

N Triethylamine
| _ Ho/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
(NazCr07-2H,0) and 225 mL 28% NH4OH was poured 900 mL of a solution (at 80°C)
containing 260 g copper nitrate trihydrate (Cu(NO3);-3H,0) and 31 g Ba(NO3),. 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 x 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.®
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. (a) Connor, R.; Folkers, K. and Adkins, H., J. Am. Chem. Soc., 1931, 53, 2012. (b) Connor, R.;

Folkers, K. and Adkins, H., J. Am. Chem. Soc., 1932, 54, 1138.

. (a) Furusawa, T. and Kunii, D., J. Chem. Eng. Jpn., 1971, 4, 274. (b) Ohtsuka, H.; Aomura,

K.; Tomita, N.; Hashimoto, K. and Takada, O., Hokkaido Daigaku Kogakubu Iho, 1966, 199.
(c) Lanchec, G.; Blouri, B. and Rumpf, P., Bull. Soc. Chem. Fr., 1966, 3978. (d) Falkum, E.
and Glenn, R. A., Fuel, 1952, 31, 133. (e) Falkum, E. and Glenn, R. A., Fuel, 1950, 29, 178.
(f) Miyake, R., Yakugaku Zasshi, 1948, 68, 38. (g) Miyake, R., Yakugaku Zasshi, 1948, 68, 29.
(h) Miyake, R., Yakugaku Zasshi, 1948, 68, 26. (i) Miyake, R., Yakugaku Zasshi, 1948, 68, 22.
(j) Miyake, R., Yakugaku Zasshi, 1948, 68, 18. (k) Miyake, R., Yakugaku Zasshi, 1948, 68, 14.
(1) Miyake, R., Yakugaku Zasshi, 1948, 68, 8.



Ainley and King Synthesis
(Ainley-King-Sargent Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reported first by Ruzicka et al. in 1924! and was extended by Ainley
and King in 1935.2 It is a multistep synthesis of a-piperidyl-4-quinolinemethanols® (or
quinolyl-4-a-piperidylcarbinols*), 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 condensation® of ethyl quininate with ethyl e-benzamidocaproate, (1) hydrolysis of
the ester and B-decarboxylation, (i) e-bromination and cyclization, and (j) reduction of the
carbonyl group to a secondary hydroxyl group via hydrogenation.>® This reaction played
an important role in the preparation of large quantities of quinine for antimalarial42-6.7
during the World War II and is generally known as the Ainley and King synthesis.>#3:6
Subsequently, this reaction has been modified by various researchers, especially by Sargent
in 1946;* thus this synthesis is also referred to as the Ainley-King-Sargent synthesis.®

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 (H,O and ether) using sodium carbonate as base.”

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.® 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.’
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26 AINLEY AND KING SYNTHESIS

B. GENERAL REACTION SCHEME

R R o}

\©\ + (0] T» \©\ — _—

NH
2 EtO o EtOH

R\@\)j R Ny Hepac R _PhCHO_
Base
— ~
N OH N Cl
~ "Ph
R
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H B N (R=H, OMe etc)

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.®

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

COaEt o) NHBz
X BzNH(CH,)sCO,Et CO,Et 1) 40% HBr
NaNH,/Benzene, 90°C 2) Br,/40% HBr, A
= A 529%
N~ ~Ph o
e
N~ ~Ph
Br~
° Br “NH
r 3 1) 15%Na,CO4/EtOH N
N 2) Pt,O/H, N
4 _
B~y N N" “Ph

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 HC1 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 CHCI3 in portions and the combined organic layers were dried over Na;SQO4. 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 Na;SO4). 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 (e-bromo-¢-(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 gof 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 e-bromo-¢-(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) NapyCO3 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 HCI was added. The precipitate was filtered, washed with
acetone, and dried to give 71 g 2-phenyl-a-(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.’
H. REFERENCES

. Ruzicka, L.; Seidel, C. F. and Liebl, Fr., Helv. Chim. Acta, 1924, 7, 995.
. Ainley, A. D. and King, H., Proc. Royal Soc. London, Series B, Biol. Sci., 1938, 125, 60.
. Rapport, M. M.; Senear, A. E.; Mead, J. F. and Koepfli, J. B., J. Am. Chem. Soc., 1946, 68, 2697.

. (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.

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

B. GENERAL REACTION SCHEME

e o 0
R-CH-C e RCHO + NH3 + COZ
‘o4 Sugar

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

NHz2 - o Na/Hg N2 o
R-CH-C erEen R-CH—-C
“OEt HCI/EtOH H

SCHEME 2. Formation of «-amino aldehydes via the reduction of a-amino acids or esters with sodium
amalgam in the presence of ethanolic HCI.
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O NH2 O
@—/{ + Retp-&”  —> R—CHy—NH,
H on A

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 a-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 o-amino acid or its ester derivatives to ¢-amino aldehyde by sodium
amalgam in acidic alcohol is illustrated in Scheme 5, and the mechanism for the pyrolytic
decarboxylation of an a-amino acid to a primary amine in the presence of an aromatic
aldehyde is given in Scheme 6.

Sugar
(0] Sugar
NH, I /440
CO
R)\fo Sugar H/Oz N\ \6) i 2 lN)\(l) Y
; o)
OH H,0 R)Y’\H R) H/O,(%\Sugar
O
Sugar Sugar Sugar
Fap =0k o
R H S -CO,H
=0 ‘Sugar HO  “sugar~ 922 R
Sugar
Sugar 4 Sugar
H,0 Sugar-CO,H 2y 9
T2, HNT o L )\( H —RCHO + 1 NS0
2
R™ {0 I
1 H
H\—/‘Ozo-Sugar
Sugar
NH3 O
MHJ‘ o 2. J\ + Sugar-CO,H
Sugar H
\‘OZC-Sugar
SCHEME 4. Conversion of an a-amino acid into an aldehyde.
NH2 NkaZHg NH2 3 NH2
- - - Worku
R)Yo e R)w/o )E‘)H Cl~ Workup_ )Y
OEt OEt

SCHEME 5. Reduction of an «-amino acid or its esters to a-amino aldehyde by a sodium amalgam.
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PSS
NH, Ph XN o SO s o
R)YO + PhCHO? R —L> +> R/\NHZ
OH H20 0 R PhCHO
H

SCHEME 6. Formation of primary amines via the pyrolysis of a-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.> 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

o o)
N I 1) Na/Hg F:(
HoN—CH—C—oEt D NaHg

N 2)KSCN™ Ny NQJ\
cl- CHs

SH
Reference 3.

About 50 g of the hydrochloride salt of (DL)-a-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.

0
]
HsN—CH—C—oR D NaHg _

OO 2)NH,CN™
CI™ CH,

Reference 4.

About 10 g of (DL)-w-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 Na;SO4 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 literature?.

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. 1.; 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.



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." 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.>

B. GENERAL REACTION SCHEME

OH
)\ DMSO/Ac,0
—_—
R R

(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.
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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.’

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/Ac,0, the thiomethoxymethylation of the corresponding phenols occurs.*

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).
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G. CITED EXPERIMENTAL EXAMPLES

DMSO/Ac,0

O—CH,SCH;

84% 0.7%
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 16a-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 17a-[(methylthio)methoxy]yohimban-16a-carboxylate (3) as tan
crystals, m.p. 195-198°C.
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OBn _OBn OBn _OBn
o) O
DMSO/Ac,0
HO o) —_— o
OB OBn
" o
OMe 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-B-bD-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 H,O, dried over anhydrous Na;SQy, 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- B-D-xylo-hex-3-ulopyranoside as a light yellow solid, in a yield of 84%, m.p.
85-87°C; o’ = —52° (¢ = 1, CHCl).

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

H. REFERENCES

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

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

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

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

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

. (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.

(o) NN O



10

Alder Ene Reaction

(Conia Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Alder in 1943.! 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 reaction? and is occasionally referred to as ene cyclization,> ene
functionalization,* or Alder ene synthesis.’ This reaction has been extensively reviewed.

B. GENERAL REACTION SCHEME

{ " ﬁ Lewis acid / H\z
\ . ewis aci
R R R R'

Z=C,/N,0,S
(Lewis acid: SnCl,, BF#Et,0, Al(CH3),Cl, CPRuU(CH3CN);PF, etc.)

C. PROPOSED MECHANISMS

The mechanism of ene reaction is similar to that of Diels-Alder Reaction.
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"~
Z, Lewis acid
R R

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.” This kind of Alder ene reaction is generally
known as a Conia reaction.®

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

N
\/\/O-TROC OTBS
MeO” X CPRU(CH;CN);PFs MeO™ |
A Acetone, r.t. X

Reference 9.

O-TROC

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)3PF¢ (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%.

MeO,C.  CO,Me MeO,C_ ,COaMe
COgMe
AN 550°C
COgMe

Reference 10.
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Methyl 5,5-bis(methoxycarbonyl)-6-(I-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 (3:1 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.!!
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Alder-Rickert Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Alder and Rickert in 1936.! 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 compounds? under thermal conditions or in the presence
of either acid or base. Thus this reaction is generally known as the Alder-Rickert reaction.’
In addition, the Diels-Alder cycloadducts can also be converted into aromatic compounds
via rearrangement or oxidation.*

B. GENERAL REACTION SCHEME

Shown here is a typical Alder-Rickert reaction in which R; and R, are eliminated. Other
groups are also possible to cleave.

Ry Rs Ry Acid /or base
R3 or heating R3
Z : or oxidant ©:
N R4 R4
R2

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
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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

SPh

le) Ph
%S/
COgMe Cl CO2MG
cl s E Ac,0, p-TsOH =
+
Toluene, reflux N
N O CO,Me N CO,Me
Cl Cl

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 NaHCOj3 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.

CO,Me CO,Me

oo™ L+
200°C
COQME COQMQ

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.

O
© CO,H
°N —_— 0 % N
= /lNk Toluene, A~ | N oN DMF | N
=
N Ne” e oN CN

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 Cs,CO3 (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 HCI. The aqueous layer
was extracted with 5 mL EtOAc three times. The combined organic layers were dried over
Na;SO4 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.3

H. REFERENCES

1. Alder, K. and Rickert, H. F., Ann., 1936, 524, 180.

2. (a) Zhang, Y. and Herndon, J. W., Tetrahedron Lett., 2001, 42,777. (b) Cimetiere, B.; Dubuffet, T.;
Muller, O.; Descombes, J.-J.; Simonet, S.; Laubie, M.; Verbeuren, T. J. and Lavielle, G., Bioorg.
Med. Chem. Lett., 1998, 8, 1375. (c) Jackson, P. M. and Moody, C. J., Tetrahedron, 1992, 48,
7447. (d) Pérez, D.; Guitian, E. and Castedo, L., J. Org. Chem., 1992, 57, 5911. (e) Jackson, P.
M. and Moody, C. J., J. Chem. Soc., Perkin Trans. I, 1990, 2156. (f) Moody, C. J. and Shah, P,
J. Chem. Soc., Perkin Trans I, 1988, 1407. (g) Kraus, G. A. and Pezzanite, J. O., J. Org. Chem.,
1982, 47, 4337. (h) Mirkl, G. and Fuchs, R., Tetrahedron Lett., 1972, 4691.

3. (a) Goh, Y. W.; Danczak, S. M.; Lim, T. K. and White, J. M., J. Org. Chem., 2007, 72, 2929.
(b) Labadie, S. S., Synth. Commun., 1998, 28, 2531. (c) Patterson, J. W., J. Org. Chem., 1995, 60,
560. (d) Kanakam, C. C.; Ramanathan, H.; Rao, G. S. R. S. and Birch, A. J., Curr. Sci., 1982, 51,
400.

4. (a) Matsushita, Y.-1.; Sakamoto, K.; Murakami, T. and Matsui, T., Synth. Commun., 1994, 24,3307.
(b) Karmarkar, K. S. and Samant, S. D., Indian J. Chem., Sect. B, 1993, 32, 1113. (c) van Broeck,



44

00 93 N W

ALDER-RICKERT REACTION

P. I.; van Doren, P. E.; Toppet, S. M. and Hoornaert, G. J., J. Chem. Soc., Perkin Trans. I, 1992,
415. (d) Shimo, T.; Ohe, M.; Somekawa, K. and Tsuge, O., J. Heterocycl. Chem., 1991, 28, 1831.
(e) van Doren, P.; Vanderzande, D.; Toppet, S. and Hoornaert, G., Tetrahedron, 1989, 45, 6761.
(f) Ahmed, S. A.; Bardshiri, E. and Simpson, T. J., J. Chem. Soc., Chem. Commun., 1987, 883.
(g) Noguchi, M.; Kakimoto, S.; Kawakami, H. and Kajigaeshi, S., Heterocycles, 1985, 23, 1085.
(h) Jung, M. E.; Lowe, J. A., III; Lyster, M. A.; Node, M.; Pfluger, R. W. and Brown, R. W.,
Tetrahedron, 1984, 40, 4751. (i) Saito, K.; lida, S. and Mukai, T., Bull. Chem. Soc. Jpn., 1984,
57, 3483. (j) Cano, P.; Echavarren, A.; Prados, P. and Farina, E., J. Org. Chem., 1983, 48, 5373.

. Sarkar, T. K.; Panda, N. and Basak, S., J. Org. Chem., 2003, 68, 6919.

. Cope, A. C.; Haven, A. C.; Ramp, F. L. and Trumbull, E. R., J. Am. Chem. Soc., 1952, 74, 4867.
. Bland, D. C.; Raudenbush, B. C. and Weinreb, S. M., Org. Lett., 2000, 2, 4007.

. (a) Sarkar, T. K.; Panda, N. and Basak, S., J. Org. Chem., 2003, 68, 6919. (b) Kranjc, K.; Polanc,

S. and Kocevar, M., Org. Lett., 2003, 5, 2833. (c) Padwa, A.; Kappe, C. O.; Cochran, J. E. and
Snyder, J. P., J. Org. Chem., 1997, 62, 2786. (d) Padwa, A.; Dimitroff, M.; Waterson, A. G. and
Wu, T.-H., J. Org. Chem., 1997, 62, 4088. (e) Kappe, C. O. and Padwa, A., J. Org. Chem., 1996,
61, 6166. (f) Padwa, A.; Cochran, J. E. and Kappe, C. O., J. Org. Chem., 1996, 61, 3706. (g) Ho,
T.-L., Symmetry: A Basis for Synthesis Design, John Wiley & Sons, Inc., New York, 1995, p. 340.
(h) Srivastava, S.; Marchand, A. P.; Vidyasagar, V.; Flippen-Anderson, J. L.; Gilardi, R.; George,
C.; Zachwieja, Z. and le Noble, W. L., J. Org. Chem., 1989, 54, 247. (i) Birch, A. J. and Wright, J.
H., Aust. J. Chem., 1969, 22, 2635. (j) Doering, R. F.; Miner, Jr., R. S.; Rothman, L. and Becker,
E. L, J. Org. Chem., 1958, 23, 520. (k) Cava, M. P.; Wilson, C. L. and Williams, C. J., J. Am.
Chem. Soc., 1956, 78, 2303. (1) Alder, K., The Diene Synthesis in Newer Methods of Preparative
Organic Chemistry, ed. Foerst, W., Interscience, 1948, pp. 381-512.



12

Aldol Reaction and Aldol
Condensation

A. GENERAL DESCRIPTION OF THE REACTION

The aldol reaction' or aldol condensation,” first reported by Kane in 18383 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
a-methylene group is relatively acidic (with a pKa of 16-21%); 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,> giving
B-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.® In general, this reaction is complicated’ 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 («,B-unsaturated aldehydes or ketones, in this case; the whole pro-
cess is also referred to as aldol condensation®), 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.® 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

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
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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.’

