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Preface

The emergence of organic chemistry as a scientific discipline heralded a new era in human develop-
ment. Applications of organic chemistry contributed significantly to satisfying the basic needs for food,
clothing and shelter. While expanding our ability to cope with our basic needs remained an important
goal, we could, for the first time, worry about the quality of life. Indeed, there appears to be an excellent
correlation between investment in research and applications of organic chemistry and the standard of liv-
ing. Such advances arise from the creation of compounds and materials. Continuation of these contribu-
tions requires a vigorous effort in research and development, for which information such as that provided
by the Comprehensive series of Pergamon Press is a valuable resource.

Since the publication in 1979 of Comprehensive Organic Chemistry, it has become an important first
source of information. However, considering the pace of advancements and the ever-shrinking timeframe
in which initial discoveries are rapidly assimilated into the basic fabric of the science, it is clear that a
new treatment is needed. It was tempting simply to update a series that had been so successful. However,
this new series took a totally different approach. In deciding to embark upon Comprehensive Organic
Synthesis, the Editors and Publisher recognized that synthesis stands at the heart of organic chemistry.

The construction of molecules and molecular systems transcends many fields of science. Needs in
electronics, agriculture, medicine and textiles, to name but a few, provide a powerful driving force for
more effective ways to make known materials and for routes to new materials. Physical and theoretical
studies, extrapolations from current knowledge, and serendipity all help to identify the direction in which
research should be moving. All of these forces help the synthetic chemist in translating vague notions to
specific structures, in executing complex multistep sequences, and in seeking new knowledge to develop
new reactions and reagents. The increasing degree of sophistication of the types of problems that need to
be addressed require increasingly complex molecular architecture to target better the function of the re-
sulting substances. The ability to make such substances available depends upon the sharpening of our
sculptors’ tools: the reactions and reagents of synthesis.

The Volume Editors have spent great time and effort in considering the format of the work. The inten-
tion is to focus on transformations in the way that synthetic chemists think about their problems. In terms
of organic molecules, the work divides into the formation of carbon—carbon bonds, the introduction of
heteroatoms, and heteroatom interconversions. Thus, Volumes 1-5 focus mainly on carbon—carbon bond
formation, but also include many aspects of the introduction of heteroatoms. Volumes 6-8 focus on
interconversion of heteroatoms, but also deal with exchange of carbon—carbon bonds for carbon-
heteroatom bonds.

The Editors recognize that the assignment of subjects to any particular volume may be arbitrary in
part. For example, reactions of enolates can be considered to be additions to C—C w-bonds. However,
the vastness of the field leads it to be subdivided into components based upon the nature of the bond-
forming process. Some subjects will undoubtedly appear in more than one place.

In attacking a synthetic target, the critical question about the suitability of any method involves selec-
tivity: chemo-, regio-, diastereo- and enantio-selectivity. Both from an educational point-of-view for the
reader who wants to learn about a new field, and an experimental viewpoint for the practitioner who
seeks a reference source for practical information, an organization of the chapters along the theme of
selectivity becomes most informative.

The Editors believe this organization will help emphasize the common threads that underlie many
seemingly disparate areas of organic chemistry. The relationships among various transformations
becomes clearer and the applicability of transformations across a large number of compound classes
becomes apparent. Thus, it is intended that an integration of many specialized areas such as terpenoid,
heterocyclic, carbohydrate, nucleic acid chemistry, erc. within the more general transformation class will
provide an impetus to the consideration of methods to solve problems outside the traditional ones for any
specialist.

In general, presentation of topics concentrates on work of the last decade. Reference to earlier work,
as necessary and relevant, is made by citing key reviews. All topics in organic synthesis cannot be
treated with equal depth within the constraints of any single series. Decisions as to which aspects of a

vii



viii Preface

topic require greater depth are guided by the topics covered in other recent Comprehensive series. This
new treatise focuses on being comprehensive in the context of synthetically useful concepts.

The Editors and Publisher believe that Comprehensive Organic Synthesis will serve all those who
must face the problem of preparing organic compounds. We intend it to be an essential reference work
for the experienced practitioner who seeks information to solve a particular problem. At the same time,
we must also serve the chemist whose major interest lies outside organic synthesis and therefore is only
an occasional practitioner. In addition, the series has an educational role. We hope to instruct experi-
enced investigators who want to learn the essential facts and concepts of an area new to them. We also
hope to teach the novice student by providing an authoritative account of an area and by conveying the
excitement of the field.

The need for this series was evident from the enthusiastic response from the scientific community in
the most meaningful way — their willingness to devote their time to the task. I am deeply indebted to an
exceptional board of editors, beginning with my deputy editor-in-chief Ian Fleming, and extending to the
entire board — Clayton H. Heathcock, Ryoji Noyori, Steven V. Ley, Leo A. Paquette, Gerald Pattenden,
Martin F. Semmelhack, Stuart L. Schreiber and Ekkehard Winterfeldt.

The substance of the work was created by over 250 authors from 15 countries, illustrating the truly in-
ternational nature of the effort. I thank each and every one for the magnificent effort put forth. Finally,
such a work is impossible without a publisher. The continuing commitment of Pergamon Press to serve
the scientific community by providing this Comprehensive series is commendable. Specific credit goes
to Colin Drayton for the critical role he played in allowing us to realize this work and also to Helen
McPherson for guiding it through the publishing maze.

A work of this kind, which obviously summarizes accomplishments, may engender in some the feel-
ing that there is little more to achieve. Quite the opposite is the case. In looking back and seeing how far
we have come, it becomes only more obvious how very much more we have yet to achieve. The vastness
of the problems and opportunities ensures that research in organic synthesis will be vibrant for a very
long time to come.

BARRY M. TROST
Palo Alto, California
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Abbreviations

The following abbreviations have been used where relevant. All other abbreviations have been defined
the first time they occur in a chapter.

Techniques

CD circular dichroism

CIDNP chemically induced dynamic nuclear polarization
CNDO complete neglect of differential overlap
CT charge transfer

GLC gas-liquid chromatography

HOMO highest occupied molecular orbital
HPLC high-performance liquid chromatography
ICR ion cyclotron resonance

INDO incomplete neglect of differential overlap
IR infrared

LCAO linear combination of atomic orbitals
LUMO lowest unoccupied molecular orbital

MS mass spectrometry

NMR nuclear magnetic resonance

ORD optical rotatory dispersion

PE photoelectron

SCF self-consistent field

TLC thin layer chromatography

uv ultraviolet

Reagents, solvents, etc.

Ac acetyl

acac acetylacetonate

AIBN 2,2'-azobisisobutyronitrile

Ar aryl

ATP adenosine triphosphate

9-BBN 9-borabicyclo[3.3.1]nonyl

9-BBN-H 9-borabicyclo{3.3.1]nonane

BHT 2,6-di-t-butyl-4-methylphenol (butylated hydroxytoluene)
bipy 2,2’ -bipyridyl

Bn benzyl

t-BOC t-butoxycarbonyl

BSA N,O-bis(trimethylsilyl)acetamide
BSTFA N,O-bis(trimethylsilyl)trifluoroacetamide
BTAF benzyltrimethylammonium fluoride

Bz benzoyl

CAN ceric ammonium nitrate

COD 1,5-cyclooctadiene

COoT cyclooctatetraene

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl
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CSA camphorsulfonic acid
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1.1
Synthesis of Alcohols and Ethers

OYO MITSUNOBU
Aoyama Gakuin University, Tokyo, Japan

1.1.1 INTRODUCTION

1.1.2  PREPARATION OF ALCOHOLS

1
2
1.12.1 Substitution of Alkyl Halides 2
1.12.2 Deamination of Amines via Diazonium Salts 3
1.12.3 Oxirane Ring Opening by Carbon Nucleophiles 4

1.1.2.3.1 Reaction of epoxides with organometallic reagents 4

1.1.2.32 2,3-Epoxy alcohols 5

11233 Vinyl epoxides 9
1.12.34 2,3-Epoxy acids 11
1.12.4 Rearrangement Reactions Leading to Alcohols 14
1.12.4.1 Sigmatropic rearrangement 14
1.12.42 Epoxy silyl ether rearrangement 14
1.1.2.4.3 Criegee rearrangement 14
1.1.2.4.4 Ozxidative cleavage of silicon—carbon bonds leading to alcohols 16
1.12.5 Inversion of alcohols 18
1.12.5.1 Activation of hydroxy groups 18
1.1.2.5.2 [Inversion of Alcohols 21

1.1.3 PREPARATION OF ETHERS 22
1.13.1 Cyclic and Acyclic Ethers 22
1.1.3.2 Epoxides 25
1.14 REFERENCES 28

1.1.1 INTRODUCTION

Alcohols can be obtained from many other classes of compounds such as alkyl halides, amines, al-
kenes, epoxides and carbonyl compounds. The addition of nucleophiles to carbonyl compounds is a ver-
satile and convenient method for the the preparation of alcohols. Regioselective oxirane ring opening of
epoxides by nucleophiles is another important route for the synthesis of alcohols. However, stereospe-
cific oxirane ring formation is prerequisite to the use of epoxides in organic synthesis. The chemistry of
epoxides has been extensively studied in this decade and the development of the diastereoselective oxi-
dations of alkenic alcohols makes epoxy alcohols with definite configurations readily available. Recently
developed asymmetric epoxidation of prochiral allylic alcohols allows the enantioselective synthesis of
2,3-epoxy alcohols.

For reason of space, emphasis will be placed on the reaction of functionalized epoxides with carbon
nucleophiles. However, isomerization of epoxides and intramolecular oxirane ring opening leading to cy-
clic compounds could not be included. In order to avoid overlap with other articles in this series, reduc-
tive cleavage of epoxides is not discussed. Some 1,2-rearrangement reactions leading to alcohols are
described because the reactions are apparently useful for the preparation of alcohols with high stereose-
lectivity. Substitution at the carbon atom adjacent to oxygen, which is an important method for the con-
version of ethers, could not be considered. The conventional but still important classes of displacement



2 Displacement by Substitution Processes

reactions such as those involving alkyl halides or amines are discussed briefly. Readers are referred to
excellent reviews and monographs,!-3

1.1.2 PREPARATION OF ALCOHOLS

1.1.2.1 Substitution of Alky! Halides

Although the hydrolysis of alkyl halides to alcohols has been extensively investigated,! an alternative
two-step sequence involving substitution with carboxylate ion is more practical for the preparation of al-
cohols.* Activation of the carboxylate anion prepared by the reaction of the acid with a base can be
achieved: (i) by use of a polar aprotic solvent; and (ii) by use of aprotic apolar solvents under phase
transfer catalysis, polymer conditions, or with crown ethers.

The second-order alkylation rates of carboxylate salts are influenced by the nature of the cation, sol-
vent and the alkyl halides. In general, carboxylate anions with soft (large) counterions are more reactive
than those with hard counterions because of higher charge separation in the former.® Thus, the antici-
pated order of increasing reactivity Li*(1) < Na*(1.1) < K*(1.5) < Cs*(2) was observed in the reaction of
2-methyl-2-propylpentanoate with 1-iodopentane at 60 °C in HMPA-EtOH (1:1 v/v).5

Rapid and nearly complete alkylation of carboxylate salts with reactive organic halides has been dem-
onstrated in nonpolar and polar solvents. With less reactive alkyl halides, the use of dipolar aprotic sol-
vents for alkylation has been marginally successful. The rate of alkylation of potassium
2-methyl-2-propylpentanoate with 1-chlorohexane in four dipolar aprotic solvents at 60 "C decreased in
the order HMPA > N-methylpyrrolidone > DMSO > DMF.$

The order of reactivity of the halogen in simple alkyl halides in Sn2 reactions is I > Br > Cl. The
relative rates of the alkylation of potassium 2-methyl-2-propylpentanoate with 1-iodopentane, 1-bro-
mopentane and 1-chlorohexane in HMPA at 60 °C are reported to be 587, 35 and 1.6

Elucidation of rates with variation in cation, solvent and halide ion indicates that the combination of
alkyl iodides and cesium salts in HMPA offers the optimum alkylation conditions for preparative use.®
The reactions of cesium carboxylates with alkyl halides and sulfonates will be discussed in Section
1.1.2.5 in connection with inversion processes.

One of the crucial side reactions in the displacement reactions of alkyl halides is elimination, which
can generally be neglected in the reaction of primary alkyl halides. On the other hand, a considerable
amount of alkene invariably forms in the reaction of secondary alkyl halides. This undesirable side re-
action can be minimized by the use of cesium carboxylates.”

The reaction of potassium carboxylates with alkyl halides without the use of a solvent in the presence
of catalytic amounts of a tetraalkylammonium salt proceeds smoothly to give the corresponding esters in
good to excellent yields, except for cyclohexyl bromide where elimination mainly takes place.’ Alkyl-
ation of o- and p-hydroxybenzoic acid selectively takes place at the CO2K group.’?

A more direct procedure for the displacement step is the use of a very powerful nucleophilic superox-
ide radical ion where an alkyl halide or sulfonate is directly converted into the corresponding alcohol
(Scheme 1).8 Elimination is an important side reaction in certain cases.?

KO, (4 equiv.), 18-crown-6 (2 equiv.)

% Br % oH

DMSO, 25 °C, 2 h, 80%

Br +OH
o — L. O
“OTHP OTHP “OTHP

67% 29%

Scheme 1

On treatment with suitable oxidizing agents, alkyl iodides are transformed into products of either
elimination or nucleophilic substitution, depending on the initial structure and the reaction conditions.®
Effective oxidants include Clz, Brz, HNO3, N20s, AcONO;z, NOBF4, NO2BF4, K2Cr;07, KMnOs, Cl207,
CIOCIO3, CI0, (FS020);, I(CO2CF3)3, PhI(CO2CFs); and MCPBA (Scheme 2). The intermediacy of
hypervalent organoiodides has been proposed; groups containing hypervalent iodine are good leaving
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groups. For example, otherwise unreactive 1-iodonorbornane can be converted into the corresponding
bromide.?

PhI(OCOCF3),, LiCIO,

CgH;0Cl0; + C4H,;0COCF,
AcOEt,20°C,3 h

0% 35%
nCeHl — 50% 5%
Cl,, Bu,NOTf
C4H,;0Tf + CgH;sCl
CH,Cl,,-78 °C,0.1 h 559% 21%
Cl,, LiClO, _
PrOCIO; + Me(CICH,)CHOCIO,
) AcOEt,-78 °C,0.1 h
pef — 30% 10%
NO,BF,, Bu,NCIO,
PrOCIO,
CHCl3,20°C, 5h 50%
Scheme 2

Allylic iodides with excess amounts of peroxy acids in a two-phase system in the presence of an inor-
ganic base give the corresponding rearranged allylic alcohols in good yields (Scheme 3).!0 It has been
demonstrated that the reaction proceeds under milder conditions than the Mislow—Evans reaction. '

R! ; R! R! \ R2 R l‘ R?
R? R R3 HO~ R}
I rt. 'f’ o 10,

Scheme 3

Bis(tributyltin) oxide acts as a mild and neutral oxygen transfer agent in converting primary alkyl
iodides and bromides into alcohols in the presence of silver salts in DMF (Scheme 4).!!

AgOTf or AgNO, work-up
RX + (Bu3Sn)0O ROSnBuj; ROH
DMF (H0)
Scheme 4

1.1.2.2 Deamination of Amines via Diazonium Salts

Treatment of a primary aliphatic amine with nitrous acid or its equivalent produces a diazonium ion
which results in the formation of a variety of products through solvent displacement, elimination and sol-
volysis with 1,2-shift and concurrent elimination of nitrogen.!2 The stereochemistry of the deamination—
substitution reaction of various secondary amines was investigated as early as 1950, when an Sn1-type
displacement was suggested.!> Thus, the process can hardly be utilized for the preparation of alcohols
except in cases where additional factors controlling the reaction course exist. Deamination—substitution
of a-amino acids can be utilized for the preparation of chiral alcohols.

The reaction of optically active ct-amino acids with nitrous acid or nitrosyl chloride gives a-hydroxy
or a-halo acids with retention of configuration due to the neighboring carboxylate participation,!4-17
Examination of the reaction of phenylalanine and its para-substituted derivatives revealed that the pro-
duct distribution and outcome of the stereochemistry depend on both the solvent used and the substituent
on the aromatic ring. The results may be rationalized by assuming the intermediacy of an unstable lac-
tone (1). When a solvent of high nucleophilicity is used, it attacks the a-carbon of (1) from the backside
of the oxygen to give the corresponding substituted product with net retention of configuration. When
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the reaction is carried out in a solvent of low nucleophilicity, the aryl group migration takes place prior
to intermolecular displacement to afford the migration product (Scheme 5).18

Y

Scheme 5 (0}

Contrary to the case of free a-amino acids, deamination—substitution of esters of a-amino acids gener-
ally proceeds with racemization with excess inversion about the a-carbon atom.!*!# However, reaction
of the ethyl ester of phenylalanine and its derivatives with sodium nitrite in trifluoroacetic acid affords
substitution products with retention of configuration and migration products with inversion of configura-
tion. This rlgsult may be explained by assuming initial formation of the phenonium intermediate (2;
Scheme 6).

Y

OEt

- ) - X OEt
Scheme 6
1.1.2.3 Oxirane Ring Opening by Carbon Nucleophiles

1.1.2.3.1 Reaction of epoxides with organometallic reagents

The reaction of epoxides with carbon nucleophiles generates new carbon—carbon o-bonds, and this re-
action can be utilized as a versatile procedure for the preparation of a variety of alcohols, provided that
the ring opening takes place in a regioselective manner. This section deals with the reactions of organo-
metallic reagents with 2,3-epoxy alcohols and conjugated epoxides, i.e. where the oxirane ring is directly
bonded to a w-electron system. The behavior of conjugated epoxides toward nucleophiles can be ration-
alized in terms of the principle of ‘hard and soft acids and bases (HSAB)’.!°

The reactions of epoxides with organometallic reagents are sometimes curtailed owing to competing
reactions arising fromn the Lewis acidity or basicity of the organometallics used.?® The hardness of the or-
ganometallic reagent (RLi > RMgX > RCu or R;CulLi) is directly related to the metal atom.2! Of carbon
nucleophiles, organocuprates are the reagents of choice, while Grignard reagents sometimes result in
concomitant formation of side products arising from the substitution by halide ion.!?#20 Higher order
mixed organocuprates of the general formula R2Cu(CN)Liz are superior to R2CuLi.?? The cyanocopper
reagents are considered to be softer than the cuprate and simple copper reagents.!% The reactions using
organoaluminum reagents are interesting alternatives to those using organocopper reagents where com-
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plementary regioselectivity is generally observed.? It is noteworthy that the addition of BF3-Et2O causes
enhancement of reactivity.?%

1.1.2.3.2 2,3-Epoxy alcohols

The partial structural unit with definite configuration at three consecutive chiral centers, (3), (4), (5) or
(6), is often found in natural products (Scheme 7).

¢ H/\/Lf‘ %

OH OH

s

(@]
T
@]
o

3 ) 5) (]
Scheme 7
Kishi and coworkers have studied the ring opening of 2,3-epoxy alcohols having different stereochem-

istry.24 (Z)-Epoxy alcohol (7) reacted with Me2CulLi to give exclusively (8). Alternatively, the reaction of
(7) with vinylcuprate followed by deoxygenation afforded (9). The reaction of (10) with Me,CuLi gave

(11; Scheme 8).%
Me,Culi BnO\/Yk/OH
OH Et,0, ~20 °C, 95%

H OH
— 8)
BnO i, 7 MgBy Cul
0 Et,0, -20 °C : :
) P
ii, MsCl, Py, 0 °C B"O\/\‘/\/
iii, LIAIH,, Et,0, 0°C
59% OH
9
B"O\/WOH Me,CuLi, Et,0, 20 °C B“O\/\‘/\/OH
0 OH
10) 95% an
Scheme 8

The reaction of (12) with Me>CuLi also takes place at C-2 to give (13) without contamination of the
regioisomeric 1,2-diol.?* In the reaction of tritylated 3,4-epoxy alcohol (14; Scheme 9) with homoal-
lylcuprate (15), addition of BF3-Et;0 was required for the initiation of the reaction producing (16) along
with a small amount of (17).26

The reaction of (E)-(18) with Me2CuCNLi; shows a moderate level of regioselectivity, giving a 6:1
ratio of 1,3-diol (19a) and regioisomeric 1,2-diol (20).27* The corresponding (Z)-epoxide (Z)-(18) reacts
with Me,CuLi to give the 1,3-diol (19b) as the sole product.?’? The reaction of the less-hindered epoxide
(21) or (22) with Me,CuLi does not show any regioselectivity, affording a mixture of isomeric diols in a
ratio of 1:1 (Scheme 10).24227 These results suggest that the regiochemical preference observed in the
reactions of epoxy alcohols appears to be steric in origin.?’d

On the other hand, the reaction of (23a) with Me>CulLi yields a 55:45 mixture of 1,2- and 1,3-diols.
The reaction of the TBDMS derivative (23b) with Me2CuLi under identical conditions results in the for-
mation of (24) with about 20:1 regioselectivity. In this case, the regioselectivity observed has been at-
tributed to complexation of the nucleophile with the substrate.?®

C-3 selectivity has been attained by the use of 2,3-epoxy alcohols having a bulky protective group.
Thus, (25) reacts with alkenylmagnesium bromide (26) in the presence of a catalytic amount of Cul to
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OTHP ) OH OTHP
(o) H Me,CuLi g

/\'>\/\/ OCOBu* A OCOBu!

HO HO

Et,0, =20 °C, 96%

(12) (13)

BF 3'OEl2
TrO + X Cu
0 2 65 °C

14) (15)
T’O\/k/l\
; OH
OH

(16) 72% a7 10%

Scheme 9

_/ MCZCuCNLiZ /k*/OH
+

) E4,0, ~30 °C
%7\—01{ & OH

(E)-(18) (19a) (20)
—<_/~0H Me,CuLi )\/E\/OH
PR Et,0,-20°C to 0 °C
o 87% OH
(Z)-(18) (19b)
BnO OH
A
6]
0
(21) 22)
Scheme 10
OH
““‘\‘\<l\/ OR BnO 0] \N\\\\:/k/OSiMczBu'
0
“*OBn BnO"" “OBn
OBn
(23) a:R=H 249)
b: R = SiMe,Bu
Scheme 11

give (27) as the sole product.?% Contrary to the case of (25), the reaction of (28) with a variety of orga-
nocuprates gives (29) and (30) in ratios ranging from 1:1 to 1.5:1, favoring the 1,3-diol derivative (29).
However, when the reaction was carried out with 2 equiv. each of Me2CuLi and BF3-Et;0, (29) and (30)
were formed in a ratio of 15:85 (Scheme 12).2%
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SiMe;
RZ
o \/‘MsBr SiMe; OH
RI I\ OTr 26) Rz\)\/k/OTr
Cul R!
(25) @n
R! = Me, Bu", n-C;,H,q; R? = H, Me
. OH
/\/\<]\/0Tr Me,CuLi, BF;-OF, e oTr /\/\:)\/OT’
0 -75 °C, 20-30 min /\/Y\/ E
94% OH
(28) 29) 15:85 (30)
Scheme 12

C-3 attack predominantly takes place in the reaction of 2,3-epoxy alcohols with organoaluminum com-
pounds such as Me3Al, PhC=CAIEt;, Me3SiC=CAIEt,, Bu>AIH and Bui3Al.>? The yield and stereo-
chemical outcome depend on the substrates and organoaluminum reagents used.3%

The following examples illustrate the complementary regioselectivities exhibited in the reactions using
Me2CuLi and Me3Al (Scheme 13).302.3% One problem which remains to be solved, however, is the pro-
clivity of alkylaluminum reagents such as Et3Al to serve as hydride donors.3%

H /\/k/
QH
OH BnO Y
BnO + :
OH

o)

0,
S OH
Bno/\-/\/

Conditions Ratio
Me,Culi, Et,0, -20 °C 1:6
Me,;Al, CH,Cl,, 0-23 °C 5:1

OH
0] Me;Al, 0.3 MeOLi
,rf’<l/\/OBn i )\/\/OB“ )\r\/OB“
+
OH

toluene, 0 °C

Reagents Yield (%) Ratio

(Z)-epoxide 87 95:5

(E)-epoxide 85 99:1
Scheme 13

Epoxide (31) reacts with 2 equiv. of lithium acetylide—ethylenediamine complex at the C-3 position.3!
Terminal epoxide (32) reacts smoothly with the lithium alkynide (33) to give a 1,2-diol in good yield.??
Alkynylboranes (34) have been demonstrated to be useful for alkynylation of epoxides (Scheme 14).33

The reactions of 2,3-epoxy alcohols with organometallic reagents are influenced by various factors
which include not only the solvent and the structure of the reactants but also the gegen cation of the oxy-
anion of the epoxy alcohol. Sulfone-stabilized allyllithium (35b) reacts sluggishly with lithium alkoxide
(36a) in THF-HMPA to give the coupled product (37a) in 9% yield with 90% recovery of (35a). Under
identical conditions, however, the magnesium epoxide (36b) gave (37a) in 70% yield as an 8:1 mixture
of diastereomers. In contrast, (36a) reacts negligibly with (35b) in THF. Furthermore, the TMS ether
(36¢) and the ethoxyethyl (EE) ether (36d) give no coupling product at all with (35b). Although the thio-
phenyl-stabilized allyllithium (35c) is more reactive than (35b), the corresponding coupling product
(37b) is obtained as a 1:1 mixture of diastereomers (Scheme 15).34
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MEMO MEMO :
" o, =—Li, N N
) 1., 60 b, 65% A N
31 OH
OH HO, o
7 THPO™ S —s
NN S —
o) . THPO
32) THF, -78 to 25 °C
(0]
R . J\(ow OH R
i, Bu"Li, THF, —78 °C v ) )j\[(o M
=—R B—=—=—R
ii, BF;+OEt,, 10 min / _78°C, 30 min o
(34)
R= n'C5H1 1 76%
R= Ph; quantitative
Scheme 14
Z (o) ?
OR i, THF-HMPA (4:1)
-78°C,6h
x +
A ii, Bu,NF

x OTHP SiMe;

(35) a: Z=SO,Ph; M=H (36) a:R=Li (37) a:Z=S0,Ph
b: Z=SO,Ph; M=Li b: R = MgBr b: Z =SPh
¢: Z=SPh;M=Li c: R =SiMe,

d: R = CH(Me)OEt
Scheme 1§

The reaction of (Z)-3-hydroxycyclohexene oxide (38a) with Me;CuLi gave 1,2-diol (39a) in pref-
erence to 1,3-diol (40a), while the (E)-isomer (41a) showed the reversed regioselectivity. The corre-
sponding methyl ethers (38b) and (41b) showed even lower regioselectivity than the unprotected
substrates.’>® These results suggest that the regioselectivity is controlled by various factors, including
conformational effects.

Danishefsky and coworkers have studied the ring opening reactions of a series of (Z)- and (E)-epox-
ides, (38a), (38¢), (41a) and (41c), with "CH2CO2~ and with EtAlC=COEt and have demonstrated that
the reaction course in the alane opening depends largely on the stereochemical relationship between the
oxy function and the epoxide, and only to an insignificant extent on whether the oxygen is initially in the
form of a hydroxy group or a trimethylsilyl ether. On the other hand, in the dianion case, the nature of
the oxygen, rather than its stereochemical relationship with the epoxide, is decisive for the regio-
selectivity of the ring opening.?5®

Regioselectivity is markedly enhanced in conformationally more biased systems such as carbohydrates
and fused bicyclic compounds. Some examples are shown in Scheme 17.36-38

In view of the large number of naturally occurring polyols having definite configuration, a variety of
methodologies to construct such systems by utilizing the reactivity of epoxides have been reported.®®
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OR OR OR
OH \\\\“\\
o) +
OH
(38) a: R=H (39) a: R=H (40) a: R=H
b: R=Me b: R=Me b: R=Me
¢: R=S8iMe,
OR OR OR
H H OH H \\\\\“‘
O - X
OH
(41) a: R=H (42) a: R=H (43) a: R=H
b: R=Me b: R=Me b: R=Me
¢: R=SiMe,
Scheme 16
O _.~OMe
TrO/\Q MeLi/Cul
(0} AN t
BnOA BrMg : OBu  Li,CuCl,
(0]
BnO"
OBn
(0]
(0]
o (0]
RMgCI, Cul
I/’IIOTS R\\ IOTS
0 OH
Scheme 17

1.1.2.3.3 Vinyl epoxides

The reaction of 3,4-epoxy-1-butene (44) with Grignard reagents affords a mixture of products resulting
from direct attack on the oxirane ring (Sn2) and on the double bond (Sn2’). The product distribution de-
pends on the nature of the Grignard reagents. Alkyllithiums are favored for the direct attack on the oxi-
rane carbon (C-3 attack), while lithium dialkylcuprates give the SN2’ displacement products (C-1 attack)
with high regioselectivity (Scheme 18, Table 1),200.22.40

The regioselectivity of the reaction of organo-yttrium and -lanthanoid reagents with (44) is com-
plementary (C-3 attack) to that obtained with organocuprates (Table 1).4%

In contrast to the reactions of acyclic substrates, 3,4-epoxycyclohexene (48) reacts with Me>CuLi to
give both SN2 and SN2’ displacement products (49) and (50).%! By the use of MeCuCNLi, however, (48)
gives (49) in 95% yield (100% trans).*?* The resulting product of general formula (51) can be converted
into an epoxy enol ether (52) which again undergoes anti-Sn2’ reaction with MeCuCNLi to produce (53)
in essentially quantitative yield (Scheme 19).42043

The reaction has been extended to 1,4-chirality transfer. For instance, epoxide (54) reacts with lithium
isohexylcyanocuprate to afford isomerically pure (55; Scheme 20).4% This strategy has been applied to
the total synthesis of prostaglandins.*2d

In general, SN2’ displacement on cyclic vinyl epoxides by organocopper reagents has been found to
proceed with inversion (anti pathway). However, acyclic vinyl epoxides can react via either s-cis or



10 Displacement by Substitution Processes
SN2 displacement
=
/\/\ R . /\K\ OH
OH R
(45a) (45b)
OH
2 [0} R-metal SN2’ displacement OH
3 4
(44) (46a) (46b)
R
rearrangement
P CHO R N OH
47
Scheme 18
Table1 Reaction of (44) with Organometallics (Scheme 18)
R-metal Yield (%) Product distribution Ref.
(45a) (45b) (46) (46a:46b) (47)
MeMgBr 1 36 44 (3.1:1) 19 20b
Me:Mg 1 81 16 4.7:1) 2 20b
MeLi 17 63 20 (LL:1) 20b
Me2CuLi 6 94 (3.8:1) 20b
Ph2CuCNLi 96 100 4:1) 22
MesAl 54 <1 85 13 6:1) 40b
MeLi/Sm[N(TMS)]3 85 2 95 <2 (1:1) 40b
MeLi/Y[N(TMS)x]3 80 <1 96 <3 (1:1) 40b
. o was used.
/\F
OH 0
0 OH
48) 49 (50)
Me,CuLi 42% 35% 23%
MeCuCNLi 95%
OH OSiMC_-, OSiMe;
—_— o 0 ——
H H H H OH
R R R R
(51) (52) (53)
Scheme 19

s- trans conformers and thus yield mixtures of (E)- and (Z)-products of Sn2’ reaction.** Marshall and
coworkers have studied the reactions of (E)- and (Z)-vinyl epoxides, (£)-(56) and (Z)-(56). with methyl-
cuprates where not only Sx2° displacement products (E)-(57) and (Z)-(57) but also Sx2 displacement
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0 OH
H

Ny R

R “—Ri_Cu R!

Bu'Me;SiO 82%

(54

OH
Bu'Me,SiO

(5%)

Scheme 20

products (E)-(58) and (Z)-(58) are formed, and diene (59) as well (Scheme 21, Table 2).* The more-sub-
stituted systems, (E)- and (Z)-(60), and (E)- and (Z)-(61), yield only Sn2’ displacement products. In all
the cases examined (Me2CuLi, THF/Et;O 4:1, 0 °C and MeCuCNLi, Et:0, 0 °C), anti attack is more
favorable than syn attack.*

On treatment with a palladium(0) catalyst, vinyl epoxides undergo facile unimolecular rearrangement
to give dienols or enones depending on the substitution pattern of the substrate.*S In the presence of an
active methylene compound in the reaction system, however, a single alkylation product is formed.*6 Cy-
clic and acyclic vinyl epoxides participate equally well. The reaction proceeds with clean alkylation from
the same face as the oxygen of the epoxide, and proceeds with allyl inversion (Scheme 22).46

1.1.2.3.4 2,3-Epoxy acids

The reactions of organometallics with 3-substituted glycidic esters proceed through C-2 or C-3 attack
depending on the nature of the reagent. With organocuprates, preferential C-2 attack generally takes
place.#” Thus, the ring opening reactions of methyl 2,3-epoxycarboxylates (62a) to (62d) with organocu-
prates proceed with perfect regio- and stereo-control to give the corresponding 3-hydroxycarboxylates
(63) in around 60% isolated yields with >99% inversion at C-2.*® However, 2,3-epoxy esters having a-
branghed substituents at the C-3 position (62e, 62f) are inert and are recovered unchanged (Scheme
23).4

On the other hand, terminal epoxy esters react with cuprates R,CuM (M = Li, Mg) at the C-3 position
to afford exclusively 2-hydroxy esters (Scheme 23).472

C-3 attack on nonterminal 2,3-epoxy esters takes place when organoaluminum reagents are used in-
stead of cuprates (Scheme 24).4

The reactions of (E)-2,3-epoxy acids (E)-(64) with organocopper reagents afford the products of attack
at C-2 (65) in preference to those at C-3 (66), while (Z)-isomer (Z)-(64) undergoes C-3 attack to give
(68) as the main products (Scheme 25).50
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R! i R Rcu R! RN RSCu Rz 7 Y
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RTRS SN2 R? R7ORY oo HOTI R
(E)-anti s-trans s-cis (Z)-anti
SN2 P /\:)/\OBn
(0}
H /\/\g/\ OBn Ho P
NN\ Nopn  _MeCu (EIST) (257
(o)
(E)-(56)
Z)-(56 Sn2 N
(Z)-(56) | SN HOWOBn HO S
(E)-(58) (59)
(Z)-(58)
\\‘\\9 O
~ T N"oH —
= OH
(E)-(60) (E)-(61)
(Z)-(60) (Z)-(61)
Scheme 21
Table2 Cuprate Addition to (E)-(56) and (Z)-(56) (Scheme 21)*
Substrate  Method  Yield (%) 2’ SN2 SaZ78n2
(E)-(57) (Z)-(57) (E)-(58) (Z)-(58) (59)
(E)-(56) A 87 69.5 7.3 11.8 0 114 5.6
(2)-(56) A 83 81.0 0 29 6.1 10.0 9.0
(E)-(56) B 76 28.2 60.6 12.2 0 0 7.9
(2)-(56) B 78 82.2 0 0 11.8 6.0 7.0
*A: MeCuCNLi, Et;0, 0 *C. B: MeLi, Cul, BF;-Et,0, THF/Et,0 (5:1), =78 10 25 *C.
fo) {Pd(PPh;),], Et,0 OH
60 °C, 24 h, 70%
OH
9 (o]
? [Pd(PPh,),], CH,Cl, j © [Pd(PPhy),], CHy(CO,Me),
0-10°C,2h,77% THF, 57%
MCOZC
COZMC

Scheme 22
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MeLi/Cul (1:3)

H

e

CO,Me
Y

(63)
a:R=Me,b:R=Et,c: R=Pr",

d:R =n-CsH,;,e:R=Pr, f: R = Bu'

R/\/C02Et
OH

R = Bu", Me,C=CH-, Me,C=CHCH, -, etc.
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R/\/ Et20 ar EtzO—CsHu
-30 °C, overnight
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I\/C02Et R,CuM (M =Li, Mg)
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i, EtAlIC=CSiMe,
0]

7 "coMe

(0]

Wcozﬂ
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ii, MeOH, r.t., 1.5h
>93%

Scheme 24
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(65)
Reagent Yield (%)
Me,CuLi 91
Bu",CuLi 93
Bu"ZCuCNLiz 87
Ph,CuCNLi, 81
OH

R
(67)

Reagent Yield (%)
Me,Culi 84
Bu",CuLi 88
Bu",CuCNLi, 89
Ph,CuCNLi, 82

Scheme 25

C02Me
4

OH

CO,H

e ;.....;o

OH
(66)

Ratio (65).(66)
8:1
12:1
8:1
6:1

(68)

Ratio (67):(68)
1:17
1:11
1:16
1:7
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1.1.2.4 Rearrangement Reactions Leading to Alcohols

1.1.2.4.1 Sigmatropic rearrangement

[2,3] Sigmatropic rearrangements such as the Wittig rearrangement and the rearrangements of sulfox-
ides and selenoxides are considered as intramolecular Sn2’ reactions producing unsaturated alcohols and
have long received widespread interest because of their synthetic importance. The reactions involving
1,2-shift can, in a sense, also be considered as intramolecular displacements and generally take place
with high stereospecificity with respect to the migrating group and the migration terminus. This section
briefly deals with some 1,2-rearrangement processes which can be utilized in the preparation of chiral al-
cohols. Since {2,3] sigmatropic rearrangements and organoboron chemistry have been surveyed in excel-
lent review articles and monographs,’! these subjects are not covered in this section.

1.1.2.4.2 Epoxy silyl ether rearrangement

The Lewis acid mediated rearrangement of epoxy silyl ether (69) affords the corresponding B-
hydroxycarbonyl compound (70; Scheme 26).52

\T&R 1 Lewis acid OH O
R H or Me;Si R
(69) (70
Scheme 26

In the reaction of a,o,B-trialkyl derivative (71a), facile migration of the alkyl group is observed,
whezreas the -aryl group migrates preferentially from the alkyl aryl derivative (71b; Scheme 27, Table
3).3

R3
Rz%osm% j;i
780 - RS 7 "R®
R! I RS 78 °C, 10-30 min R77 RS
(T1a)~(T1g) (72)-(77)

Scheme 27

In the case of B-monosubstituted derivatives (71c¢) to (71g), only aryl and alkeny! groups participate in
the selective 1,2-rearrangement, reflecting the low migratory aptitude of the alkyl group. The rearrange-
ment is highly stereoselective with respect to the geometry of the epoxide moiety but not to the configu-
ration of the alkoxy a-carbon. Thus, both erythro—trans isomer (71c) and threo—trans isomer (71d) give
the same threo-aldol (74) as the sole isolable product, while threo—cis isomer (71e) exclusively gives
erythro-aldol (75). Epoxides (71f) and (71g) give (76) and (77), respectively.’? These results can be in-
terpreted as the rigorous anti migration of the phenyl and alkenyl groups with complete retention of the
alkene geometry.253

Conceming Lewis acids, a catalytic amount of MesSil or Me3SiOTf, as well as a stoichiometric
amount of TiClO4 or BFs-Et;0, is effective. The favorable choice of Lewis acids with respect to the sub-
stitution pattern of the substrates has been reported.>* This methodology has been successfully utilized in
the total synthesis of natural products which include avenaciolide and mycinolide IV.5455

1.1.2.4.3 Criegee rearrangement

The acylations of a-alkoxy hydroperoxides such as (79) furnish peroxy esters that are related to the in-
termediate produced in the Baeyer-Villiger reaction.’®-38 The peroxy ester undergoes the Criegee rear-
rangement to a dioxonium ion which in turn is converted into an ester. Thus, ozonolysis of
(+)-(E)-dihydrocarvone (78) affords a 1:1 mixture of diastereomers (79). Acetylation and rearrangement
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provides (81a) and (81b) in 60% and 20% yields, respectively, after aqueous work-up.’ The intermedi-
ate peroxy acetate (80) can be isolated (84% yield) and purified (Scheme 28).5¢ Similarly, lactone (82) is
successfully converted into (84), which is differentially functionalized at the termini of the growing
chain, i.e. primary hydroxy group and double bond.*8

D 03. CHzClz/MCOH AC20, ElgN
III’/I /
) [/ o

78 °C, 86% ;( DMAP
0 OOH
MeO

(79)

~
CH,Cl,, 40°C —
- T — X0
o ey O - O 'wroR

(81) a:R=Ac; 60%
b:R =H; 20%

i, MeLi i, AcyO
B0 O—f— i, CH,Cl, A OH OH
OOH iii, deacetylation
(82) 83) (84) 81% from (82)

Scheme 28

1.1.2.4.4 Ocxidative cleavage of silicon—carbon bonds leading to alcohols

Certain functionalized silyl groups bonded to sp*- or sp?-carbon atoms (85) are readily converted into
hydroxy groups on treatment with peroxy acids or H20; (Scheme 29).5-6!