B. GENERAL REACTION SCHEME

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

Rz R R2 R1 R2 R»]
Ry 1) Lewis Acid 4 Rs Workup R4 Rs
Ry 2) o] Rs 54 Rs
o) R4)L Re M OH O

Lewis Acid = AICl3, SnCly, TiCly, ZnCl,, BF3*OEt,
M = Any metal cation from above Lewis acids.

SCHEME 1. Acid-catalyzed aldol reaction.

(0]
R
Ry R2 Pt R4R1 2 R
R, Base ~ _Rs; R Rs 3
Rq R | >~ RsT[
o) Li o- OLI+ (o]
R4 R»
Workup Rq R3
—_—
Rs
OH O

<Base = LDA, LHMDS, LDA + ZnCl,, LDA + Ti(O-iPr)gCD

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.

Ro
Rz (0] R R
N 1 2 R« R
Rs R4)LR5 Ri R Rs 0 Rie ™ 2R
Ri H — Oy —> Rs — R 3
5

R OJd_.
o) 4 Lo JiCl 0__0
o1 iCly R\F\J TiCls OH O
5

SCHEME 3. Mechanism of aldol reaction under acidic conditions.
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R, o) .
R3 R )J\R R1 s

R H 4 5 S
FPr__ ) O R4 i

N~Lj /\4\0_/}|

i-Pr’ R,
R1 R2
R4 Rs o RS 2R
2 3
R5 | — L R5
O\L_, = OH O
|

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.

Macrolide antibiotic Antitumoric macrolide

(Ref. 10a). (Ref. 10b).
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/\K ““OH

Synthesis of antineoplastic
acutiphycin by consecutive aldol
reactions

(Ref. 10c).

F. RELATED REACTIONS

Besides the aldol reaction to form B-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 «,S-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 Reaction'! (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 a-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

o OH o OH
1) EtsN, Cy,BCI/CH,Cl, o :
HS%/HR 2) PhCHO Ph Cy
3) E;N, Cy,BCl o_ _O
OO0 4ycycHo >
(cy=-0)
1 2

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

To 10 mL CH»Cl; 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 x 50 mL). The combined extracts were washed with brine (2 x 10 mL) and dried over
MgSO,4. 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% H,O;. The solution was stirred at 0°C for 3 h and 150 mL Et,O was then
added; the separated organic layer was washed with saturated NaHCO3 (2 x 15 mL) and
15 mL brine and was dried over MgSO,4. Upon removal of the solvent, four com-
ponents were identified in the residual mixture as analyzed by 'H NMR in a ratio
of 83:9:6:2. The residue was isolated by DFC (9:1 hexane/CH,Cl, followed by 9:1:2
hexane/CH;Cly/AcOEt) to give 224 mg of the major product as a colorless liquid, in a
yield of 64%.

T i
S THF, -78°C S
D g _— OEt
Et
OLi S

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 CH»Cl, (3 x 50 mL). The combined organic phases
were washed with brine and dried over MgSO,4. 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.!’
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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 Flynn' and concurrently by Oyamada®
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.? In addition, this reaction has also been referred to
as the Algar-Flynn oxidation,* Algar-Flynn-Oyamada oxidation,> Algar-Flynn-Oyamada
(AFO) reaction,® Algar-Flynn-Oyamada condensation,” and AFO cyclization.® 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.”

B. GENERAL REACTION SCHEME

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
Copyright © 2010 John Wiley & Sons, Inc.
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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,'? 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.! However, because flavanones readily undergo ring-opening under alkaline con-
ditions to the salts of the corresponding 2'-hydroxychalcones,” the mechanism proposed
by Oyamada is difficult to validate.!! In comparison, although a chalcone epoxide inter-
mediate would lead to a flavone or a benzalcoumaranone,! no trace of a chalcone epoxide
has ever been isolated.>® The a-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.? Displayed here is one kind of reaction mechanism.

H,0, OH » Hoo-

o L o o on [
LR &5

ol o} H

D. MODIFICATION

This reaction has been modified to convert 2'-hydroxychalcones into flavones via SeO»
oxidation;* in addition, flavone has recently been prepared via a polystyrene-supported
selenenyl bromide followed by H,O» oxidation.!2



54  ALGAR-FLYNN-OYAMADA (AFO) REACTION
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

OBn
OBn

OH

1) KOH/EtOH/dioxane
H 2) NaOH/dioxane/H,0,

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. CH,Cl, (400 mL) was added, and the organic
layer was washed with H,O (3 x 50 mL), dried over Na;SO4 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% H;O, 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 HCI, the
precipitate was filtered and washed with 500 mL H»O. 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.

OMe Ph OMe Ph

H,0,/NaOH MeO

82%

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% H>O,
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. 3
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Alkene Metathesis
(Olefin Metathesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Eleuterio in 1963' and concurrently by Bailey in
1964;? it was subsequently extended primarily by Grubbs et al.? 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 metathesis* or olefin metathesis.’ Occasionally,
it is also referred to as the Grubbs metathesis,® Grubbs olefin metathesis,” and olefin
disproportionation.” 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.® 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,” as shown. Many new ruthenium-based
metallo-carbene complexes have recently been synthesized.'”

According to the nature of alkene metathesis, this general reaction can be divided
into different subgroups: cross-metathesis (CM),!! ring-closing metathesis (RCM),!? ring-
opening metathesis polymerization (ROMP),'? and acyclic diene metathesis polymerization
(ADMET).' From an industrial perspective, a more cost-effective method for alkene
metathesis is to generate the metallo-carbene in situ.'> This reaction has been extensively
reviewed.!®

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

57



58 ALKENE METATHESIS

PC

Cl, | H T ﬁ\
Ru=

Cla. | T H c1” A Cla,

Clm — O l/ *

PCys cl % pr3 0

First-generation Second-generation First-generation Second-generation
Grubbs catalyst Grubbs catalyst Hoveyda-Grubbs catalyst Hoveyda-Grubbs catalyst

CI’

B. GENERAL REACTION SCHEME

B
I Catalyst B

C. PROPOSED MECHANISMS

This reaction generally involves insertion and subsequent reductive elimination.

A _A B_ _B AL _A
| . I Catalyst |
Toluene or CH,Cl,
A A B~ B B~ OB
L, Ru=CHPh Ruly
CB,
L,RutCHPh L,Ru—CB,
A”\}iH Rul, B,c=CB, A7Bg(s
CA,
A A AC=CHPh A B

D. MODIFICATION

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

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,!” the cross-metathesis of
the amino acid homoallylglycine,'® the introduction of carbon-carbon cross-linkages into
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peptides,'” and ring-closing olefin metathesis of non-natural a-amino acids.?? Other appli-
cations are the synthesis of polymer bound olefins,?! stereoselective preparation of cyclic
1-amino-1-carboxylic acids,?? asymmetric synthesis of a potent inhibitor of HIV reverse
transcriptase,>> synthesis of the potential anticancer drugs epothilone A and B in solution
and on solid support>* (as well as the solution-phase combinatorial synthesis>), efficient
synthesis of [2]-catenanes,?® template-directed synthesis and polymerization of unsaturated
crown ethers,?” and synthesis of bridged oligocalix[4]arenes.?® Moreover, this reaction has
been applied to the general field of material sciences.'©

F. RELATED REACTIONS

This reaction is related to Tebbe Olefination.”

G. CITED EXPERIMENTAL EXAMPLES

Ty

FSCXO\“%LQ(

OTBDMS
FsC CH3O CF3Ph OTBDMS
FoC CHa
_ CH,Cly, 12h, 97%
(0]
COzBUt COZBUt

Reference 30.

The catalyst was added to a mixture of (2R)-tert-butyl 2-{(3S,4R)-3-[(1R)-(tert-
butyldimethyl-silyloxy)ethyl]-2-ox0-4-(2-propenyl)- 1-azetidinyl } -4-pentenoate and (25)-
tert-butyl 2-{(3S,4R)-3-[(1 R)-(tert-butyldimethylsilyloxy)ethyl]-2-ox0-4-(2-propenyl)-1-
azetidinyl }-4-pentenoate in CH,Cl, (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,85)-tert-butyl-1-aza-8-[(1 R)-(tert-butyldimethylsilyloxy)ethyl]-
9-oxobicyclo[5.2.0]non-4-ene-2-carboxylate and (2S5,7R,8S5)-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%, Ry = 0.41 (Et;O:hexanes = 3:2).

PCy3
= | .Cl O2N
cI R|u\\/Ph N OTMSE
=
N CH,Cl,, reflux, 12 h o \—\;
\ ) OTMSE TMSEG NS
—
NO,

Reference 31.

O,N
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To 90 mL anhydrous CH,Cl, 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.3?
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Allan-Robinson
Condensation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Allan and Robinson in 1924.! 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,? Allan-Robinson’s flavone synthesis,3 Allan-Robinson reaction,* and Allan-
Robinson synthesis.’

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

A general illustration of the reaction mechanism is provided here.

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

64



CITED EXPERIMENTAL EXAMPLES 65
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D. MODIFICATION
N/A

E. APPLICATIONS

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

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 OMe
Ce HO OH 4y zncl, EL,O
N N +
2) Pyridine, ethoxalyl chloride
MeO
OMe OH HO

MeO

Reference 7.



66 ALLAN-ROBINSON CONDENSATION

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 x 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
ayield 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 MgSQy4, and evaporated
to yield 3.18 g 2-carbethoxyisoflavone as an oil.

HO OH
cHscocl A OAC V16,80, /Acetone
f’ —_—mT
Ph Pyridine Ph KoCO3
OH O OAc O Moo o
Ph
OMe O

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.®
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Allylic Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Claisen in 1912.! 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,” and occasionally referred to as the allylic
isomerization,? allylic transposition,*and allylic 1,3-rearrangement.> 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 Sy1’ or
SN2’ reaction. The allylic rearrangement can be promoted by light,® enzymes,’ solvents,?
acid,®? (especially the Lewis acids such as Eu(fod)3‘0 PBr3;!! and NiCl,!2) and transition
metal catalysts (including tungsten,'> rhodium,!* cobalt'® and palladium'®). In addition,
the allylic rearrangement also occurs under the conditions of electrophilic substitution.!”

B. GENERAL REACTION SCHEME

H CHyY H CH,
+ YT —— :ly\r + f
R R™ Y

H

Ho _CHoX

X

R™ "H

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

This reaction is proposed to occur through what is referred to as “super-conjugation”
between a-methylene hydrogen and the 7-double bond. The positive charge thus formed can
be distributed to the double bond, especially under Sy 1 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).

CH—X CHy-X . CH;,
j Solvent Jj’ 2 Allylic Rearrangement JJ,//

R R \ fgﬁz-/R X

A
)i
EHy -y~ / - CH,
j Allylic Rearrangement f
-~ +

R R Y

CH,Y CH
Jr 2 Allylic Rearrangement f 2

R R Y

/

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

NO,
1) n-BuLi, THF, 0°C o /©/

- .

S ==

2) p-NO,-C5H,4SCI
oy ) P-NO5-CgHa

MeO
MeO 0

L
NO,

MeO
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 MgSQO4, 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, Ry = 0.25 (hexane/EtOAc = 2:1).

OMe

O
oY
. KH, BugNI, THF, 23°C, 4h

7 BusSnCH,CI

O. ,OMe
ow/\/,
k - n-BuLi, THF
SnBus & O -78°C, 2h
2

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-B-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 Bu3SnCH>1
(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 Na;SO4. 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 x 20 mL).
The combined organic layers were dried over anhydrous NaySO4. 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- B-p-ribo-hexanofuranoside (3) and its epimer (4.4:1 by '"H NMR) as a
colorless oil, in a yield of 84%.

Other references related to allylic rearrangement are cited in the literature.2’
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Amadori Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Amadori in 1925.' 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.” Thus this
reaction is commonly known as the Amadori rearrangement.> This reaction often occurs
in the formation of complex glycation end products* 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.’

B. GENERAL REACTION SCHEME

OH OH

NHR O/ NHR
and/or o—G 2
H -
OH

HO
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CITED EXPERIMENTAL EXAMPLES
C. PROPOSED MECHANISMS

A general illustration of the reaction detail is displayed here.

H
HO )

OH
OH
OH _NHR
HO o HO OH _NHR
| Tautomerization
HO OH HO @)
OH OH
OH OH
O
NHR o -
_— and / or NHR
HO OH
OH HO  OH

D. MODIFICATION

N OH _KHR
N +
Ht_ HO H HO/A:IEFgf? H
HO OH = <
HO oH HO OH
OH

75

There is a Hodge and Rist modification of Amadori rearrangement, as shown in the first

experimental protocol provided here.®

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.’

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-p-fructoses.?

G. CITED EXPERIMENTAL EXAMPLES

OH HO
AcOH 0 oH
HO Q S NH,
HO NH,
OH OH

Reference 6.
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The Preparation of g-D-Glucopyranosylamine

To 50 mL methanol, were added 20 g p-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 8-D-glucopyranosylamine, and the solution
was kept at 20°C. The optical rotation, [a]ZDO, 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, [oz]]%o 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, [oc]zDO, was
—43.5°, based on the weight of the original D-glucosylamine.

OH HO

OH
OH
0 HN Malonic acid O~
" ’ - At
HO OH
OH OH

Reference 9.



REFERENCES 77

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.'°
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Andrussow Process

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Andrussov (Andrussow) in 1927.! 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.? 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 CO,.?® It was
reported that in 1978 the output of hydrogen cyanide exceeded 600 million pounds in the
United States alone.®

B. GENERAL REACTION SCHEME

CHy + NHy + O, 20%Pt-10%Rh_ HeN 4 H,0

C. PROPOSED MECHANISMS

The mechanism for the oxidation of ammonia has been discussed by Zawadski:* however,
at least three theories have been proposed for the Andrussow process.’ Bodenstein and
Krauss proposed the mechanism of the initial oxidation of ammonia with adsorbed oxygen to
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form hydroxylamine,® while Zawadski believed that the imide (NH) was initially formed.*
The third mechanism, proposed by Andrussov, is that the initial oxidation of ammonia
with oxygen forms nitroxyl (HNO).” Later experimental evidence supported Andrussow’s
postulation.> 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.

H H,0
Hw. O o 7 _0
Pt + NHy + Op —> ')\7\\o_> N L HNT o pt+HNO
2 HN-L | Y Pt
HN_

Pt l
QO H S~ e}
\ . NH ~ (@)
I—AN t:) O, l\D/NH CH, \\/NH
N\
Hz

G <~ oh ) 0 S
o) Pt

<R
AC~4  HO - CHs

l Ho A 0 a
~ ~OH (0]

ll\llH + /O\O — | OH — H\Pt/\C_H % HE ;O
\ N HCN |
H H

9

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 a-Al,Os-supported platinum as a catalyst, and mixture of CoHg, NH3, and oxygen
as the reactants.?? In other modification, the combination of manganese oxide and bismuth
oxide was tested as a catalyst.

E. APPLICATIONS

This reaction is usually used to manufacture hydrogen cyanide.

F. RELATED REACTIONS

Homogenous oxidation of ammonia followed by hydration to form HNOs3 is called the
Ostwald process.”>!? 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,!! 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

68% CuCly —32% KCI

CH4 + NH3 + O, HCN + Hgo

Reference 5.

The fused salt (68% CuCl,/32% KCIl) 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.'?
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Angeli-Remini Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Angeli in 1896.! 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,?

inhibitors,? and strong metal ion-chelators,*

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

acids.?

B. GENERAL REACTION SCHEME

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

Q N-OH  —oH reHo TP
/\\S/i —————> O=NH —> I—TI\T
Ph™ "OH  phso,H “OH

C. PROPOSED MECHANISMS

The mechanism for the original Angeli-Remini reaction is proposed below.
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—OH JOH \Sﬁ P
\\gN ~ T’ \s ReHo,. FEHO- pr Il (R

QH HQ  PhsoH R._O

R__N — R N
N \gf‘ hid HN.
PhSOH [y 8 PhSO,- OH

D. MODIFICATION

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

E. APPLICATIONS

This reaction is useful for the preparation of hydroxamic acids.

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

’ 1) Ph(CH,),COCI, iPrNEt, CH,Cl, H

N

O\ NH 2) TFA/HQO in CH2C|2 HO
o} o” 0

Reference 6.

The mixture of 300 mg of alkoxyamine resin, 126 uL of diisopropylethylamine
(0.72 mmol, 10 equiv.), and 53.4 uL 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 x5 mL) and dichloromethane (2 x5 mL). The resin was
then treated with a solution of 2.5% TFA and 1% H»O in 4 mL of dichloromethane, and
the mixture was shaken for 1 hour. Resin was filtered and washed sequentially with MeOH
(3x5 mL) and dichloromethane (2 x5 mL), and then retreated with a solution of 50% TFA
and 1% H»O 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 889%.
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cl
'\f)%N NMM
0 CIJ\NJ\ o}

Cl )J\ _OH

R)]\OH DMAP (cat.), NH,OH-HCI R N
CHyCl, (or DMF), r.t. H

Reference 7.

To a solution of 2.24 g of (§)-(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 HCI and then brine, dried over Nap)SOy4 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
literature®.
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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) reaction! or degenerate ring transformation,” 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.> Tn 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).*

B. GENERAL REACTION SCHEME

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

CeHs CeHs .
KNHo/NH; N7~ N| ) NHs N
N K .. |
L~ =N N7 R-H x N kN/
N Br Ili CHs CH3NH,

C. PROPOSED MECHANISMS

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

ring closure.

“Outside” leaving group

CeHs CeHs CeHs
e S Tﬁ& .
/(‘t 7 Br- l"/-‘(\:\\
H,N HNT N7 “Br Hy W
CeHs CeHs CeHs
+/C\* /C\*
N L/ N” O RH
H He HK 2

“Inside” leaving group

mN@ (aa—

HoN NH
X 2
R
/.: N/R —_— N R T»
L f RNH,

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

o o
.NO . .CH,Ph
</ka,\] > * </Nf‘\N 2
N N/) PhCH,NH, N N/)
0 0

OAc OAc OAc OAc
Reference 7.

AcO AcO

To a small flask, were added 132 mg of nitroinosine (0.30 mmol) and 6.0 mL of CH,Cl,.
After being cooled to -78°C, 64 mg of benzylamine (0.60 mmol) in 1.0 mL of CH,Cl, 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 uL of CF3COOH (0.60mmol) for 35 hours, solvent was removed and
the residue was purified by column chromatography to give final product.

BnNH
- E— S i x- + X~ \
— N~ -
N-N">N-N SN NS ¢y
4 1 1 \ \ \+,
<SJ§+N)\S’ NHBn N—ri?/ ,NJiNJ\N\

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 fert-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(2 H)-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.”
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ANRORC REARRANGEMENT
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Anschiitz Anthracene
Synthesis

A. GENERAL DESCRIPTION OF THE REACTION
This reaction was initially studied by Anschiitz between 1879 and 1886." 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

D e CLIO
Br AICly

Ph X
) AICl3 (/

Ph

C. PROPOSED MECHANISMS

The reaction mechanism is similar to that of Friedel-Crafts Alkylation.
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AICI @ t/Alolg, \AICI3_> “

Br-- AICI
s
@Y Br __-AICl;
Br
T OO0t —
e
[’H HBr
[AICI,Br]
H” Br- - -AlCl,

o LI

AICI5, HBr

D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

D L GO

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 AICI3. 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.

CH
+ lll ——
CH AICl;

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 AICI3. 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 9,10-dimethyl-anthracene hydride of Anschutz.

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

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported in 1966 by Lee et al.,! after the initial work of Horner et
al. for the halogenation of alcohol using triarylphosphine dihalides in 1959.? 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 Appel® and
is generally known as the Appel reaction.* Likewise, the mixture of triphenylphosphine and
carbon tetrachloride is referred to as the Appel reagent® and Appel agent.

B. GENERAL REACTION SCHEME

R’ PPh4/CCly R’

R OH R Cl

R = Anyl, alkyl
R’ = Anyl, 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 Sy 2 substitution) and
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96 APPEL REACTION

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™).

Ph —cc
I, 3
PheP” CI-CCCl; —> Ph—P*—Cl
Ph
CHCl; R

R
R)\(Sy HA\CCI;; R)\O‘

R th(\c _>RE(3 Ph R
Ph—pP=Cel — CT RPN <— L

I \
R)\O");h R% 9 Ph pnypo ©7 R

D. MODIFICATION
The pair of both hexachloroacetone/triphenylphosphine’ and dichloroselenurane/tri-

phenylphosphine* 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

ol cl
PPhs/CCl, O
s e OL
cr
Reference 8.

To areaction 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 Cl
D PPh3/CCly D
D r.t. D

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-T7-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.)

R OH PPhg, HCA R cl Yy o
DN L XN and/or 2
; & Y\ > CI/\/\R
PN
O/ o
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.

CeH1a PPhg, Me,SeCl, CeH13

\/CHs \/CH3
HONSE cI NS

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.’

H. REFERENCES

1. (a) Downie, J. M.; Holmes, J. B. and Lee, J. B., Chem. Ind., 1966, 900. (b) Lee, J. B.,
J. Am. Chem. Soc., 1966, 88, 3440.

2. Horner, L.; Oediger, H. and Hoffmann, H., Ann., 1959, 626, 26.

3. Appel, R., Angew. Chem., Int. Ed. Engl., 1975, 14, 801.

4. (a) Bikbulatov, R. V.; Yan, F.; Roth, B. L. and Zjawiony, J. K., Bioorg. Med. Chem. Lett., 2007,
17, 2229. (b) Roethle, P. A.; Hernandez, P. T. and Trauner, D., Org. Lett., 2006, 8, 5901.
(c) Zhong, M. H.; Nowak, I.; Cannon, J. F. and Robins, M. J., J. Org. Chem., 2006, 71, 4216.
(d) Agota, S.; Janos, W.; Erzsebet, M.; Renata, M.; Arpad, M.; George, F. and Gyula, S., Steroids,
2006, 71, 141. (e) Barros, M. T. and Phillips, A. M. F., Molecules, 2006, 11, 177. (f) Yin,
Q.; Ye, Y.; Tang, G. and Zhao, Y.-F., Spectrochimica Acta, Part A: Mol. Biomol. Spectr., 2006,
63A, 192. (g) Nawrot, B.; Michalak, O.; Nowak, M.; Okruszek, A.; Dera, M. and Stec, W.
1., Tetrahedron Lett., 2002, 43, 5397. (h) Scheurer,A.; Mosset, P.; Bauer, W. and Saalfrank,
R. W., Eur. J. Org. Chem., 2001, 3067. (i) Seebach, D.; Pichota, A.; Beck, A. K.; Pinker-
ton, A. B.; Litz, T.; Karjalainen, J. and Gramlich, V., Org. Lett., 1999, 1, 55. (j) Drabowicz,
J.; Luczak, J. and Mikolajczyk, M., J. Org. Chem., 1998, 63, 9565. (k) Baraniak, J. and
Stec, W. 1., Tetrahedron Lett., 1985, 26, 4379. (1) Zhmurova, I. N.; Yurchenko, V. G. and
Pinchuk, A. M., Zh. Obsh. Khim., 1985, 55, 321. (m) Beres, J.; Bentrude, W. G.; Parkanji,
L.; Kalman, A. and Sopchik, A. E., J. Org. Chem., 1985, 50, 1271. (n) Lensink, C.; de Ruiter,
B. and van de Grampel, J. C., J. Chem. Soc., Dalton Trans., 1984, 1521. (o) Zhmurova, 1. N.;
Yurchenko, V. G. and Pinchuk, A. M., Zh. Obsh. Khim., 1981, 51, 2462. (p) Zhmurova, 1. N.
and Yurchenko, V. G., Zh. Obsh. Khim., 1980, 50, 52. (q) Pinter, 1.; Kovacs, J. and Mess-
mer, A., Magyar Kemiai Folyoirat, 1977, 83, 231. (r) Pinter, 1.; Kovacs, J. and Messmer, A.,
Carbohydr. Res., 1977, 53, 117.

5. Weiss, R. G. and Snyder, E. L., J. Org. Chem., 1970, 35, 1627.

6. Nishida, Y.; Shingu, Y.; Dohi, H. and Kobayashi, K., Org. Lett., 2003, 5, 2377.

7. (a) Magid, R. M.; Talley, B. G. and Souther, S. K., J. Org. Chem., 1981, 46, 824. (b) Magid, R.
M.; Fruchey, O. S.; Johnson, W. L. and Allen, T. G., J. Org. Chem., 1979, 44, 359.

8. Cristol, S. J.; Strom, R. M. and Stull, D. P., J. Org. Chem., 1978, 43, 1150.

9. (a) Bergin, E.; O’Connor, C. T.; Robinson, S. B.; McGarrigle, E. M.; O’Mahony, C. P. and
Gilheany, D. G., J. Am. Chem. Soc., 2007, 129, 9566. (b) Wolfling, J.; Sz4jli, A.; Véros, L.;
Gaspar, M. and Schneider, G., Monatsh. Chem., 2006, 137, 1099. (c) Vicente, V.; Fruchier, A.;
Taillefer, M.; Combes-Chamalet, C.; Scowen, 1. J.; Plenat, F. and Cristau, H.-J., New J. Chem.,
2004, 28,418.(d) Cho,H.1.and Lee, K.-J., Bull. Korean Chem. Soc., 2003,24,189. (e¢) Desmaris,



REFERENCES 99

L.; Percina, N.; Cottier, L. and Sinou, D., Tetrahedron Lett., 2003, 44,7589. (f) Lim, J.-S. and Lee,
K.-J., J. Heterocycl. Chem., 2002, 39, 975. (g) Arstad, E.; Barrett, A. G. M.; Hopkins, B. T. and
Koebberling, J., Org. Lett., 2002, 4, 1975. (h) Zhmurova, I. N.; Yurchenko, V. G. and Pinchuk,
A. M., Zh. Obsh. Khim., 1985, 55, 321. (i) Castro, B. R., Org. React., 1983, 29, 1. (j) Appel,
R.; Kleinstuck, R. and Ziehn, A., Angew. Chem. Int. Ed. Engl., 1971, 10, 132. (k) Downie, I. M.;
Lee, J. E. and Matough, M. E., Chem. Commun., 1968, 1360. (1) Weiss, R. G. and Snyder, E. L.,
Chem. Commun., 1968, 1358. (m) Ried, W. and Appel, R., Ann., 1964, 670, 61.



23

Arens-van Dorp Reaction
(Isler Modification)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Arens et al. in 1947.! It is the synthesis of o,f-
unsaturated aldehyde from the reaction of ethoxyethynemagnesium bromide and ketone
or aldehyde and is known as the Arens and van Dorp reaction.? Because the preparation
of ethoxyacetylene is tedious, this reaction has been modified to generate lithium ethoxy-
acetylene by treatment of S-chlorovinyl ether with lithium amide, which then reacts with a
ketone or aldehyde to form ,S-unsaturated aldehyde.® This new protocol is referred to as
the Isler modification.

B. GENERAL REACTION SCHEME

R, HO
>:O + BrMg———0C,H; —— R‘l%%OCQHs
Rz Rz

HO Ry
Pd/BaSO0y,, Ho h " _
R B ——
MeOH 1R2 N\ OC,Hs H,O Rz H 0

Isler modification

R+
=0 1o

LiNH R
A ~ocH, —% Li—=—0CHs —2 R ——==—0CsHs
R2
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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.

H H Li*
Cl NH3 . £ NH
%\OCZHLL’C'%OC y MCI \2;4\ 2
= 2015
H‘\_NH Li* <" "OCyHs |jc
Lit 2 Li*
o)

R7” R _
Li*¥ "C=C—O0C,Hs ——2» R1%C:C—OCQH5
R2

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.*

E. APPLICATIONS

N/A

F. RELATED REACTIONS

This reaction is related to the Favorskii-Babayan Synthesis and Nef Synthesis.
G. CITED EXPERIMENTAL EXAMPLES

_c=c_p EbZn PhCHO
Ph—C=C—H =2=> [Ph—C=C—2Zn—Et] — NS Ph—C= c{

Ti(O-i-Pr)y4

Reference 4.

To a 25-mL flask were added 1 mL toluene, 226 uL phenylacetylene (2.0 mmol), and
210 pL diethylzinc (2.0 mmol), and the mixture was refluxed for 1 hunder 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 L 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.



102 ARENS-VAN DORP REACTION

H.

wn A~ W N
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Arndt-Eistert Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Arndt and Eistert in 1935.! It is the extension of car-
boxylic acid by one CHj unit via the reaction of acyl chloride with diazomethane and is gen-
erally known as the Arndt-Eistert synthesis.? In addition, this reaction is also occasionally
referred to as the Arndt-Eistert acid synthesis,3 Arndt-Eistert homologation,4 and Arndt-
Eistert reaction.’> This reaction has been extensively reviewed.”*® Other reagents instead
of diazomethane have been similarly applied to extend the length of the carboxylic acids.’

B. GENERAL REACTION SCHEME

O ) o
SOCI 1) CHoN
X Ay 2
R™ "OH A R™ "Cl 2)H,0, Ag,O OH
or hv

C. PROPOSED MECHANISMS

A general mechanism for the Arndt-Eistert synthesis is provided here.
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CH,N; = N=N—CH;
SOy, HCI
o socl §* o 0j 0
CHyN, N
R U S Ut
R” “OH R” ~cl CH,—R=N R cr
o}
CHNe_ gy Nor N e A
R 4 T
Ha & CHaNs CI”
CH,—N=N ~'32 H
2 Ag,0
AgCl

R OH

H o H 5
c=c=0 120 A~ H O Isomerization
H

D. MODIFICATION

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

E. APPLICATIONS

This method has been used to synthesize unsaturated diazoketone® and amino acids.’
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

0] NBnCbz (0] NBnCbz
o_ 1) EtOCOCI, Et;N, THF 0 PhCO,Ag, NEts
HO oB 0°C, 30 min | oB MeOH, r.t,, 1.5 h
_—

O 2) CH,Ny, Et,0 N2

o)
oj\ 0-25°C, 1.5 h oj\
NBnCbz
MeO 0
T 0B
o (o)
o j\

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-a-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 g5,6,8-trideoxy-1,2- O-isopropylidene-3- O-benzyl-5-(/N-benzyl- N-benzoxy carbonyl
amino)-8-diazo-«a-D-gluco-octo-1,4-furan-7-ulose as a thick liquid, in yield of 62%. Ry =
0.35 (n-hexane/EtOAc = 7:3); [R]p = —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-«-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-a-D-gluco-octo-1,4-furanuronate as a thick
liquid, in a yield of 83%. Ry = 0.46 (n-hexane/EtOAc = 7:3); [R]p = —50.87° (3.0,
CHCly).

MeOH, PhCO,Ag o

0
cl EtzN OMe

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.!?
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1.
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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.! It is a multicomponent
reaction for preparing 3-thiazolines from ketones, ammonia, and sulfur” and is generally
known as the Asinger reaction.’ This reaction was subsequently extended to the synthe-
sis of m-thiazines.* 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.’

B. GENERAL REACTION SCHEME

Re Ry R, Rq 1 RsxFﬁ
o * 0 8 \

Rs Rs

(R1 Ra, Rg = H, alkyl) R Ry P

C. PROPOSED MECHANISMS

As proposed by Asinger, this reaction contains two steps. The first step is an -thiolation
catalyzed by amine to form «-surfhydryl ketone, and the second step is an «-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.®

RH,
o}
@) . o} o
NH R
Ry 4 R, Rf/u\g/ 2 R
R LT» R f» Ry 2
SN NH3 S .SH 0] SH
Ss S5 R
R1)J\/ 2
S S
~so

R
R1)J\/R2/N Hs fN R,
Ry SX‘RQ

Atleast two weaknesses exist in this mechanism: (a) NHj3 is not strong enough to abstract
an a-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.