R,SiF,_, + MCPBA nROH

(85)
Scheme 29

The oxidative cleavage reactions are considered to proceed through the intramolecular migration of the
organic group to the oxygen in extracoordinate silicon intermediates (Scheme 30).° Typical oxidation
conditions and silyl groups amenable to conversion to OH groups are summarized in the literature.’®

R
L,Si” lll 1‘1
0 _.OH : 0 R0
H o L,Si’ 0 —— L,Si OH ROH
[ A Y
o=< o—< o=(
Ar Ar Ar
L =F, R, and/or donor solvent
Scheme 30

The rearrangement regularly takes place with retention of configuration at the carbon atom to which
the silyl group is attached, and it is compatible with ketone and ester groups. In the case of B-hydroxy-
silanes, no Peterson-type elimination occurs. Some representative reactions are shown in Scheme 31.
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Bu" 30% H,0,, KHCO, Bu"
Bu'COO  SiMe,F  MeOHW/THE, 7% Bu'COO OH
OH OH
SiMezopri 30% Hzoz, KHCOJ. KF OH
MeOH/THF, 85%
OSiMe; OH
| N VN 30% H,0,, KHCO,, KF | AN A
NZ  SiMeNPr MeOH/THE, 93% NZ OH
30% H,0,, KHCO,, KF
0-Si-Me OBn MeOH/THE, 64% OH OH OBn
Me
Scheme 31

When organosilicon compounds of general formula PhMe;Si—R, (CH=CHCH2)Me2Si—R and
(RMe;Si)20 are used, the Ph—Si, CH,—Si or SiO—Si bond must first be cleaved by fluoride ion to give
fluorosilanes which subsequently react with peroxy acids or H202. Recently, the use of Br—AcOOH or
Hg(OAc),-AcOOH systems has been reported to be effective for the conversion of PhMe.Si—R into the
corresponding alcohols, allowing the two-step sequence to be carried out in one operation (Scheme
32).622 The PhMe2Si group has recently been demonstrated to be superior to the (PriO)Me2Si group in

carbohydrate chemistry.52®

i, HBF,
ii, MCPBA, Et;N

SiMe,Ph

CO,Me
"7

74%

Br,, AcOOH, AcOH

HBF,

84%

PhMe,Si

Ph

Hg(OAc),, AcOOH, AcOH

88%

Scheme 32

A one-pot synthesis of anti-Markovnikoff alcohols from terminal alkenes has been achieved by hy-
drosilylation (catalyst: HaPtCls, [RhCI(PPh3)3]) with alkoxysilanes and subsequent oxidation.5963 Al-
though hydrosilylation of internal alkenes is difficult, intramolecular hydrosilylation of allylic and
homoallylic alcohols proceeds smoothly with high regio- and stereo-selectivities.53 In view of the high
regioselectivity and the wide range of functional group compatibility, the present method may be a use-
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ful alternative to the hydroboration—oxidation process. It is noteworthy that the 1,3-diols formed by intra-
molecular hydrosilylation—oxidation of allylic and homoallylic alcohols have structures which are com-
plementary to those obtained by the intermolecular hydroboration—oxidation reaction (Scheme 33).59.632
Approaches to construct 1,3-diol skeletons have been demonstrated, 5563

R' R' Bv

OH OH OH OH OH
Intramolecular Intermolecular
hydrosilylation hydroboration
Scheme 33

1.1.2.5 Inversion of Alcohols

1.1.2.5.1 Activation of hydroxy groups

Alcohols are available in a variety of cyclic and acyclic forms, and, as such, have been utilized as ver-
satile starting materials for the construction of carbon compounds including natural products with many
centers of chirality. In order to functionalize and manipulate the hydroxy group in alcohols by a displace-
ment process, activation of the hydroxy group is an important step which involves: (i) activation of the
O—H bond to enhance the nucleophilicity of the oxygen; or (ii) activation of the R—O bond to convert
the alcohol into a reactive alkylating reagent.

Conversion of alcohols into metal alkoxides is a common procedure for the enhancement of nucleo-
philicity in which the nature of the metal cation affects strongly the reactivity of the alkoxide.®* Noyori
and coworkers have demonstrated that metals having greater affinity to oxygen than to nitrogen allow se-
lective activation of the hydroxy group of NHz-unblocked nucleosides.%5 Thus, lithium alkoxytriaryl-
oxyaluminates LiAl(OAr);—OR (R = nucleoside residues) react with diaryl phosphorochloridates to
give the corresponding nucleotides in 69-88% yields with little (<1%) or no formation of N-phosphory-
lated products (Scheme 34).

i, LIAI(NMe,), (1 equiv.)

. g i 0B
BuMe,SiO Oy B i ArOH G equiv) B“IMCZS‘O/\S_T
iii, (Ar0),POCI (1.1-1.2 equiv.)

O O
HO THF, 0-20 °C,6-11h \
(ArO),P=0

Scheme 34

Trialkyltin alkoxides (86) and dialkylstannylene’ (87) have recently attracted attention because a tin
atom attached to an oxygen atom enhances the nucleophilicity of the latter without increasing its ba-
sicity.% The synthetic applications of tin alkoxides manifest most remarkably in the case of polyols. For
example, 1,2,6-hexanetriol was first stannylated with 1 equiv. of (Bu3Sn)20, followed by treatment with
benzoyl chloride giving (88) in 67% yield. Intermediacy of the tributyltin ether (89) was proposed for the
regioselective benzoylation (Scheme 35).662

Benzoylation of 1,2-diol (90) by the conventional method (BzCl, Py) and subsequent silylation affords
primary ester (92) in preference to the secondary ester (93) in a ratio of 96:4 (81% yield). A dramatic
reversal of chemoselectivity is observed when (90) is first converted into dioxastannolane (91) followed
by treatment with benzoyl chloride and work-up, giving (92) and (93) in a ratio of 5:95 (Scheme 36).66®

Another type of activation of the hydroxy group of alcohols involves the introduction of functional
groups in order to facilitate the carbon—oxygen bond cleavage in the subsequent nucleophilic displace-
ment reactions, i.e. conversion of an alcohol into a reactive alkylating reagent.

Sulfonation of alcohols is a most common approach to this end. The reactivity of sulfonates is strongly
influenced by the solvent used. The kinetic study of the nucleophilic substitution of a series of n-octyl
derivatives CgH7X (X = Cl, Br, I, OTs and OMs) with N3~ in different solvents (MeOH, DMSO, PhCl
and cyclohexane) reveals the following nucleofugacity scales: OTs > I > OMs = Br >> in MeOH; I > Br
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RySn A BusSn--~OH
R;SnOR’ o o OH
(86) (87 89)

OH

i, (BusSn),0, toluene, 140 °C, 4 h OH
BzO\)\/\/\
HO \)\/\/\ OH OH

ii, BzCl (1 equiv.),0°C, 2 h, 67%

(88)
/OQ/ Bu,SnO, toluene )O\-/S\EBUZ i, BzCl (1 equiv.)
OH
Ph quantitive Ph ii, Me,PhSiCl
90) 91)
0SiMe,Ph OBz
OBz )\/OSiMe Ph
Ph)\/ T pn 2
92) 93)

Scheme 35

+ - +
X+ CyHyPBug Nj % ON;  * CygHyPBus X~
X =TsO, MsO, [, Br, C1
Scheme 36

> OTs > OMs > Cl in DMSO; I > OTs ~Br > OMs >> Cl in PhCl; and OTs > OMs > 1> Br > Cl in cy-
clohexane (Scheme 36).57

Triflates are more reactive than mesylates and tosylates.® Triflates are generally prepared by the re-
action of alcohols with triflic anhydride in the presence of pyridine at low temperature. In the case where

concomitant pyridinium salt formation lowers the yield of the desired triflate, more-hindered bases such
as (94) have been used (Scheme 37).9°

A
Ko e
0OAc TFSA, Py N
OA 00OAc |
¢ CH,Cl, OAc z
AcO Bu! N Bu!
AcO
OA
¢ OAc 94)
Scheme 37

Nucleophilic openings of cyclic sulfonates which are less hindered, or activated by an adjacent carbo-
nyl group, occur at room temperature in usually less than 30 min. In these reactions, DMF is the solvent

of choice. Selective hydrolytic removal of the sulfate group can be achieved under controlled conditions
(Scheme 38).70

- N N
0-80, NaN, : conc. H,80, (cat.) :
. R2 — R! ~ R?2 R! ~ R?
R f DMF 0.5-1.0 equiv, H,0 /\r
o) 0S05~ THF, 73-91% OH

Scheme 38



20 Displacement by Substitution Processes

Introduction of partial structure (95) or (96) into the hydroxy group of an alcohol is also effective for
acti7\l'a7tisng the carbon—oxygen bond. Typical reactive imino and imidium ethers are shown in Scheme
39.71-

+_R
:‘\Ilq fg\r{@’
(95) (96)
ro-  ChC
CLC—=N + ROH —— >=NH
RO
et NHR!
RIN=+=NR! + ROH ——0= R'N=<
OR
R'COH + M |
Me,NCH(OCH,Bu!), + ROH Me;N=( “OCOR
OR

(j Me,CH
N €2 +
=== + ROH >=
Cl RO

X X
©+ )—F + ROH C[ +)—OR
N BE~ N BR~

Et Et

Scheme 39

Alkoxyphosphonium salts (99), formed by the reaction of trivalent phosphorus compounds with oxi-
dizing electrophiles (97) in the presence of alcohols, have been recognized as versatile and reactive
alkylating reagents. Although the mechanism has not yet been fully elucidated, the reaction might in-
volve initial formation of (98). Compound (98) in turn reacts with an alcohol to give (99) which can
undergo nucleophilic substitution either with its own counteranion (path a or b) or with other nucleo-
philes present in the reaction system (path ¢ in Scheme 40). Thus, in order to facilitate the alkylation of
external nucleophiles (path c), the choice of (97) is crucial for the success of the conversion. The reaction
generally proceeds under mild conditions and possesses some valuable features such as regioselectivity;
no allylic rearrangement; and inversion of configuration at the secondary carbinol centers. Comprehens-
ive review articles on this process have been published.”®

ar-Allylpalladium complexes formed by the reaction of allyl acetates with palladium(0) compounds re-
act with nucleophiles yielding the allylic alkylation products. In this catalytic process, the allylic position
of the allyl alcohols is activated by acetylation.”” The displacement reactions of sulfonates or alkoxy-
phosphonium salts generally take place with inversion of configuration. In contrast, the palladium-as-
sisted alkylation proceeds with net retention of configuration (Scheme 41).77
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+ - R!OH
R4P + XE RsP—-E X
97 (98)
E~ (path a)
————— 1 __E
+ X~ (path b)
R;P-OR! i RI—X + R4sP=0
Nu™ h
(99) | Nu_(pathe) R!—Nu
Scheme 40
""u,, OAc . S Ozph
Na _
é COzMe
[Pd(PPhy),]+PPh;
N,
Scheme 41

1.1.2,5.2 Inversion of alcohols

Although many useful methods to produce chiral alcohols have recently been developed, there is still
need of a convenient procedure to invert the configurations of secondary carbinol centers. In principle,
the inversion of configuration could be accomplished by initial activation of the R—OH bond of an alco-
hol and subsequent Sx2 displacement using oxyanions. The reaction sequences that can be used in the in-
version of configuration are summarized in Scheme 42.

KO, or NO,~
ROSO,R? et
NO;~
R!CO,”

O,NOR

9 R!CO,H N

ROH —f——=  N= RICOR HOR
OR
+ R!CO,H
ROPR?,
Scheme 42

The reactions of alkyl sulfonates with sodium, potassium or tetraalkylammonium carboxylates gener-
ally proceed with inversion of configuration. In the case of s-alkyl sulfonates, however, a varied amount
of elimination products is invariably formed.’® Of all metal carboxylates, cesium salts (Scheme 43) have
proved vastly superior with respect to reactivity and the suppression of undesirable side reactions.”

The addition of 18-crown-6 to the reaction system is effective for suppression of the elimination re-
action. Thus, the mesylate of (100; Scheme 43) reacts with AcOCs in the presence of 18-crown-6 (0.5
equiv.) in benzene (reflux, 1 h) to afford the inverted acetate (101) in 70% yield along with a small
amount of elimination product (<5%). Without the crown ether, the elimination product is predominantly
formed.”®

Nitrate ion can be another effective nucleophile for inversion. It has been demonstrated that, due to the
low basicity of the nucleophile, the competing elimination reaction is almost completely suppressed and
the resulting nitro esters can be readily converted into alcohols by reductive processes.’® One serious
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i, MsCl, Ei;N, 96%

OH ii, EtCO,Cs, DMF, 40 °C, 24 h, 100% OH
\(“’){'\ iii, 5% KOH, MeOH, H,0, 90% SO
ca. 100% ee
OH r OH OAc OAc
(100) (101)
Scheme 43

drawback of the procedure is that racemization takes place to some extent under the reaction conditions.
However, the racemization can be circumvented by the use of more efficient leaving groups such as the
pyridylsulfonyloxy group.30

The reactions of alkyl sulfonates with superoxide ion and with nitrite ion directly afford the corre-
sponding inverted alcohols.®8! Although displacement by superoxide ion has been successfully utilized
in prostaglandin chemistry, elimination again takes place to some extent, depending on the structures of
the substrates. In the reaction with nitrite ion, ketone and nitroalkane are also formed. The inversion of
cyclopentanol derivatives via tosylates has been studied by the use of various methods involving dis-
placement by benzoate, nitrite ion and superoxide ion as well as the diethyl azodicarboxylate (DEAD)-
PhsP procedure, where varied amounts of elimination products are invariably formed.8!2

Imino ethers and 2-alkoxybenzthiazolium salts prepared from chiral alcohols react with carboxylic
acids to give the esters of the corresponding inverted alcohols (Scheme 39).71¢:72d.73.75a The reaction of a
chiral alcohol with a carboxylic acid, DEAD and PhsP affords the ester of the inverted alcohol (Scheme
44).82 Diisopropyl or dimethyl azodicarboxylate can be used instead of DEAD. Little difference between
these reagents has been reported.®?

OH Et0,CN=NCO,Et OCOR
+ + (EtO,CNH +  PhsP
o /LR2 RCOH - Qg2 (Et0,CNH), 3
Scheme 44

Although the DEAD-Ph3P procedure has been utilized in the inversion of a variety of alcohols, steri-
cally crowded hydroxy groups do not enter into the reaction. In such cases, the sulfonate route can be
used. For example, the coupling of free acid (102a) with alcohol (103a) by the use of DEAD and PhsP
affords the desired inverted ester (104a) in <30% yield, while mesylate (103b) reacts with potassium car-
boxylate (102b) (DMF, 75 °C, 18 h) to give (104b) in 86% yield (Scheme 45).34

The reagent formed by combining PhsP with benzoyl peroxide (BPO) reacts with alcohols to give ben-
zoates in moderate to good yields. The reaction proceeds with essentially complete inversion of the con-
figuration at the secondary carbinol stereocenters. It is noteworthy that 1,2-diols are benzoylated at the
secondary hydroxy group in preference to the primary one (Scheme 46).8% The product ratio is practically
the same as that obtained by the DEAD-PhsP procedure.?6 Therefore, as far as benzoylation is con-
cemned, the BPO-PhsP procedure seems attractive because the removal of hydrazine dicarboxylate from
the desired product is sometimes troublesome in the DEAD-Ph3P procedure.

1.1.3 PREPARATION OF ETHERS

1.1.3.1 Cyclic and Acyclic Ethers

Acyclic and cyclic ethers are synthesized by the reaction of activated alcohols with alkoxide or aryl
oxide anions. Alkyl halides and epoxides can also be utilized as versatile electrophiles for the preparation
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of ethers. Since comprehensive reviews of the preparation of ethers have been published,287 only a
limited number of examples will be described in this section.

Of the activated alcohols described in Section 1.1.2.5.1, alkyl sulfonates are convenient alkylating re-
agents because they can be readily prepared and handled. The correct choice of sulfate-alcoholate com-
bination is often crucial for successful ether synthesis. Thus, for the preparation of cholesteryl ethers
from the tosyl derivative of cholesterol and alkoxides, the reaction must be carried out at 110 °C for 2.5 h
in a sealed tube. Alternatively, the sodium salt of cholesterol can be reacted with an alkyl mesylate at 80
°Cfor 1 h in DMF to give the corresponding ether in 62-68% yield.8

Benzyl, 4-methoxybenzyl and triarylmethyl groups are used in the protection of the hydroxy groups.
Compared to typical benzylation conditions (BnBr, NaH in DMF), benzylation by triflate proceeds under
milder conditions without affecting alkali labile groups. Treatment of carbohydrates (105), (106) and
(107) with benzy triflate, generated from benzyl alcohol and triflic anhydride in 2,6-di-t-butylpyridine at
~70 °C, gives the corresponding benzylated derivatives in 93%, 89% and 60% yields, respectively. Simi-
larly, the methyl ethers are prepared using methyl triflate, but the reaction requires heat and longer re-
action time.%%% Benzylation of (108) is successfully carried out with preformed benzyl triflate to afford
(109) in 96% yield without epoxide formation. By the reaction with K2CO3, (108) gives epoxide (110).%°
Triflate (111) reacts with various nucleophiles (BzO~, Na~, RS") to give the corresponding mannopyrano-
sides (113) in 82-89% yields. On the other hand, the reaction of (111) with NaOMe exclusively gives
anhydromannopyranoside (112; Scheme 47).9!

Benzyl trichloroacetimidate (114a) reacts with alcohols in the presence of TFA to afford benzyl
ethers.?? 4-Methoxybenzyl trichloroacetimidate (114b), which is much more reactive than (114a) and
very sensitive to strong acids, reacts smoothly with various kinds of alcohol to give the corresponding
methoxybenzyl ether. The catalyst used is CSA (10 mol%), PPTS (10 mol%), TrClO4 (3 mol%) or TFA
(0.3 mol%). Under these conditions, alcohols having either acid or base labile groups, such as (115) and
(116), are successfully protected (Scheme 48).93

Selective protection of the primary hydroxy group in polyols by the trityl group can generally be ac-
complished by the reaction with trityl chloride in pyridine. The use of DMAP (0.04 equiv.) and Et3N (1.5
equiv.) facilitates the reaction. Selective phenylation of one hydroxy group of diols can be carried out
by the reaction with triphenylbismuth diacetate. While regioselectivity for primary—secondary vicinal
diols is poor, only secondary alcoholic functions are converted to the phenyl ether in secondary—tertiary
vicinal diols. Although phenylation of glycols occurs smoothly, monohydroxy alcohols are left essen-
tially intact.%’
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In view of the fact that many complex dihydro- and tetrahydro-furans possess valued biological
properties, a variety of procedures for the construction of such systems has been reported.?f The re-
activity pattern of the cyclic ether formation with respect to ring size has been briefly discussed.?%

Of the alkylation systems described in Section 1.1.2.5.1, the DEAD-PhsP procedure cannot be used in
the preparation of acyclic dialkyl ethers, but alkyl aryl ethers and cyclic ethers have been synthesized.
The PhsP—CCL system is also effective for the cyclodehydration of 1,4- and 1,2-diols to tetrahydrofurans
and epoxides, respectively.?’

In the presence of a palladium(0) catalyst, allyl acetates having hydroxy functions afford cyclic ethers.
Thus, exposure of (117a)-(117c), 1:1 diastereomeric mixtures, to [(DBA)3Pd2}/CHCl3-Ph3P at room
temperature gives rise to the same cyclic ether (118) in 92-96% yields as a 9:1 isomeric mixture. No cy-
clization products derived from the secondary alcohol serving as the nucleophile are detected (Scheme
49). By this procedure, five- to seven-membered cyclic ethers have been prepared.®

OR OAc Bu,Sn—-Q
RO\)W - Zj\/ — OM
Z / ~ OAc
(0]
(117) a:R=H (118) (117¢)

b: 2R = SnBu,
Scheme 49
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The acid-catalyzed cyclodehydration of (1)- and meso-2,5-hexanediol has been shown to proceed with
inversion of configuration in most cases, affording cis- and trans-2,5-dimethyltetrahydrofuran, respec-
tively. However, various extents of racemization are observed in the actions of certain Lewis acids and
H2504.% The stereospecific cyclization of diols to tetrahydrofurans occurs if phenylthio participation is
involved. The reactions of 2-phenylthio-1,4-diols such as (118) with dimethyl sulfate afford (119) with
net retention of configuration, whereas acid-catalyzed cyclizations of 4-phenylthio-1,3-diols such as
(120) take place with PhS migration and hence inversion at both the migration origin and terminus
(Scheme 50).100

z OH .
(Me0),S0,, CH,Cl, §SP h
YY\ Ph 0°C, 10 min, 90% ,O‘ Ph
HO SPh o
(118) (119
SPh

TsOH, benzene

reflux, 10 min, 80% Q/Y

Scheme 50

A transition metal catalyzed synthesis of ethers by carbene insertion into the O—H bond has been re-
ported. Not only saturated but also unsaturated alcohols can be utilized in this catalytic process.!0!

Intermolecular and intramolecular oxirane ring opening reactions by alkoxides and phenoxides also
provide efficient and stereospecific preparations of acyclic and cyclic ethers. The procedures have been
surveyed in detail.3

1.1.3.2 Epoxides

Perhaps the most widely used procedure for epoxide synthesis is peroxide or peroxy acid oxidation of
alkenes, which is discussed in Volume 7, Chapters 3.1 and 3.2.

Another important method involves intramolecular Sx2 displacement of an alcohol with an appropriate
leaving group in the B-position (122; Scheme 51). In this approach, the preparation of 8-functionalized
alcohols having definite configuration at both the a- and B-carbon atoms is prerequisite. The most
promising strategy to achieve the correct construction and configuration of the intermediates is the trans-
formation of natural products by stereochemically unambiguous processes. For details on this approach,
the reader is referred to an excellent review. 02

HO s 0

——
S A‘
\\‘)__( . "

(122)
+ +
X = halogen, RSO3, R;,S, R3PO, etc.

Scheme 51

Stereoselective preparation of precursors to epoxides can also be achieved by the aid of the structure of
the substrates, especially in the cyclic systems. Scheme 52 illustrates the stereochemical outcome of
epoxide formation via the bromohydrin route and the peroxy acid oxidation procedure.!03

Intramolecular participation of an appropriately placed nucleophile promises to be a useful strategy for
the stereocontrolled synthesis of acyclic systems. Thus, halocyclization of unsaturated carboxylic acids,
alcohols and functionalized alcohols (123) can be effected by a variety of electrophilic halogenating
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agents affording stereochemically biased halomethyl heterocycles. Lactones, cyclic carbonates and
cyclic phosphates thus formed are in turn converted into epoxides via halohydrins (Scheme 53),!%4

-0 z O

(123) Z = CO,R, OC(O)OR, OP(O)OR),, etc.
Scheme 53

Treatment of homoallylic phosphates with I> results in the formation of thermodynamically more
stable cyclic phosphates which are converted into erythro-epoxides with high stereoselectivity (Scheme
54).105 The procedure (phosphate extension) allows otherwise difficult stereoselective conversion of ho-
moallylic alcohols into 3,4-epoxy alcohols.

RZ, R R? R, R R, R
R! % R! % R! 2 .
WR‘ 2 O%K NaOEt MR‘ T RS
/ r——
O. MecN  O=P-O I 0. + o,
P(OEt), | R4 P(OEt), P(OEt),
It EtO I} 1
o} o) o)
80-98 : 20-2
Scheme 54

Iodolactonization and iodocarbonylation can also be utilized for the stereoselective epoxidation of
alkenic esters and alcohols (Scheme 55).106:107

R2 R2 R 1 R2
R! = R! N\ 1
R3 [2 R3 K2C03 R R3
OYOR MeCN OYO MeOH O _OMs
I i g
(0]

major isomer

Scheme §5

Tin(Il) triflate mediated cross aldol reactions between a-bromo ketone (124; Scheme 56) and alde-
hydes afford syn-a-bromo-B-hydroxy ketones (125) with high stereoselectivity. The resulting halohy-
drins are converted to the corresponding (Z)-2,3-epoxy ketones (126).!1%8 Chiral aldehyde (127) reacts
with lithium alkynide (128) followed by mesylation and base treatment to give chirally pure (E)-epoxide
(129). The initially formed alkoxide anion should be trapped in situ by mesylation, otherwise partial
racemization takes place owing to benzoate scrambling (Scheme 56).!%°

Epoxides can also be prepared from a variety of B-functionalized alcohols such as -hydroxy sulfox-
ides,!10 B-hydroxysulfonium salts,!!! B-hydroxy selenides!!2 and vicinal diols. In the use of unsymmetri-
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Br OH

Me3SiO _ Me3810
>Kﬂ/\ i, Sn(OTR,, = ND ﬂ\n)\rR NeaCOs M
Br
o if, RCHO, CH,Cl,, ~78 °C o oy % R
(124) + anti isomer (126)
(125) (Z):(E)=>95:5
i, THF, -78 °C

OBz
—— H ”, ) 1-7 °
OHC/k/\/COZEt + CpHp—=——1Li ii, MsCl, Et;N, -78 to 0 °C

iii, EtONa, EtOH

(127) (128)

(129) CO,Et
(E)(Z)=4:1

Scheme 56

cal vicinal diols, regioselective activation of one hydroxy group of the two is prerequisite.8” Scheme 57
illustrates some examples of the preparation of epoxides from vicinal diols.!13-119

Ts-imidazole, NaH

DMF, r.t., 1 h, 78%

OMe
“OH
o 0. ~OMe
DEAD,Ph:,P,"'llOcC m + (130)
Ph” ~O" i
(0]
65% 28%
s TsCl, DMAP, i, Bu'OK, THF
iMe , CH,C| i ° ; SiM
HO x 3 Py,CH)Cl, al N SiMes  —20°C, 10 min N iMe;
OH h t., 12 h, 50% A
SP ! OH  SPh ii, MCPBA, 50% SOPh
i, MeOH, TsOH, TsCl
Py, 90%
SPh
ii, KOH, CH,Cl,, SPh
BaNE,Cl, 98%
HO, OH
—_ i, Me,C(OAC)COBr
%/\/ ii, Amberlite [R-400, MeOH
OMe 0%

Scheme 57
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Scheme 57 (continued)
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1.21 INTRODUCTION

Glycoside synthesis is a very common reaction in nature, providing a great variety of compounds, for
instance oligosaccharides as such, or glycoconjugates with lipids (glycolipids), proteins (glycoproteins)
and many other naturally occurring substances. However, the important biological implications of the at-
tachment of sugar moieties to an aglycon are only now becoming more and more obvious, creating a
growing interest in this field. For instance, the presence of complex carbohydrate structures as integral
constituents of membranes and cell walls has led to manifold activities in recent research.!~7 An espe-
cially important role amongst these glycoconjugates seems to be played by the glycosphingolipids,'-3 the
glycophospholipids! and the glycoproteins.!-8 Their manifold functions are based on a great structural
diversity of the oligosaccharide portion, which is inherent to the variability in glycoside bond forma-

33
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tion.!# This point was recently impressively illustrated,! rendering oligosaccharides ideal as carriers of
biological information and specificity.

This knowledge is based on an enormous extension and improvement of the methodologies for struc-
ture determination® and for chemical synthesis,! 256912 a5 will be outlined below. The synthesis of gly-
cosides, oligosaccharides and glycoconjugates is characterized by a much larger number of possibilities
for coupling than that of other biopolymers, such as peptides or proteins and ribo- or deoxyribo-nucleo-
tides.! In contrast to peptides and nucleotides, in which the informational content is determined solely by
the number and sequence of different monomer units, the informational content of oligosaccharides is
fixed additionally by the site of coupling, the configuration of the glycosidic linkage (o or ) and the oc-
currence of branching. Thus, oligomers made up of carbohydrates can carry considerably more informa-
tion per atomic unit than proteins and nucleotides.!

The structural variety complicates the synthesis of glycosides and even more so of complex oligosac-
charide structures. It has only recently been possible to develop methods for the synthesis of complex
oligosaccharides and glycoconjugates. The results obtained in glycoside and saccharide synthesis will be
summarized as outlined in Scheme | (paths A-D). (a) The Fischer—Helferich method, describing the di-
rect acid-catalyzed acetalization procedures, where direct substitution of the anomeric hydroxy group
takes place. (b) The Koenigs—Knorr method and its variants. In the classical Koenigs—Knorr method, and
the subsequently developed efficient variants, the generation of glycosyl donor properties is achieved
through exchange of the anomeric hydroxy group for a halide leaving group (halide = bromide, chloride
and recently fluoride, with some special properties) and reaction of the glycosyl halides in the presence
of heavy metal salts. This general principle also includes the use of thioglycosides and 1,2-epoxides as
glycosyl donors. (c) The trichloroacetimidate method and other anomeric oxygen activations. The direct
base-catalyzed activation of the anomeric oxygen with trichloroacetonitrile (and related compounds; see
Section 1.2.4.2) yields O-glycosyltrichloroacetimidates, which exert very high glycosyl donor properties
under mild acid catalysis. Related approaches via sulfonate, phosphate, acetate and orthoester formation
respectively are included. (d) The anomeric O-alkylation method. The direct anomeric O-alkylation of
pyranoses and furanoses is a completely different substitution process, requiring 1 equiv. of base for the
removal of the anomeric hydroxy group proton.

acid glycosyl base
donor

L] H+
. {
. OH
b | Hal™ a ROH d RX c A=B
. 0 ROH 4 ROH o}
,/%N Hal . OR . o_ B
. Ag . mild acid ¥ A

(a) Fischer~Helferich (acid activation); (b) Koenigs—Knorr (Br, Cl, (I) activation, F activation and
RS activation); (c) trichloroacetimidate (OC(NH)CCl; activation and OAc, OSO,R, OPO4R; activation);
(d) anomeric O-alkylation (base activation)

Scheme 1 Synthesis of glycosides and saccharides
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Other methods have gained practically no importance. Special problems in the application of methods
(a)—(d) to 2-deoxyglycoside synthesis will be reported in Section 1.2.7.

1.2.2 THE FISCHER-HELFERICH METHOD

In a glycoside synthesis, a polyfunctional sugar component must be linked to an acceptor (which is an-
other sugar component in saccharide synthesis). Regioselectivity is generally achieved when the glyco-
sylating component (i.e. the glycosyl donor) possesses selectively protected hydroxy groups and an
activating group at the anomeric C-atom, and when the component with the acceptor group (i.e. the gly-
cosyl acceptor, for instance O-, N-, S- or C-nucleophiles) possesses protective groups at all other ac-
ceptor functions (Scheme 1). Thus, complicated protection strategies (Volume 6, Chapter 3.1) and
suitable procedures for activation at the anomeric C-atom are required. In addition, the coupling step
must occur diastereoselectively with respect to formation of an a- or B-linkage.

In the classical Fischer—Helferich method O-glycosides are obtained from hemiacetals and alcohols in
an acid-catalyzed reaction as a variant of the common acetal formation (Scheme 1).? This reaction is re-
versible; it is therefore not applicable to the synthesis of compounds with more than one glycoside bond
(i.e. to the synthesis of oligosaccharides and glycoconjugates) because other glycosidic bonds will be af-
fected. In addition, the diastereocontrol at the anomeric position is based on thermodynamic energy dif-
ferences between the corresponding a- and -anomers. The axial position for the anomeric OR group is
disfavored by steric arguments (unfavorable 1,3-diaxial interactions) and favored by the anomeric effect
(favorable stereoelectronic interactions between the ring oxygen and the anomeric carbon—oxygen
bond).!? These two opposing effects often have similar magnitudes, therefore usually an anomeric mix-
ture of products is obtained, or, due to a slight preponderance of the anomeric effect, more of the a-
anomer is formed.

The merits of the Fischer-Helferich method today are mainly in its use for the synthesis of simple gly-
cosides required as starting materials in oligosaccharide synthesis and as chiral synthons.!# The strategy
for sugar protection usually starts with the formation of a methyl, benzyl or allyl glycoside directly from
the unprotected sugar, followed by selective introduction of additional protective groups (benzylidene,
isopropylidene, benzyl, silylacetyl, benzoyl, etc.). Due to ring—chain tautomerism (Scheme 2), with ex-
cess alcohol and acid as catalyst, a- and B-furanosides and a- and B-pyranosides can be obtained, leav-
ing three hydroxy groups unprotected in the case of pentoses and four in the case of hexoses. The result
is dependent on the individual sugar and the reaction conditions. Due to the ring strain, other glycoside
ring sizes are not commonly found and furthermore the open chain O,0-acetal is not formed via this
route. Furanose formation is usually faster than pyranose formation, a phenomenon also typical for other
saturated ring closure reactions.!® However, the occurrence of several acid-catalyzed equilibration re-
actions (as indicated in Scheme 2) with different kinetics makes product control difficult. Therefore the

HO HO
Ho—| o HO— o S;, OH
OH o _HORH OH Honﬁr HO o
— HO a
OH
Ho X HO HO or

H
HO o_ OR HO o OH
OH HOR/H HOR/H
B __ HORH O OH 20 OR

HO

Scheme 2
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search for procedures resulting in the convenient isolation of one product has gained tremendous import-
ance. Some typical examples are given in Table 1.16-3!

Table 1 Acid-catalyzed Formation of 1-O-Protected Sugars Commonly Used in Sugar Transformations®

Starting material

1-O-Protected sugars

ﬁ\o
o =

H
Glc go
HO oMme
(ref. 16)
OH
HO
(0]
Gal HO
HO gr
R = Me (ref. 19)

R = Allyl (ref. 20)

HO OH
HO 0
Man HO
Ol

R = Me (ref. 22)
R =Bn (ref. 23)

OH
o
HO
GlcNAc Hoéﬁ,
AcHN OR
0
Ara 5\20}1
OH

R = Me (ref. 25)
R = Bn (ref. 26)

R

OMe

o

Rib HO
OHOH

(ref. 29)

Ph/Too o °
HO o)
HO g, O/K
(ref. 17)
o OH
X1
)
X
(ref. 21)
0 %’
><° 009

(ref. 18)

OH

R = Allyl (ref. 20)
R = Bn (ref. 24)

BzO OBz 07 ot
(0]
OMe 0>k
OBz
(ref. 27) (ref. 28)

HO OMe HO

(ref. 30) (ref. 31)

2 References for the syntheses are given in brackets.
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The combination of this simple acid-catalyzed glycoside synthesis with additional acetal formations in
the presence of a ketone (mainly acetone and cyclohexanone) furthers the versatility of this method.
Thus, from O-unprotected hexoses and pentoses respectively, in convenient acid-catalyzed procedures
compounds with only one or two O-unprotected hydroxy groups are directly accessible, providing con-
venient functional group control in subsequent reactions (Table 1; in some cases even the sugar aldehyde
group is left unprotected). Most of these compounds are now commercially available. They are exten-
sively used as starting materials in research laboratories and even in technical processes. For instance,
diacetone sorbose (obtained from acetone and L-sorbose under acidic conditions) is an intermediate in the
commercial vitamin C synthesis3? and p-arabinose derivatives could become starting materials for a short
(+)-biotin synthesis,33-34

However, another application of the Fischer—Helferich method clearly exhibits its limitations. Long
chain alkyl glycosides have gained interest as nonionic surfactants.3’ Their technical synthesis is based
on acid catalysis of the reaction between glucose and alcohol. Due to the inherent solubility problems,
typical drawbacks of the Fischer—Helferich method are encountered: the technical product consists of a
mixture of different anomers and, due to the fact that excess alcohol cannot be used for solubilization of
the reaction mixture, reaction of glucose with itself is also found.

Due to the drawbacks of the Fischer—Helferich method it was early recognized that other approaches
to glycoside and saccharide synthesis had to be introduced.

1.2.3 THE KOENIGS-KNORR METHOD AND ITS VARIANTS: ACTIVATION THROUGH
ANOMERIC OXYGEN EXCHANGE REACTIONS

1.2.3.1 General Aspects of Glycoside Bond Formation

A versatile and generally applicable method for a diastereocontrolled glycoside and saccharide syn-
thesis seems to necessitate a two-step procedure with the following requirements.!

The first step, activation of the anomeric center generating the glycosyl donor, requires: (i) convenient
formation of a sterically uniform glycosyl donor; (ii) adoption, according to choice, of either a- or 8-
configuration; and (iii) thermal stability of the glycosyl donor at least to room temperature; eventually
chromatographic purification should be possible.

The second step, the glycosyl transfer to the acceptor providing the glycoside, the oligosaccharide or
the glycoconjugate, requires: (i) catalysis of the glycosyl transfer by simple means; (ii) irreversibility of
the reaction; (iii) that the configuration of other glycosidic bonds is not affected in the process; (iv) high
chemical yield; and (v) high a- or B-selectivity via diastereocontrolled inversion or retention of configu-
ration at the anomeric center (usually attained in a kinetically controlled reaction).

1.2,3.2 The Koenigs-Knorr Method: Bromide and Chloride as Leaving Groups

In the classical Koenigs—Knorr method, dating from 1901,36 and the subsequently developed efficient
variants, the activation step is achieved through the formation of glycosyl halides (halogen = bromine
and chlorine) and their reaction in the second step, the glycosyl transfer step, in the presence of heavy
metal salts (preferentially silver and mercury salts). This method has been critically reviewed,!* giving
the following general picture.

1.2.3.2.1 Glycosyl halide formation

The exchange of the anomeric hydroxy group for bromine or chlorine, carried out with typical haloge-
nating agents (and all other hydroxy groups O-protected), leads mainly to the product with the halogen
atom in an axial position. Because the subsequent discussion is mainly restricted to the important sugars
D-glycopyranose (Glc), 2-acetamino-2-deoxy-p-glucopyranose (GlcNAc), p-galactopyranose (Gal), 2-
acetamino-2-deoxy-p-galactopyranose (GalNAc) and p-mannopyranose (Man), which prefer the !Cs
conformation, axial orientation at the anomeric position corresponds with the a-anomer and equatorial
orientation with the 3-anomer, respectively.
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1.2.3.2.2 Glycosyl halide stability and reactivity

The stability and reactivity of the glycosyl halides is greatly dependent on the halogen, the sugar and
the protective groups. The thermal stability increases from bromide to chloride and by substituting elec-
tron-donating protective groups for electron-withdrawing protective groups. Dramatic changes in sta-
bility are observed; thus the well-known acetobromoglucose (2,3,4,6-tetra-O-acetyl-a-p-glucopyranosyl
bromide) can be readily prepared and stored at O °C, whereas the frequently used 2,3,4,6-tetra-O-benzyl-
a-D-glucopyranosyl bromide is thermally unstable as low as —78 °C (glycosyl iodides are usually too un-
stable). Therefore, many glycosyl halides are prepared in situ and used without further purification, thus
necessitating the use of compounds which are frequently sterically nonhomogeneous and sometimes
even impure. In addition, the glycosyl halides are highly sensitive to hydrolysis.

The reactivity of the glycosyl halides increases in reverse order compared with stability; protective
groups at different positions exert ‘remote electronic effects’. The influence of these groups does not de-
pend only on the distance to the anomeric carbon atom;?” thus electron-withdrawing O-protective groups
at C-4 lower the C-1 reactivity quite strongly due to through-bond interactions.

123.2.3 o/B-Selectivity in glycoside synthesis

A stereocontrolled nucleophilic substitution of the glycosyl halogen by an Sn2 mechanism would pro-
vide the B3-glycosides from the generally readily available a-glycosyl halides. Thus the only existing
problem would be the generation of the therrmodynamically less stable 3-halogenoses. However, the situ-
ation is much more complicated, because most glycosyl acceptors are not reactive enough for a simple
base-catalyzed nucleophilic substitution at the anomeric center. Therefore, the reactivity of the glycosyl
halide itself has to be adjusted to the special synthetic problem by varying the halide and the protective
group pattern, and, above all, by selecting a proper halophilic ‘catalyst’ (required in equimolar amounts)
as a coactivator. In addition, appropriate solvents and temperatures have to be chosen in relation to the
glycosyl acceptor reactivity (which can also be varied by varying the protective group pattern). The fact
that glycosyl halides will eventually exhibit the features of a-halogen ethers implies that at least the reac-
tive representatives will favor Sn1-type mechanisms which are not stereoelectronically controlled. There-
fore all the other factors mentioned above will play important roles in diastereoselection.

Due to the general structure of hexoses (and pentoses) and due to the importance of the hydroxy group
next to the anomeric position, four different structural situations are generally differentiated (Scheme 3).
The ease of formation of these different anomeric linkages is mainly dependent on the strength of the
anomeric effect, which is comparatively stronger in the a-manno-type than in the a-gluco- (and the a-
galacto-) type sugars, and possible neighboring group participation of protective groups at the functional
group at C-2. Thus the readily available a-glucosyl halide (1; Scheme 4), presumably via a tight (or a
solvent-separated) ion pair (2), or the B-glucosyl halide (4), collapses to a dioxolanium intermediate (5),
which is attacked by the glycosyl acceptor almost exclusively from the B-face, cleanly providing B-glu-
copyranosides (6). In the reaction course conformational changes to half-chair forms are required for
oxygen lone pair orbital overlap with the C-1 carbonium ion. Due to the intramolecularity of formation
of (5), bimolecular attack at (2) from the a-face, providing a-glucopyranosides (3), can be obtained only
with difficulty, usually necessitating thermodynamic control. Obviously orthoester (7) formation is a
competing side reaction, which can be reversed by acid treatment. Therefore orthoesters (7) can also be
successfully applied to B-glucopyranoside (6) synthesis (see Section 1.2.4.1)

OR OR OR
8 0 0 ox
(o]
ROo R%o or  R%o RGH OR
OR
OR OR OR
o-manno-type B-gluco-type o-gluco-type B-manno-type

1,2-trans 1,2-cis
glycoside synthesis generally with increasing difficulty

Typical examples - gluco-type: D-Glc, D-GIcNAc, D-GIcA, MurAc, D-Gal, D-GalNAc, L-Fuc;
manno-type: D-Man, L-Rha
Scheme 3
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These considerations explain the experimentally found ease of formation of a-manno-type structures
(Scheme 3) because they are favored by the anomeric effect and by neighboring group participation
(Scheme 3). B-Gluco-type structures are also readily accessible when neighboring group participation is
applicable. However, the formation of a-gluco-type structures depends strongly on thermodynamic con-
trol (or Sn2-type reactions) without recurrence to neighboring group participation. Obviously, the forma-
tion of B-manno-type structures is supported neither by the thermodynamic anomeric effect nor by
neighboring group participation. It is strictly dependent on an Sn2-type reaction starting from the readily
accessible a-mannosyl-type halides. Therefore this structural type is most difficult to prepare.

1.2.3.2.4 Other variables in glycoside bond formation

The above conclusions concerning the stability and reactivity of glycosyl halides and their dia-
stereocontrol in substitution reactions with glycosyl acceptors have to be complemented by the other
variables in glycoside bond formation.

(i) The catalyst

As catalysts (or coactivators, required in at least equivalent amounts), various silver or mercury salts
are applied. Mercury-containing components, especially Hg(CN): in nitromethane as solvent or cosol-
vent, were introduced by Helferich and coworkers,?® and are therefore often referred to as ‘Helferich
conditions’. Important aspects are differences in reactivity and the generation of equivalent amounts of
acid and/or water in the course .of glycoside bond formation. For the most common catalysts the follow-
ing order of reactivity has been generally confirmed: AgOTf/Ag.CO; > AgClO4/AgCO3 >
Hg(CN)2/HgBr2 > Hg(CN)2.5 The formation of acid can be circumvented by the addition of Ag2CO; in
combination with catalytic amounts of AgOTf or AgClO, and the use of a base, for instance collidine.
Water is commonly removed with Drierite or molecular sieves (3A and 4A).
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(ii) The solvent

Solvents which are poor donors are commonly used in glycoside synthesis, for instance dichlorometh-
ane, cyclohexane or petroleum ether. These solvents favor Sn2-type reactions. Solvents which are better
donors, for instance ethers (diethyl ether, THF, etc.), acetonitrile, pyridine, nitromethane efc., each result
in a typical change in the reaction course due to their different participation in the stabilization of the re-
action intermediates. With ethers, acetonitrile and pyridine participation leads to onium-type intermedi-
ates (Scheme 5; 8 and 9), which eventually provide, via fast equilibration, mainly the B-anomer (8), due
to their higher thermodynamic stability, based on the ‘inverse anomeric effect’.133 Thus a-product for-
mation is often favored in these solvents (see Section 1.2.3.2.5). Solvents with even higher dielectric
constants commonly result in lower diastereocontrol in glycoside synthesis.

0 S o + S o S o
s _ —S—‘ Hal
HalMX, -MHal X S+ MX, ~MHal
-

® ®

S = solvent

HOR

a-Anomer
Scheme §

Recently, in situ generation of onium-type intermediates from pentenyl glycosides was suggested by
Fraser-Reid and coworkers*® for glycoside synthesis. Thus far the a,B-selectivities in this process have
mainly been found to be low.

(iii) The temperature

Due to the low thermal stability of many glycosyl halides reaction temperatures above room tempera-
ture are usually not applied. The general tendency to favor the stereoelectronically controlled Sn2-type
reaction is reason to use reaction temperatures as low as possible. However, solubility and reactivity are
commonly the decisive factors for reaction temperature selection.

(iv) The acceptor

The acceptor reactivity exhibits big differences, which are due to steric, stereoelectronic (e.g. anomeric
configuration) and inductive (e.g. electronic character of protective groups effects), with the steric effect
usually predominating. When all groups are equatorial (for instance gluco-type in 'Cs-conformation) the
following reactivity order is observed: 6-OH > 3-OH > 2-OH > 4-OH.? Axial hydroxy groups are usually
less reactive than equatorial hydroxy groups (3-OH versus 4-OH in galactopyranose). These observations
were successfully applied in regioselective saccharide syntheses with partially O-protected glycosyl ac-
ceptors (see Section 1.2.3.2.5).

1.2.3.2.5 Examples

Prominent oligosaccharide structures found in glycoconjugates include blood group antigenic determi-
nants, the carbohydrate—peptide connections of O- and N-glycoproteins, the carbohydrate—ceramide con-
nections of glucosphingolipids, fundamental structures of O- and N-glycoproteins and of
glycosphingolipids, and oligosaccharide units of lipopolysaccharides;!~7 these have attracted the interest
of synthetic chemists. The versatility of the Koenigs-Knorr method has been demonstrated in this area in
the last 20 years.’

The ease of a-manno-type connection starting from 2-0-acetyl-a-mannopyranosyl bromides (10) and
(11) is exhibited in the synthesis of fragments (14) of the N-glycosidically linked carbohydrate portion
(13) in glycoproteins (Scheme 6).4! However, other important aspects of efficient oligosaccharide syn-
theses are also exhibited in this example: these are partial O-protection for starting material synthesis
with the help of regioselective stannylation and subsequent benzylation, regioselective mannosylation
and block synthesis for the attachment of the lactosaminyl residue. The required lactosaminyl donor (12)
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is obtained from lactal via azidonitration by the cerium ammonium nitrate route introduced by Lemieux

and coworkers.42
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The a-Rhamnopyranosyl connection often met in repeating units of lipopolysaccharides is obtained by
analogous procedures,>#3

B-Glucopyranosyl and B-p-galactopyranosyl connection (B-gluco-type) can be readily attained if the
reactivity of 2-O-acyl-protected donors is sufficient for the acceptor reactivity. Scheme 74 demonstrates
this difference clearly. The galactosyl donor (16) reacts with the acceptor (15) cleanly to give the B-di-
saccharide (18). However, under the same conditions compound (17) with R = acetyl gives practically no
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product, and compound (17) with R = benzyl is still much less reactive than compound (15), although the
corresponding B-disaccharide (19) is obtained in good yield after longer reaction time.
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Scheme 7

Neighboring group participation for 3-glucosamine and [3-galactosamine connection is best achieved
with the 2-deoxy-2-phthalimido group. Because of the excellent leaving group properties of the gener-
ated oxazolinium intermediate, high yields and high B-selectivities are usually observed (Scheme 6).4!
The required removal of the phthalimido group (with hydrazine) for the subsequent N-acetylation (to
provide the acetamino compounds found in natural products) has already inspired work using the 2-acet-
amino group as a neighboring group in B-selective glycoside syntheses. However, due to the presence of
an NH group, stable oxazolines are obtained from the corresponding glycosyl halides. Under strong
acidic catalysis (attack of the acid at the oxazoline nitrogen) these intermediates exert glycosyl donor
properties with reactive acceptors possessing the required acid stability.’

The investigation of 2-azido-2-deoxy sugars in glycoside synthesis has demonstrated that this group is
largely a nonparticipating group. It was therefore mainly applied to corresponding a-gluco-type syn-
theses.’

The frequent occurrence of the a-p-galactopyranosyl, 2-acetamino-2-deoxy-a-D-galactopyranosyl, a-
L-fucopyranosyl and a-D-glycopyranosyl connections in glycosides and saccharides has intensified the
search for appropriate variations of the Koenigs—Knorr method. Obviously, nonparticipating groups (e.g.
2-0O-benzyl, 2-azido-2-deoxy, etc.) and B-glycosyl halides were best applied to promote an Sn2-type re-
action. The viability of this approach is demonstrated in Scheme 8,* where, with the help of electron-
withdrawing O-protection in the donor (20) and the acceptor (21), the cellobiose derivative (22) is
obtained. The decreased reactivity had to be overcome by the use of strong silver catalysts.
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(20) R =Bn, CCl;CO 21) (22)
Scheme 8

All this points to finding a means for the generation of the less stable B-glycosyl halides. This problem
was solved by Lemieux and coworkers*® with the help of the ‘in situ anomerization®’ of a-halogenoses
with halide ions. Thus the B-halogenoses which are obtained are higher in ground state energy and more
reactive towards glycosyl acceptors than a-halogenoses, preferentially affording, via an Sn2-type re-
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action, the a-glycosides. This is qualitatively demonstrated in Scheme 9. For the transition state geome-
tries, half-chair-like geometries are suggested. Lemieux and coworkers*’ applied tetraalkylammonium
halides for catalysis of this reaction, which turned out to be efficient only for reactive glycosyl donors.
Later it was found by Paulsen and coworkers™® that other soluble catalysts (Hg(CN), HgBr2, AgClOs4,
AgOTY) are more efficient, providing a-glycosides using less reactive glycosyl donors under mild condi-
tions. For instance, the important A, B and H blood group antigenic determinants were obtained with the
help of this method (Scheme 10).4950 The synthesis of the H and B (type 2) determinants is exhibited
starting from the lactosamine acceptor (23), which is first connected with the fucosyl donor (24), provid-
ing trisaccharide (25), and then with the galactosyl donor (26) to yield the tetrasaccharide (27). Sub-
sequent deprotection of saccharides (25) and (27) provided the desired blood group determinants. In this
a-glycosylation procedure, intermediates with the counterions of the catalysts or complexes with the
complete catalyst are presumably generated® which correspond to B-halogenoses in their reaction beha-
vior. This relates this process to the influence of participating solvents, which exert a similar effect. This
could be successfully demonstrated in a-p-glucopyranuronic acid synthesis (Scheme 11).>! Acetonitrile
proved to be particularly suitable; with the glycosyl donor (28) excellent yields of a-glycosides (29)
were obtained with various acceptors. Nitrilium—nitrile association, as shown in structures (30), presum-
ably hinders attack by the acceptor at the nitrilium carbon.

H-TS (B)

H-TS (o)

OR

OR
H-TS = half-chair transition state

Scheme 9 /n situ anomerization procedure

B-Manno-type connection became important because this glycoside bond was found in the branching
position of N-glycoproteins. Previous investigations with a-mannosyl bromide and reactive acceptors in
the presence of insoluble silver oxide®? inspired Paulsen and coworkers®? to develop an insoluble hete-
rogeneous silver silicate catalyst system, which proved to be very successful in 3-mannopyranoside for-
mation. Later silver zeolite was introduced by Garegg and coworkers’ for the same purpose. A key
synthesis was the B-mannopyranosyl connection to the 4-O of N-acetylglycosamine found in N-glyco-
proteins. An example of these investigations is exhibited in Scheme 12.55 The mannosyl donor (31), with
a nonparticipating 2-O protective group, reacts in good B-selectivity with the 1,6-anhydro-2-azidoglu-
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cose acceptor (32), which is more reactive than a corresponding !C4-conformer, to give the desired disac-
charide (33). Subsequent a-selective dimannosylation with (34), which has a participating group in the
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2-0O-position, provides the branched tetrasaccharide (35) in high yield. Further processing furnishes the
unprotected tetrasaccharide (36).
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B-Rhamnopyranoside structures, found in repeating units of the lipopolysaccharides of bacteria, have
been also obtained with the help of these procedures.

123.2.6 Summary

In conclusion, the results with the Koenigs—Knorr method can be summarized as follows.

Firstly, the reactivity of the glycosyl donor can be varied over wide ranges by the choice of the ha-
logen, the protecting group pattern, the catalyst, the solvent and the temperature. In this way the glycosyl
donor reactivity can be adjusted to the glycosyl acceptor reactivity (which can also be varied).

Secondly, diastereoselectivity in the glycoside formation is attained by: (i) participation of neighboring
groups for B-glycosides of glucose, glucosamine, galactose and galactosamine and for a-glycosides of
mannose, fucose and rhamnose; (ii) in situ anomerization of the a-glycosyl halide to the more reactive 8-
glycosyl halide, which reacts preferentially to give the more stable a-glycosides of glucose, gluco-
samine, galactose and galactosamine (i.e. exploitation of the thermodynamic anomeric effect); and (iii)
heterogeneous catalysis, which gives good results in the difficult formation of the B-mannose and f3-
rhamnose linkage.

The application of these observations has also led to many excellent results in N-glycoside synthesis.
(The discussion of the special aspects of N- and C-glycoside synthesis is beyond the scope of this chap-
ter.) However, severe, partly inherent disadvantages of the Koenigs—Knorr method could not be over-
come. These include the low thermal stability and the sensitivity to hydrolysis of many glycosy! halides,
and the use of at least equimolar amounts of heavy metal salts as ‘catalysts’, which are partly toxic or
even explosive, to mention only a few aspects. This had led to an increased search for improved methods
applicable also to large scale preparations.
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1.23.3 Fluoride as Leaving Group

For the generation of glycosyl donor properties, other anomeric oxygen exchange reactions have been
investigated. Closely related to the Koenigs—Knorr method, where bromide and chloride are the leaving
groups, fluorine has been introduced as a leaving group by Micheel and coworkers (Scheme 1) and has
recently been investigated for glycoside synthesis.!*>%12 The higher thermal stability and the higher sta-
bility towards many reagents is due to the higher strength of the carbon—fluorine bond as compared to the
other carbon—halogen bonds. This enabled even base-catalyzed modifications of unprotected hydroxy
groups in the presence of an anomeric fluorine atom.,5? For instance, successful O-benzylation of O-un-
protected a-D-glucopyranosyl fluoride was recently described, exhibiting possible advantages in terms of
the strategy of glycoconjugate synthesis.5” However, the higher strength of the carbon—fluorine bond
may concomitantly lower the glycosyl donor properties of glycosyl fluorides. Therefore, specifically flu-
orophilic promoters were searched for. The SnCl2/AgClO4 system was introduced by Mukaiyama and
coworkers®8 and applied by several groups® to glycoside syntheses, resulting in good yields and reason-
able a-selectivity with nonparticipating 2-O-protective groups. In addition, several methods for the syn-
thesis of glycosyl fluorides were recently reported.9:60

Because of the complexity of the SnCl2/AgClO4 catalyst system several other fluorophilic Lewis acids
were investigated as catalysts in this reaction, for instance SiFs5!' SnFs5 TiFs,5? BF3OE® and
TMSOT(.5! Thus with relatively reactive acceptors good glycoside yields were usually obtained; how-
ever, good diastereoselectivitiecs were generally only observed for reactions with 2-O-participating
groups. In cases with nonparticipating groups, the a: ratio of the products depends on the solvent used
rather than on the stereochemistry of the glycosyl fluoride, disproving a direct SN2 reaction course as ex-
pected due to the special character of the carbon—fluorine bond. Even a retentive glycoside formation
mechanism has been discussed for the TiF4 catalyst.62:64

Relatively few applications of glycosyl fluorides in complex oligosaccharide syntheses have been re-
ported thus far.55 Therefore a general statement of the importance of glycosyl fluorides as glycosyl do-
nors is not possible. Up to now the value of glycosyl fluorides seems to be limited. Glycosyl fluorides
have also proved useful in the synthesis of C-glycosides.53266

1.2.3.4 Sulfur as Leaving Group

Recently thioglycosides, where the anomeric oxygen is replaced by an alkyl- or aryl-thio group, have
attracted considerable attention as glycosyl donors (Scheme 1).57 As with the glycosyl fluorides, thiogly-
cosides offer efficient temporary protection of the anomeric center, and, in addition, several sulfur-spe-
cific activation reactions for generating glycosyl donor properties exist. Particularly obvious is the
selective activation of thioglycosides by thiophilic metal salts. These include mercury(II) salts (HgSO4,8
HgCl,,% PhHgOTY,”® Hg(OBz);,”! Hg(NO3)2?), copper(ll) triflate” and lead(II) perchlorate.’*”> How-
ever, besides the disadvantageous use of heavy metal salts, the activation itself was too weak to be of
general applicability to glycoconjugate synthesis. The problem was partly circumvented by using hetero-
cyclic thioglycosides.”’¢ For instance, Mukaiyama and coworkers’> used benzothiazolyl thioglucoside
(37; Scheme 13) in the presence of Cu(OTY), as catalyst. Hanessian and coworkers’? studied the reaction
of the O-unprotected glucosyl thio heterocycles (38) and (39) with reactive glycosyl acceptors, em-
ploying Hg(NO3); as the catalyst and acetonitrile as the solvent. They obtained O-glycosides and the di-
saccharide Glc(1 — 6)Gal in good yields, but with only modest a/B selectivities. Comparative studies on
the effect of proton activation with phenyl thioglucoside (38; X = Y = CH) and pyridyl thioglucoside
(38; X =N, Y = CH), demonstrated the dramatic effect of the heteroatom (termed ‘remote activation’) as
a basic anchor for the proton, resulting in a better leaving group due to the electron-withdrawing charac-
ter. Not surprisingly, this kind of approach to glycoside synthesis has been successfully applied to the
more reactive 2-deoxyglycosyl donors (see Section 1.2.7), for instance in the synthesis of erythro-
mycin,’* avermectin’® and digitoxin.®®
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Besides metal salts (and protons), bromonium and chloronium ions are also highly thiophilic. Recent
work has demonstrated that, in a two-step process, thioglycosides can first be transformed with bromine
and chlorine into the corresponding glycosyl halides (providing the thermodynamically more stable a-
halides), thus subsequently enabling the application of the Koenigs—Knorr method.S””7 If the counterion
of the halonium is a poor nucleophile (for instance in N-bromosuccinimide), then direct reaction with al-
cohols as competing O-nucleophiles should be preferred. This has been confirmed’ and, starting from
phenyl thioglycosides, a wide scope for this reaction observed;’® however, low a,B-selectivities were fre-
quently obtained.

Sulfonium, ammonium and phosphonium groups are suitable as leaving groups for nucleophilic dis-
placement reactions at the anomeric center. Schuerch and coworkers’® have studied these groups and
found the following order of reactivity: sulfonium > ammonium > phosphonium compounds, putting the
interest mainly on thioglycosides. Thus Lonn reported good glycosidation results for sulfonium leaving
groups obtained from alkylthioglycosides and methyl triflate.”30 One example is exhibited in Scheme
14.7 Starting from thioglycoside (40) and the mannose acceptor (41), owing to phthalimido group con-
trol the B-connected tetrasaccharide (42) was obtained in good yield. The corresponding unprotected
compound (44) has been found as a constituent of glycoproteins in the urine of patients suffering from
fucosidosis.?0 1,2-Elimination in this glycosidation procedure, previously reported by Kronzer and
Schuerch,’® was also observed as a competing reaction leading to the glycal derivative (43). The low
a/B-selectivity observed for nonparticipating 2-O-protective groups, the health hazard of methy! triflate
and the formation of methylation products in other side reactions are additional disadvantages of this
methodology.”® However, dimethyl(methylthio)sulfonium triflate (DMTST), recently introduced by
Fiigedi and Garegg,®! is highly thiophilic and gives rise to faster glycosylations than does methy] triflate.
Glycosyl donors with neighboring group partication during reaction generate 1,2-frans-linked glycosides
(a-manno-type, B-gluco-type) in excellent yields and virtually complete stereospecificity. However, with
nonparticipating groups the a/B-selectivity is usually low.” Recent application for generating the a-
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gluco-type linkage found in O-glycoproteins of the mucin-type core structures (50 and 51; Scheme 15)
met with limited success.’? The donor properties of compounds (45) and (47) towards serine derivative
(46) were low with methyl triflate but excellent with DMTST, giving the saccharides (48) and (49).

Good a-selectivity was only obtained for (45).
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Due to the interest in thioglycosides, the methods of their synthesis from glycosyl halides with thio-

lates or by S-alkylation of 1-thioaldoses®? have been complemented by new methods,”6:84
Glycosy! disulfides, sulfonic acids and sulfones have not exhibited interesting glycosyl donor proper-

ties.85

1.2.3.5 Anhydro Sugars as Glycosyl Donors
1,2-Anhydro sugars promise good glycosyl donor properties due to the ring strain in the alkoxy epox-
ide moiety. Brigl’s anhydride was thus used for the synthesis of disaccharides, iridoid glycosides?” and
aryl glycosides;® however, only modest results were obtained. Obviously, as stated earlier,' the possi-
bilities of this reaction are not exhausted. Therefore renewed interest in this reaction seems promising.®
Other 1,x-anhydro sugars (x > 2), possessing lower ring strain, exhibit lower reactivity.'
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124 THE TRICHLOROACETIMIDATE METHOD AND OTHER ANOMERIC OXYGEN
ACTIVATION METHODS FOR GLYCOSIDE SYNTHESIS

1.2.4.1 Introduction and Earlier Examples of Oxygen Activation

The requirements for glycoside synthesis introduced in Section 1.2.3.1 are obviously not met by any of
the methods described. However, it seems that the general strategy for glycoside synthesis is reasonable,
namely: (i) that the first step should involve a sterically uniform activation of the anomeric center with
formation of a stable glycosyl donor having either an a- or B-structure; and (ii) that the second step
should involve a catalyzed, sterically uniform, irreversible glycosyl transfer to the acceptor, proceeding
with either retention or inversion at the anomeric center in high chemical yield and without affecting
other bonds.

Apart from the direct acid activation (Scheme 1, path a) or acid-supported anomeric oxygen exchange
for a leaving group (Scheme 1, path b), base-catalyzed transformation of the anomeric oxygen into a
good leaving group (Scheme 1, path c) should be possible. Therefore, it is not surprising that 1-O-tol-
uenesulfonylation has been known for a long time.?® However, these compounds were prepared by re-
action of the corresponding a-glycosyl halides with silver toluenesulfonate, providing predominantly
a-toluenesulfonates; their use in glycoside synthesis could not gain any general importance even though
several variations were investigated; for instance, introduction of electron-withdrawing O-protection to
increase the SN2 character of glycoside synthesis' or the use of a better leaving group.! The amounts of
reagent and the difficult stereocontrol of both intermediate and product prevented a broader application
of glycosyl sulfonates. Apparently the route via glycosyl halides and their activation with silver triflate®!
(see Section 1.2.3.2), demonstrating the close relation of these methods, is considerably more efficient.

Glycosyl transfer in nature takes place via glycosyl pyrophosphate or phosphate derivatives of nucleo-
sides.% Surprisingly, only a few nonenzymic investigations with glycosyl phosphates have appeared.??
The imitation of specific enzymatic processes in the laboratory requires an arsenal of enzymes which is
not as yet available. However, interesting investigations with glycosyl transferases and also with glyco-
syl hydrolases have been reported.?

Studies on 1-O-activation with the Mitsunobu reagent have not attained general importance.!

Activation of the anomeric oxygen by 1-O-acylation results in relatively low glycosyl donor proper-
ties. Therefore, either high temperatures in glycoside synthesis (carbonate activation®) or strong acidic
catalysts are required. The acid lability of the sugar can be lowered by O- and N-acetylation, O-benzoyl-
ation and N-phthalimidoylation respectively, providing neighboring group active protective groups. This
approach ultimately leads to the conditions of the Fischer—Helferich method (Scheme 1), which does not
require a 1-O-activated intermediate but builds up the glycosyl donor potential solely by the action of
strong acids. Thus the conversion of 1-O-acylated sugars into simple O-glycosides was successfully per-
formed with the help of Lewis acids, for instance ZnCla, SnCls, FeCls, BF3-OEt; and PhaCClOa4.! In re-
cent years the use of trimethylsilyl triflate as catalyst has afforded good results for O-5% and
N-glycoside®” synthesis. The simplicity of the procedure offers valuable additions to glycoside and sac-
charide synthesis.

1-0-Silylation, for instance, providing 1-O-trimethylsilyl glycosides from 1-O-unprotected sugars in
an anomerically pure form, has been shown by Tietze and coworkers to be useful in phenyl glycoside
and 1,1’-diacetal (see Section 1.2.5) synthesis with O-silylated acceptors® and trimethylsilyl triflate as
catalyst. The diastereoselectivity was dependent on O-protection.

The synthesis of orthoesters from 2-O-acylglycosyl halides and their mercury salt catalyzed rearrange-
ment to glycosides and saccharides have been known for a long time.5® The alkylating character, known
for orthoesters especially under acidic conditions, generates the glycosyl donor properties. Thus, carbox-
ylic acids furnish 1-O-acyl compounds.” The development of the orthoester method by Kochetkov and
coworkers!? has exhibited one major disadvantage, the formation of 2-O-unsubstituted sugars by a com-
peting acid attack at the 2-O-atom. This side reaction could be overcome by formation of the acyloxo-
nium intermediate and trapping it with cyanide or with an alkylthio group. Then O-trityl sugars as
acceptors and trityl perchlorate or trityl tetrafluoroborate as coactivator result in good yields of 1,2-rrans-
linked disaccharides of glucose, galactose, mannose and rhamnose. !
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1.24.2 The Trichloroacetimidate Method: ! Derivation of New Principles for Glycoside
Synthesis; Trichloroacetimidate Formation

The anomeric oxygen activations described above could not fulfill the requirements put forward.
Either they failed to provide both activated intermediates or both anomeric glycosides were not obtained.
Obviously, for a stereocontrolled activation of the anomeric oxygen, the anomerisation of the 1-OH, or
the 1-O-, group in the presence of base has to be taken into account (Scheme 16). Thus, in a reversible
activation process and with the help of kinetic and thermodynamic reaction control both activated anom-
ers should eventually be obtainable.
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These considerations suggested that pyranoses and furanoses should undergo base-catalyzed addition
directly and in a stereocontrolled manner to suitable triple bond systems A=B (or compounds contain-
ing cumulative double bond systems A==B==C, Scheme 1, path c). Only instability of aldehydic inter-
mediates in basic media and insufficient or undifferentiated reactivities of the a- and B-alkoxides seemed
to lower the expectations for a stereocontrolled anomeric O-activation.

The formation of stable O-activated intermediates can be promoted by independent catalysis of the ac-
tivation and glycosylation steps. Thus, after basic activation and trapping of the O-activated intermedi-
ates (first step), mild acid treatment, leading to irreversible acetal formation (second step), remains as the
simplest form of catalysis for the glycosylation. The stable intermediates thus obtained in the first step
should, by appropriate choice of the centers A and B (or A, B and C), have good glycosyl donor proper-
ties in the presence of acid. The water liberated in the glycoside formation is transferred, in two separate
steps, to the activating agent A==B (or A==B=C), thus providing the driving force for the reaction. This
concept should fulfill the requirements given above for a good glycoside or saccharide synthesis, as dem-
onstrated by the trichloroacetimidate method.

Electron deficient nitriles such as trichloroacetonitrile (A=B; A =N, B = CCl;) are known to undergo
direct and reversible base-catalyzed addition of alcohols to give O-alkyl trichloroacetimidates.! This imi-
date synthesis has the advantage that the free imidates can be isolated as stable adducts, which are less
sensitive to hydrolysis than their salts.

A detailed study of trichloroacetonitrile addition to 2,3,4,6-tetra-O-benzyl-p-glucose showed!10! that
from the 1-oxide the B-trichloroacetimidate is formed preferentially or even exclusively in a very rapid
and reversible addition reaction (Scheme 16). However, this product anomerizes in a slow, base-cata-
lyzed reaction (via retroreaction, 1-oxide anomerization and renewed addition) practically completely to
the a-trichloroacetimidate, with the electron-withdrawing 1-substituent in an axial position as favored by
the thermodynamically efficient anomeric effect.!01:192 Thus with different bases, for instance K2CO3 and
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NaH, both anomers can be isolated in pure form and high yield via kinetic and thermodynamic reaction
control. Both anomers are thermally stable and can be stored easily.

The higher nucleophilicity of the B-oxide can be attributed to a steric effect in combination with a
kinetically effective stereoelectronic effect, resulting from repulsions of lone electron pairs or from di-
pole effects (Scheme 17).101.102 This effect should be more pronounced in 3-pyranosyl oxides than in B-
pyranosides due to differences in oxygen lone pair orbitals. In addition, this kinetic anomeric effect
should be particularly efficient in the B-mannopyranosyl oxide where the thermodynamic anomeric ef-
fect, favoring the a-anomer, is also stronger. This is confirmed in anomeric O-alkylation (see Section
1.2.5).

(a) Dipole—dipole interaction

o 0/
éVVP
o-|

(b) Lone-pair—orbital interaction

Q 0

0O O O
(o)
@
Scheme 17 Enhanced nucleophilicity of B-oxides (kinetic anomeric effect)

The stereoselective anomeric O-activation of carbohydrates and their derivatives through the forma-
tion of O-glycosyl trichloroacetimidates is applicable to all important O-protected hexopyranoses (Glc,
Gal, Man, Fuc, Rha, GlcN, GalN), hexofuranoses, pentopyranoses and pentofuranoses, as well as to glu-
curonic acid, galacturonic acid and muramic acid, commonly providing stable compounds in a stereocon-
trolled manner. Thus the requirement for the first step, generation of an appropriate glycosyl donor, is
fulfilled.

1.2.4.3 The Trichloroacetimidate Method: Application to Glycoside and Saccharide Synthesis

Ultimately, the significance of the O-glycosyl trichloroacetimidates is derived solely from their glyco-
sylation potential under acidic catalysis. This potential has indeed been confirmed in various labora-
tories,!-10-12,82,103-110

The direct glycosylation of Brgnsted acids is a particularly advantageous property of these new glyco-
syl donors.! Carboxylic acids usually react with inversion of configuration at the anomeric center to give
0-acyl compounds without addition of any catalyst. The uncatalyzed glycosyl transfer from O-glycosyl
trichloroacetimidates to phosphoric acid mono- and di-esters opens a simple route to glycosyl phosphates
and glycophospholipids,!!! which are of interest as intermediates in biological glycosyl transfer and as
constituents of cell membranes. Thus, from trichloroacetimidate (53; Scheme 18) the glycosyl phosphate
(54) was obtained!!2 and transformed via (56) into (55), which is an important intermediate in plant sul-
folipid formation.!!? The anomeric configuration of the phosphate products obtained is determined by
the acidity of the phosphoric acids applied; weak acids provide the inversion products, stronger acids
lead directly to the thermodynamically more stable anomer. Phosphonates and phosphinates can be ob-
tained similarly.'14

Alcohol components for reaction as glycosyl acceptors generally require the presence of an acidic
catalyst.! Boron trifluoride etherate at —40 °C to room temperature in dichloromethane or dichlorometh-
ane/hexane as solvents has proved to be very suitable with regard to yield and diastereoselectivity. This
is exemplified by many successful applications of this method, until now mainly to hexopyranoside syn-
thesis.!? With neighboring group participation of 2-O- or 2-N-protective groups the 1,2-trans-products
were obtained; with the nonparticipating 2-O-benzyl protective group or with the 2-azido-2-deoxy group
inversion of configuration at the anomeric center was found to be preferred. For 1,2-cis-products (o-
hexopyranosides of Glc, Gal, GIcN, GalN, Man, Rha, Fuc) good results were obtained via inversion of
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configuration at the anomeric center or performing the reaction with diethyl ether as the solvent and tri-
methylsilyl triflate as the catalyst,!!5

Because of the great importance of glycoconjugates as cell wall constituents of bacteria and as cell
membrane constituents of all vertebrates (essentially glycosphingolipids and glycoproteins), a few appli-
cations to their syntheses will be discussed.

Amongst cell wall constituents of bacteria the cell wall peptidoglycan (called murein) has become in-
creasingly important.!!6 This peptidoglycan chain has a (1 — 4)-linked glycan chain consisting of alter-
nating N-acetylglucosamine and N-acylmuramic acid units (Scheme 19), which are cross-linked by a
peptide chain (e.g. by L-Ala-p-iso-Glu-meso-DAP-b-Ala and Gly). The resulting peptidoglycan network
and fragments of it exhibit pronounced immunostimulatory and antitumor properties. Therefore, the

OR! OR
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Ny e N
OY NH 3

COZMC
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37 (58)
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Bn  Bn SiMe,Bu'  Me;SiOTf  39(57)  23(33)
Bn Bn Bz Me,SiOTf 8 16
Bn  Bn Bn BFyOEy, 76 -
Bn  Allyl Bn BF;+OFEt, 86 -

i, TBAF, Ac,0, THF, ii, NiCl,, B(OH),, NaBH,, Ac,0; iii, NaOMe, MeOH then Pd/C, MeOH, dioxane

Scheme 19
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synthesis of partial structures is of interest. For the synthesis of the GlcNAc B(1 — 4) MurNAc disac-
charide (Scheme 19),!17 based on the trichloroacetimidate method, the donor (57) and the acceptor (58)
were treated with an acidic catalyst. However, as indicated in the table in Scheme 19, the result was very
much dependent on the 6-O-protection of the acceptor (§8). Bulky groups, e.g. f-butyldimethylsilyl
(TBDMS), or electron-withdrawing groups, e.g. benzoy!l (Bz), did not improve the known low reactivity
of the 4-OH group in glucosamine and derivatives. However, when a benzyl (Bn) group was introduced
for 6-O-protection, the trichloroacetimidate method afforded in excellent yields and complete B-selectiv-
ity the desired disaccharides (59). Application of standard deprotection procedures resulted in the
GlcNAc B(1 = 4) MurNAc disaccharide (60), which had already been synthesized via the Koenigs—
Knorr procedure.!18

The glycosphingolipids, being membrane constituents, possess a lipophilic ceramide (V-acylated
sphingosine) moiety, which is part of the outer plasma membrane bilayer. The hydrophilic oligosac-
charide moiety is therefore located on the outer membrane surface (see Section 1.2.1). After several in-
vestigations it became obvious that the best method for the glycosylation of these compounds proved to
be the trichloroacetimidate method, which afforded better yields in glycosphingolipid syntheses than
syntheses applying the Koenigs—Knorr method and variations of it.!!? This ceramide glycosylation pro-
cedure (Scheme 20) was recently also successfully applied by Ogawa and coworkers, for instance, to the
synthesis of the Gm3 ganglioside and other tumor-associated antigens.!%8 However, the yields are still not
satisfactory, even though an improvement could be obtained by a sugar 2-O-pivaloyl group.!?’ There-
fore, based on a new sphingosine synthesis,!?! a versatile azidosphingosine glycosylation method was in-
troduced by us122 which was high yielding even in a recently performed lactoneotetraosyl ceramide

Ceramide Nj Azidosphingosine
glycosylation HO : S glycosylation
procedure 12 procedure
azide reduction OH
then fatty acid attachment 3-O-protection

(0]
/U\/\@/ N;
HN 12 HO_ A A
HO\/Y\/(«)\ \/Y\/(«)lz\
2 OBz
OH
. glycosylation
3-O-protection (high yielding)
0 OAc
J\/\(/)/ Ns
(o] H
HY 12 AcO 0 x
: AcO 12
HO AN OA
12 ¢ OBz
OBz
glycosylation azide reduction then
(low yielding) fatty acid attachment
(@)
OR J\/\(,)/
HN 12
RO O o
RO ~ 12
OR OR

deprotection: R = Ac, R'=Bz R=R'=H

Scheme 20 Glycosphingolipid synthesis



54 Displacement by Substitution Processes

synthesis.!?® This is also exhibited in the synthesis of cerebrosides (64) and (65) from Tetragonia tetra-
gonoides possessing antiulcerogenic activity (Scheme 21).124 The glucosylation with the O-acetylated
trichloroacetimidate (61) to yield the intermediates (62) and (63) was B-specific.