Ry _NH,

Rq R
j< /vv Tautomerize_ ]/
NH; —
R2 R2 jﬁ H20 R R2
Rz
H 4[ Ri__NH Ri__NH
R NH _
s R N 1 HNP R, :IiH R :IiHN R
S ]?\(\H — —_— R2 SJ —»Rz é)[ —
Ry S Ry SH |l| R, H R,
NH R
NH2 NH3 !
\H —R /t /b

S

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.’

Asinger Reaction Gewald Reaction
Componet 1 Componet 1
|8

Componet 2—|N] [S |<—Componet 3

Componet 2 <—Componet 3

Componet 4
Ugi Reaction
X Componet 3

Componet1—> “ <—Componet4

Componet 2

G. CITED EXPERIMENTAL EXAMPLES

S S N
NHs 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 CaCl,
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.®
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Aston-Greenburg
Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Aston and Greenburg in 1940.! It is the transformation
of a-haloketone into ester along with the migration of one of the alkyl (or aryl) moieties in
this ketone to the a-position of another moiety when the a-haloketone is treated with alkali
alkoxide (e.g., NaOEt, NaOMe). In many cases, this rearrangement is used to prepare the
esters of tertiary a-carbon.

B. GENERAL REACTION SCHEME

o) o)
Ro NaOEt Rs
_—

R Rs ~ Et,0 R, OEt
X (X=F,Cl,Br,) R

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.

QO OEt

- o}
Ry r‘OEt_> R% Ro. O OEt 3)}\
R Rs N - OEt
Rq ° Rq ° X R Rs Ri
X X R,
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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

NaOEt

—_—

Et,O OEt
Br
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, n¥ 1.3912, d2° 0.856g/cm?>.

Cl MeO
0 o)
KOMe
—_—
MeOH
o (0]

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 A*-3-keto-17a-methyletienate,
m.p. 173-173.5°C. Another fraction from the column using benzene and benzene-ether as
an eluent yielded 378 mg methyl A*-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.>
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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.! Itis a transformation
of dialkylphosphite into dialkyl chlorophosphate in the presence of carbon tetrachloride and
abase (usually tertiary amine, secondary amine, or primary amine). Therefore, itis generally
known as the Atherton-Todd reaction.? 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.>

B. GENERAL REACTION SCHEME

i i
P. + CC|4 + R’3N —_— P. + HCC|3
RO/H / SoR Rog / oR

C. PROPOSED MECHANISMS

The commonly known mechanism for the Atherton-Todd reaction is based primarily on
the early kinetic investigations. It is believed that the initial step is the deportonation of the
dialkyl phosphonate (RO),P(O)H by a base to give a dialkyl phosphite anion that undergoes
the halophilic substitution with CCly, as illustrated here.
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(ﬁ HB - 3 0

0] (@)
P ccly 9 I
RO” O OR ,lp — P\’\‘CI-QCUS N ao >
Ho RO~ “OR ro” “OR “ccly RO/ OR

B

o “CCly oy ccl, 0

i | ';

10N P PN
RO H/ OR cHCls ro” “oR -cCly ROCI/ OR

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.®> Therefore, an
alternative mechanism is proposed in agreement with both experimental and computational
results.”!

q I

_PU~R W, — P + R—NRj
RO~/ ~O 8 RO”/ SO
H H
o)
0 P o T
G S
- B OR
RO H/ o) RO/ rRo” Sor RO H/ OH
on cCl, ICI)
! b
PIRN
ro” Yor  CCls RO/ TOR
ﬁ “CCly ﬁ
P /P\ _
ROT_l / oH cHol, RO/ O

D. MODIFICATION

It is reported that the original process can be improved effectively by employing an
aqueous base and a phase-transfer catalyst.® 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.
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F. RELATED REACTIONS

This reaction is related to the Appel Chlorination.

G. CITED EXPERIMENTAL EXAMPLES

(ﬁ o}
Il
P. P. CC|4, EtsN, MeOH
EtOT_l / \(OCchHz)w-OﬁI / \(OCHQCH2)13—01~H
n EtsN-HCI
0

0
IF[ [
P
Etog/ \(OCHQCH2)13—O‘E/ \(OCHZCH2)13—01~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%.

0 | 0
O ey — L
+ 4 + _—

o ™o [ j o ™o
H Cl
0

o
Aniline )\ |u\ J\
g o” | Mo
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.

H.

1.
2.

AN L A~ W

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

(Conformational Rule)

A. GENERAL DESCRIPTION OF THE REACTION

Auwers-Skita rule,! 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,? and Skita® separately and was restated by Allinger.* 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),*3 however, molecules of higher enthalpy have a lower melting point.®
Between the pair of cis- and trans- isomers, cis-compounds are higher in specific gravity and
refractive index but smaller in molecular refraction.?:3 Between stereoisomers, the frans-
form of a pair of stereoisomers has the lower density, boiling point, and refractive index.’
This rule can even be used to assign the conformers, in which the conformer of higher
enthalpy has a lower molecular volume.? 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.® 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.'® Although this rule
has been proved successful with a variety of disubstituted cyclohexanes,'! it is recognized
that such an empirical rule is of limited reliability, especially in complex systems, such
as the configuration for isopinocampheol,'? 3-methylcyclohexanol,'? thiabicyclo[3.3.0]-
octanes,'* 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.*®16

G. CITED EXPERIMENTAL EXAMPLES

trans cis
R R
H
H
R =0OH 54°C 65°C
R=NH, -25°C —-13°C

Reference 17.

%:::jf\N/Bw \\Z:::jfo/Bw
| I

Cis-N-methyl-N-neopentyl-4-methylcyclo- trans-N-methyl-N-neopentyl-4-methylcyclo-
hexylamine, np20 = 1.4569, hexylamine, np20 = 1.4527,
b.p. 90-91°C (4.5 mmHg).5a 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 rearrangement! 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, 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.
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C. PROPOSED MECHANISMS

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

D. MODIFICATION

N/A

E. APPLICATIONS

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

F. RELATED REACTIONS

Conceptually, this rearrangement is related to the Bellus-Claisen Rearrangement, in
terms of ring expansion.®?14&14 This reaction is also related to the regular Claisen
Rearrangement and Cope Rearrangement.

G. CITED EXPERIMENTAL EXAMPLES

AR AL KOs
CN R Me3AI CHCI3 C J\)\/
Reference 1ff.

Standard Procedure for the Zwitterionic aza-Claisen Rearrangement

To 35 mL dry CHCl3 was added 1.6 g dry K,CO3 (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 MesAl 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 Me3 Al was injected. After 2-3 days, the
reaction was stopped by quenching dropwise with saturated aqueous NaHCO3 (5-10mL)
at 0°C until the Al,O3/K,CO3 precipitated. Then the organic layer was decanted, the solid
residue was extracted with CH,Cl, (5 x 20 mL), and the combined organic layers were
dried over MgSOy4. 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.

TBSQ,

Ph F MegAl, KoCO3 TBSOme
/ + T N
J Ph
Ph

N o)
PhJ ©

Reference 4a.

To a small flask were added 70 mg dry K>CO3(0.5 mmol) and 15 mL CH;Cl, 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 Me3 Al in n-heptane (1.5-3 mmol) was added via syringe, and
CHy4 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 Me3 Al was necessary to achieve a
complete conversion of the reactant. After the reaction, the mixture was diluted with Et;O
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,8 R-1-benzyl-8-(tert-butyldimethylsilyloxy)-
3-phenyl-2,3,4,7,8,9-hexahydro-1 H-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.!?
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Baddeley Isomerization

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baddeley in 1930s.! 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 AICI3 at 100°C, the
1,3,5-tri-n-propyl was formed, along with the lower and higher alkylated benzenes.'® After
extensive studies, it was found that the amount of w-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.>? Likewise, less a-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.*

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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AICl3
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.’

R R R R R

H* _ _
e AICI; —> AICI; —> e

/>H

T
O—+-

However, in the absence of protonic acid, the Baddeley isomerization may involves the
reaction of AICl3 with two aromatic molecules.®

D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

©\ AICIS + ngher boiling
n-Bu 100°C residue
15.2% 45. 2% 24. 9%
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 o)
AICIz/NaCl/H,0 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 AICl3 (0.11 mol), 90 mg H,O
(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 NaHCOj3 solution.
The organic material was extracted with a total of 30 mL C¢Hg, washed with H,O, satu-
rated NaHCO3 solution, and H,O and dried over Na;SO4. 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.?®
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Baeyer Diarylmethane
Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was initially studied by von Baeyer in 1872.' 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,? toluene,2b-° benzyl
chloride,?®¢ biphenyl,?>¢ iodobenzene,?® naphthalene,?® and mesitylene.”’ 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,? Kochi’s dealkylative coupling,* Fukuzaw’s
1,3-propandiol method,’ and the reduction method.® In general, the condensation occurs at
the para-position of substituted aromatics.

B. GENERAL REACTION SCHEME

R
O R [
R R R Pz R
R = OH, OMe, NMe»
R’ =H, Alkyl, Aryl
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C. PROPOSED MECHANISMS

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

*_H H
] 2. 9 o
+ LA~
Do =g @ — ~
R R’ R H0O
R' RI/\©\ R
E - R
R R
R’ R’
H
N
b “OO
H+
R R R R

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

O/j
Yo TFSA B
L ’ cl Z
cl

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.
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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 MgSOy4. The product
distribution was analyzed by GC/MS, using naphthalene as standard and comparing with
an authentic sample. The ortho/metal/para ratio was found to be 27:7:56, in a yield of 81%
on the basis of dioxane.

o)
. 1 H,SO4/EtOH O O
H” > H

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/H,SOy4 = 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.®
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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 1890s' via the condensation of 2-nitrobenzaldehyde with acetone in the
presence of dilute NaOH or NayCO3.2 Therefore, this reaction is known as the Baeyer-
Drewson reaction.> 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,** reduction of I-o-nitrophenyl-2-nitroethanol by the basic
dithionite,*® acid or base treatment of 2-anilinoindoxyl,*® treatment of 2-oximinoindoxyl
with sulfuric acid,*d reduction of o-nitrobenzoylacetic acid by base and glucose,*! and
reduction of 2-chloroindolone.*&" In addition, the Heumann Indigo Process was the indus-
trial manufacturing process applied to making indigo in large quantitles.’ 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.)>¢ 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.’
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B. GENERAL REACTION SCHEME

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

H O
L - L me (OO
+ NaOH —
CHO )I\ Z HN
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.’

NO, (on +?_ ?]
o - o- QCHO ll\l H,O H\\O N[H%H
OH + 2
)J\ S A O ? — OH
H20 “OH o) O

o O
O

(o6} HAOH
D il V2L
N oH N N
~ V@%KY—’ —
OH H,0
o 0 0 o
H H
N H ™ N
@ Ha0 H ZOH, OH _)>—OH
CH3C02 @] O

0O

@@Mﬁ@ ‘W‘

T’ O

~OH, H,0

0]

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

N\)I\OH HO H o Q

1) TOH O N
2 idati
) Oxidation HN O

0] OH

OH
Reference 9.

A mixture of 10.1 g 2-amino-acetic-4-(«-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.)

Crd CL-
o N MeOH N

Reference 10.

N,N’-dimethylindigo was prepared by the oxidation of 1 .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.!! 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).

H.

Other references related to the Baeyer-Drewson reaction are cited in the literature.!?
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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.! 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,” a few methods similar to Baeyer indole synthesis have also been developed so
far.3

B. GENERAL REACTION SCHEME
~COOH

CH=CH N
X - OO

H

C. PROPOSED MECHANISMS

Displayed here is the mechanism of Baeyer indole synthesis.

Comprehensive Organic Name Reactions and Reagents, by Zerong Wang
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D. MODIFICATION

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

E. APPLICATIONS

N/A

F. RELATED REACTIONS

This reaction is related to the Reissert Indole Synthesis.

G. CITED EXPERIMENTAL EXAMPLES

NH, Heat

Reference 3a.
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The preparation of chromium-copper-on-charcoal catalyst has been reported elsewhere.*
It is prepared by adding acid-washed charcoal to a strong hot solution of Ca(NO3),, KNO3,
or KH,>PO4. 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;> 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.

Ro Rz Rs Ry R2  Rs
/@[ NH, /@[ N mR4
> OAc
R, NO, R NO,  LiCl R NOS!

Fe/AcOH N
R H

2-Nitroaniline hydrochloride, prepared from heating a mixture of 1.38 g 2-nitroaniline
(10.0 mmol) and 2.50 mL 12 M HCI (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 x 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%.

Reference 3b.



REFERENCES 143

To a 250-mL one-necked flask fitted with a reflux condenser were added 1.22 g I-acetoxy-
I-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 x 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%.

CO,Et CO,Et

CN Pd/C, H, AN
~© NO, EtOAc \/o\[ N
o) o) H

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.®
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Baeyer Oxindole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by von Baeyer in 1878.! 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 + H3SOy4,
Zn + HOAc, and Fe + HOAc, SnCl, 4+ NH4CI. Recently, other methods have been
developed for preparing oxindoles.?

B. GENERAL REACTION SCHEME

TN COOH - gniHol g

X

—_—— 1
Z N0, Z =N
H

O (R=H, Br, NHy, alkyl)

C. PROPOSED MECHANISMS

Displayed is the mechanism for the formation of oxindole.
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X OH

RS TCOOH sn + Hal N Cgo R—— ol
| _ —_— R_I (’] — = ,-\p]/ O-
NO, 2 Tk v

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

5 S SN
R—|
LiN(TMS), ()\/Ngzo

Pd,(dba), \
R R'

Reference 2a.

The reaction was carried out in THF using a certain amount of substrate, 1.5-3 mol %
Pd;(dba),, 3—6 mol % 1-mesitylimidazoium salt, and 1.5-2 eq. of LIN(TMS),. 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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(0]
Br Pd,(dba)s*CHCl5 (0.2 eq.) ><
0 Boc  EtsN, THF-NMP (1:1) N
P / r.t., 86% / \
N N Boc
L °
r oc o l}l
Br Boc
Reference 2b.

To the mixed solvent of THF and NMP (1:1), were added certain amount of starting
material, 0.2 eq. of Pdy(dba),-CHCl3, and EtzN. 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.*
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Baeyer Pyridine Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by von Baeyer in 1910.! It is the transformation of y-
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.? Other methods not included in Bergstrom’s review
include distillation of allylethylamine over heated lead oxide,>* passing a mixture of acety-
lene and hydrocyanic acid through a red-hot tube,*® heating pyrrole with sodium methylate
and methylene iodide to 200°C,* heating isoamyl nitrate with phosphorus pentoxide,3
and heating piperidine in acetic acid with silver acetate.>® These methods normally give
low yields of pyridine derivatives.

B. GENERAL REACTION SCHEME

Me
Me,S0, (NH4),CO3
“HCIo,

CIO4
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Starting from any pyronium salt:

R2 RZ

| A (NH,)2CO3 | A

4 - = —=
R O~ TR, R” "N~ TR,

Cclos

C. PROPOSED MECHANISMS

Itis 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.

H H
7
~ |_> | @ Workup = |
“ N AN
N NS
H§> HoN HO >N N N

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

0 OMe OMe
MeO
Meo\fj\ Me,SO, \@\ (NH4)2CO3 MeO I\
—_—
+ 2
0 HCIO,4 g N/
clo;

Reference 4.
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To a flask equipped with a condenser were added 70 g 2-methyl-5-methoxy y-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% HCIlO4. 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.