1.2.44 The Trichloroacetimidate Method: Conclusions

The requirements for new glycosylation methods, outlined at the beginning, are practically completely
fulfilled by the trichloroacetimidate method. This is indicated by the many examples and can be sum-
marized as follows.

Features of the activation of the anomeric center are: (i) convenient base-catalyzed trichloroacetimid-
ate formation; (ii) controlled access to a- or B-compounds by choice of the base; and (iii) thermal sta-
bility of a- and B-trichloroacetimidates up to room temperature (if required, silica gel chromatography
can be performed).

Features of the glycosyl transfer are: (i) catalysis by acids (mainly Lewis acids) under very mild condi-
tions; (ii) irreversible reaction; (iii) that other glycosidic bonds are not affected; (iv) usually high chemi-
cal yield (reactivity corresponds to the halogenose/silver triflate system); and (v) that stereocontrol of
glycoside bond formation is mainly good to excellent: (a) participating protective groups give 1,2-trans-
glycopyranosides, yielding 8-glycosides of Glc, GlcN, Gal, GalN, Mur, Xyl, 2-deoxy-Glc and a-glyco-
sides of Man, Rha; and (b) with nonparticipating protective groups, BF3-OEt; as catalyst favors inversion
of anomer configuration, yielding B-glycosides of Glc, GlcN, Gal, GalN, Xyl, Mur and GlcA, while
TMSOTF as catalyst favors the thermodynamically more stable anomer, yielding a-glycosides of Glc,
GIcN, Gal, GalN, Man, Fuc and Mur.

Besides the oxygen nucleophiles discussed here, nitrogen,!? carbon,!26 halogen,!? sulfur!?’ and phos-
phorus nucleophiles!?® have also been used successfully as glycosyl acceptors for this reaction, illustrat-
ing in terms of stability, reactivity and general applicability the outstanding glycosyl donor properties of
O-glycosyl trichloroacetimidates, which resemble in various aspects the natural nucleoside diphosphate
sugar derivatives. Thus, the base-catalyzed O-glycosyl trichloroacetimidate formation has become a very
competitive alternative to glycosyl halide and glycosy! sulfide formation.

1.2.4.5 Related Methods

The B-glycosyl imidates prepared by Sinay and coworkers!?® from a-glycosyl halides and N-sub-
stituted amides (particularly N-methylacetamide) using 3 equiv. of silver oxide have proven to be rela-
tively unreactive in acid-catalyzed glycosidations.’ The reactions proceed with inversion of configuration
to form a-glycosidic linkages.!?® Neighboring group active protecting groups such as 2-O-acetyl lead to
orthoester formation and not directly to the glycoside or saccharide.!3? The laborious synthesis of these
imidates and their comparatively low reactivity have led to only a few special applications.!*

Reactions with the Vilsmeier-Haack reagent,! with 2-fluoro-1-methylpyridinium tosylate!3! and with
2-chloro-3,5-dinitropyridine!3! for anomeric O-activation were investigated. The last reagent provided a
glycosyl transfer method which is most closely related to the trichloroacetimidate method. However,
routes for the specific preparation of the corresponding intermediates with the -configuration have not
been developed, and hydroxy groups that are difficult to glycosidate have not been studied to date. The
isourea group, generated by carbodiimide reactions,!32 requires drastic conditions for reactions with gly-
cosyl acceptors, limiting their usefulness.

1.2.5 THE ANOMERIC 0-ALKYLATION METHOD!?

The direct anomeric O-alkylation of furanoses and pyranoses with simple alkylating agents, for in-
stance excess methyl iodide and dimethyl sulfate, has long been known.! Depending on the reaction con-
ditions, either a- or B-glycosides are formed. A case of trehalose formation can be interpreted similarly.!
Surprisingly, no studies to use this simple method in more complex glycoside and saccharide syntheses
have been reported previously. At first direct anomeric O-alkylation (Scheme 1, path d) seemed very un-
likely to fulfill all the requirements for a glycoside and saccharide synthesis. When all the remaining hy-
droxy groups are blocked by protecting groups, the ring—chain tautomerism between the two anomeric
forms and the open-chain form (Scheme 17) already give three possible sites for attack of the alkylating
agent. Thus the yield, the regioselectivity and the stereoselectivity of the direct anomeric O-alkylation
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are governed by at least the following factors: (i) the stability of the deprotonated species; (ii) the ring—
chain tautomeric equilibrium and its dynamics; and (iii) the relative reactivities of the three O-deproto-
nated species. Due to the irreversibility of the O-alkylation reaction, a kinetically regio- and
stereo-controlled reaction course is required for selective product formation.

The first experiments with iodides revealed that better alkylating agents are required. Excellent re-
activity was found for triflates providing, for instance with 2,3-O-isopropylidene-p-ribose and deriva-
tives, depending on the reaction conditions, very high yields of a- and B-disaccharides respectively.1>3

Even partial O-protection was compatible with this reaction. The stereocontrol was effected by intra-
molecular metal—-ion complexation. This could be substantiated by investigations on p-mannofuranose
(66; Scheme 22).!34 Structure -(66) shows that the B-oxide has practically ideal crown ether geometry,
which probably stabilizes the B-configuration in less solvating media but decreases the reactivity.!3
Good B-selectivity with especially reactive electrophiles is thus to be expected under kinetic control. Ac-
cordingly, with the triflates (67) the B-D-mannofuranosides B-(68) were obtained almost exclusively.
Furthermore, the expected influence of the reactivity of the electrophile on the anomeric ratio could be
confirmed. If the intramolecular complexation is responsible for the high B-selectivity, more strongly
solvating conditions should promote the a-selectivity. This was confirmed by the addition of an equimo-
lar amount of crown ether. The alkylating agents then gave exclusively the corresponding a-p-mannofu-
ranosides o-(68). Added sodium iodide had a competitive effect. Thus, for the furanoses studied, the
stereocontrol results primarily from steric and chelate effects.

<0125

AU

(66)

Xm/ Ym B
<o oo A<

-(66) o\/""’
CE = dibenzo-18-crown-6 w
TfOR (67)
50-72% TfOR (67)
59-76%
><°% X <0 X
0400 0 0— 00 O OR
OR
-(68) p-(68)

0 TfO 0. OMe TfO 0. OMe
TfOR = t0>< , or
0 O7<O BnO  OBn

Scheme 22



Synthesis of Glycosides 57

2,3,4,6-Tetra-O-benzylglucose (Scheme 16) exists at room temperature in benzene or THF in an a:f8
anomeric ratio of =4:1.135.136 This ratio is presumably not much changed on 1-O-deprotonation. How-
ever, when the acylation of the 1-O-lithiated species with decanoyl chloride is studied as a function of
solvent and temperature, other relations are obtained (Figure 1).!35:138 Higher temperatures, especially in
benzene, favor the B-product. Essentially the same result is obtained with the sodium salt and methyl tri-
flate as alkylating agent.!3® The rate of o/B-anomerization and, due to the kinetic anomeric effect, the in-
creased nucleophilicity of the B-oxide are responsible for this result. The addition of crown ether had no
significant influence. Therefore, intramolecular complexation probably does not play a major role.!38

BnO BnO BnO
0. BuLi, Me(CH,)s COCI1 NaH, TfOMe O,
OBn 02 C(CH2 )8 Me @crceeiiiciiiiin i, OBn OH e Bn OMe
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Figure 1 Reaction of 2,3,4,6-tetra-O-benzyl- D-glucose in the presence of base
with n-decanoyl chloride!35 (:--+++++ ) and with methy] trifiate138 ( Yasa
function of temperature and solvent

Thus, for instance, 2,3,4,6-tetra-O-benzyl-p-glucose, 6-O-unprotected 2,3,4-tri-O-benzyl-p-glucose
and 2,3,4-tri-O-benzyl-D-galactose, 2,3,4,6-tetra-O-benzyl-D-mannose and 2,3,4-tri-O-benzyl-p-xylose
were selectively transformed into the corresponding B-p-pyranosides, providing the corresponding gly-
cosides and disaccharides in high yields. With bulky groups in the 6-O-position even a-selectivity could
be reached in some cases.-2133:134.137-139 Thyg, the direct anomeric O-alkylation of sugars by primary tri-
flates has become one of the most simple methods for stereocontrolled glycoside and saccharide syn-
thesis. 1,1°-Diacetal formation has also been suggested to follow this reaction course.! However, further
experiments are required to extend this method to high yield reactions with secondary triflates.!

The hydrophilic part of lipopolysaccharides consists of a complex oligosaccharide which is linked via
KDO (3-deoxy-p-manno-2-octulosonate; a(2 — 6")-connection) to a B(1 — 6)-linked glucosamine dis-
accharide.” The application of the Koenigs—Knorr method to generate this type of a-glycoside bond with
KDO-halogenoses as donors has mainly led to unsatisfactory results due to hydrogen halide elimination
and B-glycoside formation.!4? (Similar problems are encountered with neuraminic acid.) Better results
were recently reported for fluoride as the leaving group.14!

Base-catalyzed anomeric O-activation of KDO seemed to cause serious problems due to ring—chain
tautomerism and due to the presence of the additional carboxylate group. However, for the application of
the anomeric O-alkylation procedure solutions to these problems could be found.!#? The 4,5:7,8-di-O-cy-
clohexylidene derivative (69; Scheme 23) prefers the boat conformation providing, with the carboxamide
group and the oxygens of C-5 and C-8, a tetradentate chelate ligand for the complexation of metal ions
(Scheme 24). This complexation, generating dianionic species, offers high nucleophilic reactivity and
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a-diastereoselectivity, providing, with the 6-O-triflate of glucose (70) and glucosamine derivative (71),
the desired a(1 — 6)-connected disaccharides (72) and (73) in good yield; they were transformed into

compounds (74) and (75), respectively.
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iv, NaNO, , HOAc, Ac,0 then A; v, H,S, Py then Me(CH,);,COCI, vi, CF;CO,H then Ac,0, Py; vii, Pd/C, H,

Scheme 23

In conclusion, the direct anomeric O-alkylation is an especially simple procedure for glycoside and
saccharide synthesis, giving generally high yields and excellent diastereoselectivities, depending on in-
tramolecular complexation, rate of anomerization and varying nucleophilicities of the a- and $-anomeric
oxides. The limitation to primary alkylating agents will hopefully be overcome by different reaction con-

ditions.
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S = solvent

Scheme 24 S

1.2.6 SPECIAL METHODS

For acetal formation, besides the methods discussed thus far, further possibilities exist. For instance,
oxidation/reduction methods could be envisaged. Thus, as described,!43 the acceptor can be oxidized to
the acid. Anomeric O-acylation is a convenient process (see Section 1.2.4), requiring in the final step re-
duction of the acyloxy group to the alkoxy group, which could be performed in simple cases with borane.
Similarly the donor could be oxidized to the lactone stage (and derivatives) and then acceptor addition
and reduction would lead to the desired product. However, the efficiency of such methods has to be
evaluated on the basis of the existing methodology.

1.2.7 GLYCOSIDES AND SACCHARIDES OF 2-DEOXY SUGARS

With 2-deoxy sugars, which lack an electron-withdrawing 2-substituent and also lack neighboring
group participation, generally low stability of the glycosyl halides and low a/B-selectivity in glycoside
and saccharide synthesis has been encountered. With modifications these statements are also true for
KDO and neuraminic acid, which possess an electron-withdrawing caboxylate group at the anomeric po-
sition. (A detailed discussion of these two sugars met in glycoconjugates is beyond the scope of this
chapter; for anomeric O-alkylation of KDO see Section 1.2.5.) Therefore a temporarily anchimerically
assisting group was required in the 2-position, which is most readily introduced starting from glycals.
This is demonstrated in Scheme 25 for a p-glucal derivative. Y*X- addition can take place from the
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Scheme 25
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B-site (Y*) giving a,B-pD-manno (M) configuration or from the a-site (Y*) giving o,B-D-gluco (G) con-
figuration. Neighboring group participation of the 2-substituent, Y, favors a-glycoside formation from
the manno isomers and B-glycoside formation from the gluco isomers.

Several YX additions have been investigated. Reaction with iodine, silver salts and base in the
presence of the glycosyl acceptor gave mainly the a-isomer.!* The same result was obtained for N-bro-
mosuccinimide, ¥ N-iodosuccinimide (NIS)!¢ and phenylselenyl chloride!4’ in acetonitrile in the
presence of the glycosyl acceptor. From these methods the NIS method, introduced by Thiem and cowor-
kers,!46 has gained relatively wide use. Phenylsulfenate ester addition!*® gave varying manno:gluco addi-
tion ratios, resulting, after removal of the temporary phenylthio group, in a:B glycoside ratios from 1:1
to 1:4.

The recent addition of benzenesulfenyl chloride!#? to 3,4,6-tri-O-benzyl-p-glucal (76) resulted in prac-
tically complete gluco formation, providing easy access to the corresponding a-trichloroacetimidate (77;
Scheme 26),14% which turned out to be an exceptionally reactive glycosyl donor, even though the com-
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pound is relatively stable. With various glycosyl acceptors the desired 2-deoxy-B-p-giucopyranosides
(78-81) were obtained in high yields and with good f3-selectivities at temperatures as low as 95 °C. Pre-
vious methods for 2-deoxy-f-glucopyranoside synthesis required the independent generation of 2-
bromo-2-deoxy- or 2-deoxy-2-phenylthioglucopyranosyl halides.!50
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1.3.1 INTRODUCTION

This chapter covers only the reactions of nitrogen nucleophiles with substrates having appropriate
leaving groups and with epoxides and aziridines.! The reactions of electrophiles with the anion on the
carbon atom adjacent to the nitrogen atom, have recently attracted attention in connection with asymme-
tric synthesis of chiral amines.?2-%¢ To keep this chapter to a reasonable length, however, this subject is
not described. For the same reason, rearrangement reactions leading to amines and their derivatives are
not included.d-2¢

1.3.2 ALKYLATION OF AMINES AND AMINE SYNTHONS

1.3.2.1 Alkylation of Amines by Alkyl Halides

Alkylation of ammonia and another amine is, in principle, the most straightforward route to an amine.
It is well known, however, that the value of this method in the laboratory is sometimes limited because of
concomitant polyalkylation (Scheme 1).

For this reason, primary amines are generally prepared via azides or by the Gabriel synthesis and re-
lated procedures which will be described in Section 1.3.2.3. For the preparation of secondary amines, a

65
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NH; + RX RNH, + R)NH + RiN + R,N*'X

Scheme 1

suitable excess of the amine component is generally used. Thus, the reaction of bromide (1) with an ex-
cess of 1,3- or 1,4-diamines (2a) and (2b) afforded the expected polyamine (3a) and (3b) (Scheme 2).}

OMe
HO EtOH, A
+ H,N(CH,),,NH,

< CONH(CH,),,Br

10))] (2Qaym=13
(2bym=4

OMe
HO
Va

CONH(CH,),NH(CH,),,NH,

Bayn=4,m=3;,68%
Bb)n=3,m=4;49%

Scheme 2

Onaka and coworkers have reported highly selective N-monoalkylation of aniline and its derivatives
over alkali cation exchanged X- and Y-type zeolites. The intrinsic pore structures of X and Y zeolites are
assumed to be responsible for the high selectivity. Linde 3A zeolites cannot promote the alkylation of
aniline because of their smaller pore structure (Scheme 3).8 Aniline derivatives having strong electron-
withdrawing substituents, such as p-nitroaniline, which is otherwise hardly alkylated even in the
presence of KOH, can be successfully alkylated in benzene.*®* Celite coated with KF is also effective
for the alkylation of amines.>

H Bu" Bu"  Bu"
NH: cat N N
+ Bu"l +
benzene, reflux, 14 h

cat, KX (64%) 74:1
KY (67%) 97:1
NaY (58%) 120:1
3A (0.8%) -
Scheme 3

The use of phase-transfer catalysts in the presence of inorganic bases accelerates the alkylation of aro-
matic amines.” High pressure conditions have been used in the arylation of amines. Thus, no reaction
took place between p-nitrochlorobenzene and acyclic aliphatic amines, such as Bu"NHz, Bu'NHz,
Bu*NHz, Bu'NH: and BuzNH at 80 °C under 1 atm, while the corresponding secondary and tertiary aro-
matic amines were obtained under high pressures of 6—12 kbar (1 kbar = 10° kPa) in THF at 50 °C for
20 h (Scheme 4). Cyclic amines (morpholine, piperidine and pyrrolidine) showed extremely high re-
activity to give the corresponding N-p-nitrophenyl derivatives in quantitative yields under 6.0 kbar.?

,Rl pressure /R !
/ N_x + H-N //:\>-N + HX
72— 'R2 THF,50°C  Z \— R?

X =Cl, Br, I; Z = p-NO,, 0-NO,, m-NO,, p-CN, p-Ac

Scheme 4
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The amination of the a-carbon atom of carboxylic acid derivatives has been extensively studied by Ef-
fenberger and coworkers.® Ethyl (§)-a-bromopropionate reacted with (R)-1-phenylethylamine to give
(2R,I’R)- and (2S,1’R)-N-(1'-phenylethyl)alanine ethyl ester, e.g. (2R,1'R)-(4) and (25,1’R)-(4). Pro-
longed reaction time afforded the products in higher yields with decreasing stereospecificity (Scheme 5).

3 1
C02Et NH2 CH,Cl, 2 C02Et
>/ + —_— _é + 2-(S)-isomer
BrY H P 'H r.t., 45 h, then H  N-CH(CH;)Ph
reflux
(2R,1R)-(4) (2S,1'R)-(4)

Reflux (h) (Yield, %) (2R,1'R)-(4):(25,1 R)-(4)

48 (35) 9:1
117 (60) 7:1
248 (80) 5:1

Scheme 5

a-Bromocarboxamide (5a) reacted with amines in the presence of NaH (method A) or phase-transfer
catalysts (method B) to give a-aminocarboxamides (6). Sterically hindered amines, such as ¢-butylamine
or diethylamine, can be successfully introduced. Nonionizable amide (5b) afforded only the correspond-
ing acrylamide. In view of these results, zwitterions (7a) have been assumed as intermediates rather than
aziridinones (7b; Scheme 6).10

H H
R! N R®  Method A or B R! .
Br S R2 + H—N\ R4R3N ~ R2
R4

o o]

(52) (6)
R! = Me, Et; R? = B!, Bn, Ph

Method A: NaH, THF, 75 min, 66-88%
Method B: NaOH aq. (50%), CH,Cl,, Bu",NBr, 4-10 h, 68-80%

Me O
I 0
5 *f N §+_<
T n o, —
R! NR? N

o Rl R2

(5b) (7a) (7b)
Scheme 6

a-Bromocarboxyhydrazides (8) reacted with amines to give the corresponding a-aminocarboxyhydra-
zides (9), which were converted into free acids by alkaline hydrolysis (Scheme 7). Intermediacy of azi-
ridinone (10) has been assumed.!!

Various methods for the synthesis of allylamines have been reported.!2-!5 Reaction of allylic bromide
(11) with amines gave SN2 and SN2’ substitution products in the ratio Sn2:Sn2” ranging from ca. 1:20 for
the reaction with piperidine to 9:1 for the reaction with diisopropylamine (Scheme 8).!2 The product dis-
tribution changes with a slight change in the electron-withdrawing capacity of the arenesulfonyl group,
as well as the structure of the amines.

Functionalized B-amino-o,B-unsaturated lactones,!3 esters!3® and nitriles!® can be prepared by nu-
cleophilic vinylic substitution of halogen atoms by amines on the corresponding (3-halo-a,3-unsaturated
compounds (12), (13) and (15) (Scheme 9). 3-Bromo-2-butenoates (E)-(13) and (Z)-(13) reacted with
secondary amines to give (E)-B-aminopropenoates (E)-(14) regardless of the initial stereochemistry,
while the reaction with primary amines yielded a mixture of (E)- and (Z)-(14), when R! = H, with the lat-
ter predominant. In contrast, the substitution of (E)- and (Z)-nitriles, (E)-(15) and (Z)-(15), with second-
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R H 3
i R! R \ benzene, reflux, 4 h
Br N\ITJ' * 4'N_H 85-92%
0 R R
t:]
R H R o
N. _R! OH_ o~ R
RR3N N RR3N N._ Rl
0 R? 0 H N
R2
)] (109)
R = 4-MeCgH,, 4-CIC¢H,, 3,4-Cl,C¢Hs, Et; R? = CO,Me, COMe, COPh;
R®R*NH = Et,NH, PhNH,, BnNH,, Bu'NH,
Scheme 7
Ph
1 1
Ph’r\/\ Br R \ benzene Pho N N’ R
+ N-H | +*  RRIN
SO,Ph R? Lt PhO,S R? SO.P
,Ph
an Sn2 Sn2'
Scheme 8

ary amines proceeded with retention of original alkene configuration, whereas with primary amines (E)-
isomers were formed as main products, e.g. (E):(Z) = 85:1 to 5:25. When the substitution was carried out
with aziridine on the four substrates, (E)-(13), (2)-(13), (E)-(15) and (Z)-(15), the reactions proceeded in
every case with retention of configuration.!3be

1R2
X RY THF or CCl, R'R*N Br
/Z—l * N-H 95 min-96 h n : TR
2 r.t., 95 min-
MeO o 0o R 84-96% MeO o 0 (MeO)HC CN
(12) (15)
X = Cl, Br; RIR?NH = BnNH,, Et,NH, piperidine, pyrazolidine
Br R 77-100% RIR2N
— + N-H ————— _
(MeORHC — COMe R? (MeO,HC  CO,Me
(E)-(13) e, (E)-(14)
+
r.t.
(MeO),HC
(MeO),HC R! R'R2N CO,Me
N \ 67-97%
— N-H — (2)-19)
Br CO,Me R2
(Z2)-(13)

RIR?NH = Et,NH, BnNH,, pyrazolidine, perhydro-1,4-oxazine
Scheme 9
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2-(Alkylthio)- and 2-(alkylsulfinyl)-1-alkenyl ketones (16a) and (16b) reacted with a variety of amines
to give 2-amino-1-alkenyl ketones (17a) and (17b) (Scheme 10).14

R l\ benzene
BzCH =( + N—-H BzCH

X Rz’ r.t NR!R2
(16a) X = SEt (17a) X = SEt
(16b) X = S(O)Et (17b) X = S(O)Et
R'RNH (17a) (17b)
o) N—-H rt,15h,85% r.t., 3 h, 99%
—/
(Me),NH r.t, 15h, 65% rt, 1 h,95%
Scheme 10

The Wittig—Horner type reaction of aliphatic ketones with dimethyl diazomethylphosphonate gave the
diazoalkenes (19), which were trapped by amines thus affording enamines (18) of the next higher alde-

hydes (Scheme 11).!* For the preparation of allylic amines, the reader is referred to a comprehensive re-
view,16

O
(o} MeO, p? R} THF, -78 °C
+ N + N-H
Rl N R? MO €N, R¢ 55-97%

R! NR3R* R!

>._<— >= CN 2
R2 H R2

(18) a9
Scheme 11

Intramolecular displacement of aliphatic amines having a suitable leaving group also affords cyclic
amines. In order to avoid further alkylation, the amino function is protected by appropriate groups. The
tosyl group has frequently been utilized to this end, where cyclization proceeds through an anionic dis-
placement reaction.

The rate of cyclization varies with ring size. Kinetic studies of cyclization of a series of anions derived
from N-tosyl-w-bromoalkylamines, TsNH(CHz2),Br with n = 2-6, in DMSO-H20 (99:1) have revealed
that the rates vary markedly with ring size in the order 5 > 3 > 6 > 7 > 4. First-order rate constants (Kintra)
for cyclization have been translated into effective molarities (EM) with reference to the intermolecular

alkylation (Kinter) Oof N-tosylbutylamine with butyl bromide (30-fold excess). The results are shown in
Scheme 12.!7

OH™ _ kit CH,
TsNH(CH,),_,Br - TsN(CH,),_Br — Ts —N\
(CH2)n -2
kin(
TsNH(CH;);Me + Me(CH,)Br TsN[(CH,);Me],
n EM"* (mol L) n EM* (mol L")
3 1.92x 10° 6 2.82 x 10?
4 0.59 7 1.36
5 1.38 x 10*

* Calculated as ko / Kipger

Scheme 12
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In the preparation of cyclic amines, especially large-membered and strained ones, the use of cesium
salts of tosylamides exhibits enhanced reactivity (Scheme 13).!® The solvent also plays an important role.
Macrocyclization can also be successfully carried out under high pressure conditions.'?

reflux
+ ——
HS NHTSs
Br Br

Ts
i. CS2c03 N
ii, Br(CH,),,Br
TsNH(CH,),NHTs (CH;), (CH; ),»
DMF
N
Ts

n=5m=4,25% n=10, m=6;95%
n=10,m=4;64% n=10,m=10; 76%

8-10h s\©/ NTs

CsOH/MeCN 77%
NaOH/MeCN 34%
Scheme 13

Dealkylation of tertiary amines and quaternary ammonium salts affords lower substituted amines. Re-
action systems that can be utilized to cleave a C—N bond involve sodium amalgam (Emde degradation),
LiAlHs, Ho/Pd, sodium hydrogen telluride, cyanogen bromide (von Braun reaction) and acyl chlorides.?0
1,1’-Binaphthyl substituted secondary and tertiary amines (21) and (22) were synthesized by double al-
kylation of primary or secondary amines with 2,2’-bis(bromomethyl)-1,1’-binaphthyl (20), followed by
reduction (Scheme 14). Diaminated binaphthyls of type (R'/RNCH2Ar), were never formed even when a
very large excess of amine is present.20

" N-R

NHR
RNH, ‘O LiAlH,, THF OO

72-88% O O 61-81% CO

2y
IR?
R'RNH ‘O + R LiAIH, THF ‘ ‘ NR'R
— N
oot D
(22)

‘O JAH
N /<sr Ph Br~ N Br-
OO e on OO
OH

(23) 88% (24) 69%

Scheme 14
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The reaction of amino alcohols, such as ephedrine or prolinol, with (20) took place at the nitrogen
atom to give quaternary ammonium salts (23) and (24) (Scheme 14).22 The selective N-alkylation was
again observed in the reaction of amino alcohol (25) with N-ethylchloroacetamide (2.05 equiv.) in
MeCN in the presence of Na;COs under reflux. Subsequent reduction of the resulting diamide gave
triamine (26; Scheme 15).212 Chlorohydrin (27) reacted with excess primary amines in the presence of
Na;CO3 or K2COs to give secondary amines (28; Scheme 15),2!° The chemoselectivity observed can be
explained by higher nucleophilicity of the amino group than the hydroxy group; Na;CO3 as the base can-
not remove the proton from the pendant hydroxy group.

0
i, EtHN Cl (2.05 equiv.), Na,CO,
(\ NHEt
/S N/ \ MeCN, reflux
HO O NH, HO o~ N
ii, LiAlH4, 51% overall NHEt
(25) (26)
Cl RNH,, Na,CO;, 100-120 °C NHR
HO OH HO OH
@n (28) R = Ph, 35%; R = n-CgH,3, 74%
Scheme 15

When the hydroxy group of amino alcohol was converted into alkoxide, alkylation took place at the
oxyanion in preference to the nitrogen atom. Thus, the sodium alkoxide derivative of (28) reacted with
polyethylene glycol ditosylate or dichloride (29a—29c¢) to give the corresponding aminomethyl crown
ethers (30).2'® Chiral amino alcohols (31) can be converted into amino ethers (32) via alkoxides.?? In
contrast, treatment of N-tosylamino alcohol (33) with NaH, followed by reaction with a fivefold excess
of 1,2-dibromoethane afforded (34; Scheme 16).2%

NHR
Bu'ONa (K) /_('
(28) + 0 o]
X o044 X Bu'OH, dioxane
(o}
n

(293) X=Cl,n=3 (30)
(29b) X =OTs, n=3 n=3,4
(29¢) X =0Ts,n=4
H R NaH or KH H R
OH + ! < ___OR!
HZN &/ R'X HzN (Q/
1) 32)
N . NaH, DMF HO O NTs
HO O NHTs B Br 100°C, 24 h, 33% /'_/
Br
33) fivefold excess (34)
Scheme 16

Chemoselective N-ethylation of Boc-amino acids can be accomplished without racemization via the
corresponding dianions. Thus, N-t-butoxycarbonylamino acid (35) was converted into dianion (36) by
treatment with 2 equiv. of Bu'Li, followed by the reaction with 1 equiv. of triethyloxonium tetrafluoro-
borate to give N-ethyl derivative (37) along with a trace of ethyl ester (38). On treatment with 2.2 equiv.
of the triethyloxonium salt (36; R = Ph) gave (38; R = Ph) in 95% yield (Scheme 17).23®
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j\ J: Bu'Li, THF Et;0" BF,~
Bu0” "N “COMH a8°C
H
(35a)R =Ph
(35b) R = CH,SMe
R R
P L L
+
Bu’O/U\ N7 CoH Bu‘O)L N CoEt
Et Et
37 (38)
Scheme 17

1.3.2.2 Alkylation of Amines by Suifonates a nd Other Activated Alcohols

Alcohols are readily available in a variety of cyclic and acyclic forms, chain lengths and sense of chir-
ality. Therefore, alcohols have been utilized as versatile starting materials in organic synthesis. In order
to prepare amines from alcohols by substitution reactions, the hydroxy group must be converted into a
leaving group appropriate to subsequent displacement with nitrogen nucleophiles. Although halogena-
tion is often utilized to this end, introduction of suitable activating groups may be more convenient for
the conversion of an alcohol into an alkylating reagent. Of a variety of activated alcohols described in
Section 1.2.5, sulfonates are most frequently utilized in the preparation of amines.

A systematic study of the substitution reactions of chiral ethyl propionate derivatives having a leaving
group at the a-position (39a—-39e) with amines reveals that nucleofugacity of the leaving group decreases
in the order TfO >> Br > MsO > TsO > Cl and that decreasing reactivity causes increasing racemization
and elimination as a consequence of the drastic conditions that are required (Scheme 18 and Table 1). As
described in the previous section (Scheme 5), the reaction of (39d) with (R)-1-phenylethylamine accom-
panied considerable racemization.®2*

NH 2 ) COzEt
CO,Et CH,Cl, H N
y + H
X H
(39) a: X=OTf (40)
b: X = OMs
¢: X =0Ts
d: X =Br
e:X=Cl
Scheme 18

Table1l Reaction of (39a)—(39e) with Benzylamine under Reflux after O °C, 20 min and Room Temperature,
75 min (Scheme 18)°

(39) Yield (%) of (40) after
05°h 20 h 100 h 210 h 250 h
a 100
b 10 30 50
c 10 20 45
d 35 70
e trace

*At0°C.
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The reaction of alcohol (41) with TFAA, followed by treatment with sodium azide, gave (42) in 75%
overall yield. The p-toluenesulfonate or methanesulfonate of (41) has also been demonstrated to react

with sodium azide affording (42) but in lower yield. Deprotection and subsequent reduction with hy-
drogen sulfide gave amine (43; Scheme 19).2

OH . N;
i, TFAA, Py H
’)\K\/Cuﬂax ii, NaN3, DMF, r.t, ‘/\‘/\/CISHM
OYO 75% OYO
Ph Ph
41) 42)
NH,
i, HCL, 68%
HO\/Y\/C”H“
ii, H,S, Py, 95%
OH
43)
Scheme 19

The displacement of sulfonates with amines or azide ion generally proceeds with inversion of the con-
figuration at the secondary methanol center. As an alkylating reagent, sulfonates are, in general, superior
to the corresponding halides. For instance, the alkylation of p-toluidine with 2-z-butyl-1,3-bis(tosyl-
oxy)propane (44a) afforded azetidine (45) in 35% yield, while dichloride (44b) afforded a lower yield of
(45) due mainly to competitive elimination (Scheme 20).26 Dibromides (46) and (47) reacted with p-to-
luidine giving the corresponding azetidine in 75% and 14% yields, respectively. The reactions shown in
Schemes 14 and 20 suggest that the yields of cyclic amines formed by the reaction of bifunctional alkyl-

ating reagents with amines are influenced not only by leaving group but also by substitution patterns of
the substrates.

X TolNH, H
Bu' { But—<:N—Tol + . N,
X  HMPA, NaHCO; Bu Tol

(44) a:X =OTs 45) 35% 2%
b:X=Cl 2% 35%
R
R R R RTol_ (\(/ Tol
Br ToINH, (\/ N N
éN—Tol + Tol—N N-Tol +
5 HMPA, NaHCO, )\) N N
r R Tol )\)'i‘ol R
R
(46): R = CO,Bn 75% - -
(47):R=H 14% 22% 2%
OTs TolNH, P
(<),, Tol—N (CHp), n=4:71%
~— n=5:51%
OTs n=6:53%

Scheme 20

Hydrogenolysis of bromo azide (48a) gave bromoamine (49a). Cyclization of (49a), followed by pro-

tection, afforded bicycloamine (50) in 59% overall yield. By a similar procedure, tosyl azide (48b) af-
forded (50) in 64% overall yield (Scheme 21).27
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CO4Bn
i, EtOH, reflux, NaOAc N
HOQwm HO o < %
B o)kcx °O 7, OMe
$ ii, Bn , NaHCO, §
HO HO  NH, HO  OH
(48a) X = Br (49a) X = Br (50) 59% (from 48a)
(48b) X = OTs (49b) X = OTs 64% (from 48b)

Scheme 21

Sulfonates do not necessarily show the same reaction pattern as halides. It has been reported that p-
toluenesulfonate (51a) and methanesulfonate (51b) reacted with azide ion and cyanide ion to give (52a)
and (52b), while iodide (51¢) gave (53a) and (53b) (Scheme 22).28

0] \\
RO N3 orCN™ /@/
AcO
AcO X

X
(51a) R = Ms (52a) X =N,
(51b)R=Ts (82b) X =CN
0]
X
I Ny orCN~ \
/Cfé:té HMPA, 80°C, 5h
AcO
AcO 60-80%

(51¢) (52a) X =N,

(52b) X=CN

Scheme 22

Monosulfonation of primary and secondary diols can generally be accomplished under controlled con-
ditions.?° The selective tosylation of diol (54), followed by reaction with trimethylamine in a sealed tube
and ion exchange with Dowex-1(Cl-) resin gave (+)-muscarine chloride (55; Scheme 23).%9 Intramolecu-
lar alkylation of cyclic amine (56) gave quaternary ammonium salt (57); subsequent hydrogenolysis of
the benzyl group in (57) afforded (58; Scheme 23).3!

Activated alcohols other than sulfonates can also be utilized in the alkylation of amines. For example,
O-methyl-N,N'-dicyclohexylisourea reacted with 4-dimethylaminobutanoic acid to give ammonium salt
(59; Scheme 24).32.33 0-Alkylisourea can also be used in the alkylation of imides.342

2-Oxazolines (60) reacted with secondary amines in the presence of a catalyst to give N-(2-amino-
ethyl)carboxamides (61), which were hydrolyzed to unsymmetrically substituted diaminoethanes (62).
Although reaction conditions are drastic, the yields of products are high (Scheme 24).34°

Alkoxyphosphonium salts can also be utilized in the alkylation of amines,?> where methods of gener-
ation of the phosphonium salts are crucial. The reaction of aminophosphonium reagent (63) with alkox-
ides in the presence of amines to be alkylated (80 °C, I h in DMF for secondary amines and in benzene
for primary amines) afforded the corresponding higher substituted amines in good to excellent yield.
Phosphonium amide (64) has been proposed as a key intermediate (Scheme 25).36 Various amines and
azides have been prepared by the use of alkoxy{tris(dimethylamino)]phosphonium salts (65).35

Reagents formed by combining PhsP with CCls and with diethyl azodicarboxylate (DEAD) promote
cyclization of amino alcohols to cyclic amines (Scheme 26).>738 Various 2-amino alcohols reacted with
diethoxytriphenylphosphorane (66) to afford the corresponding aziridines in 85-90% yields. The re-
action proceeds with retention of the configuration at the amino carbon (C-2) (Scheme 26).% In view of
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OH i, TsCl, Py, 65% OH
ii, Me;N (A), then
0O anion exchange o +
OH 2% NMe; CI”
(54) (55)
~ko ~Lo ~+ Q
O, :_ ,OBn MsCLEWN O, = _OBn PdH, O, X __OH
H CH,Cl H .
wOSiMe;Bu! e %~ 0SiMe,Buy! N~ OSiMe,But
t Bn”
Bn OH
(56) (57) (58) 72% from (56)
Scheme 23
H
{
l:x[e com NYN r.t., 48 h, then S0 °C, 3 h ok S
- b + €3 2
Me” OMe - ~
(59
o}
N Rl Zn(OAc) H* or OH"
R—</ ] + N—H 2 R)LN/\/NR'RZ u N/\/NR‘R2
. 2
o) R2 205°C,24 h »
70-93% H
(60) (61) (62)
R = Et, Cy H,;, Bu', Ph; R'R?NH = Et,NH, Bu,NH, morpholine, piperidine
Scheme 24
Me
+ o + - R'R?NH
PhsPN 1 + RONa [ RO —PPh; NMePh }
Ph
(63 (64)
R! Ph
R—N + N-H +  PhP=0
R2 Me

+
RO— P(NM62)3X—

(65) X =Cl0,”, PF,~
Scheme 25

the availability of the starting materials and the stereochemical outcome of the reaction, the procedure
may be one of the most useful methods for the preparation of chiral aziridines.

75
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Ph Ph
W/\ NHBu! PhyP, CCl,, EuN ~—
OH

86% N
Bu!
m PhyP, CCly, Et;N CO
N.
H “OH 42% N
, R? PhyP, CCl,, Et;N R2 R3
R Xﬂ Q2 or DEAP, Ph,P H
HO 1 4
R4 R Ilq R
NHR R
H
H,N toluene 60 °C
W OOH  +  (Ei0),PPh R
R H 148 h P
H
(66)
R =Bn, 85%; R = Me,CHCH,, 90%; R = Me,CH, 90%
Scheme 26

1.3.2.3 Manipulation of Amino Group Equivalents

13.2.3.1 Alkylation of azide ion

Azide anion, which is more nucleophilic than amines, reacts with alkyl halides and activated alcohols
giving the corresponding alkyl azides. Phase-transfer conditions can also be utilized.*® For details,
readers are referred to a comprehensive review.*! Alkyl azides thus formed can be readily transformed
into primary amines by a variety of reagents or reaction systems which involve catalytic hydrogena-
tion, %42 LjAlHs,** NaBHs under phase-transfer conditions,** NaBHs/THF/MeOH,%® PhsP or
(RO);P/H20,* H,S/Py,* Pd-C/HCO,;NH4/MeOH,*’ NaTeH,*® nickel boride*® and SnCly/MeOH.50

The reduction system must be chosen by taking into account the substitution pattern of substrates. For
example, azide (67) was converted into the amine (68) by treatment with SnClz in MeOH (64% yield),
whereas catalytic hydrogenation or LiAlH4 reduction could not be used due to loss of the S-bromo
group.3! Azide (69) was converted into piperidine (70) by the reaction with PhsP in CHCl3/H20 in 61%
yield (Scheme 27).52 The reaction of azides with PPh3 gives iminophosphoranes (Staudinger reaction),
hydrolysis of which affords primary amines. The procedure has an advantage because the initially
formed iminophosphoranes can also be utilized as key intermediates for various nitrogen compounds,
such as secondary amines, aziridines, amides, imines, nitro compounds and aminophosphonium salts.’3
Nickel boride generated in situ from NaBH4 and nickel chloride does not reduce a ketone, ester, epoxide
or a double bond.*® Sodium hydrogen telluride is inert to unconjugated carbon—carbon double and triple
bonds, unconjugated carbonyl, carboxyl, amide, ester, cyano and sulfone groups.*8

R
OBz OBz S (\ S
Br "", KH/E\/K S I;I
/9 o o S N7 0Bz
% s Bz N,
HO o—xr p200B?
(67 R=N; (69) (70)
(68) R = NH,

Scheme 27
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Benzyl 2-azido-3-(benzyloxy)propionate was converted into (1)-serine and its derivatives by variation
of hydrogenation conditions (Scheme 28).40

NHz-HCl NH,
BnO
CO;Bn CO,H
Re,S,/EtOH/HCI Pd-C/EtOH Pd—-C/H,O/HCI
20 bar H, 1 bar H, 15 bar H,, 90%
88% (crude) 79%

NH,

BnO\/k CO,Bn HO \/kCOZH

Pd~C/acetone/HCl
Pd-C/MeOH/HC] 20 bar H, NH,/EtOH
20 bar H, 81% 97%
96%

NH;-HCI NHZ.HCI

HO
CO,Me COZH

Scheme 28

One-pot procedures for conversion of an azide to an N-protected amine have been reported (Scheme
29)_54

0 0 R4P, Bu",NCN 0 0

0 solvent, reflux 0o

R = Ph; toluene, 48 h; 88%
R = Et; benzene, 24 h; 92%

OH OH
R! Pd/C, H,, AcOEt .
R + (BOC),0 R R
r.t., 3-40 h, 71-93%
N; NHBOC
Scheme 29

Since the reaction of alkylating reagents with azide ion generally proceeds through an Sx2 process, in-
version of the reaction center takes place. Thus, for the synthesis of amines with a definite configuration
at the carbon atom to which the amino group is attached, the preparation of enantiometrically pure
alkylating reagent is a prerequisite.

Chiral a-halo esters (72a) and (72b) and a-halo imide (72¢) have been prepared in high diastereomeric
purity by the use of Oppolzer’s chiral auxiliary (71a) and (71b) and Evans’ chiral auxlllary (71c), respec-
tively. The reactions of (72a), (72b) and (72c) with azide ion proceeded with inversion of configuration
(Scheme 30).5>% In the latter reaction, the use of NaN3 (DMF or DMSO, 0 °C) has been reported to af-
ford 2-5% epimerization.>® The azides thus prepared were transformed into the corresponding amino
acids with high chemical and optical yields.

Reaction of chiral boronates (73) with (dihalomethyl)lithium afforded (1S5)-1-haloboronate (74), which
was converted into (1R)-1-azidoboronate (75). Homologation of (75) with (dichloromethyl)lithium to 1-
chloro-2-azidoboronate, oxidation to azido acid and catalytic hydrogenation afforded (-)-amino acids in
32-63% overall yields with 92~96% ee (Scheme 31).57 The procedure has also been applied to the prep-
aration of a chiral vic-amino alcohol.8
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%6&:»5 X 2@33”@1 — {LJ:H = o

SO,N
2
(71a) (71b) (71¢)

R R R

NaNj, DMF
xu 41 xﬂ \[(k"/ H ——— i HO \n/k’/, H
H X r.t.or 40 °C N, NH,
(o] 93-100% (96~100% ee) (0] (o]
(72a) X=Br,Cl
+ R
R (Me;N),C=NH,, N3 R
Xe \H/li B X, \”/{ H ~— - HO \[(& H
The CH,Cl,, 0°C Ny NH,
0 82-86% (>98% ee) () (o]
(72¢)
Scheme 30
O, ) LiCHX, X NaN, 7o LiCHCl,
R—B\ == R—B\ R>C<B\ R—C_:<B\ _—
o* X=Cl, Br i Ny
(73) (74) (75)
td / NaClO, i Hy i -
R»C-C=B R=C«COH R=C=CO,
T ) N Pdor Pt Q
N; H N, I_:IH;
Scheme 31

Brown and coworkers have reported chiral organoboron reagent mediated asymmetric synthesis of pri-
mary amines of high optical purity (Scheme 32).5° Stereospecific synthesis of secondary amines and N-
substituted aziridines by the use of organoboron reagents has also been reported.

: H i, MeCHO, 25 °C, 8 h
H B - ll, NBOH; lll, H H B OH)
+ IpcBH, Of Ipc O/ (OH),
i. HO(CH,);0H . L M N
ii, MeLl, =78 °C : i, 2 NH,080,H, THF, 25 °C . NH
B .
iii, AcCl O’ Me ii, H,0, OH™~ (:r

Scheme 32 99% ee
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Alcohols were directly converted into azides by the reaction with HN3, DEAD and triphenylphos-

phine.S! Combination of this procedure with the Staudinger reaction makes it possible to convert alco-
hols into amines by a one-pot method (Scheme 33).52

' PPh4 (2.2 equiv.), THF
ROH + HN; + Pri0,C —N =N—CO,Pri

. . r.t, 1 h,then 50°C,3 h
1 equiv. 1.lequiv.
i, H,0,50°C,3h .
[R—N=PPh, | RAH, C
ii, 1 N HCl, 47-85%
Scheme 33

Regioselective substitution of a hydroxy group of di- and poly-ols by the azido group is an important
step for the preparation of amino alcohols. Azidation of polyols via an alkoxyphosphonium salt generally
takes place at the less-hindered site.36! Nucleophilic opening of cyclic sulfates (76a) and (76b) with

azide ion took place with high regioselectivity to give sulfates (77a) and (77b), which were converted
into azido alcohol (78a) and (78b) under controlled conditions (Scheme 34).63

OH . 0-50, . N3
/y\r R2 i, SOCl,, EtyN /L R LiN;, DMF E R
1 R! R! /Y
R ii, RuCly, NalO, 6/ r.t., 30 min _
OH o) 0S0;

(76a), (76b)

cat. conc. H,80, N;
0.5-1.0 equiv. H,0 f

(77a), (77b)
a: R! = H; R? = — CH,0SiMe,But
= 2 Rl - - .p2_
R,/\rR b:R! = MeO,C— ;R%= /\‘/\0
O+ g
OH Et
(78a), (78b)
Scheme 34

The reaction of tertiary alcohols or tertiary alkyl halides with trimethylsilyl azide in the presence of a
Lewis acid (BF3-Et20 for alcohols and SnCl, for halides) afforded tertiary alkyl azides (Scheme 35).4564

. Rl BFJ‘OEtZ
R >k = R'—OH + MC3SiN3
2 o L.t
Ho
H,0, 80 °C R'—N—-P(OE),
(EtO);P
RI—N, R'—N =P(OEt);
+
TsOH, EtOH R'—NH; "OTs
) i, SnCl, +
Ri—Cl +  Me;SiN; R'—NH; CI™

ii, (EtO),P, HCI

Scheme 35

1.3.2.3.2 Gabriel synthesis

The Gabriel synthesis is a classical but still useful procedure for the preparation of primary amines.
The method consists of alkylation of phthalimide anion with an appropriate alkylating reagent and sub-
sequent removal of the phthaloyl group to generate primary amines (Scheme 36).65
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0 0
N~ + R-X N—R R—NH,
(o) 0
Scheme 36

Alkyl halides and alky] sulfonates have been generally used as alkylating reagents. An example of the
conversion of an alcohol into a primary amine by the Gabriel synthesis is shown in Scheme 37.65

Ph;P/CBr,4, benzene, reflux, 3 h, 80% /Y\ B
r
or PBry, Py, 2 h, 70%

(79a)
TsCl, Py, 0 °C then r.t., 24 h, 70%
/Y\OH /Y\OTS
(79b)
MsCl, 2,6-lutidine~-DMEF, cool, 81%
/Y\OMS
(79¢)
0 0
DMF
(79a), (79b), (79¢) + N—K N
120°C, 2 h
0 0
(80) from (79a) 82%
(79b) 93%
(79¢) 77%
0
i, H,NNH,, EtOH, reflux, 3 h + N-H
(80) /Y\ NHy, 4 |
ii, HCI, 99% N. H
Scheme 37 0

Alkylation of phthalimide anion can be carried out under solid-liquid phase-transfer conditions, using
phosphonium salts®? or ammonium salts.% In the reaction systems using hexadecyltributylphosphonium
bromide, alkyl bromides and alkyl methanesulfonate are more reactive than alkyl chlorides. Octyl iodide
is less reactive than the corresponding bromide and chloride.S? (R)-2-Octyl methanesulfonate was con-
verted into (S)-2-octylamine with 92.5% inversion.5” Kinetic resolution of racemic ethyl 2-bromopro-
pionate by the use of a chiral quaternary ammonium salt catalyst has been reported.®® Under
liquid;giquid phase-transfer conditions, N-alkylation of phthalimide has been reported to give poor re-
sults.6

In the presence of [2.2.2]cryptand, the reaction of potassium phthalimide with alkyl halides proceeded
smoothly in THF or benzene even at room temperature to give the corresponding N-alkylphthalimides in
good to excellent yields.5°

The alkylation of phthalimide can also be accomplished with O-alkylisoureas and alkoxyphosphonium
salts. Thus, the reaction of O-alkyl-N,N'-cyclohexylisourea with phthalimide afforded N-alkylphthal-
imides in 60-70% yields (DMF, 120 °C, 2-24 h). Starting from (R)-2-octylisourea, (S)-2-octylamine was
obtained in 97.6% ee, indicating 98% inversion of the configuration took place.>4s

The reactions involving alkoxyphosphonium salts are also effective for the N-alkylation of phthalimide
with virtually complete inversion of the secondary methanol center.336! Thus, the reaction of (S)-alcohol
(81) with phthalimide, DEAD and triphenylphosphine afforded (82), which was subjected to a sequence
of reactions to yield (2R,5R)-diamine (83) and the (2R,55)-isomer in a ratio of 99.4:0.6.7® The secondary
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methanol center of alcohol (84) was again inverted in the reaction with phthalimide, DEAD and triphe-
nylphosphine giving (85).7! In contrast, alcohol (86) afforded syn- and anti-phthalimide derivatives (87)
and (88) in a ratio of 1:1 under similar conditions (Scheme 38).72 This result would be explained by as-
suming intermediacy of a carbonium ion, which is stabilized by an adjacent p-methoxypheny! group.

0
\OH Et,0CN,CO,Et (DEAD), PhP
\ + N—H
BnO H THF, 0 °C (30 min) to r.t. (overnight)
o]

78%
(81) PhthNH
S X 2y + (2R,5S)-isomer
BnO H NH,
NPhth H 'NH,
(82) (2R,5R)-(83)
OMOM OMOM
PhthNH, DEAD, Ph,P
BnO THF, 0 °Cto .. BnO
MOMO OH MOMO  NPhth
(84) (85)
OMOM OMOM OMOM
PhthNH, DEAD, Ph,P
BnO Ar o Ar BnO Ar
n THF,0°Ctort, 120 B° n
MOMO OH 64% MOMO  NPhth MOMO  NPhth
Ar= 4-MCOC6H4
(86) (87) (88)

Scheme 38

Alkylthiophosphonium salts (990) prepared from thiol (89) can also be utilized as an alkylating reagent
for phthalimide. The reaction proceeds with inversion of configuration at the reaction site (Scheme 39).7

i, ButOCl
CeHy3__SH i Me NP oy S—B(NMeys PhthN ™~ CeHis_H
7 H i, NH,PF, 71.1 DMF, 79% 7 NPhth
89) 90)
Scheme 39

13.2.3.3 Modified Gabriel synthesis

Although alkylation of phthalimide can now be performed under mild conditions as described in the
preceding section, the final deprotection step still requires somewhat drastic conditions, e.g. the use of
strong acid or base, or, alternatively, hydrazinolysis, at elevated temperature, due to the inherent stability
of the phthaloyl group.5® This has prompted investigation of a number of alternatives to phthalimide
which afford N-alkyl derivatives amenable to milder deprotection.

Methyl ¢-butyl iminodicarboxylate (91) and di-r-butyl iminodicarboxylate (93) have been used in a
modified Gabriel synthesis.”+7¢ Thus, the potassium salt of (91) reacted with alkyl halides to give the
corresponding N-alkylated products (92) in 59-95% yields (in DMF or DMSO, 20-60 °C) except for
alkylating reagents susceptible to base-catalyzed side reactions. Under basic conditions, (92) gave N-t-
butoxycarbonylamines, whereas, with trifluoroacetic acid, N-methoxycarbonylamines were obtained
(Scheme 40).74
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The potassium salt of (93) reacted with allylic bromides (94) to afford protected amines (95). Hydro-
genolysis of (95a), followed by successive treatment with HBr—AcOH and ion exchange resin gave
amino alcohol (96). Treatment of (95a) with HBr—AcOH gave allylamine (97; Scheme 40),76

o o
Bu'O —‘( KOH Bu'O —‘( BrC¢H,CH,Br
N—H N-K
MeO _< 85% MeO _< DMF, 60 °C, 1 h, 95%
o o
on OH-MeOH 9
NaOH-Me!
0] )J\ PN
!
Bu'O _.( 60% (overall) Bu'0 ITI CeH,Br
N—CH,CHBr ———— o H
Meo—< CF;CO,H ))\
o MeO” N7 CeH Br
87% (overall) i
92) H
RO
- RO
Z 70" "0 —
KOH B~ 99
(Bu'OCO),NH (Bu'OCO),NK Z 0" ~o
93) (Bu'O,C),N

(95a) R = Bu"; 16%
(95b)R =Me; 71%

HO HO
= i, Hy/Pd-C, E1OAc, 87%
HBr-AcOH. 15% ii, HBr-AcOH, 45%

Z o (95a)

iii, ion-exchange, 69% o 0

+
H3N
- H,N
B (97) SN
Scheme 40

The sodium salt of diethyl N-(t-butoxycarbonyl)phosphoramidate (98) reacted with alkyl halides in
boiling benzene in the presence of tetrabutylammonium bromide to give the corresponding N-alkyl deri-
vatives (99) in 71-95% yields for primary alkyl halides and 38-58% yields for secondary a-halo esters
(in MeCN). The phosphoryl and ¢-butoxycarbonyl groups were removed by treatment overnight with
benzene saturated with dry HCIl (Scheme 41).772

v i EtO gNajok RBr, BugNBr (10 mol %)
t o r, Bu r o
(EtO),P.. OBut MeONa/MeOH EORP S oput 4
Iil - benzene, reflux, 3 h
(98)
o (|:|) i HCl/benzene +
EtO),P. -
(Et0), Iﬁ OBu' o RNH, Ci
R
99)

Scheme 41

Alkylation of (98) can also be carried out by reaction with alcohols in the presence of DEAD and tri-
phenylphosphine at room temperature. The yields of crude (99) were in the range 80-90% for primary
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alcohogs;band 70-75% for secondary alcohols with nearly complete inversion of the secondary methanol
center.

Sulfonyl groups can also be utilized to reduce the basicity of amino functions. Inter- and intra-molecu-
lar cyclization using bifunctional tosylamides have been widely utilized in the preparation of macrocy-
clic polyamines (Scheme 13). Trifluoromethanesulfonamide and its derivatives can also be used in the
preparation of primary and secondary amines.”®

In contrast to the anion of diethyl phosphoramidate or trifluoromethanesulfonamide, which cannot be
cleanly monoalkylated,””’® the anion of trifluoroacetamide (100) was monoalkylated by alkyl halides or
alkyl methanesulfonate. The resulting N-alkylamides (101) were converted into primary amines by al-
kaline hydrolysis or reduction (NaBH4; Scheme 42). Various primary amines were prepared from (100)
with primary alkyl iodides or methanesulfonate, benzyl and allyl halides, a-bromocarbonyl compounds
and 2,4-dinitrochlorobenzene. However, competitive elimination is a serious side reaction for less reac-
tive primary alkyl chlorides and secondary halides or methanesulfonate. The synthesis of secondary
amines from (100) has also been reported.”®

o i, NaH, DMF,20°C, 1 h () 20% KOH (aq.), 20 °C, 15 min
ii, RCH,X or NaBH,, EtOH, 20°C, 1 h
)J\ S ¢ R/\ NH,
CF; N R
CF;” ~NH, 20-79% I 81-96%
(100) (101)
Scheme 42

1.3.2.3.4 Alkylation of amine synthons having a nitrogen-heteroatom bond

One of the two hydrogen atoms of phosphoramidates can be temporarily blocked with a trimethylsilyl
group. The sodium salt of diethyl N-(trimethylsilyl)phosphoramidate (102) reacted with alkyl bromides
in benzene in the presence of 10 mol % of tetra-n-butylammonium bromide to afford, after desilylation,
the corresponding N-alkyl derivatives (103) in 79-95% yields for primary alkyl halides. Secondary alkyl
halides gave poor results (Scheme 43). The addition of the quaternary ammonium salt is essential to pro-
mote the alkylation reaction.®? Hexamethyldisilazane and its cyclic analogs can also be utilized in the
preparation of amines under moderate conditions (Scheme 43).81:82

O i, NaH, benzene, r.t.

O
benzene, 80 °C i . ii, RB NBr, 80 °C it
(EtO),P. __ + 1/2 (Me;Si),NH (BLO)P ;- SiMes i (EtO)P. .R
NH, 3h | iiii, EtOH, 80 °C N
H H
(102) (103)
Me;Si HMDS or HMPA SiMes 1o MHCL e .
N-Na + RX R-N RNH;Cl™
Me;Si ri 1-8h,or SiMe; 96-100%
80 °C, 8 h, 52-79%
X =1, Br, TsO
S\iMez THEF, reflux, 3-5h S\iMCZ I M HCI +
N._K + R\/X N_\ R NH3 CI—
; 50-85% / ~
SiMe, SiMe; R
Scheme 43

The utility of sulfenimides has been demonstrated.?® The procedure has the particular advantage of
using practically neutral conditions for the final deblocking step (Scheme 44).

N-Alkylation of benzylhydroxylamine by a primary alkyl bromide proceeded smoothly at room tem-
perature. HMPA is the solvent of choice and addition of tetraethylammonium iodide facilitates the re-
action. Dehydration of the resulting N-alkylhydroxylamines and subsequent acid hydrolysis gave the
corresponding primary amines (Scheme 45).84

Alkylation of imino or amidine nitrogen and subsequent hydrolysis give rise to amines. For instance,
alkylation of imine esters (104a) or amidine esters (104b) with dimethyl sulfate or methyl triflate, fol-
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j\ Ll i, Bu'OK, DMF, 20 °C, 10 min j\
.S - . SCcH,Cl-
BnOITI6H4p" BnOITIGHAP
H ii, RBr R
p-CIC{H,SH 0
M n
DMF, 15 min BnO” N
47-90% (overall) R
i, Bu"Li, THF, ~20 °C, 5 min 3NHCLrt,3h
» ) ] ) R—NH
PhS i, RX, 5h PhS_ 2
N-H N-R 2 PhSH
! 4 A
PhS PhS R-NH, + 2(Ph-S)
Scheme 44
Gl
& I
N™ g TsO
.OH Et4N, Et ;NI P !
Ph” "N + R__Br G Ph/\ITI R Me
i HMPA, rt., 40 h OH
Et,N, CH,Cl,
rt,3h
i,2 M HCL-THF
i, 2 M NaOH ~
PN Ph” " NH,
63-83%
Scheme 45

lowed by hydrolysis, afforded the corresponding N-methylamino acids with retention of optical activity
(Scheme 46).85

2
R2 i, Me,SOy (toluene, reflux) or MeOTf (CH,Cl,, r.t.) lR
1 3 R CO,H
RI—5—COR}  — :
RHC=N ii, hydrolysis; 41-75% H—N\
Me
(104a) R = Ar
(104b) R = Me,N
Scheme 46

The reaction of benzothiazolium iodide (105) with 2 mol of a primary aliphatic amine or 1 mol each of
an aromatic amine and triethylamine gave benzothiazolimine (106). Methylation of (106) and subsequent
treatment of the resulting amidinium salts (107) with butylamine afforded the corresponding N-methyl-
amine (Scheme 47).36

ll\de _ llwe Mel (excess), reflux, 4 h, or
N+ I RNH,, CH,Cl, N MeOTs, 100°C, 1 h
H—sMe D>=NR
S 92-98% S 88-98%
(105) (106)
Me

] i, BuNH,, 25 °C, 3 h
Ny R ii, KOH, 25 °C, 3 h H
>N x- R—N
" Me §3-88% Me

Scheme 47
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N-Alkylation of hexamethylenetetramine gave the corresponding quaternary ammonium salts, which
were converted into primary amines without concomitant formation of secondary amines (Delépine re-
action).%’

1.3.3 REACTION OF w-ALLYL COMPLEXES WITH NITROGEN NUCLEOPHILES

Palladium-catalyzed nucleophilic substitution reactions of allylic substrates have become useful in or-
ganic synthesis.®® As allylic substrates, allyl alcohols, halides, carboxylates, phosphates or vinyl epoxides
can be utilized.

Although nucleophiles generally substitute allylic leaving groups with retention of configuration, the
substitution of allylic carboxylates sometimes proceeds in a nonstereospecific manner due to palladium-
catalyzed isomerization of the substrates (Scheme 48).%%

RCO,T o
Pd \./\ b
—— - - CO ",
RCOZ\/\ b( Pld R 2 »,,/\
2 RCO,” L
Scheme 48

This drawback has been overcome by the use of polymer-supported palladium catalysts.*® Addition of
LiCl also provides remarkably enhanced selectivity without affecting the reaction rate.’® Thus, the re-
action of cis-acetate (108a) reacted with diethylamine in the presence of Pd(PPh3)4 to give cis-amine
(109a) in good yield, whereas rrans-acetate (108b) afforded (109a) and trans-amine (109b) with the for-
mer predominant. However, the addition of LiCl in the reaction system resulted in the formation of
(109b) as the main product (Scheme 49).8% The observed effect of LiCl on the stereochemistry of the re-
action has been attributed to the formation of intermediate (110), where chloride blocks the coordination
of acetate (Scheme 49).%9

Pd(PPh,)s
AcO —Q—OMc EtzN—Q—OMe
Et,NH (5 equiv.), THF

(108a) cis:trans = 93:7 50 °C, 2-5 h, 70-90% (109a) >95% cis
Pd(PPh,),
AcO""'<_:_>—OMe (1092) +  EtNwe OMe
Et;NH (22 equiv.)
(108b) >98% trans (109b)

without LiCl  72:28
with LiCl 15:85

Pd. + Q- = Pld
AcO PPh; Cl” "PPh,
(110)
Scheme 49

The reaction of (E)-(syn)-2-acetoxy-5-chloro-3-hexene, syn-(111), with diethylamine in the presence
of a palladium catalyst gave (E)-(syn)-2-acetoxy-5-(dimethylamino)-3-hexene, syn-(112). In contrast, the
reaction of syn-(111) with diethylamine under Sn2 conditions afforded the anti isomer, (anti-(112);
Scheme 50).9!

The fugacity of the leaving groups at allylic positions is demonstrated to be in the order —OPO(OEt),
> —0Ac > —OH and —Cl > —OAc > —OH.%%% Therefore, chemoselective stepwise substitution of
differentially substituted bifunctional allylic substrates is possible as depicted in Scheme 51.9%%¢ In the
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OAc
Pd(PPh,),, THF -

OAc 20°C, 2 h, 70% NEt,

Et
\ syn-(112) >92%
F NH —— |
)\/\‘/ + iy oAc
Cl
. R A

reflux, 25 h, 82% IEJEtz
anti-(112) >90%

Scheme 50

transformation of acyclic allylic substrates, the resulting amines have, in general, the (E)-configuration
irrespective of the original alkene geometry %394

\\P (OEY) i, PhMeNH, Pd(PPh,),, Et;N, THF, r.t., 1 h hlrle
- - 2
/ N \
AcO _/—\_ 0 ii, E;NH, r.t., 48 h; 70% Et,N /\/\/ Ph
TsHN /Ts
N

ii ii, iv, v, vi

v OBz
/ OBz

Cl
i AcO
/Ts
cO

i, iv, vi, viii
wQBz —mm

A H

OBz
i, Pd(OAc),, LiCl, LiOAc, p-benzoquinone, AcOH (77%); ii, NaNHTs, MeCN-DMSO, 80 °C, 3 h (77%);
iii, H (6 atm), RhCI(PPh;);, EtOH, 20 °C, 15 h (98%, 95%); iv, NaOH, MeOH~-H,0 (98%, 95%); v, MsCl],
Et3N, THF (100%); vi, K,CO3, MeOH, 1 h, 20 °C (97%, 90%); vii, NaNHTs, Pd(PPh;),, MeCN-DMSO, 20 °C,
12 h (64%); viii, DEAD, ZnCl,, BusP, 20 °C, 3 h (95%)

Scheme 51

Although a variety of primary and secondary amines can be utilized as nitrogen nucleophiles, amina-
tion of allylic substrates with ammonia has been reported to be unsuccessful. Therefore, bis(p-methoxy-
phenylymethylamine,” sodium p-toluenesulfonamide®® or sodium azide%” have been utilized instead of
ammonia. In the presence of a palladium catalyst, imides, such as phthalimide, react with allylic esters
with the exception of geranyl and linalyl acetates. O-Geranyl- and O-linalyl-isourea derivatives, how-
ever, reacted with phthalimide giving the expected N-allylic phthalimides in 65% and 71% yields, re-
spectively.98

The intermolecular reaction described above has been extended to intramolecular displacement leading
to cyclic amines.”® Reaction of allylic alcohols with morpholine in the presence of a nickel catalyst has
also been reported.!®

In the presence of a palladium catalyst, allyl epoxides (113) react with nitrogen nucleophiles at the al-
kenic carbon atom remote from the oxirane ring to give 1,4-adducts (114).!0! In the absence of a palla-
dium catalyst, azide ion attacks the oxirane ring affording 1,2-adducts (115; Scheme 52 and Table 2).!01®
Vinyl epoxide (116) gave 1,2- and 1,4-azido alcohol in a ratio of 1:1.5 irrespective of the reaction sys-
tem.!0!® Intramolecular cyclization of vinyl epoxide (117) in the presence of a palladium catalyst af-
forded isoquinuclidine (118; Scheme 52).101¢
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OH
Pd(PPhs)
> R/K/\/ N3
r.t., 5-12 min
(0] (114)
R f NNy
(113) without cat. OH
rt,<24h R AN
N;
J\/ 15)
(0]
H (116)
N \ /1
| Pd(PPh,),, THF N | \
N
4 25°C, 3 h, 95% HO N
H
5]
117) (118)
Scheme 52

Table2 Reaction of (113) with NaNj in the Presence and Absence of Pd(PPh), (Scheme 52)101®

(113) Yield (%) (syn:anti) with Pd (114) Yield® (%) (syn:anti) without cat. (115)

77 NR
81 NR
68 85 (1:1.5)
75 (1:1) NR
75 (2:1) 88
82 (9:1) NR

©O:1)

2NR = not recorded.

The palladium-catalyzed reaction of 4-acyloxy-2-alkenoate (119) with various primary amines af-
forded the corresponding 4-amino-2-alkenoates (120). The reactivity of (119) strongly depends on the
acyl groups at C-4 (Scheme 53).102 4,5-Epoxyhex-2-enoate (121) hardly reacted with diethylamine, ethyl
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carbamate and N-methylacetamide in the presence of a PdO catalyst, whereas more acidic nitrogen nu-
cleophiles, such as phthalimide, p-toluenesulfonamide and benzenesulfonamide, reacted with (121) to
give y-N-substituted products (122; Scheme 53).103

o]
A R?
R! WJ\OM \
® + N-uH 2. NN0oMe
0] R /
T " N
(o) H R?
(119) R = Me, CF;, CICH,, EtO (120)
, OH (0]
o} RY Pd,(dba);CHCl;—P(OPr),
OMe R N
R!” "R?
(121) (122)

Scheme 53

Cyclization of 2-butene dicarbamate (123) in the presence of a palladium catalyst coordinated with
chiral ligands (124) gave optically active 4-vinyl-2-oxazolidones (125), which were hydrolyzed to opti-
cally active 2-amino-3-butenols (Scheme 54),10¢

Pd/L*, THF /\f\ 20% KOH
RNHCO, \/\/\OCONHR N \(0 /Y\ OH
40 °C—reflux, 243 h R MeOH NHR
80-95% (13-77% ee) 0
(123) R = Ph, 4-MeOCgH,, Me, 2,6-Me,C4H,;, 1-Np (125)

(124) X = NMeCH(CH,0H),, NMeCH,CH,0H, NMe,, OH
Scheme 54

1.3.4 RING OPENING OF SMALL RING HETEROCYCLES BY NUCLEOPHILES

1.3.4.1 Epoxides

Reaction of epoxides with nitrogen nucleophiles affords a variety of 8-hydroxyamines and their equiv-
alents, Comprehensive review articles have been published.!% In conjunction with the development of
diastereoselective and enantioselective syntheses of epoxy alcohols, selective oxirane ring cleavage of
2,3-epoxy alcohols and carboxylates by nitrogen nucleophiles has become a versatile route to various
amines and their equivalents. For details, the reader is referred to refs. 105¢ and 105d.

In the reaction with methyloxirane in H,O at 20 °C, the reactivity of the amines decreases in the order:
piperazine > dimethylamine > pyrrolidine > piperidine > morpholine > diethylamine > di-n-butylamine >
di-n-propylamine.!% Under neutral or basic conditions, nucleophiles generally attack at the sterically
less-hindered carbon atom of the oxirane ring.

The simplest method for the preparation of $-amino alcohols consists of heating an amine with an
epoxide; limitations sometimes occur with poorly nucleophilic amines and with sensitive epoxides. An-
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other limitation is that the first addition of an amine to an epoxide is often followed by one or more sec-
ondary additions (Scheme 55). Therefore, for a primary amine, an excess of the amine is used so that
secondary reactions are reduced to a minimum. When a secondary amine is reacted with an epoxide, the
product is a tertiary amine and the secondary reaction is insignificant,106:107

R—< R
RNH, o RNH /\( — ° RN
OH

Scheme 55

OH

In order to facilitate the reaction and to improve the regioselectivity of the oxirane ring opening, vari-
ous procedures have been devised. Cation-exchange zeolites are efficient catalysts for the reaction of
amines with epoxides.!% The advantages of amine-doped alumina over the conventional homogeneous
systems have been demonstrated.'® Moderately acidic and basic zeolites show higher catalytic activity
compared to strongly acidic or basic zeolites.!0%:110

Since enantiomerically pure 2,3-epoxy alcohols are readily available by the Sharpless epoxidation pro-
cedure,!05111 the regioselective ring opening of 2,3-epoxy alcohols by nitrogen nucleophiles provides a
convenient route to a variety of homochiral amines. A convenient procedure for the conversion of 2,3-
epoxy alcohols to 1,2-epoxy-3-alkanols has been developed.!!2

1,2-Epoxy-3-alkanols (126a) and (126b) reacted with sodium azide to afford 1-azido-2,3-diols (127a)
and (127b) in good yields (Scheme 56).112

OH OH
z NH4C1 B o é
BnO 2 +  NaN; n
~"Rr MeOCH,CH,0H-H,0 m Ny
(8:1), reflux, 5h
. (127a) R! = OH, R? = H; 83%

(126a)R = o : . )

2 " (127b) R! = H, R? = OH; 93%
(126b)R =

\<é
Scheme 56

Under basic conditions, 2,3-epoxy alcohols rearrange to 1,2-epoxy-3-alkanols (the Payne rearrange-
ment), resulting in an equilibrium mixture. Therefore, the oxirane ring opening of 2,3-epoxy alcohols
with amines under Payne rearrangement conditions (H2O, base) generally affords three possible isomers
with rather poor regioselectivity.!1? Studies on the reaction of a series of 2,3-epoxy alcohols of general
formula (128) and related compounds with sodium azide under nonisomerized conditions (NH4Cl, in 2-
methoxyethanol/H20) have revealed that the ratio of C-3 to C-2 attack is in the range 4:1-C-2 only.!13 In
view of the results obtained, it has been demonstrated that, in addition to steric effects, electronic effects
can play an important role in regioselectivity of oxirane ring opening reactions.!!® The reaction of epoxy
alcohol (129) with benzylamine or sodium azide occurred exclusively at the position remote from the
free hydroxy group, giving aminodiol (130) or azidodiol (131) as the sole product (Scheme 57).!14

The rate and regioselectivity (C-3 attack) of the oxirane ring opening of 2,3-epoxy alcohols by nucleo-
philes are markedly increased by the addition of Ti(OPri)s. Thus, the reaction of 2,3-epoxyhexanol with
excess diethylamine in the presence of Ti(OPr)4, 1,2-diol (132) and 1,3-diol (133) were formed in 90%
yield in a ratio of 20:1, while, in the absence of the alkoxide, (132) and (133) were obtained in 4% yields
in a ratio of 3.7:1 (Scheme 58).!15

Regioselective C-2 amination of 2,3-epoxy alcohols can be realized by intramolecular oxirane ring
opening of the carbamates prepared by the reaction of the epoxy alcohols with isocyanates.!!6:117 In some
cases, however, acyl transfer is a serious side reaction (Scheme 59).117

In this connection, intramolecular Michael addition of O-carbamates to «,B-unsaturated esters
(Scheme 60),!!8 jodo cyclization of allylic and homoallylic trichloroacetamidates!!? or aminomercuration
of alkenic carbamates!!® has been used for the preparation of amino alcohols.

Tetraphenylstibonium triflate (Ph4ySbOTT; 134) has been reported to be an effective catalyst for oxirane
ring opening. Thus, otherwise unreactive cyclohexene oxide reacted smoothly with diethylamine in the
presence of (134) (CH2Cl, 40 °C, 20 h) to give (E)-2-diethylaminocyclohexanol in 75% yield.!20
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(5:1)~(>100:1)
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o (:1-G36:1) O
Scheme 60

Conversion of amines into metal amides is an alternative method to facilitate the oxirane ring opening.

The metal amides used are, for example, diethylaluminum amides,!?!2 trimethylsilylamides!2!® and halo-
magnesium amides.!21¢

o,B-Epoxy sulfoxides reacted with various amines to afford the corresponding o-amino ketones
(Scheme 61).122

0 DMSO or HMPA

/ R4 o, 3 o R4
Ph—S O R2 \ r.t, -110 °C, 40 min-8 d |
+ /N" H Rl N ~ RS
al ARB RS 44-100% R2” OR3
Scheme 61

Alkali metal azides react with epoxides in a appropriate solvent to give vicinal azidohydrins. Phase-
transfer reagents may be used. The reactions usually require high temperatures and/or long reaction
times.

Reaction of epoxide (135) with tetra-n-butylammonium azide in the presence of trimethylsilyl azide
(TMSN3) afforded a high yield of azidohydrin (136) along with ortho-acyl azide (137; Scheme 62).123 It
has been reported that omission of TMSN3 in the reaction resulted in extensive acyl transfer. Lewis acid
catalyzed oxirane ring opening (ZnClo/TMSN3) of (135) gave (137).123

H 3
H . HO H Ph
BzO %OMe i, BuN N3 + TMSN, toluene, 90°C, 10h ~ BzO | — gOMe
N
OBz ii, CH,Cl,, MeOH, CF,CO,H
OBz OBz OBz
(135) (136) 78% (137) 14%

Scheme 62

TMSN3 can also react with epoxides in the presence of an appropriate catalyst (Scheme 63), such as
ZnCla,'* Ti(QOPri)s,!15125 VO(OPri)3,1252 CpVClz,12%8 E12 AIF, 126 AI(OPr)3!27 or BF3-OEty. 128,129

When 2,3-anhydro-4-O-tosyl pyranoside (138) reacted with sodium azide, azide ion attacked first at C-
4 and then oxirane ring opening took place, giving diazido derivatives (139a) and (139b).!2% In contrast,
in the reaction of (138) with TMSN3 in the presence of BF3-OEt;, only oxirane ring cleavage occurred to

give (140a) and (140b).12% Alternatively, 2,3-anhydrotriflate (141) reacted with sodium azide affording
anhydroazide (142; Scheme 64),12%
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As shown in Scheme 63, the regioselectivity of oxirane ring opening of 2,3-epoxy alcohols is in-
creased in TMSN3-Lewis acid systems compared to conventional systems using sodium azide. It has
been reported, however, that sodium azide supported on zeolite CaY facilitates the C-3 attack.!3

A mild and highly stereoselective transformation of epoxides to azido alcohols by treatment with
Et3Al-HN3 in toluene has been reported (Scheme 65).13!

Et;Al, toluene-benzene OH
(CHy), O + HN, (CH,),
r.t.to 70 °C, 15 min-3 h o N3

68-83%
n=4,6,10
<:><? Et,Al, toluene-benzene O{J:
+ HN;3
r.t, 25 min, 90% OH
o} N3

Et;Al, toluene-benzene OH

+ HN;
-78 °C, 15 min, 90%

Scheme 65

As described above, 1,2-azido alcohols can be stereospecifically prepared from epoxides. 1,2-Azido
alcohols thus prepared reacted with triphenylphosphine or trialkyl phosphites to afford aziridines, where
inversion of both centers of the original epoxides takes place (Scheme 66).12%132 Intramolecular oxirane
ring opening by nitrogen nucleophiles affords heterocyclic compounds.!33

H_ OH
RO K
ON""coMe
i, NaNj, NH4CC1 N H Ph,P, THF, 6065 °C
o EtOH, 60 ° il
HO R 17
\/<'\\\ \/\C02Me + kD

ii, silylation >80%

N; H
RO/ -
\/S\ " coMe
H OH

H

[

N

RO ““W
o CO.Me

R = Bu'Ph,Si-

i, (MeO)3P, benzene, r.t., 20 h
(136)

ii, NaH, THF

I Scheme 66

1.3.4.2 Aziridines

Aziridines can be prepared by various methods which involve dehydration of B-amino alcohols and
dehydrohalogenation of 8-amino halides.!34 Therefore, the reactions of aziridines with oxygen nucleo-
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philes'*> and halide ions!3¢ will not be described in this section. A short review article has been publish-
ed.137

Aziridines may be classified into two groups.!?8 ‘Activated aziridines (143a)’ contain substituents ca-
pable of stabilizing a negative charge developed in the transition state of nucleophilic ring opening. The
activated aziridines undergo ring-opening reactions with nucleophiles in the absence of catalysts
(Scheme 67),138.139 while ‘unactivated aziridines (143b)’ generally require acidic catalysts to promote the
reaction. Since aziridine activated by a carbonyl group is an ambident electrophile, nucleophiles can at-
tack the carbonyl carbon (Scheme 67, path a) and the ring carbon (Scheme 67, path b).