Cl
| |
/NWN

~ ¢l CO,Me
o 0 tBuokDABcO K @ PFe B
)J\/U\O/ THF Mo/ NHJAc NG

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 % #-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.
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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.! 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,” Baeyer-Villiger reaction,> and
Baeyer-Villiger rearrangement.* 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.

B. GENERAL REACTION SCHEME

Dashed line, cyclic ketone.

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

150



RELATED REACTIONS 151
C. PROPOSED MECHANISMS
A general mechanism is displayed here.

RCO3H === RCO;~ + H*

5
5 OH o
OH R
R omeor, G o B o
R R R Ry R (‘ORz)J\ "e R
~07 "R 2
P 0
REOS  poo,~H s A
3 »RCOz" H R R)k R, + RCO,
R, RCO,H

D. MODIFICATION

Because alkenes react readily with peroxyacids to form epoxides, the Baeyer-
Villiger oxidation has been modified using bis[trimethylsilyl]peroxide®® or basic hydrogen
peroxide.® Recently, a modification of Baeyer-Villiger oxidation on cyclohexanone using
tin-infused zeolite as catalyst and hydrogen peroxide as oxidation reagent has been
developed.®“®d 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: (@) using [(triphosPO)Pt]?>T,7® montmorillonite-supported
SnCl,,” Sn-palygorskite,”® organoselenium,’d selenoxides,’® aminomethyl polystyrene
resin-supported tin complex,’! and water-tolerant Lewis acid in molecular sieves’® as cat-
alysts; (b) using H>Ox/nitrile as oxidant, such as H,Ox/nitrile over Mg(OH), or MgO,7h
Mg/Al hydrotalcite,” and H,Oa/benzonitrile over hydrotalcite;:7% and (c) with tailor-
ing Pt(Il) chiral catalyst’' and Pt(II) catalyst’™ or CH3ReO3/H,0; in ionic liquids.”" In
addition, other kinds of reagents have been applied as oxidant for the Baeyer-Villiger
oxidation, including potassium peroxomonosulfate,32-8> bis-cationic platinum (II) com-
plex ([Pt(mu-OH)(Pom-Pom)];[BF4]> [Pom-Pom = (OMe),PCH,CH,P(OMe),]),% and
molecular oxygen/benzaldehyde.® Furthermore, microbial®® and enzymatic®®°¢ Baeyer-
Villiger oxidation (e.g., monooxygenases,”d =" cunninghamella echinulata NRRL 3655,
and arabidopsis CYP85A2%).

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

BnOQC\ BnOgC\
NE CH3CO3H N~
HAc/NaAc (0]

(0]

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 x 5 mL) fol-
lowed by saturated sodium bicarbonate (2 x 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).

(0]
mCPBA 0 0
CHClo/Li,CO5 o’ :
COzEt EtOZC COZEt

Reference 11.

To a solution of 0.045 mmol 4,4-dicarbethoxy-3,78-dioxa-8,2-dioxobicyclo[4.3.0]-
nonane-2-spiro-1'-cyclopentane in 1.0 mL dichloromethane were added a catalytic amount
of Li,CO3 and 0.068 mmol mCPBA. The mixture was stirred for 5 h at room tem-
perature and quenched by 0.5 mL 10% NajS>04 solution. The product was extracted
with chloroform (3 x 5 mL), and the combined organic layers were washed with 10%
K>COs3 and brine and then dried over Na;SO4. Upon removal of solvent, the residue was
purified by flash chromatography to afford 70-75% of 5,5 -dicarbethoxy-3,7 8,2 8-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.!?
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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,! in which amino acids and peptide esters
condense with NCAs at low temperatures in organic solvents.” This reaction is known as the
Bailey peptide ester synthesis.? 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.* 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.’

B. GENERAL REACTION SCHEME

Rg 0] R2 H
) ( R N.
R~ N 0 + HgN - R3 —— N R3
Y H o
O
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CITED EXPERIMENTAL EXAMPLES
C. PROPOSED MECHANISMS

Displayed here is a simple illustration of this reaction.

HZ.N._R3 -
Ro Q Re ? ;QH R "R N/R3 co, R
=~H J LR No
N 6 RN Ok e N_{of N Rs
R~ 1 3 1 H
Y e ol
o} o o}

D. MODIFICATION

N-substituted amino acid NCA has been applied to a similar reaction.®?

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

157

Q I
y\—o\ HN—GH—G—OFt
O2N S_N\Cﬁczo (|3H2 1) Nps-L-glycine-NCA
+ CHy 2) Nps-L-isoleucine-NCA
| 3) Nps-L-phenylanaline-NCA
S Nps-Phe-lle-Gly-Leu-Met

|
CHs

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 NaySO4. 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 POs. The yield was
93%, m.p. 232-234°C.

Other references related to the Bailey peptide synthesis have been cited in the literature.®

H. REFERENCES

1. (a) Bailey, J. L., Nature (London), 1949, 164, 889. (b) Bailey, J. L., J. Chem. Soc., 1950, 3461.

2. Hirschmann, R.; Strachan, R. G.; Schwam, H.; Schoenewaldt, E. F.; Joshua, H.; Barkemeyer, B.;
Veber, D. F.; Paleveda, W. J.; Jacob, T. A.; Beesley, T. E. and Denkewalter, R. G., J. Org. Chem.,
1967, 32, 3415.

. Langenbeck, W. and Kresse, P., J. Physiologie (Paris), 1955, 2, 261.

. Katakai, R., J. Org. Chem., 1975, 40, 2697.

. Greenstein, J. P. and Winitz, M., Chemistry of the Amino Acids, Wiley, New York, 1961, p 943.

. (a) Bailey, J. L., Techniques in Protein Chemistry, Elsevier Publishing. New York, 1962.
(b) Xue, C.-B. and DeGrado, W. F., J. Org. Chem., 1996, 60, 946. (c) Fuller, W. D.; Cohen,
M. P.; Shabankareh, M.; Blair, R. K.; Goodman, M. and Naider, F. R., J. Am. Chem. Soc., 1990,
112, 7414. (d) Kricheldorf, H. R., a-Aminoacid-N-Carboxy-Anhydrides and Related Heterocy-
cles: Syntheses, Properties, Peptide Synthesis, Polymerization, Springer-Verlag, Berlin, 1987, pp.
22-23. (e) Akiyama, M.; Hasegawa, M.; Takeuchi, H. and Shimizu, K., Tetrahedron Lett., 1979,

AN N B W



REFERENCES 159

28, 2599. (f) Banerjee, S. N. and Ressler, C., J. Org. Chem., 1976, 41, 3056. (g) Katakai, R.;
Oya, M.; Toda, F.; Uno, K. and Iwakura, Y., J. Org. Chem., 1974, 39, 180. (h) Grovestine, E. M.;
Langlois, J. R. and Williams, R. E., Can. J. Chem., 1973, 51, 1284. (i) Katakai, R.; Oya, M.; Uno,
K. and Iwakura, Y., J. Org. Chem., 1972, 37, 327. (j) Gait, R. J.; Langlois, J. R. and Williams, R.
E., Can. J. Chem., 1972, 50, 299. (k) Maher, J. J.; Furey, M. E. and Greenberg, L. J., Tetrahedron
Lett., 1972, 1581. (1) Katakai, R.; Oya, M.; Uno, K. and Iwakura, Y., Biopolymers, 1971, 10,
2199. (m) Hirschmann, R.; Schwam, H.; Strachan, R. G.; Schoenewaldt, E. F.; Barkemeyer, H.;
Miller, S. M.; Conn, J. B.; Garsky, V.; Veber, D. F. and Denkewalter, R. G., J. Am. Chem. Soc.,
1971, 93, 2746. (n) Dewey, R. S.; Schoenewaldt, E. F.; Joshua, H.; Paleveda, W. J.; Schwam,
H.; Barkemeyer, H.; Arison, B. H.; Veber, D. F.; Strachan, R. G.; Milkowski, J.; Denkewalter,
R. G. and Hirschmann, R., J. Org. Chem., 1971, 36, 49. (o) Iwakura, Y.; Uno, K.; Oya, M. and
Katakai, R., Biopolymers, 1970, 9, 1419. (p) Kirk, K. L. and Cohen, L. A., J. Org. Chem., 1969,
34, 384. (q) Kipple, K. D.; Saito, T. and Ohnishi, M., J. Org. Chem., 1969, 34, 1631. (r) Denke-
walter, R. G.; Veber, D. F.; Holly, F. W. and Hirschmann, R., J. Am. Chem. Soc., 1969, 91, 502.
(s) Veber, D. E.; Hirschmann, R. and Denkewalter, R. G., J. Org. Chem., 1969, 34, 753. (t) Dewey,
R. S.; Schoenewaldt, E. F.; Joshua, H.; Paleveda, W. J.; Schwam, H.; Barkermeyer, H.; Arison,
B. H.; Veber, D. E.; Denkewalter, R. G. and Hirschmann, R., J. Am. Chem. Soc., 1968, 90, 3254.
(u) Denkewalter, R. G.; Schwam, H.; Strachan, R. G.; Beesley, T. E.; Veber, D. F.; Schoenewaldt,
E. F.; Barkemeyer, H.; Paleveda, W. J.; Jacob, T. A. and Hirschmann, R., J. Am. Chem. Soc., 1966,
88, 3163. (v) Fridkin, M.; Patchornik, A. and Katchalski, E., J. Am. Chem. Soc., 1965, 87, 4646.
(w) Panayotis, B. and Ratsoyannis, G., J. Am. Chem. Soc., 1961, 83, 4053. (x) Bartlett, P. D.;
Jones, R. H., J. Am. Chem. Soc., 1957, 79, 2153. (y) Overell, B. G. and Petrow, V., J. Chem.
Soc., 1955, 232. (z) Honzyl, J. and Rudinger, J., Coll. Czech. Chem. Commun., 1955, 20, 1190.
(aa) Schlogl, I.; Wessely, F. and Wawersich, E., Monatsh. Chem., 1953, 84, 705. (bb) Honzl, J.
and Rudinger, J., Collect. Czech. Chem. Commum., 1953, 84, 705. (cc) Rudinger, J. and Sorm,
E, Coll. Czech. Chem. Commun., 1951, 16, 214. (dd) Wessely, F.; Schlogl, K. and Korger, G.,
Monatsch. Chem., 1951, 82, 671.



38

Bakelite Process

(Baekeland-Manasse-Lederer
Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

Orthohydroxy benzyl alcohol,! oxybenzylalcohol,” or simply phenol alcohol or
saligenin®3 was first isolated by Piria in 1843.! It can be converted into resin (known
as “saliretins™*) on heating. The reaction between phenol and aldehyde was first reported
by von Baeyerin 1 872.,5 who used an iron pressure cooker he invented, called a “bakelizer,”?
and resulted in a sticky substance that he dismissively called “Schmiere”. The actual reaction
between formaldehyde and phenol was independently studied by Manasse® and Lederer in
1894, 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.
Therefore, the reaction of phenol and formaldehyde under basic condition is referred to as
the Manasse-Lederer reaction.® The resulting products, known as “shellac substitutes,”> 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.> 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 pressure” to balance the internal
pressure.!?3-91 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.? 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 H,SO4 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-% Therefore, the process to make Bakelite is referred to as the Bakelite
process, ' and Bakelite is the trademark of oxybenzylmethylen-glycolanhydride.”*

B. GENERAL REACTION SCHEME

OH OH OH
H* OH
oo —e (JO
P >100°C N
(n>6)

C. PROPOSED MECHANISMS

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

OH OH . OH 2o
+ CH20—> CH2 @Q SETie ﬁj
PhOH
Tautomer|zat|on
OH OH

CH,0_ (JOH

O S\CH, ——>, Phenolic resin

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 OH
HySO4

*+ CHO —m———

AcOH, 0-5°C

OH

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. H»SO4 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.!!
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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 1935! but were not studied intensively until 1946 and thereafter.? 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.? The most commonly used structure is
the one proposed by Baker and Ollis in 1957.% 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.’ Generally, sydnones can be
simply synthesized from N-nitroso derivatives of N-substituted o-amino acids with certain
dehydrating agents, such as acetic anhydride.® The sydnones were reviewed by Stewart in
1964.7

B. GENERAL REACTION SCHEME

8 o, A »
C; N_~
R{ %OH 2 e W/&O R/+w)\0'
R, R2 Rz

C. PROPOSED MECHANISMS

The formation of sydnone is shown here.
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O
0
- OJ (6] N//o e}
N Y |
R{” \HJ\? )kok R1/N\HJ\+ \Hk k
R, H R, H
/o -0 N—O

AcOH Ry “H AcOH R2 R,

D. MODIFICATION

Trifluoroacetic anhydride,?™® thionyl chloride,”™ and carbonyl chloride® 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-
diisopropylcarbodiimide® has been used in this reaction at room temperature.

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

SR, e ST

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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N o N-O
l N \)_O_
N/
CieHaz™ N\)I\OH Ac20 CigHas™ +

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.

H.

1.
2.

Other references related to sydnones are cited in the literature.
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Baker-Venkataraman
Rearrangement

(Baker-Venkataraman
Transformation)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first and concurrently reported by Baker! and Venkataraman? in 1933.
It is the rearrangement of o-acyloxyketones into S-diketones under basic conditions and
is generally known as the Baker-Venkataraman rearrangement® or Baker-Venkataraman
transformation.* In addition, this reaction is also referred to as the Baker-Venkataraman
reaction,> and Baker-Venkataraman synthesis.® Although this intramolecular acyl transfer
reaction has become a major reaction in flavone chemistry,’” the migration of acyl group has
been confined to aromatic or heteroaromatic acyl group.® The resulting molecules can be
applied to the synthesis of chromones and flavones and has been extensively reviewed.’

B. GENERAL REACTION SCHEME

o}
N o\.{ OH O O
R—— Ar Base N
_ - > R : Ar
=

(R = alkyl, OH, alkoxy!)

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

168



CITED EXPERIMENTAL EXAMPLES 169

C. PROPOSED MECHANISMS

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

O\H/Ar OYAr O. Ar
o Baese 0 — o .

CH5~ CH,

(0] (0] [oX,
o)) o- OH
Al H,O
f— %Ar = Ar
o) O O (0] (0]

D. MODIFICATION

N/A

E. APPLICATIONS

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

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_ _Ph OH
hd NaH OBz HoS04, 0.5%
Q THF, 65°C, 2 h Ph AcOH, 60°C, 1.5 h
OBz

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
HCI. The precipitated crude B-diketone was washed with water and dried. This g-diketone
was added to 10 mL acetic acid, and 0.25 mL conc. HySO4 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-ox0-4H-1-benzopyran as colorless needles,
in a yield of 63%.

o) Ar OH
R
o K,COs Ar
Ar\[(o O

—_—
2,6-Lutidine, A
(0] O

Reference 13.

63%
Ar: o O )

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 HCI 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. '
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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.! 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,” polyene alcohol,® acetylenic alcohol,* ferrocene alcohol,” and benzyl
alcohols.® 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.!-24:6
However, acid-washed manganese dioxide suspended in petroleum ether will oxidize allylic
alcohols to corresponding aldehydes in good yield, but not for saturated alcohols.®

B. GENERAL REACTION SCHEME

Mn02
RJ\!\/\OH RM
Petroleum ether
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174  BALL-GOODWIN-MORTON OXIDATION
C. PROPOSED MECHANISMS

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

Ho_ OH

Nn . — Mn/ e A
R““\_/ KAH L‘/\ng/”/ RN\"_//O R o
D. MODIFICATION

N/A

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

—_—
D Benzene D
Reference 8.

The active manganese dioxide was prepared by azeotropic removal of water according
to the reported procedure.” To 125 mL benzene were added 1 g deuterated benzyl alcohol
(CeHsCHD-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%.