Y (143a) G = COR, SOR, COR

! (143b) G = H, alkyl, ary!

G
o
D N—x( Nu fina} product
paly R
O
C N—( + Nu~
) H
pathb
N R
WSy
(o}
N7 EtOH, 50°C, 3 h
’ ’ NHCO,Et
IY + PhNH, PhNH N 2
CO,Et 97%
) 0/\
N7 (\ /x MeCN, reflux, 1 h TSNH_\__(\
2 N 4+ H-N N-H N N\
Ts &/ 0\) 91% &/ o\) NHTSs

Scheme 67

Transformation of 1,3-diamino-2-propanol (144) into vicinal diamines has been reported.4® Thus, the
bis(benzyloxycarbonyl) derivative of (144) was mesylated to give (145), which was converted into -
benzyloxycarbonylaziridine (146). Acetic acid and HCI reacted at the ring carbon of (146) affording 2,3-
diamino-1-propanol (147) and 1-chloro-2,3-diaminopropane (148; Scheme 68). On the other hand, the
reaction of (146) with Grignard reagents and sodio malonates resuited in the loss of the carbamate pro-
tecting group. In contrast, the sulfonamide derivative (149) could be converted into diamines (151) and
(152) via 1-tosylaziridine (150; Scheme 68).

1-Ethoxycarbonylaziridine (153) has been reported to react with lithium amides affording carbonyl ad-
dition—elimination products (154; Scheme 69).14! The reaction of (153) with trityllithium proceeded
through path b in Scheme 67, while diphenylmethyllithium gave both 1-(diphenylacetyl)aziridine (path
a; 33%) and N-(3-diphenylpropyl)carbamate (path b; 66%). Benzyllithium, -butyllithium and lithium
phenylacetylide afforded the corresponding symmetrical ketones (155).14 1-Acylaziridines (156) reacted
with various organolithium and Grignard reagents to produce ketones (157) in high yields (Scheme
69).142 1-Tosylaziridine (158) reacted with 2-butynylmagnesiumm bromide to give ring-opened products
(159a and 159b; Scheme 69),143

The studies of the reaction of 1-substituted-2-phenylaziridines (160a), (160b) and (160c) with carbon
nucleophiles have revealed that regioselectivity depends on the reagent used and reaction conditions. In
general, methyl-metal reagents (MeMgBr, Me2CuLi and MeCu-BF;) tend to attack the C-2 of (160) to
give (161; Scheme 70). 1-Tosylaziridine (160b) was found to be more reactive than (160a). MeLi caused
decomposition of (160b) and displacement of the N-substituent of (160a). 1-Methylaziridine (160c) was
decomposed by MezCuLi or MeCu-BF3.!144

In the reaction with carbon nucleophiles and with nitrogen nucleophiles, the reaction site on 1-sub-
stituted-2,2-dimethylaziridines (163) depends on the degree of leaving group activation. Thus, highly ac-
tivated aziridine was attacked at C-3, while less activated aziridines were attacked at C-2 (Scheme 70).'45
The reaction of (163; G = Ts—, 2,5-C,C¢H3S02—, ButC(O)—) with Grignard reagents (RMgX) is
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more lc:omplicated; the product distribution depends on the activating group G, R, X and reaction condi-
tions, 46

Boron trifluoride etherate promotes the nucleophilic ring opening of unactivated aziridines with di-
organocopperlithiums leading to both primary and secondary amines (Scheme 71).!47 Reaction of 1-
benzyldiaziridine (164a) with Me;CuL.i promoted by BF3-OEt; afforded monobenzylamine (165) and
piperidine derivative (166). When 1-benzyloxycarbonyl- or 1-tosyl-diaziridine (164b) and (164¢) were
allowed to react with Me;CuLi without Lewis acid catalysts, diamine (167b) or (167c) was obtained
(Scheme 71).132¢
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Scheme 71

Sodium enolates of ketones and disodium enediolates of substituted phenylacetic acids reacted with
activated aziridines to afford -y-amido ketones and y-amidobutyric acids, respectively (Scheme 72).148

Aziridine-2-carboxylic acid esters can be utilized as versatile precursors for amino acid derivatives. 4?
Although the product distribution resulting from the reaction of activated aziridine-2-carboxylates with
amines depends on the structure of the reactants, the reactions with alcohols or thiols in the presence of
acidic catalysts generally gave the a-amino acid derivatives (Scheme 73).!99.150 On the other hand, free
3-methyl-2-aziridinecarboxylic acids (168) reacted with thiophenol, cysteine and glutathione to afford -
amino acid derivatives with sulfur substituents at the a-position as the main product (Scheme 73).!5!

The reaction of activated aziridine-2-carboxylic acid methyl esters (169) with ethoxycarbonylmethyl-
enetriphenylphosphorane resulted in the formation of phosphorane (170) along with phosphorane (171)
and aziridine (172), with the exception of (169d), where (172d) was obtained as the sole product
(Scheme 74).'52 Phosphorane (170b) was converted into 4-methylene-(25)-glutamic acid (173).!52
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The reaction of (Z)- and (E)-1-arylsulfonylaziridines with dimethyloxosulfoniummethylide proceeded
stereospecifically to yield (E)- and (Z)-azetidines, respectively (Scheme 75).153
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SOR

* _ SO;R
N -+ DMSO Me,S(0) NSO, N’
R!—/ \__R3? + CH,S5(O)Me, W/L — Rr2 _R3?
rt, 18-20h R R3
RZ R4 RI"" "R2 Rl R¢
R=Ph, 4-C1C6H4, 4'MCC6H4 44-80%
Scheme 75

Thermal rearrangement of cyclic and acyclic 1-ethoxycarbonylaziridines (174a) and (174b) afforded
allylic carbamates, which were hydrolyzed to primary allylic amines (Scheme 76).134

R

R R R
R benzene H~N)Y\R KOH HN)\/\R
N 200-255 °C | 2
CO,Et Et0,C R R
(174a) 69—88% (overall)
R
iy R
|
C02Et
(174b)
Scheme 76

Reaction of 1-acylaziridines with LiAlH4 resulted only in attack at the carbonyl site. In contrast, reduc-
tion of (153) with NaBHj4 in ethanol gave ethyl N-ethylcarbamate.!4! Reduction of chiral aziridines (175)
with various metal hydrides reveals that Red-Al gave the best result (Scheme 77 and Table 3).13%

TN HO OBn
HO ‘N\ OBn metal—H \/\/\ OBn + HO ~ ":,(\/
'i's HNTSs HNTs
(175) (176) 177
Scheme 77
Table3 Reduction of (175; Scheme 77)!3%
Reagent and reaction conditions Isolated yield (%) Ratio (176):(177)
Red-Al, THF, -78 °C 86 >100:1
LAH, THF, =20 °C 80 >100:1
DIBAL-H, THF, -78 °‘C > r.t. 300 >100:1
DIBAL-H, C¢Hg,0 °C > r.t. 200 1:1
NaBH4/Ti(OPr')4, CsHe, I.t. No reaction
*Reaction incomplete.
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14.1 NITROSO COMPOUNDS

Some comprehensive reviews of the chemistry of C-nitroso compounds already exist.! Since the latest
general review was published, no other relevant new findings on the formation of nitroso compounds by
substitution processes have been reported. Reviews of special interest deal with the syntheses and
properties of aliphatic fluoronitroso compounds,? nitrosoalkenes and nitrosoalkynes,’ electrophilic C-ni-
troso compounds,* a-halonitroso compounds® and nitrosation mechanisms.®

Indirect replacement of the a-hydrogen atom of carboxylic esters by the nitroso group is remarkable.’
This procedure uses ketene O-alkyl O’-silyl acetals (1), generated from carboxylic esters, which are
treated with nitric oxide or isopentyl nitrite in the presence of titanium(IV) chloride. In the absence of an
a-hydrogen a-nitroso esters (2) are obtained. a-Nitroso esters with an a-hydrogen undergo isomerization
to oximes of a-keto esters (3; equation 1). Similarly, silyl enol ethers of aldehydes or ketones can be
used instead of the carbonyl compound itself for nitrosation. Thus, treatment of enol ether (4) with nitro-
syl chloride gives the a-nitroso aldehyde (5; equation 2),% which is quite stable at 0 °C, but dimerizes at
room temperature.

1 0 Q
R >=<0Et i-CsH,;ONO E; ))\om Ri=H Rlﬁl)kom "
R? OSiMe; 6;_1521% NO Noon
(1) R! = Me, Et, Ph; R? = Me, Ph )] 3)
pr>=<u Noal Ph> CHO @
OSiMe; ON
@ )

14.2 NITRO COMPOUNDS

There are several general reviews of this area of chemistry.? This section covers mainly novel methods
and improvements to established procedures for the preparation of nitro compounds which have been
published within the last 10 years.

1.4.2.1 Aliphatic Nitro Compounds

1.4.2.1.1 Nitroalkanes

Substitution of halogen by a nitro group is still one of the most important methods for the laboratory
preparation of primary and secondary nitroalkanes. With sodium nitrite, solvents such as dimethylform-
amide and dimethyl sulfoxide are employed. For example, (Z)-1-nitrohex-3-ene (7) was prepared from
(2)-1-bromohex-3-ene (6; equation 3).!% For the transformation of a-bromo esters into a-nitrocarboxylic
esters the use of an anion-exchange resin in anhydrous benzene or ethanol has been recommended. With
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(R)-ethyl 2-bromopropanoate (8) under these conditions the corresponding (S)-nitro ester (9) is formed
with inversion of configuration (equation 4), but it racemizes during the reaction.!! A short review of the
preparation of chiral nitro compounds exists.!?

NaNO,/DMF
B 2 N

P e N N T 0 3)

r.t.

63%
6) )]
y CO,Et resin (NO;™) y CO,Et
HY: —— = O;N": 4)
Br 25°C,2h H
95%
8 9)

The condensation of dianions of ring-methoxylated phenylacetic acids like (10) with methyl nitrate
provides a general, one-step procedure to the corresponding phenylnitromethane (11; equation 5).!3
Methods for the preparation of nitroacetic esters have been summarized.'4

MeO MeO
CO,H i,2LDA NO,
ﬁ ﬁ ®
MeO ii, MeONO, MeO
77%
10) 1)

The alky] nitrate nitration, a reaction of a nitrate ester in the presence of a base with active methylene
compounds, enables the introduction of a nitro group at carbons in the a-position to the activating group.
This reaction has been applied to a variety of active methylene compounds such as ketones, aliphatic car-
boxylic esters, amides, lactams, alkane sulfonate esters, activated toluenes and heterocyclic com-
pounds.!® The preparation of cyclic a-nitro ketones as well as the synthetic utility of these synthetic
intermediates has been reviewed.!6 2-Nitrocyclopentanone has been synthesized by three routes starting
with cyclopentanone (12; Scheme 1).!7 Treatment of the potassium enolate of cyclopentanone with pen-
tyl nitrate gives 2-nitrocyclopentanone (13) in 92% yield. An alternative route to 2-nitrocyclopentanone
(13) in 87% yield is the nitration of 1-acetoxycyclopentene (14) with acetyl nitrate, generated in situ
from nitric acid and acetic anhydride. Nitration of 1-trimethylsiloxycyclopentene (15) with nitronium
tetrafluoroborate gives (13) in a yield of 41%. Enol ethers (14) and (15) can be obtained from cyclopen-
tanone.

(@] (o] NOZ ACO
b i KH 5 AcONO, b
ii, C4H, ,ONO, 87%
92%
12) 3) 14)
NO,BF,
41%
Me,SiO
(15
Scheme 1

Generating the enolates of substituted cyclic ketones by using potassium hydride leads to the thermo-
dynamic mixture of enolates, and therefore nitration of potassium enolates often does not allow for a re-



106 Displacement by Substitution Processes

giospecific synthesis of a-nitro ketones. For example, the potassium enolate of 3-methylcyclopentanone
(16) gives three isomers in a ratio (17):(18):(19) = 2:1:1 (equation 6). On treatment of the potassium
enolate of cis-3,4-dimethylcyclopentanone (20) with pentyl nitrate trans-2-nitro-cis-3,4-dimethyl-
cyclopentanone (21) is formed diastereoselectively (equation 7),!8

NO, NO,
i, KH N
Do e Dmoe Comoe Do o
ii, CsH,;,ONO, y
56%
NO,
(16) (17) 50% (18) 25% (19) 25%
NO,
i, KH 3
0 0 a
ii, CsH,,ONO,
75%
(20) (21)

The nitration of enol acetates with acetyl nitrate is a regiospecific electrophilic addition to the B3-carb-
on of the enol acetate, followed by a hydrolytic conversion of the intermediate to the a-nitro ketone.
With enol acetates of substituted cyclohexanones the stereochemistry is kinetically established. So, 1-
acetoxy-4-methylcyclohexene (22) yields the thermodynamically less stable trans-4-methyl-2-nitrocylo-
hexanone (24) in greater proportion (cis:trans = 40:60) (equation 8). This mixture can be equilibrated in
favor of the thermodynamically more stable cis diastereomer (23) (cis:trans = 85:15). Nitration of 1-ace-
toxy-3-methylcyclohexene (25) leads to frans-3-methyl-2-nitrocyclohexanone (26), which is also the
thermodynamically more stable isomer (equation 9).!19 No stereoselection occurs in the kinetically con-
trolled nitration with acetyl nitrate of 1-acetoxy-5-methylcyclohexene (27; equation 10), but the 1:1 mix-
ture of the 5-methyl-2-nitrocyclohexanones can be equilibrated in favor of the frans diastereomer (28)
(cis:trans = 10:90). 2-Alkyl-2-nitrocyclohexanones cannot be prepared in acceptable yields by nitration
of the corresponding enol acetates with acetyl nitrate.

NO
AcONO, 2 wNO2
+ (8)
OAc 83% o o)

22) (23) 40% (24) 60%
.NO.
AcONO, NO, w2
+ 9
OAc 70% (o) o)
(25) <1% (26) >99%
NO
ACcONO, 2 wNO;
+ (10
OAc % (0] (o)
@n 50% (28) 50%

It has been demonstrated that a mixture of ammonium nitrate and trifluoroacetic anhydride is a very
effective system for the nitration of enol acetates. It is assumed that trifluoroacetyl nitrate is produced,
which is a much more powerful nitrating agent than acetyl nitrate. So, 2-methyl-2-nitrocyclohexanone
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can be obtained from 2-methyl-1-acetoxycyclohexene in nearly quantitative yield. Also, the enol acetate
of decalone (29) was quantitatively converted to trans-10-nitro-1-decalone (30; equation 11).20

OAc 0
O,N

F;CCO-ONO,

(11
>99%

A
(29) (30)

Nitration of 2-methyl-1-(trimethylsiloxy)cyclohexene (31) with nitronium tetrafluoroborate leads to 2-
methyl-2-nitrocyclohexanone (32; equation 12), while 6-methyl-1-(trimethylsiloxy)cyclohexene (33)
gives under similar conditions a 30:70 mixture of cis- and frans-6-methyl-2-nitrocyclohexanone (equa-
tion 13).2! The desilylative nitration of allylsilanes with nitronium tetrafluoroborate proceeds readily.
The reaction is considered to pass through initial electrophilic attack of the nitronium ion on the allyl
system followed by desilylative elimination. So, on treatment of 1-(trimethylsilyl)but-2-ene (34) with ni-
tronium tetrafluoroborate the product is 3-nitrobut-1-ene (35) and not 1-nitrobut-2-ene (equation 14).22

NO,BF,
‘NO, (12)
OSiMe; 4%

0
31 32)
NO,BF, NO, wNO2
+ (13)
osiMe; V% o) )
(33) 30% 70%
, NO,BE,
\/\/ SlMe3 - Y\ ( 1 4)
75%
(34) NO,
(35)

The synthesis of polynitropolycyclic cage molecules has been reviewed.?

1.4.2.1.2 Conjugated nitroalkenes

There are reviews dealing with conjugated nitroalkenes in organic synthesis,?* nitroenamines,? the
oxyalkylation of carbonyl compounds with conjugated nitroalkenes? and the use of conjugated nitroal-
kenes in the synthesis of heterocyclic compounds.?’ In this section mainly the preparation of nitroalkenes
starting from alkenes is described.

In principle nitroalkenes should be available from direct nitration of vinyl carbanions. However, this
reaction is not practical due to the potential anionic polymerization. But vinylstannanes obtained from
ketones can be used instead of vinyl carbanions. Tetranitromethane is effective in replacing tin by nitro
at unsaturated carbon. This method has been used to prepare several alkyl-substituted 1-nitrocyclo-
hexenes and 1-nitrocycloheptenes (Scheme 2).28

Dinitrogen tetroxide addition to alkenes in the presence of oxygen leads to mixtures of vic-dinitro
compounds, B-nitro nitrites and nitrates. Nitroalkenes may be prepared without isolation of the adducts
by treating the mixture with basic reagents. 1-Nitrocyclooctene (37) can be obtained from cyclooctene
(36) by this route (equation 15).29 The same reaction sequence has been used for the regioselective and
stereoselective preparation of (E)-2-nitroethenyltrimethylsilane (38; equation 16).30 In the presence of
iodine with alkenes and dinitrogen tetroxide B-nitroalky! iodides are formed. These give 1-nitroalkenes
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i~iii iv
(o] SnMe3 N02
49% 90%

i, 2,4,6-triisopropylbenzenesulfonyl hydrazide; ii, BuLi; iii, Me3SnCl; iv, C(NO,),

Scheme 2

on dqhydrohalogenation. Thus, (E)-2-phenylbut-2-ene (39) yields (Z)-2-nitro-3-phenylbut-2-ene (40;
equation 17),3! and methyl acrylate yields methyl (E)-3-nitroacrylate.3?

N,0,/0, NEt, NO;
Adducts (15)
63%

overall
(36) 37
i, N204/0, ON
SiMe3 ii, NaOAc SiMe3
39%
(38)
i, NoOy/l,
>=( >——'——( a7
ii, Et;N
Ph H 137% Ph NO,
39) (40)

Nitryl iodide, generated in situ by reaction of silver nitrite with iodine, has been used for chemoselec-
tive nitration of substituted styrenes (equation 18).33 Reaction of alkenes with sodium nitrite and iodine
in the presence of ethylene glycol provides 1-nitroalkenes without using a base.34 Nitrovinylsilanes have
been prepared by addition of nitryl chloride to a vinylsilane followed by elimination of hydrogen
chloride with base from the resulting chloronitrosilane (equation 19).3035 In a similar reaction sequence
glycals could be transformed to 2-nitroglycals by treatment with nitronium tetrafluoroborate followed by
elimination of hydrogen fluoride.¢

H
o x i, NOgl o - NG
{ 4 (18)
o ii, Et;N o)
70%
Me;Si H i, NO,CI Me;Si H
== — (19)
Me;Si H ii, DBN Me;Si NO,;
65%

Addition of mercury(II) nitrite, generated in situ from mercury(Il) chloride and sodium nitrite, pro-
vides a general route to 1-nitroalkenes. Thus, on treatment with sodium hydroxide or a tertiary amine the
adducts are converted into nitroalkenes in good yields. The clean formation of 2-nitronorbornene from
norbornene indicates that carbonium ion rearrangement is not a problem. A further point of interest is the
regioselectivity of nitromercuration, illustrated by the nitration of (42; Scheme 3).37 The nitromercura-
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tion method has been used for the preparation of 3-nitrocycloalkenones®® and (E)-2-nitroethenyltri-
methylsilane.’

HgCl,/NaNO, NO, NaOH/H,0 NO,
" HgCl
41)R=H 80% >98%
42) R=Me overall 80%
Scheme 3

Another route to conjugated nitroalkenes is based on nitroselenenylation of alkenes. Although the
overall yield of nitroalkenes is slightly lower than for nitromercuration, the advantage of nitroselenenyla-
tion over nitromercuration is avoidance of aqueous media. Treatment of alkenes with benzene selenyl
bromide followed by addition of silver nitrite provides a mixture of 2-nitroalkyl and 2-hydroxyalkyl phe-
nyl selenides. The latter products can be suppressed by addition of mercury(II) chloride. The adducts are
converted into conjugated nitroalkenes on oxidation with hydrogen peroxide.*° By using (E)- and (Z)-
oct-4-ene it has been established that the reaction is stereospecific (Scheme 4). Unsymmetrical alkenes
give regioisomeric mixtures. Thus on addition, 1-hexene yields Markovnikov product and anti-Markov-
nikov product in the ratio 78:22.% In a similar reaction sequence trialkyl (2-nitro-1-alkenyl) silanes (ni-
trovinylsilanes) can be prepared starting from vinylsilanes (Scheme 5). In this case the regiochemistry of
addition is controlled by the B-effect of the silyl group. This reaction is also stereoselective.*!

o 0’:{ i i H H i ii oH NOo,  mo, H  NO,
Hh ”I“H
PhSe Pr 12% Pr Pr 7% PhSe; ;Pr 92% Pr/\ :Pr

i, PhSeBr; ii, AgNO,/HgCl,

Scheme 4
H CeH)3 i H CeHis
Me;Si H 39% Me;Si NO,

i, PhSeCl; ii, AgNO,/HgCl,; iii, H,0,
Scheme 5§

A procedure for the efficient synthesis of 1-nitro-1,3-dienes in two steps involves the in situ prepara-
tion of trifluoroacety! nitrate from ammonium nitrate and trifluoroacetic anhydride, and addition to 1,3-
dienes to give mixtures of adducts. A mixture of the adducts on treatment with base eliminates to afford
1-nitro-1,3-diene. In the case of isoprene the reaction leads chemo-, regio- and stereo-selectively to (E)-
2-methyl-1-nitrobuta-1,3-diene (43; Scheme 6). In contrast nitrotrifluoroacetoxylation of (E)-penta-1,3-
diene followed by elimination gives an inseparable mixture of (E,E)-l-nitropenta-1,3-diene and
(E)-4-nitropenta-1,3-diene (Scheme 6).%2 Similarly, ethyl vinyl ether has been transformed with acetyl
nitrate to ethyl (E)-2-nitrovinyl ether.3

1-Nitro-2-(trialkylsilyl)alkynes can be synthesized by nitration of bis(trialkylsilyl)alkynes with nitro-
nium tetrafluoroborate or nitronium hexafluorophosphate (equation 20), with nitryl fluoride addition
across the triple bond as the major reaction.*
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H
i, CF;,CO-ONO,
N — A% NO,
R ii, Ni R
R=H 80% (43) R=Me
R=Me 55%

N AN '————'847 \/\/\No2 + ON A
(]

50% 50%
i, CF3CO-ONO,; ii, AcOK
Scheme 6

NO,PF,

Pri;Si—==—SiMe,4 Pri;Si—=—NO0, 20)

57%

1.4.2.2 Aromatic Nitro Compounds

This field has been reviewed recently in a monograph.*5 For syntheses of vicinally substituted nitropy-
ridines an extensive review is accessible.*® In a recent monograph the preparation of nitroazoles has been
discussed.*’ Introduction of a nitro group in an aromatic ring is usually carried out via electrophilic
aromatic substitution using nitric acid, its metal salts, mixed anhydrides, nitrate esters or nitronium
salts.*8-50 Most often these methods require subsequent aqueous work-up. In the case of alkylbenzenes
this can be avoided by using a perfluorinated resinsulfonic acid (Nafion-H). So, a number of alkylben-
zenes have been nitrated with n-butyl nitrate, acetone cyanohydrin nitrate or dinitrogen tetroxide over
Nafion-H catalyst.5!

Trifluoroacetic nitrate, prepared ir situ from ammonium nitrate and trifluoroacetic anhydride, has been
used for nitration of aromatic compounds at room temperature with high yields. While benzoic acid
gives m-nitrobenzoic acid nearly quantitatively, nitrobenzene is not reactive under these conditions. At-
tack at the ortho position rather than the para position is observed with activated benzene derivatives
like anisole. However, this system oxidizes phenols to quinoid products.5?

The effect of crown ethers on the selectivity of nitration of aromatic hydrocarbons and anisole has
been studied with a mixture of trifluoroacetic anhydride and tetrabutylammonium nitrate as nitration
agent. The largest effects on selectivity have been observed with 21-crown-7, which causes ortho—para-
directing groups to act essentially as para-directing groups.3

Phenols can be mononitrated in a two-phase system (ether/water) by sodium nitrate and aqueous hy-
drochloric acid in the presence of a catalytic amount of lanthanum(1II) nitrate in yields generally above
80%. Phenol itself gives 2:1 ortho:para nitration, while phenols substituted in the para position give pre-
dominantly ortho nitration with some meta nitration (equation 21). As shown recently nitration of phe-
nols in the two-phase system occurs even without lanthanum(IIl) nitrate. By use of sodium nitrate,
aqueous sulfuric acid and a catalytic amount of sodium nitrite in the two-phase system mononitration of
phenols can be achieved in high yields. Under these conditions starting from 3-substituted phenols in ad-
dition to the nitro compounds formation of quinones has been observed.3*3 Polyhydroxy aromatics are
typically difficult to nitrate directly. Thus, 4,6-dinitroresorcinol (45) has been synthesized from resorci-
nol diacetate (44) with nitric acid or mixed solutions of nitric acid/sulfuric acid containing urea as a ni-
trous trap (equation 22).56

A useful reagent for the regioselective nitration of aromatic amines is urea nitrate in sulfuric acid.
p-Nitroanilines are formed exclusively. When the para position is blocked, nitration occurs to give the
m-nitroaniline derivative.5’

Silica gel supported cerium(IV) ammonium nitrate (CAN) has been employed for controlled nitration
of some naphthalene derivatives. While treatment of hydroxynaphthalenes and polynuclear arenes with
cerium(IV) ammonium nitrate absorbed on silica gel without a solvent affords mononitro derivatives, the
reaction of the same substrates with cerium(IV) ammonium nitrate in solution affords a considerable per-
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OH OH OH
NaNO, NO,
+ (21)
cat. La(NO,), NO,
86%

90% 10%
AcO OAc HNOH,50, HO OH
(22)
urea
prve O,N NO,
(44) 4s)

centage of dinitro derivatives or quinones. Thus, 1-hydroxynaphthalene (46) is converted into a mixture
of 4,6-dinitro- and 2,4-dinitro-2-hydroxynaphthalene, when treated with cerium(IV) ammonium nitrate
in acetic acid, whereas the 2-nitro- and 4-nitro-naphthalene derivatives (47) and (48) are obtained when
the same nitrating agent on silica gel is used. Under similar conditions 1-methoxynaphthalene (49) gives
1-methoxy-4-nitronaphthalene (50) exclusively (Scheme 7).58

OR OR OR
CANon NO,
+
silica gel
NO,

(46) R=H 80% 47 53% 48) 47%
(49) R=Me 65% 0% (50) 65%

Scheme 7

Novel reagents consisting of metallic nitrates impregnated on montmorillonite have been introduced in
aromatic nitration.” With clay-supported copper(Il) nitrate in the presence of acetic anhydride it is
possible to nitrate toluene quantitatively with a high para preference (79% para, 20% ortho, 1% meta).®
Also, good para selectivities have been found on nitration of some other aromatic hydrocarbons with
copper(Il) nitrate on clay.®! Halobenzenes are mononitrated with clay-supported copper(Il) nitrate in the
presence of acetic anhydride. Compared to other methods high para:ortho ratios are obtained under these
conditions.52

When nitration of phenols is performed with clay-supported iron(IIl) nitrate at room temperature, ex-
clusively o- and p-nitrophenols are formed. No meta nitration occurs. With mera-substituted phenols, one
of the ortho positions is favored with respect to the other (Scheme 8).53

143 HYDROXYLAMINES

Methods for preparation of hydroxylamine derivatives have been reviewed in detail recently.5* Here,
mainly new developments concerning the synthesis of hydroxylamines by substitution processes with he-
terobond formation are presented. Reduction of nitro, nitroso, oxime and nitrone derivatives as well as
direct oxidation of amines leading to hydroxylamine compounds will not be considered.

14.3.1 Carbon-Heteroatom Linkage with Nucleophilic Heteroatoms

Direct monoalkylation of hydroxylamine is usually not a good preparative method because of the
problems with further alkylation on nitrogen. However, in a one-pot procedure hydroxylamine hydro-
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OH OH OH
Fe(NOs); NO,
+
on clay
R R NO,

R=H 80% 49% 51%
R=CHO 93% 100%
OH OH OH
N
Fe(NOy); 0:
+
on clay
54%
37% NO,
63%
Scheme 8

chloride has been reacted with propargyl bromide followed by addition of 3-chloropropionyl chloride to
give the hydroxamic acid derivative (51; Scheme 9).63

(‘)H

c N, Z
W/

iiii

NH,0H*CI™

34%

(51
0]
i, NaOH; i, Br” g il a~Na
Scheme 9

Although several methods have been reported, the synthesis of N-monoalkylhydroxylamines from
alkyl halides or sulfonates has remained difficult. Relating to this a new preparation of N-alkylhydroxyl-
amines is based upon N-alkylation of isoxazole derivative (52). Besides 2-propyl iodide several primary
alkyl halides have been described as the alkylation agent in this procedure (equation 23).66

CO4Et CO,Et
RX H,0/HCl + _
>‘*§\ »‘*’—L : R—-NH,0H CI~  (23)
LR O Na* 63-73% rR-N. o 54-96%

(0] (0]

(52)

On application of protecting groups it has to be considered that on deprotection with hydrogen, cleav-
age of the N—O bond can occur. Thus, the e-hydroxynorleucine derivative (53) was subjected to Mitsu-
nobu reaction with a protected hydroxylamine to yield the N-alkylated compound (54), but
hydrogenolysis gave only lysine (55) instead of N-hydroxylysine (Scheme 10).67 Alkylation of the carba-
mate (57), available from di-z-butyl dicarbonate (56) and O-benzylhydroxylamine, with a primary or sec-
ondary mesylate or iodide gives carbamates (58) in good yields. Similarly, N-benzyloxyureas (61) have
been alkylated exclusively on the benzyloxy-substituted nitrogen to form (62). Acidolysis of (58) leads
to alkylbenzyloxyamines (59). Deprotection of (58) and (62) can be achieved by catalytic transfer hydro-
genolysis using ammonium formate and palladium on charcoal (Scheme 11).8
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Scheme 11

The palladium(0)-catalyzed reaction of allyl esters with hydroxylamine and substituted hydoxylamines
is a valuable route to N-allylhydroxylamines (equations 24 and 25). The absolute configuration of the
products (equation 25) has not been proved. In other examples the regioselectivity of the reaction has
been demonstrated.®®

A number of syntheses of N-hydroxy-a-amino acids and derivatives thereof have been reported.” a-
Bromocarboxylic acids or their r-butyl esters can be treated with hydroxylamine or O-alkylated
hydroxylamines to give the corresponding hydroxylamine derivatives. N-Benzyloxy-L-alanine has been
obtained by reaction of (R)-a-bromopropionic acid with O-benzylhydroxylamine. But due to bromide
exchange the optical yield was low.”! Anchimeric assistance of a suitable attached thio group can bring

NH,OH*CI”
NN OAc

XN (24)
PA(PPhs), .
93% OH



114 Displacement by Substitution Processes

CO,Me CO,Me CO,Me
0 HZN—OBn Q @
o P(OEt), Pd(PPh, ) \\\ 25
93%
80% 20%

problems on reaction of a-bromocarboxylic esters with hydroxylamine.”? By treating triflates of (R)- or
($)-a-hydroxy esters with O-benzylhydroxylamine O-benzyl-N-hydroxy-a-amino esters (64) can be pre-
pared in good optical yields (Scheme 12).73 The Mitsunobu reaction of aliphatic a-hydroxy esters with
N-acylated O-benzylhydroxylamines provides a route to protected N-hydroxy-a-amino acids.”® Treat-
ment of a-halo ketones with hydroxylamine leads to a-hydroxylaminooximes,”

H i, ii H
HO ")— COMe R w)—CO,Me
R 78-89% BnO—~N

H
64) 76-100% ee

i, TF,0; i, BnO-NH,

Scheme 12

Hydroxylamines usually react with acid chlorides to give mixtures of N-, O- and poly-acylated pro-
ducts. In contrast reaction of tris(trimethylsilyl)hydroxylamine (65) with aliphatic acid chlorides leads
selectively under N-monoacylation to the corresponding hydroxamic acids (66; equation 26).76 While di-
phenylphosphinic chloride (68) is attacked by the oxygen of hydroxylamine to yield O-(diphenylphos-
phinyl)hydroxylamine (67; Scheme 13), N-(diphenylphosphinyl)hydroxylamine (69) can be obtained by
treatment of diphenylphosphinic chloride with O-trimethylsilylhydroxylamine followed by removal of
the silyl blocking group (Scheme 13).”7 O-Acylation of arylhydroxylamines can be achieved with acyl
cyanides.”®

0 0
Megsi i, J\
'N—0SiMe, R d R)L NHOH (6)
MesSi’ i, H,0
3 78-95%
(65) (66)
o) o)
i ) v i
P i P i, tii _P.
Ph” | “ONH, Ph” | Cl Ph” | > NHOH
Ph Ph h
(67) (68) (69)

i, NH,OH; ii, NH,0SiMe3; iii, MeOH
Scheme 13

The aromatic nucleophilic substitution on tricarbonyl(halogenoarene)chromium complexes with N-t-
butyloxycarbonylhydroxylamine provides a convenient route to O-arylhydroxylamine derivatives
(Scheme 14).7°
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Scheme 14

1.4.3.2 Carbon-Nitrogen Linkage via Electrophilic Amination

Both inter- and intra-molecular ene reactions of acylnitroso compounds with alkenes provide N-al-
kylhydroxylamine derivatives. The regiochemistry observed is in agreement with C—N bond formation
by electrophilic nitrogen ahead of abstraction of allylic hydrogen by nitroso oxygen. Thus, reaction of 1-
methylcyclohexene (70) with in situ generated nitrosocarbonylmethane yields a single product (71; equa-
tion 27).8 The chiral a-chloronitroso derivative (72) reacts with several alkenes regio- and
diastereo-selectively to give nitrone hydrochlorides, which can be hydrolyzed to optically active allylic
hydroxylamines (equation 28). The % ee values have not so far been determined.?!

QH
N
O
@\ * )J\NO 92% CL \(n)/ @

(70) (M)

>(O OH
15 '

0.0 NO i (72) Nn
a (70) (28)
Cl ii, HCl

Bis(silyl)ketene acetals undergo silatropic ene reaction with nitrosobenzene to give N-hydroxyamino
acid derivatives.82 When allylmagnesium chloride is reacted with nitroarenes, unstable adducts result.
Reduction of these adducts with LAH in the presence of palladium on charcoal leads to N-allyl-N-aryl-
hydroxylamines (73; Scheme 15). With alkyl Grignard reagents this reaction is negligible.%3

(72)

(})H
i-iii N
Ar”~ V\

Ar— N02

59-98%
(73)

i, allylMgCl; ii, LAH; iii, NH,Cl

Scheme 15
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14.3.3 Nitrogen—-Oxygen Linkage

A two-step procedure for the oxidation of amines to hydroxylamines involves nucleophilic displace-
ment along the peroxide bond of dibenzoyl peroxide and saponification of the intermediate O-ben-
zoylhydroxylamine. Primary and secondary amines have been oxidized in this way (equation 29)%
Related reactions for transformation of amines to O-(arylsulfonyl)- and O-phosphinyl-hydroxylamines

ha:sest;een described by means of bis(arylsulfonyl)®® and bis(diphenylphosphinyl) peroxide, respective-
ly.B6

H o B
. (B20), . NaOH OH

Ri-N R? N.

(29)

"R?  ge-100% RV so90%  R7 TR?

A method for the synthesis of optically active hydroxylamines from optically active primary amines
with retention of configuration is based on the conversion of the amines to corresponding benzylimines
followed by oxidation to 3-phenyloxaziridines (74). Subsequent hydrolysis leads to hydroxylamines
(Scheme 16).88 This sequence has been extended to the synthesis of optically active N-hydroxy-a-amino
acid esters.®

0
Ar N NH, __bH A N NS, Y A N NHOH
74 overall 28-46%

i, PhCHO; i, MCPBA; il, H,SO;; iv, NaOH

Scheme 16

144 HYDRAZINO COMPOUNDS

A detailed review of the literature to 1967 is available, as well as several more recent reviews.®

1.44.1 Carbon-Nitrogen Linkage with Nucleophilic Nitrogen

Direct alkylation of hydrazine itself with halides and sulfates usually gives mixtures of mono- and
poly-alkylated hydrazines. It is possible to get useful yields of the monoalkylhydrazine by using an ex-
cess of hydrazine. Several specific procedures leading to monoalkylhydrazines are based on selective al-
kylation of hydrazine derivatives with protecting groups attached. So, easily prepared acetone
N-(diethoxyphosphoryhydrazone (75) can be used. Phase-transfer catalyzed N-alkylation of (75), fol-
lowed by deprotection with p-toluenesulfonic acid provides monoalkylhydrazine sulfonates (76; Scheme
17).91 Similarly, N-alkyl-M-arylhydrazines have been prepared by phase-transfer catalyzed N-alkylation
of arylhydrazones (Scheme 18).92 An efficient, one-pot method for the synthesis of a variety of polysilyl-
ated hydrazines employs hexamethyldisilane (equation 30).%? Polysilylated hydrazines were found to re-
act with aldehydes or ketones to give hydrazones under anhydrous conditions. By treatment with
triphenylphosphine and diethyl azodicarboxylate primary and secondary alcohols can be converted to hy-
drazine derivatives (equation 31).%¢

O O
I

I H
i P. . i |
EtO”~ ‘.’\N'N\ ! EtO” 1 "N NS —_— _N_+ -
EtO | EtO ! R NH; TsO
H R
(75) overall (76)

47-77%
i, RBr, NaOH, Bu",;N*HSO,™ (0.1 equiv.); ii, TSOH, EtOH

Scheme 17
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i, NaNO,, HC}; ii, MeCOCHMeCOM:e; iii, RBr, NaOH, BnEt3N+Cl'; iv, NyH,

Scheme 18
H Me;SiSiMe; MesSi SiMe;
N-NH, N-N (30)
\
Me 3% Me  SiMe,
H

DEAD, PPh, N—CO,Et
Q—OH O_N\ 3N
8% CO,Et

Bidentate alkylating agents may react with hydrazines at both nitrogens to close a ring, if the ring size
is suitable. If hydrazine itself is used, further alkylation under formation of a second ring to tetrasub-
stituted hydrazine derivatives sometimes occurs. In these cases a better procedure is to take an azodicar-
boxylate derivative and remove the protecting group after alkylation.%

Alkylation of hydrazine with a,B-unsaturated carbonyl derivatives or carbonyl derivatives with a leav-
ing group in the B-position provides pyrazole derivatives. For example, treatment of the tosylate (77),
obtained from L-serine, with anhydrous hydrazine gives racemic pyrazolidinone (78). It appears that py-
razolidinone (78) or one of the intermediates suffers base-catalyzed racemization (equation 32).% Start-
ing from B-lactam (79) seven-membered cyclic hydrazine (80) has been formed by ring closure in an
unusually high (84%) yield (equation 33).%7 Reaction of (w-allyl)palladium complex (81) with dimethyl-
hydrazine produces exocyclic diene (82) in a modest (29%) yield, but this is still more efficient than the
reaction of 2,3-bis(chloromethyl)butadiene (83) with dimethylhydrazine (equation 34).98

H OTs H .H
vBoc AN (32)
60% t-BOC “H
COZMC 0
an (78)
Ph
EtO,C \/j‘_‘\ N,H,
33
N, 84%
0 Bn
(79) (80)
4 Cl MeNHNHMe MeNHNHMe cl
_ Pd N AN (34)
- f PPh, NN NaH cl
299 .
cl 3 M Me 27%

81 (82) (83)
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144.2 Carbon-Nitrogen Linkage via Electrophilic Amination

Azodicarboxylate esters are the reagents of choice for electrophilic N-amino amination leading to hy-
drazine derivatives. Besides Grignard reagents® and alkyl or aryl lithium compounds, % enolates!0! and
silyl enol ethers!®? derived from ketones have been aminated by this method. In particular, di-z-butyl
azodicarboxylate has been reacted with a variety of chiral enolates (Scheme 19)!0*104 and chiral silyl
ketene acetals (Schemes 20 and 21)!9%1% to afford a-hydrazino acid derivatives with high dia-
stereoselectivities in good chemical yields. By the same method a-hydrazino-B-hydroxy esters (84) with
% ee values up to 75% have been obtained from a-hydroxy esters (Scheme 22).!7 An even higher
stereoselection results by using dioxanone (85) instead of the acyclic B-hydroxy ester (Scheme 23),108

O o O o0
O)J\N/LK/RZ i ii O)LN/U\:/Rz
— s, N-com

R! R HN-CO,Bu!