O e

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 MnO;. 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 MnO, 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 reporte:
Other references related to this type of oxidation are cited in the literature.

d 7a,10
11
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Bally-Scholl Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bally in 1905! and was investigated again by Bally and
Scholl in 1911.% 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
Schollin 1936.3 Therefore, this reaction is known as the Bally reaction,* Bally benzanthrone
synthesis,> or Bally-Scholl reaction.® The yield of this reaction is usually 50-60%.” In
industry, benzanthrone is produced from the reaction among anthraquinone, glycerol, and
iron in concentrated HySO4, where acrolein can be generated in situ, and 9,10-anthraquinone
is reduced to anthracene-9(10H)-one.® Nevertheless, it has been applied to make different
types of dye molecules.’

B. GENERAL REACTION SCHEME

(e}
OH
+
HO\)\/OH Reducing agent (
o
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C. PROPOSED MECHANISMS

It is generally accepted>® 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.? After that, the consecutive dehydration, cyclization, and oxi-
dation afford the final product of benzanthrone.? An illustration of the reaction mechanism
is displayed here.

H
_OH O
Tautomerization HO A~ HZOO\/\/O \ ﬂ\%o H* N

H,O
H. H
Q
(L0, 0 =2
Reducmg 2 N
reagent L OH

+

\

le} (0]
§5 @ )
N [0]
N,
H
(0] (6] (0]

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%.”
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(0]
H
+
O =0 OOO
OH OH

Anthraqumone “

)

D. MODIFICATION

This reaction has been modified to proceed from glycerol and anthraquinone in sul-
furic acid in the presence of iron,® copper,!! or a reducing agent of anthrone!? or sodium
hypophosphite.!3 Moreover, a reaction between hydroanthraquinone and acrolein in sulfuric
acid to afford benzanthrone has also been developed.'* Another modification is the reaction
between anthraquinone-1-diazonium salt and a-methylacronitrile or a-methyl vinyl acetate
in monovalent alcohol (e.g., MeOH, EtOH) in the presence of a catalytic amount of cuprous

chloride.!®

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

Reference 4.

To 132 mL H»SO4 (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
a-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)
OH NaH,PO,
+ —_—
O‘O Ho___oH 5O,
o)

Reference 13.

Anthraquinone (208 g) was dissolved in 1000 g conc. HySO4 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.!:12 1415 Other references related to the Bally-Scholl reaction are
cited the literature.'®
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Balsohn Alkylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Balsohn in 1879,! just two years after Friedel and
Crafts’s acylation and alkylation with AICI3.2 In its initial reaction, benzene was directly
alkylated with ethylene in the presence of AICl3, 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,’
phosphorus acid,* phosphorus pentoxide,’ and boron trifluoride.® It should be pointed out
that the Balsohn alkylation is not limited to ethylene itself but works for other alkenes!-’ as
well, and even for acetylene.® Other aromatics such as phenol also react in a similar fashion.”
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.® When sulfuric acid is used as catalyst,
two other side reactions—polymerization and formation of ester—also compete with the
actual alkylation.> Some of the reactions have been used on a large scale for industrial
production.!® 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
\© _— LCch \Qand/orp
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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,!! as illustrated here.

© H HCl

+ -

H,C=CH, %»Me—CHZ [Alcl]” 2> {—» ©/\
: AlCl,

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
. AICl3 VY
O by 2o P

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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+ H,C=CH, Zresol, + + + Other products
P20s

Reference 13.

A mixture of 780 g benzene (10 mol), 50 g phosphorus pentoxide, 24 glampblack 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.!
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Balz-Schiemann Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Balz and Schiemann in 1927.! 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 reaction? or Schiemann
reaction® and is referred to as the Balz-Schiemann decomposition* 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.’

B. GENERAL REACTION SCHEME

NaNO/H*
Ar—NH, ———— Ar—N*BF,~ —> Ar—F
BFyHF A

C. PROPOSED MECHANISMS

Although the mechanism was studied by Swain et al.®* and Olah et al.,%® an illustrative
detail of this reaction is proposed here.
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H OH K OH
N/N

% —
@ @
O&‘N\OH H,0 ©/ ©/BF4 © o EF: ©/F

D. MODIFICATION

This reaction has been extensively modified for different conditions, using a large excess
of HFE,”® HPF4 instead of HBF4,”® NaBFy rather than HBF4,’® microwave accelerated
multiphase reaction,’d and photo-Balz-Schiemann reaction.”*~7! Other modifications of
this reaction are cited in Refs.”i=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;® unfortunately, it is often accompanied by unwanted side reactions.

G. CITED EXPERIMENTAL EXAMPLES

NH Np*BF 4~
Z  NaNO, 2 = F

O,N Br HBF,4 O.N Br 150°C/N, O.N Br

Reference 9.

To a 400-mL beaker were added 110 mL fluoroboric acid and 57.75 g 2-amino-3-bromo-
S-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
BF; 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%.

0N HoN No*BF 4~ F
i T T RN =\
NYNH FF‘;» NYNH >\——NH _h1)> N« NH

CHs CHg HsC CHs

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 x 200 mL). The combined extracts were
dried over Na;SO4 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.!?
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Bamberger Rearrangement

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bamberger in 1894.! 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.” Occasionally, it is also termed the Bamberger reaction.® 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.* 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.> There is much mechanistic evidence to favor the
heterolytic N-O bond cleavage.® This rearrangement has been reviewed.’

B. GENERAL REACTION SCHEME

n NH,
N om H,SO, Q
Z H20 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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192 BAMBERGER REARRANGEMENT

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.?&62.8

.
NH,
“on 247, COH2 H0_
H20 +
\g Hy0 H20~, (ﬁN /@/
H-OR,, Hs0 + HO

Ha o+
H,O: J

D. MODIFICATION

This type of rearrangement has been extended to pyridines and isoquinolones.®® It is
reported that the nitro group (NO;) will migrate to the ortho position when it is connected
to nitrogen atom of aniline.”®~9 However, in the case of O-phenylhydroxylamine, the amino
group will migrate to both the ortho and the para positions.* It has been found that when
hydrogen is replaced by a sulfur atom in phenylhydroxylamine [i.e, PAN(OH)SR], the
rearrangement rate will be 10° as fast as normal Bamberger rearrangement.'”

E. APPLICATIONS

N/A

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

CH3 CH3
NO. NO,
HoSO4
O:N OsN NO»

HN
NO, NHz

Reference 9b.

To a flask were added 10 mL conc. HySO4 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



REFERENCES 193

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.
~ to_ 2) NaOH, H,0 NH

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.'!
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Bamjford-Stevens Reaction

(Bamford-Stevens Olefination)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bamford and Stevens in 1952.' 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.? Therefore, this reaction is generally known as the Bamford-Stevens reaction.’
In addition, this reaction is also referred to as the Bamford-Stevens olefination.* The bases
used in this reaction are strong bases, including NaOMe, LiH, NaH, NaNH,, 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,’
carbenes,* ™ cyclopropyl compounds,?*~"¢ and alcohols.” 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),® metal cations” and the
type and concentration of alkali.!”

B. GENERAL REACTION SCHEME

R1 H R1

Ro LN Base Ry =
N Ts

R3 R3
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196  BAMFORD-STEVENS REACTION
C. PROPOSED MECHANISMS
The mechanism is illustrated by the reaction with butyl lithium.

Ry H BuLi Butane R, ITi e
| uLi
R > /N\ 5 Z R2 \<'3,N f
Zﬁ)\N Ts H N Cﬁ's
R3 BU[ R3

1

R4 Li N, R R4
EONGZ N,/(’ll _A» sz)\u H,O RQ\%\H
R3 R3 R3

D. MODIFICATION

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

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.!> 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

1) n-BuLi, TMEDA
NHoNHTs 2) DMF

MeOH 3) Hz:0

(0] NNHTs CHO
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% HCI (aq.)
and extracted with CH>Cl; (4 x 40 mL). The combined organic phases were washed with
40 mL sat. NaCl (aqg.) 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 CH,Cl, as the eluent to give a pure sample for spectroscopic analysis.

G —
= ~ “co,Me
. o
NNHTis 1) p-BuLi, -78~0°C B(O-Pr:2 py(PPhy),, 10% aqg. TIOH
2) B(O-i-Pr), -78=0°C 25°C, 0.5 h, 65%

Reference 14.

To acold (—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 TIOH (1.16 mmol) was added, and the final mixture was
stirred at 25°C for 30 min. It was then diluted with Et,O and filtered through Celite. The
filtrate was washed with a saturated NaHCO3 solution three times, dried over NaySOgy,
and evaporated. The crude residue was purified by column chromatography (SiO3, 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).

_N Br
© BT ToNHNH,, p-TsOH, THE  TsHN™ 'S

Me Me

Br
MelLisLiBr
e 1

Me

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
(0.10mol), 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 Et;O (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 MgSQy4, 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. !
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Barbier Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Barbier in 1898,! just 2 years earlier than the well-
known but closely related Grignard Reaction.? 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,> 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,* and similar results, including the R:S ratio, with respect to the Grignard
Reaction can be obtained.’ Therefore, the purification procedure is considerably
simplified.*® This reaction is known to be preferable for halides, like allyl and benzyl
bromides,” and is believed to go through the single-electron transfer (SET) process.’
Currently, many zero-valent metals have been successfully applied to similar reaction
conditions, particularly lithium,’ because it often results in exceptional yields.!” Even
metal halides instead of metal have been applied to this reaction.!! 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,'?® antimony,'?® bismuth,!2¢-12d
cadmium,'?® gallium,'? indium,'?2~1%" lead,!?* 1! magnesium,3*>-12" manganese, !2¥-12%
samarium, ! 14 12x=12ad i 120e=12jj apd zinc,12kk=12¥Y It has been reported that nonpolar
solvents favor R-regioselection,l33"13b whereas polar solvents, such as DMSO, which is
strongly coordinated'>*~1244 with the tin of an allylic tin, lead to y-syn selection.'3¢ The
versatility and mildness of this reaction!?°®~ 12 has been extensively reviewed.!*

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

Q Metal OH
R_X + —_—
R1)J\ Ro R1/ij§

<X= Br, CI>

C. PROPOSED MECHANISMS

The mechanism of both the Barbier reaction and the Grignard Reaction have been
extensively studied.' It is believed that this reaction occurs at least partially via SET,3
as illustrated here.!®

Mg
PN

|

. /\/ng .
P+ Ngx —== |z [ A+ MgX
Mg
(6]
\R)J\R,
OH
R/)W
R’

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

Br o CrCly, NiCl, O
F O X O DMF, r.t. 60% i F
SCHs O
SCHs

HO
F

Reference 17.

To a flask in a dry box were added 154 mg chromium(II) chloride (1.25 mmol) and 65 mg
nickel(I) 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. Ry = 0.28 (3/1 petroleum
ether/ethyl ether).

o pTol, o  Zn THF/ag.NHCI OH
A o H
HJ\H N S ZnCl,, Nal, 5°C ?//O
cl
Ph. _N )\/
~ “Boc PhNagoe Tol-p

Reference 7d.

To a solution of 320 mg (5)-allyl chloride (1.5 mmol) in 1 mL THF was added 670 mg
Nal (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
ZnCl, (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
CH,Cly/Et; O (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.

OH
SnBry, CH,Cly/H,0
B+ CgHyCHO B2 ¥ 2ol
NG + 67113 %"\/\)\CsHﬁ

o-Regioselective Product

OH

Snl,/TBAI
= Cl =2 2

y-syn-Selective Product

Reference 7f.



REFERENCES 205

a-Regioselective Carbonyl Allylation by 1-Bromobut-2-ene with SnBr,

A typical procedure is as follows: To a solution of 0.56 g SnBr, (2 mmol) and 0.27 g
1-bromobut-2-ene (2 mmol) in 6 mL mixed solvent of CH,Cl,-H;0O (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% HCI solution, 10 mL aqueous
NaHCOj3 solution, 10 mL water, and 10 mL brine. The extracts were dried over anhydrous
MgSOy4, 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%.

y—Syn-Selective Carbonyl Allylation by 1-Chlorobut-2-Ene with Snl, and
TBAI

A typical procedure is as follows: To a solution of 0.74 g Snl, (2.0 mmol), 0.074 g
TBAI (0.20 mmol), and 0.30 g Nal (2.0 mmol) in mixed solvent of 3 mL DMI and 0.1 mL
H,0, 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 CH,Cl, and was washed successively with 10 mL aque-
ous 10% HCI solution, 10 mL aqueous NaHCO3 solution, 10 mL water, and 10 mL brine.
The extracts were dried over anhydrous MgSQO4 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%.

Br _In/DMF I/
PhAhI/OH AN Th, % /\/L OH

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 HCI 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. !8-19
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Barbier-Wieland Degradation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reported independently by Wieland in 1912! and Barbier in 1913.2
However, this reaction is generally known as the Barbier-Wieland degradation.? In this
reaction, higher-order aliphatic acids (particularly in steroid side chains>2* and side chains
of other cyclic compounds®) 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,® such as in
cyclopropyl acetic acid” and lactone.® Currently, this method has been modified by using
different oxidation reagents,’ Grignard reagents,'? and dehydration reagents.!!

B. GENERAL REACTION SCHEME

Ph
@ PhMgX OH  ac,0 cro
R/ﬁ]/ Me R/X 2 = $ RCOH + PhyCO
o} HX pn Ph R Ph

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

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

A o 0 Ph—MgX
R/\|/V_/\M X R/Y PhMgX A
R/\’»( - . Mg . )
o} 2N Ph
M Me MeOMgX Ph
e
Ph Ph H ACOH
O, HX OH Ac.O OAc A
Ph Ph Ph
Ph
CTO3
/:< _ = RCO2H + PthO
R Ph

D. MODIFICATION

The whole process has been modified using different oxidation reagents, such as the
mixture of ruthenium tetroxide and sodium metaperiodate;® different Grignard reagents,
such as methyl magnesium iodide'? and different dehydration reagents, such as boric acid.!!
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

(0] (0]
COQH COzMe
AcCl PhMgBr
—_—
MeOH, A Benzene

HO HO (Continued)
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OH Ph
=
o Ph
L o} Ph
ACQO
AcOH
HO HO
0 CO,H
1) CrO,
2)KOH
HO

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.'*
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Bardhan Sengupta Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bardhan and Sengupta in 1932.! 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.” Unfortunately, Bardhan and Sengupta’s original claim of 1,4-dimethyl-
phenanthrene prepared by this reaction has proven to be the 1,3-dimethylphenanthrene.’ In
this reaction, some side products, including the spiro compound, might form.* The synthesis
of phenanthrene has been reviewed.’

B. GENERAL REACTION SCHEME

The whole reaction process is illustrated here.

CO,Et
EtO,C
O/\/ NaNH2 N Reduction
I

(0]
EtO,C S R— h
2 %RT/ CO,Et Se _1/

A A
R A O
= (6]
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C. PROPOSED MECHANISMS
Because the mechanism of this reaction has been studied® 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.

H+
| \ | \
R~ R~
H,0
A | N
Y
R~

=
[1,2]-H shi‘f/ \
N

_QNO " :

| N

AN +
=
R——
S S
I +
H
l Se, AlDehydrogenation
f X

R'\
R—,/ T

D. MODIFICATION

A few modifications have been carried out for this reaction.>” The dehydrogenation of
octahydrophenanthrene can also be carried out using sulfur.?

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

N
85% HpySO, || Se
—_— o e

Reference 4.

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

Dehydration of Carbinol

1-B-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.

P,O B
_P20s_ se
A A
HO X

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
B-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.”
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Bargellini Condensation

(Bargellini Coumarin Synthesis)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bargellini in 1925.! 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.> Thus this reaction is
known as the Bargellini condensation.> This reaction is inconvenient from the practical
point of view and generally leads to poor yields,* so other methods have been developed
for preparing coumarins.’ The Bargellini condensation has been modified via the conden-
sation of o-methoxybenzaldehydes with arylacetonitrile and demethylation with pyridine
hydrochloride® and via 2,5-dimethoxycinnamic acid with boron tribromide.’