R! =Bp, P¢
i, LDA; ii, (Bu'O,CN),

Scheme 19
R R l;l
N R
Ph O\KL H . Ph O\ﬂ/L NNocoBe i T
OSiMe 0 (':OZBu* HO,C” "N~ NH,
NMe, 3 45-70% NMe, 89-93% I!I
i, (Bu'O,CN),, TiCl; ii, TFA,; iii, LIOH 78-91% ee
Scheme 20
R , R H
1
o wy NG
Oj)\ H \[H N ~Co,Bu!
65-81% i
OSiMe;  82-98% ds O CO,But
SO,N(c-C¢Hy)), SO;N(c-CgH 1),

i, (Bu'O,CN),, TiCly, Ti(OPr),

Scheme 21
OH OH
OH i, i R/\rCO2E‘ i, iv R/\rCOZH
2 COzEt
R N,
62-81% HonNcopu — 571% HN" "H
84-90% ds )
COzBU' (84)

i, LDA; ii, (Bu'O,CN),; iii, TFA; iv, LiOH

Scheme 22
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i, LDA; ii, (Bu'O,CN),

Scheme 23

1.4.4.3 Nitrogen-Nitrogen Linkage

A widely used method for preparing N,N-disubstituted hydrazines is the reduction of N-nitrosoamines
obtained by nitrosation of secondary amines. There are several methods for effecting this reduction based
on dissolving metals, low-valent titanium reagents,'%® hydride reagents and catalytic reduction with hy-
drogen. For example, several chiral auxiliaries derived from (S)-proline have been synthesized by reduc-
tion of the corresponding N-nitrosoamine (Scheme 24).!' But N-nitrosoamines are carcinogenic
intermediates. Therefore, an alternative route to (S)- and (R)-1-amino-2-methoxymethylpyrrolidine
(‘SAMP’ and ‘RAMP’) (86; R = H) has been described. This procedure involves treatment of the urea
(87) or its enantiomer, obtained from (S)- or (R)-proline, with potassium hypochlorite followed by elimi-
nation of hlygrogen chloride with potassium hydroxide (Scheme 24). Yields based on proline range from
50 to 58%.

OMe i, ii OMe iiliv OMe
| R 65-85% | “R R
H R ’ NH, R )\ R

(86) k87)

i, BW'ONO; ii, LAH; iii, KOCI; iv, KOH

Scheme 24

Electrophilic N-aminations have been performed with hydroxylamine-O-sulfonic acid (HOSA),!12 O-
(2,4-dinitrophenyl)hydroxylamine and O-mesitylenesulfonylhydroxylamine. The use of HOSA is mainly
restricted to aqueous reaction media. Imide sodium salts of some heterocycles such as theobromine (88)
can be converted to hydrazine derivatives by treatment with O-(diphenylphosphinyl)hydroxylamine
(equation 35).!!3 This reaction has been extended to synthesis of N-arylhydrazines, where R? and R3 are
hydrogen, alkyl or aryl (equation 36).!!4 Similarly, trisubstituted hydrazines can be prepared by the use
of N-aryl-O-acetylhydroxylamines and secondary amines.!!5 A recent publication!!¢ concerning the syn-
thesis of 1-acyl-2-alkylhydrazines from hydroxamic acids and amines in the presence of activating
agents has been found to be erroneous; no N—N bond formation occurs under these conditions.'!”

% Me  Pn_0O 0 Me
Na* N N P ONH,  HN-y N
X I e
lo} N N 71% o N N
Me Me

(88)
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2R3
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x N -0- PPh, 32-94% = N’ N,
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H O H

14.5 PREPARATION OF DIAZOALKANES

1.4.5.1 Properties of Diazoalkanes

The synthesis and properties of diazo compounds have been covered in an excellent review by Regitz
and Maas.!!8 This section does not attempt to duplicate that review. Rather, two key areas are covered:
the most practical methads for the preparation of diazo-containing compounds, and use of these inter-
mediates in organic synthesis. To understand these areas, however, it is important first to appreciate the
structure, bonding and reactivity of the diazo functional group.

One model for bonding in a diazo compound would be the ylide (89; equation 37).!'° Unlike many
other ylides, diazoalkanes are stable to air and water. With acid, however, protonation can lead to the
highly reactive salt (90), the functional equivalent of the corresponding carbocation. As the substituents
on the diazo group are made increasingly electron withdrawing, the ylide becomes less basic, and thus
more stable to acid. Reaction of a diazo compound with a transition metal can also often be understood
as proceeding via initial donation of electron density by (89) to a coordinatively unsaturated metal cen-
ter.

R! o+ H
N=N R! +§sN (37)
R2 R2
(89) 90)

The diazo compound can alternatively be viewed as a coordination complex (91) between a carbene
and N (equation 38).!!° The coordination is weak, so any input of energy, either via heating or UV radi-
ation, can lead to N3 loss, liberation of the free carbene and subsequent reaction.

Rl>% ~— N=N o Rl>% (38)
R?

heator UV R2
1) 92)

It should be remembered that many diazo compounds, especially those having electron-withdrawing
groups, are quite stable. Ethyl diazoacetate, for instance, can be stored for years. As methods for the
preparation of diazo compounds improve, they will become increasingly important in organic synthesis.

14.5.2 Diazomethane

The best known and most widely used diazoalkane is diazomethane (95; equation 39). Preparative
methods for diazomethane involve, in general, the nitrosation of a methylamine derivative (93), followed
by cleavage under alkaline conditions. Methylamine derivatives used have included the urethanes,'?
ureas,'2! carboxamides,!?? sulfonamides,'?* guanidines'? and even the methylamine adducts of unsatu-
rated ketones!25 and sulfones.!26 N-nitroso-N-methyl p-toluenesulfonamide (Diazald, Aldrich) is curren-
tly the most commonly used diazomethane precursor. Diazomethane is both toxic and explosive.
Although in the past it has been purified by codistillation with ether, it is now usually generated, stored
and used as an ether solution without distillation.
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N
X..,H ®NO, x NO -oH Il
ITI — ITJ —— Il‘ll (39)
Me Me CH,
93 94) 95

1.4.5.3 Trimethylsilyldiazomethane

Trimethylsilyldiazomethane (96), prepared in excellent yield from chloromethyltrimethylsilane,'?7 is
now commercially available (Petrarch). Trimethylsilyldiazomethane is readily lithiated and alkylated
(equation 40).!28 Synthetic applications of the resultant silyldiazoaikanes (97) have not yet been exten-
sively explored. These might, for instance, react smoothly with acid chlorides to give diazoketones (see
Section 1.4.6.1).

Me i, Bu"Li h,’“_<‘R

Me-Sllj\ — Me—Sll 40)
Me N ii, R” ~Br Me N2
96) 7

1.4.5.4 Higher Diazoalkanes

The synthetic methods outlined above for diazomethane work well, in general, for the higher diazoal-
kanes. Again, these are usually generated and handled as solutions in diethyl ether. In the special case of
the conversion of the amine (98) to diazoalkane (100), the urethane approach proved most effective
(equation 41).12¢

(0]

C WA
(:\/\cone i, C1” ~OEt l CO,Me  KOH/MeOH @I\C%Me "
ii, NO, _NO
NHZ b Ilq Et,0 N2
CO,Et
(98) 99) (160)

The N-nitrosation reaction works well for a variety of amine derivatives.!3° The substance to be nitro-
sated is dissolved in an inert solvent (CCls has classically been used, but diethyl ether works just as well)
in which anhydrous potassium acetate has been suspended. The brown vapor generated by addition of
concentrated sulfuric acid to sodium nitrite (in a separate flask) is then blown through with a gentle
stream of nitrogen. Formation of the N-nitroso derivative (99) is conveniently monitored by TLC. It is
usually complete in 1-2 h.

The hydrolysis of (99) to diazoalkane (100) is a little tricky, since the methyl ester is also subject to sa-
ponification. It was found that addition of 4 equiv. of methanol to the 50% KOH/ether mixture, stirred
rapidly in an ice—water bath, followed by addition of (99), gave optimal yields (30-40%) of (100).!%° The
reaction mixture must be kept at ice temperature, as warming leads to emulsification and yield loss.

1.4.5.5 Aryldiazoalkanes

Aryldiazoalkanes are readily prepared by exposure of the arenesulfonylhydrazone to base (Bamford—
Stevens reaction).!3! On addition of sodium methoxide, for instance, to a suspension of 1-naphthalde-
hyde tosylhydrazone (101) in methanol, the solid dissolves, and the solution turns red (equation 42).132
The diazoalkane (102) can be isolated, as a pink-red solid, by dilution with water, extraction with pen-
tane, drying (Na;SO4) and vacuum concentration. Naphthyldiazomethane reacts readily with acids to
give the corresponding esters, which have the advantage, for chromatographic purification or analysis, of
being UV-absorbing. An aryldiazoalkane can also be easily prepared by MnO; oxidation of the hydra-
zone of the corresponding ketone or aldehyde.!33
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1.4.5.6 Quinone Diazides

Quinone diazides such as (104) are readily prepared by nitrosation of 4-aminophenols.!* On photo-
lysis, (104) smoothly cyclizes to (105), a model for the antitumor antibiotic CC-1065 (equation 43).!33

NH, J

N, H
N N. N-so,Me
sone/LAONO SO,Me o 2
H. H. — H, (43)
N MeOH, HC!1 N N
O)\ OH 0)\ (0] O)\ (0]

(103) (104) (105)

14.6 PREPARATION OF a-DIAZO KETONES AND ESTERS

It has not been fully appreciated that a-diazo ketones and esters are easily purified and are quite stable.
In the past, such derivatives have been primarily expensive research intermediates. Now, with much bet-
ter methods available for their preparation, these simple stabilized ylides deserve serious consideration as
synthetic intermediates, even on an industrial scale.

1.4.6.1 Acyclic a-Diazo Ketones

14.6.1.1 From a-amino ketones

Acylated or sulfonylated a-amino ketones such as (106) are smoothly converted via N-nitrosation to
the corresponding a-diazo ketones (107; equation 44).136 A limitation to this approach has been the diffi-
culty of preparing precursors such as (106), especially given the instability of the precursor a-amino
ketones, A recent report that an azide is smoothly converted to the corresponding carboxamide on expo-
sure to triethylphosphine and a carboxylic acid might nicely sidestep this difficulty.!3?

0
o H i, (NO), N
N 2 (44)
)l\( Y ii, NaOMe /lkf
0

(106) (107)

1.4.6.1.2 From diazoalkanes

A diazoalkane (108) will couple smoothly with an acid chloride or a mixed anhydride to give the
corresponding a-diazo ketone (109; equation 45).!%8 A limitation on this approach is the difficulty of pre-
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paring and handling the requisite diazoalkanes (Section 1.4.5.4). Unlike the diazoalkanes, the product a-
diazo ketones are stable to silica gel chromatography, and are readily purified.

[0}
0
o) O)\CI Q
H oM
Nom € 45)
Et3N N2
N,
(108) (109)

1.4.6.1.3 By diazo transfer/cyclization

Diazo transfer from a sulfonyl azide is well known as a method for the preparation of a-diazo active
methylene compounds (see Section 1.4.6.4). Application of this method to an a-alkylated 1,3-diketone
leads, via fragmentation, to the simple a-diazo ketone. As illustrated for (112; Scheme 25) fragmentation
can be highly chemoselective, so an unsymmetrical diketone can give a single product. The dianion
alkylation approach outlined in Scheme 25 is currently the method of choice for preparing practical
quantities of simple a-diazo ketones.!*® It should be noted that the sequence dianion alkylation/diazo
transfer is most efficiently carried out in the same reaction vessel. A diazomethyl ketone (115) can also
be prepared by diazo transfer. Thus, formylation of a methyl ketone (114) is usually highly regioselective
(equation 46). Addition of a sulfonyl azide to the formylation mixture gives directly the diazomethyl ke-

tone.!40
(o] (0] (o] (0]
NaH i, NaH, Bu"Li
Mel

. Br
11,
Y
(110) (111)
~
O O (0]
NaH
F N, F
MeSO;N; ’
(112) (113)
Scheme 25
O\\ ,,O
2 NaH R? 'S‘N 2
R! \)J\ : > . R \/U\ff H 46)
ethyl formate
N,
(114) (115)

1.4.6.2 Cyclic a-Diazo Ketones

Usually, a cyclic a-diazo ketone such as (117) is prepared by formylation/diazo transfer (equation
47).14! Such diazo ketones can also be prepared by phase transfer reaction of the parent ketone with
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2,4,6-triisopropylbenzenesulfonyl azide, as illustrated for the conversion of (118) to (119) (equation
48),142

(0] o, ,0 (0] N,
NaH R? N,
(47)
ethy! formate
(116) (117)
O o\ /o O
\S:
R2 N, N2
(48)
0 KOH 0
</O </O
(118) 119)

14.6.3 «-Diazo Esters

1.4.6.3.1 Esters of diazoacetic acid

Two strategies have been developed for the preparation of esters of diazoacetic acid. If the alcohol is
inexpensive, it is first converted (diketene) into the corresponding acetoacetate (120; equation 49). Diazo
transfer with subsequent deacylation then yields the diazoacetate (121).!43 If the alcohol is particularly
valuable or sensitive, it may alternatively be esterified with a more direct precursor to diazoacetate. One
reagent that has been used for this purpose is glyoxalic acid 2,4,6-triisopropylbenzenesulfonylhydrazone
(TIPPS) (123; equation 50). Esterification of the alcohol (122) with (123), using dicyclohexylcarbo-
diimide followed by addition of 4-dimethylaminopyridine, gives the diazoacetate (124).!4

o_,0

0 o0 2j\sf’ 0
RZ" N,
RAOM R/\O (49)
KOH |
N;
120) (121)
0 (¢}
N.__.H .
R"O0H + Ho)k/ I?I pce 4-DMAP "o , (50)
SOzAr Nz
122) (123) (124)

14.6.3.2 Higher a-diazo esters

As with diazo ketones, an a-diazo ester (126) can be prepared by nitrosation of the corresponding a-
amino acid (125) or a derivative (equation 51).!4° Alternatively, an a-diazo ester (128) can be prepared
by diazo transfer to an alkylated acetoacetate (127), with concomitant deacylation (equation 52).1%°

To prepare an a-diazo ester from the ester (129) itself, formylation is effective. Alternatively, it has
been reported that trifluoroacetylation of an ester proceeds smoothly (equation 53).}46 The trifluoro-
methylacetoacetate (130) would be expected to react directly with methanesulfonyl azide and sodium hy-
dride to give the a-diazo ester.
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1.4.6.4 Diazo Transfer to Active Methylene Compounds

14.6.4.1 Diazo transfer to B-keto esters

The original Regitz procedure for diazo transfer to a B-keto ester (131) used p-toluenesulfonyl azide
(132; equation 54).143 This reagent works well, and is easy to prepare from the corresponding sulfonyl
chloride. A disadvantage of this reagent is that the p-toluenesulfonylamide coproduct (134), as well as
any excess p-toluenesulfonyl azide, have to be removed from the product diazo ketone (133) before it
can be used.

O\\S//O N, 0\\5/,0
°N Et;N “NH
R/YCOzEt + /O/ 3 R/\n)kcozl‘:t + /O/ 2
o} MeCN o (54)
(131) (132) (133) (134)

Several alternative sulfonyl azides have been used. Hendrickson introduced p-carboxybenzenesulfonyl
azide (135).147 Both the coproduced sulfonamide and any excess reagent are readily extractable by
aqueous base, so product clean-up is easy. One limitation is that the starting sulfonyl chloride is some-
what expensive. Methanesulfonyl azide is much less expensive, yet still offers the same advantage, that
the coproduced sulfonamide and excess reagent are readily removed by extraction with aqueous base.!4!
Caution is, however, warranted, since methanesulfonyl azide is potentially explosive. Finally, advantage
can be taken of the particular product being prepared. In the Merck thienamycin process, for instance, a
lipophilic arenesulfonyl azide (137) is used. The product diazo ketone, a polar, highly crystalline B-lac-
tam, is easily separated from this reagent and its coproducts.!48
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O (135 (136) (137)



126 Displacement by Substitution Processes

1.4.64.2 Diazo transfer to other active methylene compounds
Malonate esters and vinylogous malonates,'*® as well as 1,3-diketones, readily undergo diazo transfer.

In addition, the less acidic B-keto phosphonates (138; equation 55)'50 and B-keto sulfones (140; equation
56)!5! have been shown to participate in this reaction.

\\// N2

Et;N
/\”/\ P(OE), R P(OE1), (55)
MeCN 0 (‘5
(138) (139)
\\ // N,
Et;N Ph
R R s \; (56)
5 o Yo MeCN o O
(140) (141)

1.4.7 SYNTHETIC APPLICATIONS OF DIAZO COMPOUNDS

Many of the reactions of diazo compounds are covered in detail elsewhere in these volumes. The at-
tempt made here is to briefly highlight the diverse reactivity of the diazo functional group.
14.7.1 Dipolar Cycloaddition

Diazoalkanes undergo smooth 1,3-dipolar cycloaddition. For additions to simple alkenes, this is pre-

sumably an electrophilic process. In the example illustrated, the overall process of electrocyclization of
(142) followed by hydride shift proceeds with remarkable diastereoselectivity (equation 57).152

But
OMe
H OMe
x Bu! —
. N (57)
Y N
N,
(142) (143)

1.4.7.2 Alkene Insertion to Make Cyclopropanes

An a-diazo ketone or ester such as (144) will, vig metal-mediated nitrogen loss, insert into an alkene to
make the corresponding cyclopropane (145; equation 58).15%154 As illustrated, alkene geometry is re-

tained, as would be expected for a concerted process. Cyclopropane construction by diazo insertion is re-
viewed in detail elsewhere in these volumes.

o o)
CO,M;
O Me catalyst ~CO:Me 58)
N;

(144) (145)
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14.7.3 C—H Insertion

An a-diazo ketone or ester such as (146) can also, via metal-mediated nitrogen loss, undergo 1,5 C—
H insertion, to make the corresponding cyclopentane (147; equation 59).!55 This process, most efficiently
catalyzed by Rhll dimers, is also reviewed in detail elsewhere in these volumes. It is striking that with
copper bronze catalyst, (146) gives only intramolecular cyclopropanation.!56

O
o

Rhy(OAc), ~wCOMe

COzMC

N, (59)

(cat.)

(146) (147)

14.74 Wolff Rearrangement/Arndt-Eistert Synthesis

On UV irradiation, an a-diazo ketone such as (148), prepared in this case from the parent ketone by
formylation/diazo transfer, rearranges with loss of nitrogen to the corresponding ketene (equation 60).!57
In methanol solvent, the methyl ester (149) is the product. In aqueous dioxane, the product is the carbox-
ylic acid. It should be noted that substrate (146; equation 59), on UV irradiation, gives only the product
of Wolff rearrangement, with little trace of either (147) or the corresponding cyclopropane.!® This is
significant evidence that both of these latter products are derived from transient organometallic inter-

mediates.
hv
(60)
N2 MeoH
o]

CO,Me
(148) (149)

A straight chain diazomethyl ketone will also undergo Wolff rearrangement on irradiation. Such diazo-
methyl ketones are readily prepared from the corresponding acid chloride (150) by exposure to diazo-
methane or, more conveniently, trimethylsilyldiazomethane (Petrarch).!>® The net one-carbon
homologation so effected is known as the Amdt—Eistert synthesis.

j\ i, Me;Si "N,
OMe (61)
R c ii, hv, MeOH R/\]/
(0]
(150) (151)

14.7.5 Hetero-H Insertion

RhI-mediated hetero-H insertion may proceed by initial coordination of the intermediate metal—car-
bene complex with the nonbonding electrons of the heteroatom. Proton transfer would then give the ob-
served product. This can be an efficient process both for forming C—N bonds, as in the cyclization of
(152; equation 62),'“8 and for C—O bonds, as illustrated by the construction of ether (155; equation
63).160 Si——H insertion of (156) was shown to proceed with retention of absolute configuration, as would
be expected for a concerted transition metal carbene mediated process (equation 64).161

The reactions illustrated in equations (62-64) are each catalyzed by rhodium acetate. Diazo com-
pounds, especially diazoalkanes, can also react by a simple ionic mechanism. The esterification of a car-
boxylic acid with diazomethane is a familiar example. The ionic pathway is especially likely when the
intermediate carbocation would be stabilized. Thus, diazine (158) couples smoothly with phenols, pre-
sumably by thermal rearrangement to the corresponding diazo sugar, followed by acid-catalyzed N> loss
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(equation 65).!52 If conditions for the alternative transition metal mediated coupling can be developed,
diazo sugars may turn out to be effective precursors for stereocontrolled glycoside formation.

PhCH,0 OCHPh  AOH | phCH,O OCH,Ph PhCH,0 OCH,Ph
PhCH,O 0 - . 2 o+ . PhCH;0 0 (65)
PhCHzoN,,N a PhCH,0

PhCH,0
(158) (159)

1.4.7.6 Ylide Formation

In the examples illustrated above (equations 62-64), the heteroatom had an attached proton, which
transferred readily. In the absence of such a proton, the initially-formed ylide can undergo other re-
actions. One of the more interesting of these is 1,3-dipolar cycloaddition, as illustrated by the conversion
of (160) to (161) (equation 66).163 Rhodium-mediated diazo addition to an ether is currently the method
of choice for preparing such oxonium ylides.

o) (o)
N2 Rhy(OAc),
(66)
O \/\/ cat.
O O
(160) (161)

1.4.7.7 Elimination to Make Alkenes

In 1957, Franzen reported that Ag;0 catalyzes the transformation of an a-diazo ketone (162) to the
corresponding enone (163; equation 67).!34 Regitz later made the intriguing observation that for cyclic a-
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diazo ketones, at least a seven-membered ring is required for efficient conversion to the enone, sugges-

ting that conformational effects may be important.!5 Holt showed that other metallic salts catalyze this
transformation, although not as effectively as silver oxide or silver nitrate.!65

Nz AgZO
A (67)
aq. dioxane
(0] (0]

(162) (163)

A silyldiazoalkane (164) is converted to the alkene (165) under Cu! catalysis. The silyldiazoalkane
(164) was prepared by deprotonation and alkylation of trimethylsilyldiazomethane. 66

N,
CuCl (cat.)
Me;Si )J\/\ R Messi~ "R (68)
(164) (165)

1.4.7.8 Homologation of Ketones and Aldehydes

A diazo ester or alkane will react with a ketone, under Lewis acid catalysis, to give the homologated
product. This reaction is most often used for one-carbon ring expansion, as illustrated by the conversion
of (166) to (167; equation 69).!57 The regioselectivity of the (166) to (167) transformation, 98:2 in the
example illustrated, was found to depend on both the diazoalkane and the Lewis acid used. With diazo-
methane and boron trifluoride, a 1:1 mixture of regioisomeric products was observed.

o)
o)
o i OEt
N,
\Cl:/( CO,Et (69)
MeO,C SbCls MeO,C
(166) 167

This homologation reaction most likely proceeds via nucleophilic addition of the diazo compound to
the Lewis acid complexed carbonyl, followed by 1,2-alkyl migration with concomitant loss of N2. Appli-
cation of this reaction to an aldehyde (168) gives, via 1,2-hydride shift, the corresponding $-keto ester
(169; equation 70).}68

HL OEt
CO,Et (70)
SnCl,

(168) (169)
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1.5.1 INTRODUCTION

During the 1980s, organic sulfur compounds have become increasingly useful and important in or-
ganic syntheses. Sulfur incorporated into an organic molecule activates, by its electronegativity, the hy-
drogen atoms situated on the adjacent carbon atom, increasing their thermodynamic acidity. The acidity
of a proton « to a sulfoxide group or to a sulfone group falls between those of a benzylic proton and a
proton a to a carboxylate function. It has been demonstrated that sulfur groups exert stabilizing effects
on the corresponding carbanions that are much larger than those expected from their polar contributions.!
The stabilizing resonance effect for the phenyl sulfone group was estimated to be equivalent to 3375 kJ
mol! (8-18 kcal mol™!), which is comparable with that of a cyano group but somewhat smaller than that
of carbonyl or nitro functions. No data are avaijlable for a sulfoxide group and, to our knowledge, the ex-
tent of such acidification in B-keto sulfoxides or related compounds has not yet been determined. An-
other report? also showed that the presence of a phenylthio group increases the acidity of cyclohexanone
by at least 3 pK units, corresponding to a stabilizing effect of the order of 2542 kJ mol-! (6-10 kcal
mol~!).3 This stabilizing effect was attributed to conjugative effects or polarization effects* involving the
3d-orbitals of sulfur. :

The variety of sulfur compounds generating such carbanion structures permitted the development of
several synthetic methods for carbon—carbon bond formation.

The basic chemistry of organosulfur compounds has already been reviewed in depth in ‘Comprehen-
sive Organic Chemistry’,? so the purpose of this chapter is to outline the important developments in the
use of sulfur-containing reagents in organic syntheses since the reviews cited in refs. 6 and 7, which ap-
peared in 1978, were published.

133
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Because of the large variety of sulfur compounds, this chapter will be limited to thioacetals, sulfides,
sulfoxides and sulfones. Many examples, selected from recent total syntheses of natural products, will
emphasize the selectivity (chemo-, regio-, diastereo- and enantio-selectivity) of these reactions.

1.5.2 SULFIDES

1.5.2.1 Thioacetals

Among organic sulfides, those derived from 1,3-dithiane occupy an important place. The interest in
these reagents lies not only in their reactivity with electrophilic substrates but also in the synthetic princi-
ples which have been developed from work on these compounds. By masking the aldehyde group by the
formation of a dithiane, the carbon atom may participate in nucleophilic additions or substitution re-
actions and after hydrolysis of the thioacetal, the carbonyl group can then be regenerated (Scheme 1).

0} 0]
I

it E'
Loy —H—e  C.
R H R E

XD == D XD

H S

Scheme 1

Overall an inversion of polarity of the carbonyl group can thus be achieved; this principle was called
‘umpolung’ by Seebach.®! We owe to Corey and Seebach the use of the anions of dithiane, which are
more stable than those of noncyclic thioacetals.® Although this question was reviewed by Seebach!0 and
also by Durst in ‘Comprehensive Organic Chemistry’,!! we will briefly comment on the main reactions
of the dithiane group.

Dithianes may be prepared by the action of propanethiol on aldehydes or ketones or their acetals in
chloroform in the presence of boron trifluoride.!?

The action of n-butyllithium in THF at low temperature leads to the anion. After reaction with an elec-
trophilic compound, the hydrolysis can generally be carried out in polar solvents (acetone, alcohols, ace-
tonitrile) in the presence of mercury(Il) chloride or oxide and water.!>"!# In other cases, NBS,!4!5
chloramine T,!6 cerium(IV) ammonium nitrate,!” n-tributyltin hydride, 8 trialkyloxonium tetrafluorobor-
ate,? tha;lzlium nitrate2® or photochemistry?! can be used. Desulfurization by Raney nickel gives hydro-
carbons.

Typical examples of the reactions of carbanions a to dithiane are shown in Scheme 2.

Some noncyclic thioacetals are sometimes used for the preparation of keto acids from aryl halides? or
keto esters26 by 1,4-addition on a,B-unsaturated ketones (Scheme 3),

Ketene dithioacetals should also be mentioned; these are readily prepared by dehydrogenation of satu-
rated dithioacetals,?’28 or dihydrohalogenation of 2-dichloromethyl-1,3-dithiane followed by chain ex-
tension (Scheme 4).29

Wittig-type reactions have also been used to prepare ketene dithioacetals (Scheme 5).30-36

A variety of complex molecules have been synthesized by methods involving dithioacetal chemistry.
Cyclophanediones have been generated by a sequence employing alkylation of the bisdithianyl deriva-
tive of isophthalaldehyde (Scheme 6).37

Alnusone, a biphenyl-type natural product, was also synthesized by using a dithianyl reagent to open
an epoxide ring (Scheme 7).38
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Another relevant example is the total synthesis of the macrolide glacosporone,3® a germination self-in-
hibitor from the fungus Colletotrichum glocosporioides. The retrosynthetic scheme shows the important
role played by the dithiane anion (Scheme 8).

Finally, the recent total synthesis of zearalenone reported by Rao* gives a good illustration of the
range of reactions available for organosulfur compounds: the macrocyclization reaction, the formation of
the double bond and the introduction of the ketone group were made possible by using sulfur-containing
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Bu,CuCNLi,

Scheme 8

reagents as shown on the retrosynthetic scheme (Scheme 9). The nonaromatic part of the molecule was
readily made from dihydropyran via thioacetal formation from the corresponding hemiacetal, followed
by alkylation of dithiane carbanion (Scheme 10).
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Although benzylic sulfides will be treated later in a separate section, the synthesis of zearalenone gives
the first opportunity to mention their synthetic use. The introduction of sulfur to build the aromatic part
of zearalenone was done in two different ways:*!42 displacement of a benzylic bromide by benzenethiol
or reaction of dipheny! disulfide with benzylic carbanion (Scheme 11).

Finally, zearalenone was obtained*? by intramolecular alkylation of the carbanion « to the benzylic
sulfide, which occurs readily with potassium hexamethyldisilazane. After cyclization, the double bond
was created by oxidation of sulfide to sulfoxide followed by pyrolytic elimination, a technique described
in more detail in the next section (Scheme 12).

Recently, Koga™ found a novel use of dithioacetal as a stereocontrolling unit during alkylation of acy-
clic a.,B-unsaturated esters. Conjugate addition of lithiated dimethyl thioacetals to ct,B-unsaturated esters
in THF at low temperature, followed by subsequent methylation of the corresponding enolate gave only
a single isomer. Alkylation and protonation take place with the electrophile attacking anti to the bulky
dithioacetal for steric reasons (Scheme 13).
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1.5.2.2 Other Sulfides

Benzylic and allylic sulfides have very important applications in organic syntheses.

One of the first papers was published by Corey** on the use of bis(methylthio)allyllithium (1; Scheme
14) for the synthesis of «,B-unsaturated aldehydes from alkyl halides. The generation of the carbanion as
the lithio derivative was readily accomplished by a simple three-step sequence from epichlorohydrin.
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Reaction of epichlorohydrin with sodium methanethiolate gave 1,3-bis(methylthio)-2-propanol, which
was converted to the sodio derivative and methylated to afford 1,3-bis(methylthio)-2-methoxypropane.
Finally, treatment with LDA (1 equiv.) resulted in elimination of methanol to give 1,3-bis(methyl-
thio)propene, whereas reaction with 2 equiv. of LDA gave bis(methylthio)allyllithium, which reacted
with 1-bromopentane furnishing 1,3-bis(methylthio)-1-octene, which in turn was converted by hydro-
lysis with mercury(II) chloride to trans-2-octenal (Scheme 14).
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Scheme 14

The application of the lithio reagent (1) to the conversion of the oxidoacetal to the corresponding hy-
droxy aldehyde as a key step in a total synthesis of prostaglandin F2, has been described (Scheme 15).4°
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o Li* L
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Phenylthiomethyllithium (2a) was used for the homologation of primary halides* in a two-step se-
quence: first halogen displacement by reagent (2a) or the organocuprate derivative (in the case of allylic
compound) and then replacement of the phenylthio group by iodo by heating the sulfide with a large ex-
cess of methyl iodide in 1 M sodium iodide solution in DMF (Scheme 16).
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Phenylthiomethyllithium was also used for ketone methylenation,*’*° mainly in the case of hindered
ketones which do not react with the usual Wittig reagent. This is a three-step sequence: the reagent (2a)
is added, then the resulting alcohol is acylated, and finally the exocyclic methylene is formed by reduc-
tion with lithium in ammonia (Scheme 17).

The phenyithiomethyl adduct could also be transformed in one step to methylene with TiCLy/LiAIH4*
or to epoxide®¥ vig the corresponding sulfonium salt (Scheme 18).

a-Phenylthiomethyltrimethylsilane (2b) was shown to react with alkyl halides or epoxides giving in
two steps the corresponding aldehyde.5!-53 This method is interesting because the a-phenylthioalkyl-
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trimethylsilane obtained in the first step can be oxidized to the corresponding sulfoxide, which undergoes
a silyl-Pummerer rearrangement’*3 giving an O-trimethylsilyl hemithioacetal, which is readily hydro-
lyzed to the aldehyde (Scheme 19).
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Tris(phenylthio)methyllithium (2c) adds in conjugate fashion to a number of enones,’®>’ and the re-
sulting adduct could then be hydrolyzed into a carboxylic acid ester or aldehyde (Scheme 20).
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Michael addition of benzenethiolate to 4-t-butyl-1-cyanocyclohexene gives only products containing
an axial PhS- group;® the same result was obtained from ethyl 4-t-butylcyclohexene-1-carboxylate.5! In
contrast, the addition of diethyl sodiomalonate gave only the equatorial malonate group under thermo-
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dynamic or kinetic control (Scheme 21).8% Similar results were observed with the addition of tris(phe-
nylthio)methyllithium (2¢) on carvone, 522
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The same diastereoselectivity was obtained during the addition of benzenethiol to (-)-carvone;$? this
was then applied to the preparation of (+)-(2R,5R)-dihydrocarvone (Scheme 22).

o
0 i \{rés&/ ii, 93%, i, 75% 0
- | or iv, 85%
(98% de) (25.3R,35)
(-)-(R)

(+)-(2R.3R)
i, PhSH, Et;N, n-hexane, 0 °C; ii, LiAlHy; iii, Li/Pr"NH,; iv, PDC/DMF

Scheme 22

Chlorosulfides are often used for vicinal functionalization of alkenes. Silyl enol ethers can react with
a-chloromethyl phenyl sulfides (5) in the presence of ZnBr;%? or TiCls% to give the corresponding

B-keto sulfide, which could be easily transformed into the a-methylene ketone via sulfide oxidation to
sulfoxide, followed by pyrolytic elimination (Scheme 23).
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Cyclic a-chlqro sulﬁdes are easily made from the cormresponding alkenes and PhSCI. They have also
been reacted with O-silylated enolates or ailyltrimethylsilanes (Scheme 24a).9% A stereoselective syn-

thesis of a-chloro sulfide was also reported®*® on a camphor derivative (Scheme 24b). A complete re-
view on organic synthesis with a-chloro sulfides was recently published by McKervey.5
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Recently Reetz®” reported on the regio- and stereo-selective carbosulfenylation of alkenes.5” When
trans-B-chloro sulfides obtained from cyclic alkenes are allowed to react in a one-pot process with di-
methylzinc in the presence of 20 mol % TiCls, the C—C coupling products are formed with complete
retention of configuration. The same is true of noncyclic alkenes. The mechanism should probably pro-
ceed by the formation of an episulfonium ion, which is attacked by the complex [MeTiCls]~ (Scheme

25).
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Scheme 25

Finally, the regioselectivity as well as the 1,2-asymmetric induction were investigated. In the case of
optically active 2-methylcyclohexene the regioselectivity was 85%, giving mainly compound (4) with
99% diastereofacial selectivity (Scheme 26). For stereoelectronic reasons only (3) undergoes a trans-1,2-
diaxial ring opening to give (4) in the chair conformation.

In the case of acyclic alkenes, the carbosulfinylations are likewise regio- and, depending on the nature
of the protective group on oxygen, stereo-selective (large protecting groups give smaller 1,2-asymmetric
induction; Scheme 26).
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Treatment of cyclopropyl phenyl sulfide with n-butyllithium gives a-lithio(phenylthio)cyclopropane,
which reacts with electrophilic reagents to give adducts that undergo a variety of transformations, many
of which are difficult to achieve by more conventional methodology. Perhaps the most interesting chem-
istry of cyclopropyl phenyl sulfide involves its reaction with carbonyl compounds,%-° giving cyclobuta-
nones or 1-phenylthiocyclobutenes’® through carbocation rearrangements. After dehydration of the
adduct, the resulting vinylcyclopropane could be transformed into cyclopentanone by a known thermal
rearrangement (Scheme 27).7!
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Trost also found’? that treatment of these cyclobutanones with sodium methoxide and diphenyl disul-
fide leads to in situ bisulfenylation and ring cleavage (secosulfenylation). This was applied to the total
synthesis of verrucarol, a complex tetrahydrochromanone substituted at the ring junction by a hydroxy-
methyl substituent. The synthetic strategy’? twice used the cyclobutanone formation from 1-lithiocyclo-
propyl phenyl sulfide and a ketone, followed by the secosulfenylation process and Baeyer—Villiger type
rearrangement of cyclobutanone. Only this part of the synthesis is described in Scheme 28.
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Sulfides were also involved in a unique three-component, stereospecific Michael addition.” The re-
action described in Scheme 29 can be explained as follows: regiospecific addition of the nucleophile to
the exocyclic double bond of the a-methylenecyclopentenone, followed by trapping of the resulting
enolate by methyl acrylate, and attack of the anion thus formed on the endocyclic double bond of the cy-
clopentenone moiety to result, after protonation, in the bicyclo[2.2.1]heptan-6-one as a single stereo-
isomer (68% overall yield; Scheme 29).

Scheme 29

Sulfide has also been involved in a new two-step annulation method which featured stereospecific for-
mation of three contiguous asymmetric centers.’® It was found that the lithium dienolate of the vinyl-
ogous ester (6a) reacts rapidly with the a-thiophenyl butenolide (6b) to provide the corresponding
adduct as a single diasterecoisomer. Subsequent addition of vinyllithium, acidification and cyclization
gave the tricyclic lactone (Scheme 30).