B. GENERAL REACTION SCHEME

o) R
d R+  PhCH,COONa Ac20 mph
OH A 0 o

(R = alkyl, ary|)
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C. PROPOSED MECHANISMS

An exemplary mechanism is displayed below.

AcOH
Ac,0 o o NaOAc o
\ Z‘ Ph X
PhCH,COONa %» /\/ \[(
ph\)ko)k o
NaOAc
0
CELR Ph
HO R o
~PoH . 5 D
R O O
0 H Na'
Ph” X \[( o) Na
Na" o) le}
OH R. OH
R Ph - R. OH
Na* Ph
QO —> o o ~N
_0 0 NaOAc
0 >/‘_
N O 0 o X0
roo R OACH AcOH o
C
BT O

D. MODIFICATION

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

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

O __NH-HCI 0__0
. Q AlCl Ho0
Ph)l\/CN — P P
Ph

Ph
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.

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 NaHCOj3, 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.’
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Bart Reaction
(Scheller Modification)

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Bart in 1910.! 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.?
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.® Besides the
Scheller modification, the Sakellarios modification is the reaction between sulfanilamide
and phenyldisodium arenite.*

B. GENERAL REACTION SCHEME

Na3A503

Bart reaction. ArN,*CI~ ArAsO(ONa), + NaCl + Np

Scheller modification. ArNH, + HNO, + AsClz + (H>0)

AI’ASOSHQ + No + HCI

C. PROPOSED MECHANISMS

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

r 'CL\_IE N N2 ./'\
) Na3AsO3 Ar AS

u—Cl N Ar® \\ONa —_—

cI* CuCl, NaO
Ar cHtu—cl
AS___NaCuCl_ _As
Nao” \ ~O” 'JzJNa N a S ona
ONa NaO” CuCl

NaCl
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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 ("As has a half-life of
26 h).> In addition, this reaction can be used to prepare arylstibonic acid,® and even other
metals can be bounded to the aromatic ring in a similar fashion to form metallic aromatics,
such as mercury,7 tin,3 lead,® and bismuth.!'9

F. RELATED REACTIONS

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

G. CITED EXPERIMENTAL EXAMPLES

1) NaN02
ArNH, + HgsO4 +ASC|3 —_— ArASO3H2
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.

o, ,OH

As
Oy oo Cymon - (T
BF4 O,N NO,

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.!3-14
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Bartoli Indole Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Giuseppe Bartoli in 1989.! It is the treatment of an
ortho-substituted nitroarenes with 3 eq. of vinylmagnesium bromide to afford 7-substituted
indole,? and is generally known as the Bartoli indole synthesis.? Currently, this reaction has
rapidly become the shortest and most flexible approach for indoles with 7-substituents.? 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.*

B. GENERAL REACTION SCHEME

1)3eq. Z “MgBr N
NO, 2)H"

Iz

C. PROPOSED MECHANISMS

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

(Bng)z

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

E. APPLICATIONS

Besides the general application in the preparation of 7-substituted indoles,!"? Bartoli
indole synthesis has found other applications, including the synthesis of azaindoles’ and
optically pure 7-alkoxyltryptophan.®

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

Me Me Me
MgBr AN Me
NO, THF, —-40°C N
Br 67% Br H

Referece 2a.
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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 3540 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 x 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.

A\
NO, 2 MgBr ”
THF, -45°C
OTBDMS OTBDMS

Reference 9.

The solution of 85.6 g fert-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 MgSOy4. 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.'”
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Barton Decarboxylation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Barton in 1983.! 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 acid’> 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 [+-BuSH],* phenylselenol [PhSeH],* and
tri(trimethylsilyl)silane [(Me3Si)3SiH].> Therefore, this reaction is generally known as the
Barton decarboxylation,® or by the less common name Barton’s radical decarboxylation.’
However, THF cannot be applied as the H-atom donor,® besides the application of a rad-
ical initiator, the Barton decarboxylation can also be initiated by either photolysis® or
sonication.'? This important reaction has been extensively reviewed.!!

B. GENERAL REACTION SCHEME

% o F
R-COH + N | MR)J\O/N |
S S =z
HSnBu; RH + CO, + N |
~SnBu,
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C. PROPOSED MECHANISMS

Displayed here is the mechanism for the Barton decarboxylation.

L A
N
" Ao

AIBN _%»>7CN —— SBu S

i-Pr-CN
RH
HSnBus
]
—=R' + CO, + Nx
S
K'SnBug, “SnBus

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,'?* 2 2-dithiopyridine-1,1-dioxide,> sodium salt of N-hydroxy-2-thiopyridine,'?"
and thiocarbonate.!>® 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,*> and via initiation from photolysis’ and sonication.'® When thiohydroxamic
acid ester reacts with diphenyldiselenide, phenylselenide forms. !>

o
2679 ~ |N/ ? AN o
e
e (s by O
X7 M S I\ X | ©
e P s g

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 6¢,9a-difluoro-118-hydroxy-
16a,17a-isopropylidenedioxy-3-oxoandrosta-1,4-diene-17 -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 HCI, 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-H,O) to give 635 mg
60, 9c-difluoro-118-hydroxy-16c,17a-isopropylidenedioxy-17 8-(2-oxo-tetrahydrofuran-
3-ylsulfanyl)androsta- 1,4-dien-3-one as a white crystalline solid, in a yield of 27%.

= IN’ ?
X S’S |N\ Ph. =
OTBDPS
HOC OTBDPS BugP/THF ~ )
s

—_—
2) TBAF/THF _ Ph
) OH

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 pL BuzP (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-(fert-butyldiphenylsilyloxy)methyl-2-carboxy-2-
phenylcyclopropane on TLC, the radical reaction was carried out by the addition of an
initiator (Et3B and Me;Zn, 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 H,O. The organic layer was washed with brine, dried over
NaySOy4, and evaporated. The residue was purified by column chromatography (silica gel,
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hexane/i-Pr,O, 100:1) to give the reductive decarboxylation products as an oil. A mixture
of the oil and 400 wL 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
H»O0, and the organic layer was washed with brine, dried over NapSQ4, 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.

X t-BuSH

0]
PhO Allyl Alcohol e}
\ /N = _—
Pho\ﬁ%o hv oh
O

Reference 14.

A solution of 0.107 g carboxylic acid, 2-thioxo-2H-pyridin-1-yl ester (0.2 mmol), and
45.3 pL fert-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, 'H and 3' P 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 (*'P NMR § -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.'
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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.! 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 deoxygenation®
or the Barton-McCombie reaction.> The H-atom donor/radical initiation system used
in this reaction includes tributyltin hydride/AIBN, tributyltin hydride/Et3B,* diphenylsi-
lane/peroxide (or Et3B), trialkylsilane/peroxide/thiol,® 5,10-dihydrosilanthrene/AIBN,
tris(trimethylsilyl)silane/AIBN,” dibutylphosphine oxide/AIBN (or Et3B),® phosphine-
borane/AIBN,? H3P02/Et3N/AIBN,10 and tetraphenyldisilane/AIBN.]1 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 CHz,
SCHj3, Ph, OPh, or imidazolyl on xanthates)!? and the application of different reduction
systems.>*>~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
conditions'? and a single-step procedure that does not use the metal hydride reagent.'* The
reactivity of Barton deoxygenation is observed in the following order: primary alcohol >
secondary alcohol > tertiary alcohol. This reaction has been extensively reviewed. !
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B. GENERAL REACTION SCHEME

NaH, CS,, Mel R/OTSMB AIBN

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-4¢.15

ROC(S)SM
AIBN T»>—CN BUsSTH _ Bugsre (S)SMe

RH
BusSn™y Bugsn.  usSnH o
S X
g * BusSn
ElQ _R Mes)Q’o\/ R N8 NsMe

MeS O

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 literature!® including
the photolysis of a carbazole in the presence of Mg(ClO4),'%* or benzoates'® and the for-
mation of alkyl halide using carbon tetrachloride or bromotrichloromethane as the solvent
instead of the tin hydride.'

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.!” Unfortunately, this reaction has failed in a few
circumstances. '8

F. RELATED REACTIONS

N/A
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G. CITED EXPERIMENTAL EXAMPLES

OBn OBn
OBn o 1) NaBH,4 OBn
BnO Qo 2) TsNHNH,, NaOAc BnO Q
O T - O
3) 1,1'-thiocarbonyldi-
OBn BocN——’/\ imidazole, DMAP OBn BOCN+
4) BuzSnH, AIBN

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 Et,O 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 CH,Cly,
washed with H;O (2 x 10 mL), dried over MgSQy4, 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 H>O and extracted with CH>Cl, (2 x 30 mL). The
organic phase was dried over MgSO,4 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)-np-lyxo-D-manno-
and -p-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 - (fert-
butoxy-carbonylamino)-D-lyxo-D-manno- and -D-altro-undecitol (2, SR/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)-p-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 x 8 cm, d x 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 BuszSnH (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 x 15 cm, d x 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-(fert-butoxycarbonyl-amino)-D-threo-L-galacto-undecitol as a syrup, in
a yield of 63%.
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OMe OMe
@ NaH, DMF, r.t., CSy, 10°C @[
MeO O OMe Mel, 10°Ctor.t., 88% MeO O OMe
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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 CS; (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 Mel (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 H,O
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 H,O and concen-
trated, and the residue was chromatographed on SiO» first with CH;Cly/hexane (1:1) to
remove a forerun and then with CH,CIlo/EtOAc (19:1) to elute the product. Mixed frac-
tions with a nonpolar contaminant were again subjected to column chromatography (SiO»,
EtOAc/CH;Cly/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-Bu3zSnH (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 SiO;. A forerun was eluted using
toluene, and then a mixture of (25)-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,
(25)-5,7,3 4 -tetramethoxyflavan was isolated by further column chromatography on
Si0; with EtOAc/CHCls/hexane (1:7:12). Evaporation and drying in vacuo yielded 2.52 g
(25)-5,7,3' 4 -tetramethoxyflavan as a colorless glass, in a yield of 80%.
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Cl Cl
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Reference 21.

To a solution of 0.31 g (R)-1-(fert-butyloxycarbonyl)-4-(4-chlorophenyl)-5-hydroxyl-
2-piperidone (0.93 mmol) and 0.20 g phenyl chlorothionoformate (1.14 mmol) in 15 mL
CH,Cl, was added a solution of 2.17 g 4-(dimethylamino)pyridine (DMAP) (17.8 mmol) in
15 mL CH;Cl; 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 HCI, and then 40 mL CH,Cl, was added. The
organic phase was washed twice with 1 M HCI and subsequently with a saturated aqueous
solution of NaHCO3 and brine. The dried organic phase over Na;SO4 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]Iz)o =+431°(c=1.2,
CH,Cly).

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-fert-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]Z = +22° (c = 2.1, CH,Cly).

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

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was reported by Barton in 1960.! 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 §-hydrogen abstraction with the
resulting oxygen-centered radical.> Thus this reaction is known as the Barton reaction.’
The formed nitroso compound can tautomerize to an oxime derivative that further hydrolyzes
to aldehyde! or can be oxidized to nitrile.* This reaction is useful in the conversion of the
angular methyl groups (A methyl groups) in steroids into carbonyl groups.!->

B. GENERAL REACTION SCHEME

o) O ?H 0]
N” = O.
< \N:oM,U —’UN M,U —»Q/OH

C. PROPOSED MECHANISMS

Although the mechanism of this reaction has been extensively studied,*® 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.* 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.

C H OH N’/O
?\‘:O‘h—v_~ @) + 'N=0 | — u +\.N=O_>U

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

NOCI hv
AcO AcO
OH ONO
OH N
N\ c
Q]
AcO AcO
OH (0]

Reference 4.

A solution of 600 mg 3 B-acetoxy-68-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 3 8-acetoxyandrostan-68-yl
nitrite was obtained, m.p. 135-138°C.
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A solution of 70 mg 3 S-acetoxyandrostan-6 8-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 3 -acetoxy-19-nitriloandrostan-6-one,
m.p. 230-236°C.

NOCI hv
Pyridine Acetone

3

Reference 7.

A stream of NOCI, generated from 87.4 g NaNO; and 509 mL 35% HCI, 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 H>O. The wet precipitate was
dissolved in a mixture of 2.9 L CH,Cl, 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.), Ry = 0.68 (CH2Cl>/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 ayield 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.), Ry = 0.16 (CH2Clo/EtOAc = 8:1).

Other references related to the Barton reaction are collected in the literature.
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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 Barton! and Kellogg? 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,? Barton-Kellogg olefin synthesis,* or Barton-Kellogg reaction.’ In this reac-
tion, the steric constraints are gradually introduced via sequential processes involving a
1,3-Dipolar Cycloaddition to form five-membered A3-1,3,4-thiadiazoline, followed by the
nitrogen elimination to three-membered episulfide, and finally the sulfur extrusion to afford
the alkenes.® 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

S R,
R1)J\R

2 R1>(S Rs PR, Ry Rs
R2 — R4 A —
j\ N=N R, Ry
1) NH,NH,
RS Ri 5,8

3) Pb(OAc),
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C. PROPOSED MECHANISMS
Displayed below is the olefination mechanism.

)?\ + NHNH, <> /N_< S >HE_SH<
2 2 —
Mo =N s

Pb(OAc),

N
S S !2 S
1,3-Dipolar NN A

cycloaddition

R AR

D. MODIFICATION

N/A

E. APPLICATIONS
This reaction has been applied for synthesizing alkenes, especially those overcrowded
alkenes.’

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.®

G. CITED EXPERIMENTAL EXAMPLES

HN—NH

HoNNH,*H,0 @s H2S (9)
SC>:O T EOH Q TCHeN™ S
Pb(OAc),/CaCOs _P(OEY;

CH,Cl, Toluene, A

Reference 7b.

A solution of 5.0 g tetrahydro-4 H-thiopyran-4-one (43.0 mmol) in 125 mL ethanol at
reflux temperature was added dropwise to mixed solution of 1.06 mL HNNH>-H,O (>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 H;S (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
CH,Cl,. 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.

1) NH,NH,
2)Hgo

1)-Np
2) PPhj3, Toluene

P4S10, CHiCN_ l l
Br B

r

|
I I Br

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 Et,O, washed twice with H,O, once with saturated brine, and dried over
NaySO4. 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 Et,O; then 2.0 g Na;SO4
(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 P4Sig
(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 Et;O and H,O, and the resulting

Reference 7c.
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blue organic layer was washed three times with saturated aqueous NaHCO3, washed once
with saturated brine, and then dried over Na;SO4. 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 Iy 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
(SiO,, 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 SiO,, and evaporated, and the residue was subjected to
radial chromatography (SiO», 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.’
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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.! 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 o, 8-unsaturated
nitroalkenes (or B-nitroacetates). Therefore, this reaction is generally known as the Barton-
Zard pyrrole synthesis,> Barton-Zard pyrrole condensation,? or the Barton-Zard reaction.*
This reaction is convenient for the synthesis of pyrroles with various substituents at the
B positions (R, 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
R» 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.’ The formed polypyrroles
and porphyrins can be applied as functional dyes. The reaction has been reviewed.®

B. GENERAL REACTION SCHEME

Ro R3
0 2
)]\/N/’C . Rz/\/ Base R, |
(0]
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C. PROPOSED MECHANISMS

The reaction mechanism is shown below.

BH NO, )
B , o . Ry N
)k/N//C )J\/N//C. e (C
R1 R1 pe R2 R3
NO,
R Ry .9
R, 3 _ R, 3 4/
NO, gy B BT_ N\\
N H 0
R - R
1N 1 N \_‘/N\
o o BH,-0” 0o

Ra Rs R2 Rs
| [1,5]-Migration | |
H
0 0

D. MODIFICATION

A few modifications have been developed for this reaction.’

E. APPLICATIONS

This reaction has been applied for preparing polypyrroles and porphyrins.® 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.®

F. RELATED REACTIONS
This reaction is similar to the Leusen Pyrrole Condensation,” based on the reac-
tion of tosylmethyl isocyanide and electron-deficient alkenes (a toluenesulfinate anion is

eliminated).'® The most important advantage of this reaction is that a-free pyrroles can be
obtained directly.

G. CITED EXPERIMENTAL EXAMPLES

A X N __DbBU
WOAC * CN™ "COEt TrE BuoH
NO,
OAc
MCOzEt
\
NH

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/r-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 x 20 mL) and the
combined organic layers were washed with water (2 x 20 mL) and 30 mL brine,
dried over Na;SQO4, 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%.

—_ _CO,Et
NaH
AN COE A~y NaH
#= * Ts” "NC BMsOELO ||
N

H
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 x 50 mL). The combined extracts were washed with saturated aqueous NH4Cl
solution, and dried over MgSOy4. 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.'?
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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.! 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 synthesis?
or the Leimgruber-Batcho reaction.’> The reagents used to reduce the nitro group can be
Fe(II), hydrogen, dithionite,* and hydrazine hydrate-Raney Nickel,> etc.; and the reductive
cyclization using the combination of hydrazine hydrate-Raney Nickel generally gives
better yield than other reducing reagents reported.® 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

N NMe X
RIS Me,NCH(OMe), - > ® H,, Raney Ni_ g |
= DABCO, DMF, A~ = U___ Z N
2 NO,

NO H
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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.

HCDABCO

MeOH
C( [DABCO, A _ 5\

DABCO

OMe
OfMeO
MeOH NMe,
O C(\/ Ho Raney Ni_
/ M92
S T PO
= /' NMe2 ’\|‘j NMe;

NH,

Me,NH
1‘ R—'\ [1 3]-Migration
| _ P

N

\

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.”

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.®

F. RELATED REACTIONS

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

NH;

N:CHNMQZ ICI;HNME2
l\f A MeoNCH(OMe), N7 10% Pd/C, Hp (40 psi) N~
= DMF, A ' ' |
CH3 y = / NMe2 EtOH, r.t. N\/ N
NO2 NO, H

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-
ylJformamidine (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/CH;Cl,) 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 OBn

Pyrrolidine, DMF diethylacetyl
NHoNH,, Ni, THF-CH30H |
MeOzC NO MBOQC N

2
H

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 CH,Cl, 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/CH30H =
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 CH,Cl,. 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. '©
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Baudisch Reaction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baudisch in 1939.! 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.? In contrast to
conventional nitrosation of phenol with HNO,, 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.? Besides the copper salts, other metal salts (Ni>*, Fe?, etc) can also be applied to
this reaction.* The free o-nitrosophenols, due to the formation of intramolecular hydrogen
bonding, is volatile?® and can be obtained via acidifying the complexes with HCI followed
by extraction in petroleum ether.” 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.® 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.” 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.’
Some of the aromatic nitroso compounds have shown some antiviral activity, such as against
HIV?
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B. GENERAL REACTION SCHEME

O
W

R—'\ NH,OH/H,0, O\CG,N
Lz Cu?* (or Ni?*, Fe2*) N o
W\

o
(R = alkyl, phenyl, CI, Br, NO, etc.)

C. PROPOSED MECHANISMS

Baudisch” and Cronheim® 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.ze A tentative
mechanism is thus proposed here.

0]
W 2
H,0 :
N  H20, O
NHon + H202 ? H/ \\o @{ H \_‘
HZO /—[6H HZO
NO Hzoz
—_—
OH

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 OH

NH,OH/H,05 NO
NagFe(CN)s(NH3)

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(I) 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.

OH
NH,OH/H,0, NO
—_—
NaszFe(CN)s(NH3)

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.!!
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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." 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.? Similarly, butadiynes can react with hydrogen sulfide to afford thiophenes.’
However, at 600°C in the presence of a ferrous sulfide-alumina catalyst, styrene reacted
with hydrogen sulfide to give 60% benzothiophene.* On the other hand, thiophenes can also
be prepared via the reaction between ethylbenzene and sulfur,’ acetophene and hydrogen
sulfide,® or 1,4-diketones and phosphorus trisulfide (or phosphorus pentasulfide).” The
preparation of 2,4-diarylthiophene has been reviewed.®

B. GENERAL REACTION SCHEME

C. PROPOSED MECHANISMS

It is believed that this reaction proceeds through a radical mechanism, similar to the
vulcanization of rubber.> A tentative mechanism is illustrated here.
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S
SO O O
s ohd o —

H H,s
U SH }
H Hydrogen ( SH A
ph abstraction S Ph

Ph

.3 Ph HzS Ph
| Hydrogen HS

S Ph abstraction

D. MODIFICATION

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

and acetophenone.®

E. APPLICATIONS

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

F. RELATED REACTIONS

This reaction is related to the Bogert-Herrera Reaction® and Volhard-Erdmann
Cyclization.?

G. CITED EXPERIMENTAL EXAMPLES

o 1) HoS / HCI / EtOH \U\
2) Copper chromite

S Ph

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%.

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.'?
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Baumgarten o-Amino
Ketone Synthesis

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Baumgarten in 1954.! It is the synthesis of a-amino
ketones from the rearrangement of N,N-dichloro-sec-alkylamines by means of the treat-
ment of sodium methoxide.? N,N-Dichloro-sec-alkylamines were initially prepared via the
chlorination of sec-alkylamine by chlorine.’

B. GENERAL REACTION SCHEME

H 0
NHz NCl,

N R '
| £BuOCI_ NaOMe _ HClI, H,O R

MeO NHy-HCI

C. PROPOSED MECHANISMS

It is believed that the reaction proceeds via N-chloro-imine intermediate, as illustrated
here.
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tBUQFCI — tBuO" + “Cl

NH2 t-BuO’ t-BuO’ *NCI C|
)\/ )\/ )\/R'
R t-BUOH R tBuoH R
CIs SC oy N
NCl, } ~OMe R,
MeO™_ /dk/R' MeO- /q{ /\" MeO
H #» —_—
R)\/ MeOH,CI” R
MeO R
.
N N H, H OH,
R\ R MeoH R /R nt R R' R R’
i _ H,0 Ve MeO
MeO MeO~ MeO H,8 OMe e NH
2
<O Meow  § 0
. %R L AR e, )krR-
MeO
NH; NH; NHy*HCI

D. MODIFICATION

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

E. APPLICATIONS

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

F. RELATED REACTIONS

N/A

G. CITED EXPERIMENTAL EXAMPLES

H
NHz2 Buoc NCl NaoMe ~ ph. N HCI, H,0 Q
Ph/K Ph MeOH, A VA A Ph)]\/NHZ-HCI

MeO
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 a-phenylethylamine (26 mL, 0.20 mol) and 50 mL dry
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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 fert-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-a-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 Biichner 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 HCI contained in a 1-L beaker. The layers
were separated, and the benzene layer was extracted with three 50-mL portions of 2 NHCI.
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 Biichner 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 Biichner 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.

NMgCl NH

Ph—CN n-BuMgCl )I\/\/ MeOH M 1) --BuOClI
Ph Ph 2) NaOMe, MeOH
3) HCI, H,0
o)
Ph
NH,HCI

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 Biichner 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 Biichner 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 o-amino ketone synthesis are cited in the
literature.*
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Baylis-Hillman Reaction
(Morita-Baylis-Hillman Reaction)

A. GENERAL DESCRIPTION OF THE REACTION

Although the Baylis-Hillman reaction! 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.’
Therefore, this reaction is also widely referred to as the Morita-Baylis-Hillman reaction.*
The Baylis-Hillman reaction is essentially a three-component reaction involving the cou-
pling of the a-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
reaction’ or aza-Morita-Baylis-Hillman reaction.® In a few cases, this reaction is also
cited as Morita reaction,” Morita-Baylis-Hillman alkylation,® and Morita-Baylis-Hillman
cyclization.” In this reaction, the activated alkenes include acrylonitrile, acrolein, acry-
lates, and o, B-unsaturated ketones. The catalysts applied include tricyclohexylphosphine
(the original Morita condition), 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, andindolizine),lo and chalcogenides.‘“j’]l Unfortunately, this
reaction also has some drawbacks, such as the slow reaction rate (up to weeks in an extreme
case),'? being limited to electrophilic «,B-unsaturated carbonyl compounds; and almost
exclusively occuring in the reactions involving S-unsubstituted o, 8-unsaturated carbonyl
compounds and cyclic enones.'® Therefore, different measures have been taken to opti-
mize this reaction, including the application of activated alkenes,'* reactive electrophiles, '3
aqueous medium,'® high pressure,!” microwave irradiation,'® and Lewis acids.!® This
reaction has been extensively reviewed. !0¢108.20
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B. GENERAL REACTION SCHEME

XH

X EWG 3
J\ . W amine R EWG
R'
X=0, NCO,R, NTs, NSO,Ph
R = aryl, alkyl, heteroaryl

R' = H, alkyl, CO,R
EWG = COR, CHO, CN, CO,R, SOPh, SO,Ph, PO(OEt),, etc.

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.'*>?! However, none of the zwitterionic
intermediates shown in the mechanism has been isolated to date.

N A >
Ny — AN
Th TR Eﬁ e

[+ o OH O
=y A

R'
R
OH

N

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.>?
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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 x 60 mL). The combined organic layer was dried over anhydrous MgSOy,
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.?%")

HO,C

o) OH ©
F\N_
0 CO,H Ph )
PhCHO + |

CHACN, DABCO, La(OTh),
OO 1/3h, 81%e.e., 88% OO

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 ¢-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 H»>O. The mixture was extracted with
10 mL CH>Cly, and the layers were separated. The organic layer was washed with 10 mL
brine, dried over MgSOy, 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.

o) 0 DABCO 15mol %, 4 AMS TS~ o
IQ La(OTf)3 - HeO 2 mol %
)J\ + OMe *+ TsNH;
Ph H | 2-Propanol, 24 h, 72% Ph OMe

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-H>0 (0.1 mmol) together with 900 mg 4-A molecular sieves. Then
2.5 mL iso-PrOH, 505 pL benzaldehyde (5 mmol), and 450 nL 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 x 30 mL). The organic phase was then successively washed with sat-
urated NaHCO3, 1 M NaOH, water, and saturated NaCl solution and dried over Na;SQy.
Evaporation of the solvent gave 1.38 g pure methyl a-methylene-S-[( 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.?>26
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Béchamp Reduction

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Béchamp in 1854.! 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.? Besides
iron, zinc and tin are often used to reduce the aromatic nitro compounds in the presence of
an acid;> however, the reduction of aromatic nitro compounds often stops at an intermediate
stage, yielding hydroxylamines,* hydrazines,> azoarenes,’ or azoxyarenes.” 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.® 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.” Recently, a highly chemoselective
catalytic hydrogenation of nitrobenzenes using homogeneous iron complex catalysts has
been reported.'” The Béchamp reduction has been reviewed.!!

B. GENERAL REACTION SCHEME

7\ Fe, HCI 7\
R§;>—No2 _>T_|20 R/_ NH,
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C. PROPOSED MECHANISMS

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

NHOH NH,

)/ / >
i ¢
oo

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

o M
\O M» Q(6\H+ N.((’))H
Fe2* ©/
H +
SO Wt Mo Femt 'l‘\g‘H
H20 62+

Hy \OH

.
H NH3
N FelH* N’H _Workup _ Aniline
(j ©/ 2+ , H,0

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

" v

CI\ENJV\N / FeSO4/HCI CI\ENJ:N /
EtOH

7o, Z S NH,

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 FeSO4-7H,0 (414 mmol), 0.5 mL 10 N HCI, 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 Et;O. 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% Et,O and 20%
n-hexane).

0 CHO
QN/\/ \©: Fe, HCI, ACOH N0 CHO
NO, EtOH, H,0, A

NH;

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. '3
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Beckmann Rearrangement
and Beckmann
Fragmentation

A. GENERAL DESCRIPTION OF THE REACTION

This reaction was first reported by Beckmann in 1886.! 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.> 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 e-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.* This rearrangement has been applied to the construction
of a variety of nitrogen-containing compounds, including amines (via imines),> amidines,®
thioimidates,’ imidoyl halides,8 iminophosphonates,9 and enaminones.!? 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,' 1> which was first reported by Werner and Piguet
in 1904.'3 Because this kind of transformation is so different from the regular Beckmann
rearrangement, it is sometimes called abnormal Beckmann rearrangement,?»% 118 111,14
secondary Beckmann rearrangement,!> Beckmann fission,'® etc. Besides those oximes
having a quarternary carbon anti to the hydroxyl group, other oximes such as the bridged
bicyclic ketoximes'” and oximes with an electron-donating substituent at the a-carbon also
undergo fragmentation rather than rearrangement under Beckmann rearrangement condi-
tions. A variety of substituents, notably alkyl, aryl, hydroxy, alkoxy, amino, and thioalkoxy
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(thioether) can stabilize the intermediate carbonium ion and facilitate fragmentation.?-!8

The Beckmann fragmentation has been applied to the modification of steroids and other
organic syntheses.'® Owing to their importance, both the Beckmann rearrangement and
the Beckmann fragmentation have been extensively reviewed.? Currently, the Beckmann
rearrangement has been carried out under mild conditions?! and in supercritical water;?? it
has also been modified to be catalytic.??

B. GENERAL REACTION SCHEME

Beckmann rearrangement Beckmann fragmentation
_OH o N/OH
I pcd AN Ri Ri_
31)\32 —_ R/1 R, R, Ry — ™ ??jﬂq% + R4—CN
‘\‘-_‘I’ \~__—' R3

R4, R, = alkyl, aryl, or
R4 =H, R, = OH, NH,, OR, NHR, SR or
R4 =0OH, NH,, OR, NHR, SR, R, = H

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.>* The mechanism is
illustrated below.

_OH ,C6H
N * 2 Ne R
| H, | R1/ %_/ 2 «—>R—N=—R,
R1 R2 R1 R2 Hzo
& )

HZO H,O. /N OH, N*  _OH

\E: N Ry —™ Ri \\r — Ry Y

R, R,

Base RS WH "B >—N

D. MODIFICATION

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

in supercritical water,>> and under photo-irradiation.?
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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

_OH
N
I

‘ BsCl, Et;N, DMAP
AcOH, 25°C,69%  MeO

Reference 26.

A solution of 25 mg (1R4S,125,13S,16R)-9-methoxy-13-(methoxymethoxy)-11-
0xapentacyclo[8.6.1.01’12.04’16.06’17]-heptadeca-6(l7),7,9-trien0ne oxime (0.072 mmol),
28 mg p-bromobenzenesulfonyl chloride (0.11 mmol), 16 uL EtzN (0.12 mmol), and
a catalytic amount of DMAP in 5 mL CH,Cl, 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 CH,Cl,, washed
with saturated aqueous NaCl, dried over anhydrous Na;SO4, and concentrated under
reduced pressure. Chromatography of the residue on silica gel column (6 g, EtOAc/MeOH,
12:1) gave 17 mg (1R,5S,135,145,175)-10-methoxy-14-(methoxymethoxy)-12-oxa-4-
azapentacyclo[9.6.1.01'13.05' 17 o7. 18]-octadeca-7(18),8,10—trien—3-0ne as a colorless oil, in
a yield of 69%. [R]% = +114.2 (c 1.47, CHCl3).

Cl

N—OH NéLp y
0
' Cl)\\NJ\CI/DMF N

8 h, 100%

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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turated solution of NayCOs, followed by 1 N HCI and brine. The organic layer was dried

over Nap SOy, 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.

tion are cited in the literature.

Other references related to the Beckmann rearrangement and the Beckmann fragmenta-
27
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