A similar highly stereoselective Michael addition has been reported by Uda.”” The enolate of a sub-
stituted cyclohexenone reacted rapidly in a Michael-type addition with methyl a-thiophenylmethacrylate
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to provide the corresponding adduct, which, by an intramolecular Michael addition, leads to the sub-
stituted [2.2.2]octanone as a single stereoisomer (Scheme 31).
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Allylic sulfides can be coupled with allylic bromides in a process which was first described by Biell-
mann and applied to the squalene synthesis.’® Farnesyl sulfide was prepared from 2,4-dinitrophenylfar-
nesyl oxide and benzenethiolate. Finally, the allylic thiocarbanion was coupled with farnesyl bromide to
give, in 82% yield, squalene sulfide, easily transformed to squalene with Li/EtNH2 (Scheme 32).

Several applications of this method appeared in the literature. Furaterpenes can be synthesized in this
way; e.g. dendrolasin was made from trans-w-chloroperillene and the carbanion of prenyl phenyl sulfide
(Scheme 33).7° Elemol has been synthesized by an intramolecular variant of Biellmann’s method
(Scheme 34),80

Until now, a-lithio ethers were nearly always prepared by deprotonation of an a-carbon atom of an
ether having a special anion-stabilizing feature (carbonyl, cyano, phenylthio). An interesting report by
Cohen?! showed that a variety of types of unstabilized and stabilized a-lithio ethers can be readily pre-
pared from a-(phenylthio) ethers by reductive lithiation with lithium 1-(dimethylamino)naphthalenide or
lithium naphthalenide. What makes this method one of considerable generality is the ready availability of
various types of a-(phenylthio) ether substrates or their vinylogues as shown in Scheme 35.

An example of this method is given by the synthesis of brevicomin.®! The desired a-(phenylthio) ether
(7) was made by Diels—Alder addition of phenyl vinyl sulfide and methyl vinyl ketone. Treatment of (7)
with lithium 1-(dimethylamino)naphthalenide, followed by trapping of the anion with propionaldehyde
and ring closure to an acetal during the acidic work-up, afforded a mixture of endo and exo isomers of
brevicomin (Scheme 36).

Several other applications of this method have been published. Reductive lithiation of 1-(trimethyl-
silyl)cyclopropyl phenyl sulfide gives a-lithio(trimethylsilyl)cyclopropane, which reacts with carbonyl
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compounds to give 1-(trimethylsilyl)cyclopropylethylenes. Pyrolysis of these compounds provides a new
cyclopentane annulation procedure. A unique feature of this process is that the double bond in the vi-
nylsilane is formed in the more highly substituted position (Scheme 37).88

The synthesis of (-)-B-selinene from the commercially available (~)-perillaldehyde used a reductive li-
thiation of 1-methoxycyclopropyl phenyl sulfide, condensation to an aldehyde, acid-catalyzed rearrange-
ment to a vinylcyclobutanone and finally basic 1,3-sigmatropic rearrangement of the corresponding
cyclobutanol to cyclohexenol (Scheme 38a).8% 1-Phenylthio-1-(trimethylsiloxy)cyclopropane was pre-
pared via the silyl-Pummerer rearrangement with high stereoselectivity (Scheme 38b).8% (1-Methoxy-1-
phenylthio)cyclopropane was also obtained from alkenes via Pummerer rearrangement.3%
2-Methoxy-3-phenylthiobuta-1,3-diene was also shown to be a novel annelating agent via a Diels—Alder
reaction (Scheme 38c¢).
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1.5.3 SULFOXIDES

This part concentrates mainly on the utility of chiral sulfoxides in asymmetric synthesis. The main ad-
vantage of sulfoxides over the other sulfur functions which are described in this review is indeed their
chirality. Sulfoxides are chiral groups which are easy to introduce, easy to remove and give high asym-
metric induction in many reactions.®

The best way to prepare large quantities of optically active sulfoxides makes use of optically active
menthyl sulfinate. By esterification of p-toluenesulfinic acid with 1-menthol, a mixture of dia-
stereoisomeric menthyl sulfinates is obtained. This esterification reaction shows no particular stereo-
selectivity and therefore a mixture of the two diastereoisomeric esters was obtained. However, it is
possible to equilibrate these diastereoisomers in acidic media and to shift the equilibrium towards the
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less soluble isomer, (-)-(S)-menthyl p-toluenesulfinate, which was obtained in 90% yield from the start-
ing p-toluenesulfinic acid (Scheme 39).%!

0 i, SOCl, 0 o
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 plro0-menthyl pTol "pTol
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crystallization, acetone, HC1
90%
Scheme 39

Optically active sulfoxides are readily obtained from menthy! sulfinate by a Grignard reaction. This re-
action was originally proposed by Gilman® and applied to optically active products by Andersen:%3:%
this is a pure SN2 reaction at sulfur with displacement of the menthoxy group by the Grignard. A great
variety of sulfoxides have been prepared by this method;%*5-105 other organometallics have also been
used. A few examples are shown in Scheme 40.
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Scheme 40

If optically active sulfoxides such as methyl p-tolyl sulfoxide give a poor diastereoselectivity when
such an a-sulfinyl carbanion is added to a carbonyl,% the presence of another function such as ester, sul-
fide or amide, which has a chelating effect in the transition state, makes optically active a-sulfinyl esters,
sulfides or amides very useful in asymmetric aldol-type condensation (Scheme 41).57:106-109
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Optically active sulfoxides can also be prepared by asymmetric oxidation of suifides. However,
numerous papers have reported very low enantioselectivity.!!! Only one report,!!2-113 using a modified
Sharpless reagent, H2O/Ti(OPri)4/diethy! tartrate/ButOOH, described asymmetric oxidation of alkyl aryl
sulfoxides with good enantiomeric excesses: 75 to 95%.

It should also be mentioned that optically active 2-sulfamyloxaziridines (8) afforded high asymmetric
induction!!2 for the oxidation of nonfunctionalized sulfides to sulfoxides (53-91% ee). The enantiose-
lectivities exhibited by these reagents are comparable to, or in some cases better than, the modified
Sharpless reagent reported by Kagan.

Several papers have also reported asymmetric oxidation of chiral sulfides having a structure derived
from camphor, 1 14b<

Optically active vinylic sulfoxides can be prepared by the Andersen synthesis, using (-)-menthyl
(=)-(S)-p-toluenesulfinate and vinylic Grignards,!15116 or by the Wittig—-Homer procedure, using carbo-
nyl compounds and the anion of dimethyl (R)-p-toluenesulfinylmethanephosphonate, easily made from
the corresponding menthyl sulfinate.!!” However, applicability of the former method depends on the
availability of stereochemically pure 1-alkenyl halides for preparing Grignard reagents and the latter
usually leads to a mixture of (E)- and (Z)-vinylic sulfoxides. Therefore, it is sometimes easier to prepare
the corresponding alkynyl sulfoxide by the Andersen method from alkynyl Grignards and then reduce
stereospecifically the triple bond into a trans double bond with DIBAL or a cis double bond by catalytic
hydrogenation using the Wilkinson catalyst (Scheme 42).!18.119

Vinylic sulfoxides have been used successfully in several Michael-type asymmetric syntheses,120-124
One typical example is given by the asymmetric synthesis of (-)-methyl jasmonate (Scheme 43).123

The cp rings of steroids were synthesized by the same method in high enantiomeric purity.!24

Vinylic sulfoxides have also been used in asymmetric Diels-Alder reaction.!2>-'30 A very high dia-
stereoselectivity was observed with optically active sulfinylacrylates. One example!2¢ is given in Scheme
44,

An interesting observation was reported by Posner who showed that a-pyrone substituted by a sulfox-
ide!3! or a sulfone!®? reacts rapidly with vinyl ethers, giving a diastereoselective [2 + 4] cycloaddition
(Scheme 45). Racemic sulfide, sulfoxide or sulfone was introduced on a-pyrone via 3-cuprio-
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2-pyrone.!13? However, optically active pyrone sulfoxide was prepared from (—)-(S)-dihydropyrone sul-
foxide by dehydrogenation with MnO in low yield.!3!

Vinylic sulfoxides can undergo additive Pummerer rearrangement when they are treated with trichlo-
roacetyl chloride and a zinc/copper couple in refluxing ether giving optically pure <y-butyrolactone
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(Scheme 46).134135 Vinyl sulfoxides also exhibited high chiral induction in the 1,3-dipolar cycloaddition
with typical nitrones (Scheme 47).136
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They can also be used as vinylic carbanion species as shown by the asymmetric synthesis of the chro-
man ring of vitamin E.!37 The (E)/(Z) mixture of chiral sulfoxide (9) was readily isomerized into the
(E)-isomer with LDA in THF (the exclusive formation of the (E)-isomer was due to the chelation of li-
thium with an oxygen of the acetal). Condensation to trimethylhydroquinonecarbaldehyde gave only one
diastereoisomer and then the cyclization in presence of sodium methoxide was also fully stereoselective
(the stereochemistry of the cyclization being controlled by that of the allylic hydroxy group which is
eliminated during the cyclization; Scheme 48).

A few other examples are listed in Scheme 49; intramolecular addition of amine giving a good syn-
thesis of (R)-(+)-carnegine,!38 synthesis of chiral butenolides by carbonation of vinylic carbanions!?® and
conjugate additions of cuprates yielding chiral chromans. 40

Allylic sulfoxides are also of interest mainly because of the possible sulfoxide/sulfenate rearrangement
described by Mislow!4! when he observed that allyl p-tolyl sulfoxide racemized in a temperature range
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(50-70 °C) significantly below the usual racemization temperature of sulfoxides (150 °C and higher;
Scheme 50).
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Scheme 50

This 2,3-sigmatropic shift has been of substantial utility since Evans'42 and Hoffmann!4? realized that
allyl alcohols can be obtained by intercepting the sulfenate with thiophilic agents. One possible way of
preparing optically active allylic sulfoxides, which started to racemize even at 0 °C was the isomerization
of the corresponding vinylic sulfoxide followed by the sulfenate rearrangement in the presence of tri-
methyl phosphite (Scheme 51).143:144
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The carbanions of allylic sulfoxides undergo kinetically controlled conjugate additions to give vinylic
sulfoxides as a single diastereoisomer (Scheme 52),145:146
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(E)- and (Z)-allylic sulfoxides bearing alkyl groups at C-3 also undergo highly stereoselective con-
jugate additions to cyclic enones to give syn- and anti-vinylic sulfoxides. 46 Racemic allylic sulfoxides
can also be obtained from alkenes by an EtAlCl>-catalyzed ene reaction with p-toluenesulfinyl chloride
(Scheme 53).147
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Allylic alcohols can be converted to 1,3-dienes by sequential sulfenate—sulfoxide 2,3-sigmatropic re-
arrangement and syn elimination (Scheme 54).14% The last step used the pyrolytic elimination of sulfox-
ide, a cis elimination discovered by Cram.!49 A paper published by Trost!5 documented this topic in
detail.

A useful synthesis of functionalized dienes from alkenes used the initial formation of a stable 7r-allyl
palladium complex, followed by reaction with a-sulfinyl ester enolate and pyrolytic sulfoxide elimina-
tion (Scheme 55).151
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Allenic sulfoxides can be made from propargylic sulfenates by a 2,3-sigmatropic shift. In the example
reported,!2 the product is not stable at room temperature and undergoes a 1,5-sigmatropic hydrogen shift
(Scheme 56). These allenic sulfoxides can react as Michael acceptors (Scheme 57).153
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Optically active B-keto sulfoxides are readily available from esters and methyl p-tolyl sulfoxide. The
ketone function can be reduced with metal hydrides (DIBAL and ZnCl/DIBAL) giving, with very high
diastereoselectivity, opposite configurations in the resulting B-hydroxy sulfoxides (Scheme 58).154.155



156 Displacement by Substitution Processes
LDA R «Ph
RCO,Et SN,

DIBA H O
(S.R), 95% de
<§’ 0O O
Me— 57, ¢ \
ZnCl,

DIBAL R ~Ph
H Y\ |S| )
OH

(R.R), 95% de

Scheme 58

Chiral B-hydroxy sulfoxides are very good intermediates for the synthesis of optically active alco-
hols,!%¢ epoxides!53 or butenolides (Scheme 59).157
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Allylic and propargylic B-keto sulfoxides could be reduced as well as saturated compounds. Optically
active allylic B-hydroxy sulfoxides present some specific interest because of the possible hydroxylation
of the double bond leading to vicinal triols. The osmium tetroxide catalyzed hydroxylation reaction of
the double bond in the presence of trimethylamine N-oxide is highly stereoselective:!3%159 the (R.R)-B-
hydroxy sulfoxide gave only one diastereoisomeric triol as a result of a cis hydroxylation of the double
bond and a symbiotic effect of the two chiral centers in the asymmetric induction (the (S,R)-isomer gave
a lower de).

In the case of the (§,R)-B-hydroxy sulfoxide, the OH group has to be protected by a trifluoroacetyl
group before hydroxylation, which was highly stereoselective and fully controlled by the chiral sulfoxide
group.'®® Very similar results were obtained in the case of allylic B-hydroxy sulfoxides having a (Z)-
geometry on the double bond.!® Trihydroxy sulfoxides in all possible configurations can therefore be
made by this method (Scheme 60).

These trihydroxy sulfoxides are useful molecules in total synthesis because of the possible transforma-
tion of the sulfoxide into aldehyde by a Pummerer rearrangement.!3%16! Homoallylic B-hydroxy sulfox-
ides have also been prepared from B-epoxy sulfoxides, readily obtained from methyl monochloroacetate
(Scheme 61a),1622

Optically active a-chloro sulfoxides have recently been obtained by a very practical procedure!62b
using NBS and potassium carbonate with the expected inversion of configuration at sulfur. Chloro sulf-
oxides were shown to be very useful in the synthesis of epoxides!®? and for a,B-unsaturated ketone ho-
mologation (Scheme 61b),162d
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1.54 SULFONES

Although Kohler and Tishler!6? reported the metallation of benzyl sulfones in 1935 and Field64 later
used benzyl sulfones in Grignard reactions, the use of new bases and the easy introduction of a sulfonyl
group into a molecule vie alkyl halides and sodium sulfinate resulted in a major development by
Julia!63-170 of the synthetic use of sulfones.

The preparation of 3,7-dimethyl-2-trans-4-trans-6-trans-octatrienoic acid (Scheme 62)1951%6 js a good
example of the introduction of a sulfonyl group from sodium sulfinate, of the coupling reaction of a sul-
fonyl carbanion and allylic bromide and finally of the elimination of the sulfonyl group in basic medium
giving the all-trans compound. The same method was used for vitamin A synthesis (Scheme 63),168.170

In a similar way, Grieco!”! reported the synthesis of trans-squalene from trans-farnesyl acetate and the
corresponding sulfone and Liu!?8 prepared difluororetinal analogs.

A modification of vitamin A synthesis was reported recently,!’? using addition of allylic sulfone carb-
anion to aldehyde followed by a basic double elimination'’® of the resulting B-alkoxy sulfone with excel-
lent stereocontrol (Scheme 64).
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Other applications of carbanions « to a sulfone in total syntheses have recently been reported. Most of
them used allylic sulfones or allylic halides. Two examples are reported here. In the synthesis of a pre-
cursor of cembranolides,'8? a sulfone derived from geranyl bromide was coupled with an allylic alcohol
epoxide (Scheme 65). An interesting point was that the coupling reaction gave high yields only when the
lithiated sulfone was allowed to react with the epoxymagnesio alkoxide (the lithium salt of the epoxy al-

cohol did not react at all with the lithiated sulfone).

In the synthesis of an ionophore antibiotic,'# a bicyclic sulfone made by oxidation of the correspond-
ing sulfide with PhSeSePh/H,0: to avoid double bond oxidation was coupled with an allylic bromide in
97% yield and high stereoselectivity. The sulfonyl group was finally eliminated in basic medium to cre-

ate a trans-diene (Scheme 66).



Synthesis of Sulfides, Sulfoxides and Sulfones 159

Br/\( PhSO;Na PhOZS/\(

CO;R COR
i, Bu'OK

it )\/\
~ Br

KOH CO;R
/MCOZR J\/\)\/ i

P
Scheme 62 SO,Ph

SO,Ph
- PhSO,K

N o H,C=CHMgCl S - 2 P
93% HO 97%

P
o) 98% H\K\OAC
cl

SO,Ph SOPh
AcOH N S S
A F OAc
HO ACZO

MeOK
cyclohexane

Soaaae

Vitamin A

Scheme 63

SO,Ph B SO,Ph
1, bu'L1

~ x OAc

it, OH
(K/\)\/\O Ac

0
/, E0” X | TsOH
ii, Bu'OK

OH

Vitamin A
Scheme 64

v-Oxo sulfone acetals can be acylated with esters giving, after reductive desulfonylation, a convenient
route to vy-keto aldehydes or 1,4-diketones (Scheme 67).17* The intermolecular acylation of a-sulfonyl
carbanions was also used to synthesize y-butyrolactones.!?



160 Displacement by Substitution Processes

Br SO,Ph SO,Ph
i, SeO,, B'OOH
\ PhSO,Na \ ii, NaBH, \
DMF iii, DHP, PPTS
\ \ \
OTHP
Bu"Li

SiMe3
70%
OVSS\@T
=
TS SiMe;
Scheme 65
0SiMe,But
sen N PhO,S Ve

i, PhSH, LiH, DMF

110°C i, PhSeSePh, H,0,
if, CH,N, =~/ ii, Bu'Me,SiCl
iii, LIAIH, Y Y
H % H %

i, LDA

‘4,
“,,
2,

MCOZC

o)

'-\
Scheme 66
PhO,S o] Bu"Li, TMEDA
_\—< j PhO,S
O RCO,Me, HMPA j j
Scheme 67

The introduction of a sulfonyl group on cyclic compounds allowed +y-alkylation of a,B-unsaturated
ketones (Scheme 68).177
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a-Pyrone sulfone!32178 j5 indeed, as we have already shown, very reactive in Diels—Alder reactions.
The chiron (-)-(10a) was obtained with very high diastereoselectivity from a-pyrone sulfone and opti-
cally active vinyl ether (Scheme 69). This lactone was later used!”® in the asymmetric synthesis of
(-)-methyltriacetyl-4-epishikimate (10b). B-Sulfonylnitroalkenes were also shown to be reactive alkyne
equivalents in Diels—Alder reactions.!78b
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1,1-Bis(benzenesulfonyl)cyclopropane!™ presents several advantages in organic synthesis: the elec-
tron-withdrawing groups on the cyclopropane facilitate its opening by nucleophiles and, since each sul-
fone can be cleaved to create a carbanionic center, various electrophilic substitutions can be performed.
One example is given in Scheme 70.
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The Ramberg-Bicklund reaction is a synthetically useful process in which a-haloalkyl sulfones afford
alkenes upon treatment with base.!8¢ Bromomethanesulfonyl bromide (11) is a very useful reagent for
such reactions with unusual stereochemical features of the reaction with base.!3!:!82 Adducts between
(11) and alkenes are formed in nearly quantitative yield by a light-catalyzed free radical addition. Direct
treatment of these adducts with DBN afforded vinylic sulfones, which on treatment with Bu'OK gave a
highly stereoselective elimination to the corresponding diene, probably via a base-catalyzed isomeriza-
tion to the corresponding allylic sulfone (Scheme 71).

(E)-1,3-butadienyl tosyl sulfone was found to react with dialkylcuprates; the alkyl group was added to
the terminal double bond and the newly formed double bond has exclusively (Z)-geometry (Scheme
72).185 It is interesting that starting from butadienyl allyl sulfone, the stereochemistry of the double
bonds was maintained during the Ramberg—Biécklund sulfur extrusion.

In similar work, Julia!® prepared allyl dienyl sulfones from (Z)-2-methyl-1,3-butadienylsulfinate. Ad-
dition of various nucleophiles to the diene and Ramberg-Bicklund reaction then yielded isoprenoid
compounds (Scheme 73).
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Oxidation of a-sulfonyl carbanions with copper(Il) trifluoromethanesulfonate gives dimers of the orig-
inal sulfone,!8” while with copper(Il) acetate vinylic sulfones were obtained (Scheme 74).!88
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Vinyl sulfones can be easily functionalized in a highly regio- and stereo-selective way: organolithium
reagents undergo conjugate addition to afford trans adducts in high yield,'#¥ while organocuprate re-
agents undergo an amine-directed conjugate addition to afford the cis adduct (Scheme 75).190:191
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The synthesis of the preceding vinyl amino sulfone offers a very good example of a stereospecific sul-
fide-directed epoxidation (Scheme 76).192 Oxidation of optically active sulfide alcohol (12; readily made
from epoxycyclopentadiene!?? and resolved) with MCPBA affords the corresponding sulfoxide, which is
in equilibrium with the sulfenate ester. Treatment with pyridine hydrobromide and then phenyl disulfide
and bromine gives the bromodiol (13), which is simply cyclized to the epoxide with aqueous sodium hy-
droxide solution (83% overall yield from the sulfoxide). Treatment of the B-epoxy sulfone with DBU
followed by in situ silylation with ¢-butyldiphenylsilyl chloride affords an 86% yield of vinyl sulfone
(14). Mesylation of the alcohol moiety followed by immediate treatment with dimethylamine produces
the amino vinyl sulfone via a syn SN2’ substitution, !8?
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In a recent total synthesis of (+)-morphine,!®* the key step was a cyclization step induced by intramole-
cular Michael addition on a vinylic sulfone followed by bromide displacement (Scheme 77). The entire
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process was highly stereoselective. Methyl-3-phenylsulfonyl orthopropionate was shown to be a good re-
agent for cyclopentannulation (Scheme 78).193

OMe

- - OH

#Z 0

H
SO,Ph

Scheme 77

OLi

OMe i, BuLi

MeOﬂ\/\
MeO SO,Ph ii, O OMe

OMe
ij PhO,S  OMe

Me,SiCl
OS iMe3
Me;SiOTf OMe
OMe
PhO,S OMe

Scheme 78

During the total synthesis of an antileukemia agent, control of the stereochemistry of the ¢ ring forma-
tion has been established by a cesium fluoride mediated intramolecular conjugate addition of an «-face
a-sulfonyl ester to an a-chloroenone (Scheme 79).1%

Scheme 79

2-Phenyisulfonic allylic bromide (15) reacts with aldehydes in the presence of zinc in high yield and
high diastereoselectivity giving syn-hydroxy sulfones (Scheme 80).!97:198

A good example of acyclic diastereoselection was reported by Isobe!® during ‘heteroconjugate addi-
tion’ on vinylic sulfone. The ‘heteroalkene’ is indeed a vinylic sulfone with an a-chiral center and a hy-
droxy group in the allylic or homoallylic position. In the allylic case, a complete syn diastereoselection
was observed during methyllithium addition. This high stereoselectivity can be explained by the follow-
ing: the nucleophilic carbanion should coordinate with the oxygen atom by a chelation effect through the
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SO,Ph Ph OH SO,Ph
SO,Ph  RCHO );/ on MBS 302 5 RICHO, Zn 2
r
= 1
/ DABCO Me,S (J\/ R
R R
(15) syn (de 90%)
Scheme 80

lithium cation so that the nucleophile will have a higher opportunity for attacking the alkene from the
oxygen face than from the nonchelating carbon face (Scheme 81).

, LizMe
SiMe MeLi :
R! A 3 - R-O \ SiMe SO,Ph
3 Rl
OR SO,Ph F Rl\w\(ﬂ—‘<—~ SO,Ph OR

syn

Scheme 81

The anti diastereoselectivity can be achieved by coordination of the nucleophile to the opposite face of
the a-oxygen atom. This was the case with the homoallylic system (Scheme 82).

Pr z
HO/Y\( SiMe, _M_ﬂ‘_i, %SiMeg, H $0,Ph
Bu® SO.Ph F S SOh T HO/Y\/
So-Lir ™ Bu”

anti
Scheme 82

The heteroalkenes were prepared by Peterson-type alkenation of the corresponding aldehydes with
bis(trimethylsilyl)phenyithiomethyllithium [PhS(MesSi),CLi] followed by oxidation to sulfones,

Remarkable diastereocontrol was also reported by Trost?® during alkylation of allylic sulfones with
epoxide. A very high kinetic diastereoselectivity was observed in the case of terminal epoxide and
branching on the vinyl carbon proximal to sulfone (Scheme 83).

i, 2equiv. Bu"Li
0OSiMe,Bu'
ih, J>\ SO,Ph OH
SO,Ph 0SiMe,Bu!
kinetic control, de = 97:3
Scheme 83

In the other cases, the diastereoselectivity was higher under thermodynamic control. The remarkable
ability to obtain vy-hydroxy sulfones with high diastereoselectivity offers the flexibility to transfer stereo-
control to carbon-carbon bond formation by substitution of the sulfone. This is illustrated by the copper
cyanide catalyzed coupling of Grignard reagents (Scheme 84).

Sulfones can also be used in Friedel-Crafts-type cyclizations.2®! One example is shown in Scheme 85,
where the cyclization in the presence of aluminum chloride of the allylic sulfone occurred in high yield,
showing that sulfones can also become electrophiles. Since a tertiary carbanion has about the same sta-
bility as a simple allylic cation, tertiary sulfones can also be cyclized (Scheme 85). These last examples
illustrated the ‘umpolung’ provided by the sulfone since carbanion chemistry was used to introduce the
2-methyl groups.

Sulfonyl group substitutions can also be observed with organoaluminum reagents.2 They proceed
with remarkable ease and good chemo- and regio-selectivity and with a strong bias for formation of an
axial C—C bond in cyclohexenyl systems. The unique advantage of the sulfone as a leaving group stems
from the ease of alkylation a to the sulfone prior to the substitution. The chemoselectivity of this method
was tested by its ability to employ carbonyl adducts. Initial complexation of the free alcohol with
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N

F i, 2 equiv. Bu"Li
F

SO,Ph ii i
2 ii, Y " SO,Ph OSiMe,Bu'

iii, Bu'Me,SiCl

thermodynamic control, de = 96:4

Bu"MgBr
10% CuCN
/\/Y\/:Y
0OSiMe,Bu'
Scheme 84 92%

o 0
@/OI [ ] AlCl,
PhO,S
O Y oo

i, Bu"Li AICl;

ii, MeLi 5%
SO,Ph SO,Ph

Scheme 85

trimethylaluminum, followed by addition of the alkynylalane using ethylaluminum chloride as the Lewis
acid gives only the product of substitution of the allylic sulfone with formation of the new C—C bond at
the secondary carbon (Scheme 86). The high selectivity for transfer is particularly noteworthy: only alky-
nyl or vinyl systems are transferred, never alkyl groups.

CO,Me CO,Me
. AIC,
+  BubAl A~ .
CsHy, h
exane
SO,Ph 60% N NN
OH
SO,Ph Bu"Li S0,Ph i, Me,Al Z Ph
>=/— x> Ph
PHCHO ii, EtAICI, l
OH EyAl—==CH,,
1% CsHy,
Scheme 86

1.5.5 CONCLUSION

The variety and number of examples listed in the literature show the efficiency of sulfur-containing
molecules in organic synthesis. In the mid-1960s, organic sulfur chemistry was an area for specialists,
but currently almost every organic chemist, in some way or another, encounters organosulfur com-
pounds. It was not, of course, possible to review in this chapter all of the literature work in which sulfur-
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containing groups serve an important auxiliary function in synthetic sequences. It has, however, been at-
tempted to describe most of the reports which have important applications in selective organic synthesis.
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1.6.1 ALKYLIDENEPHOSPHORANES

1.6.1.1 Synthesis from Tertiary Phosphines and Various Compounds

Tertiary phosphines (especially triphenylphosphine) react with various compounds giving rise to the
formation of alkylidenephosphoranes.!~3 By the addition of carbenes and carbenoids, respectively, to ter-
tiary phosphines especially, alkylidenephosphoranes are available which carry one or two halogen atoms
at the a-carbon atom (equation 1).

X
RP + ¢
Y

X
+
RyP = M
Y

The necessary carbene or carbenoid species are generated from di- or tri-halomethanes with bases (or-
ganolithium compounds or alkoxides) or by decomposition of sodium trihaloacetates in the presence of a
tertiary phosphine. The resulting haloalkylidenephosphoranes are usually not isolated but react with
added carbonyl compounds to give alkenes. The in situ formation of dichloromethylenetriphenylphos-
phorane as well as the analog methylthiochloro compound can be achieved in aqueous sodium hydroxide
solution under phase transfer conditions.® Bis(phenylthio)- and bis(phenylseleno)-methylenetriphe-
nylphosphorane have also been synthesized by the carbenoid method.”

Aliphatic diazo compounds may also be used as a source for carbenes, which combine subsequently
with tertiary phosphines to give phosphonium ylides. The reaction requires the presence of Cul salts,
otherwise phosphazines are formed from the diazo compounds and the phosphines.

171
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Alkylidenephosphoranes containing the bis(aryl/alkylsulfonyl)methylene functionality may be ob-
tai?edd I;rom aryliodonium ylides and triphenylphosphine, a carbene mechanism presumably being in-
volved.

Ylide formation by capture of electrophilic carbenes with tertiary phosphines has been shown to be a
symmetry-breaking allowed pathway.® The reverse process, dissociation of a phosphonium ylide into
carbene and phosphine,!° is in agreement with the concept of phosphonium ylides as phosphine—carbene
complexes.!!

Dihalomethylenephosphoranes are easily available from tetrahalomethanes and tertiary phosphines,
especially triphenylphosphine (equation 2). From mixed tetrahalomethanes preferably difluoro- and di-
chloro-methenylenephosphoranes are formed. The primarily resulting dihalomethylenephosphorane may
undergo subsequent reaction giving rise to the formation of a semi-ylide salt (equation 3).!1213

X
+
X
Phyp + Php—=< = —l- & o o
a cl

In contrast to triphenylphosphine alkyldi(s-butyl)phosphines react with carbon tetrachloride or tetra-
bromide to give P-halo ylides.!* Usually dihalo ylides are generated in situ in the presence of an alde-
hyde or a ketone whereby the simultaneously formed dihalotriorganophosphorane reacts with a second
mole of the carbonyl compound to give dichloroacetals. The addition of zinc dust proved to be favorable
in the synthesis of the difluoro-,!516 dibromo-,!7:!8 and diiodo-methylenetriphenylphosphoranes.!® Anal-
ogous to tetrahalomethanes trihaloacetates react with triphenylphosphine yielding alkoxycarbonylhalo-
methylenetriphenylphosphoranes® Also 2,2-dichlorohexafluoropropane seems to react with
triphenylphosphine by formation of the corresponding ylide.?

Phosphonium ylides are also available from the reaction of trivalent phosphorus compounds with acti-
vated C—C multiple bonds.2!-23 Phosphines add to the activated C=C double bond of a,B-unsaturated
ketones or carboxylic acid derivatives. The zwitterionic intermediate (generally a phosphonioenolate)
undergoes 1,2-prototropic shift giving rise to the formation of an alkylidenephosphorane (equation 4).
Ylides generated according to this method in situ from acrylic acid derivatives?*2’ are difficult to prepare
otherwise, because of the easily occurring Hofmann degradation. Several alternative routes for the sta-
bilization of the zwitterionic intermediate leading to other compounds than the desired ylide have been
observed.??

H
+ +
H R? 1 2 RL;P R?
RLP + T/H/ E— RsP}g-\n/R - W—)<( @)
o) H o) o]

Alkynes having activated C==C triple bonds react with tertiary phosphines in the molar ratio 1:2 giv-
ing rise to the formation of 1,2-bisylides (equation 5).23 Beyond that some rather complex reactions be-
tween phosphines and alkynes are known; however, these are of no preparative importance as
unambiguous routes to ylides.

0

2 2
Rp + BT X g R? ~R )
0

In addition to the synthetic routes described, tertiary phosphines react with miscellaneous compounds
(epoxides, nitrilimines, sulfuranes, amidines) leading to phosphonium ylides.26 These reactions, how-
ever, seem not to represent generally applicable methods for the synthesis of phosphonium ylides.

a-Lithiated tertiary phosphines undergo reaction with electrophiles at phosphorus rather than carbon
and thus provide a route to a variety of P-substituted phosphonium ylides (equation 6).26-28
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|
P Li -LiX P
SOt RX /v Y ©6)

Dihalotriorganophosphoranes react with activated methylene compounds in the presence of triethyl-

amine yielding stabilized ylides in good yields (equation 7).2°
2R,N

PhPCL, + x Ny

, X
PhyP —< ™
~2[R,NH]*CI Y
X, Y = CN, SO,R, CO,R, COR, etc.

The generation of an ylide from a phosphine oxide and an alkyne is of interest because it represents the
reversal of the known intramolecular Wittig reaction of acylated alkylidenephosphoranes.*°

1.6.1.2 From Phosphonium Salts

1.6.1.2.1 Generation with bases

The most important method of preparing phosphonium ylides is deprotonation of the corresponding
phosphonium salts with suitable bases (equation 8).31-36 In some instances an alternative ylide may be
formed instead of that by deprotonation, if the phosphonium salt is carrying another positively charged
substituent in the a-position (e.g. equation 9).3537-40

R? base R?
+ +_
R1P— X" RLP— (8)
R3 —HX R
N - _PhLi f G PhyP—
Ph;P Br |Brr — PhP-CH;  + Br &)

An alternative route to ylide synthesis via a-deprotonation is the abstraction of a proton from the y-po-
sition of a vinylphosphonium salt (equation 10).41-%3 Complications may arise, however, if the phospho-
nium salt carries a good leaving group in the B-position so that a vinylphosphonium salt may be formed,
or if a B-proton is so acidic that a Hofmann elimination is favored.3544-47

base
YH - + = Y
Ph;l') /\/ X HX Ph;P NS (10)

While triphenylalkylphosphonium salts as ylide precursors unambiguously lead to alkylidenetriphe-
nylphosphoranes, in the case of tetraalkylphosphonium salts ylide formation may take place principally
at different a-positions relative to the phosphorus.*8-5% Furthermore an intramolecular transylidation pro-
cess causes the ligands at the phosphorus in methylenetrialkylphosphoranes to exist alternately as alkyl
or as alkylidene substituents, thus giving rise to the formation of isomeric ylides.

The choice of the appropriate base/solvent system for the ylide generation depends on the acidity of
the corresponding salt, the stability of the resulting ylide in the reaction medium and the intended appli-
cation of the ylide. Thus phosphonium salts with electron-withdrawing groups on the a-carbon, which
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are capable of stabilizing a negative charge, are deprotonated by relatively weak bases, such as dilute
aqueous alkali or ammonia. If there are electron-donating substituents on the a-carbon, stronger bases,
such as alkyllithium, are required. Highly reactive phosphonium ylides are usually generated in an
aprotic medium and mostly are not isolated but reacted in situ,5!

For many reactions with ylides it is very important to use ‘salt-free’ solutions. This is especially true
for lithium salts because they can affect decisively the course of many ylide reactions, especially the
stereochemical course of subsequent Wittig reactions,52-55

A great variety of bases has been used to generate ylides from the corresponding phosphonium salts:
various nitrogen bases, alkoxides, alkali metal hydrides, carbanionic bases, alkali metal hydroxides and
carbonates, ethylene oxides, basic ylides and others.3!:35.36

The use of sodium amide proved to be very successful in the synthesis of nonstabilized ylides free
from lithium salts.35-56 The reaction is usually carried out in liquid ammonia, but also a suspension of so-
dium amide in benzene or THF can be used. Whereas alkyltriarylphosphonium salts are deprotonated in
liquid ammonia, in the case of the corresponding tetraalkyl compounds boiling THF is necessary.*8 Mix-
tures of dry phosphonium salt and powdered sodium amide can be stored indefinitely and hence provide
‘instant ylide’ mixtures.>’ Upon addition of an ethereal solvent the ylide is quantitatively generated.

Conversion of phosphonium salts to salt-free solutions of ylides can also be effected with sodium
bis(trimethylsilyl)amide.’® As it is soluble in many solvents, and easy to handle and to weigh out, sodium
bis(trimethylsilyl)amide is preferred to sodamide in liquid ammonia in many cases (equation 11).5% The
corresponding potassium and lithium compounds can also be used.®0

—HN[SiMC;]z +
PhsP R an
-MX -

+
[PhaP\/R] X~ + M-N[SiMe,],
M =Na, K, Li
The anions resulting from dissolving potassium in HMPT are also suitable for generating reactive

ylides from their corresponding salts, HMPT also turning out to be a favorable solvent for many ylide re-
actions (equation 12).5!

o] 0
I 1
Me,N—P —NMe, + .PZ + N + + 12
2 | 2+ 2K Me,N NMe, Me,N 2K (12)
NMCZ

Apart from the bases mentioned a series of other nitrogen bases (ammonia, triethylamine, pyridine, cy-
clic amidines, lithium diethylamide, lithium diisopropylamide, lithium piperidide, efc.) have been used to
deprotonate phosphonium salts.

Many alkoxides (especially sodium methoxide, sodium ethoxide, potassium t-butoxide and others) can
be used as bases in ylide syntheses (equation 13).35 The reaction is carried out in the corresponding alco-
hol or another inert solvent. The alkoxide method has some advantages: alkoxide bases are easy to
handle, ylide generation may be effected in a homogeneous phase and phosphonium salts carrying corre-
sponding alkoxycarbonyl groups are not cleaved at the alkoxy function. Since, however, ylides may be
quenched by the alcohol produced from the base, they are usually generated in the presence (the tem-
perature playing an important factor®) of a carbonyl compound to undergo a Wittig reaction. It seems
that among alkoxides potassium ¢-butoxide and sodium as well as potassium s-pentylate are most suitable
for the generation of reactive ylides.3362-%4 Alkoxide bases are less suitable for the deprotonation of
phosphonium salts carrying activated H atoms in the B-position since alkoxides favor cleavage into a
phosphine and an alkene.

_ OR + _ %
\/R} Halm —— {PhJP\/R} OR™ —= Ph;P\-/R + ROH (13)

[ +
Ph;P

Very often phosphonium ylides are generated with organolithium compounds (in particular phenyl-,
methyl-, n-butyl- and t-butyl-lithium) as bases.}-¥2-3.35 However difficulties may be attached to this
method in some cases. When alkyllithium compounds are used, ligand exchange at phosphorus may
occur, thus giving rise to the alternative or additional formation of a second ylide. To avoid this phe-
nomenon in the case of triphenylphosphonium salts phenyllithium has to be used as base. Ligand ex-
change may also be suppressed if one uses, instead of n-butyllithium for example, the more bulky tertiary
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compound.®® From phosphonium salts carrying halogen at the a-carbon both a proton or a positively
charged halogen may be split off and also displacement of an a-halogen by the carbanionic substituent of
the lithium compound may occur. 3-Substituted phosphonium salts may undergo Hofmann elimination
under the influence of organolithium reagents giving rise to the formation of vinyl salts, which sub-
sequently may add a second mole of base at the B-position. Attack of alkyllithium directly at the 3-sub-
stituent has also been observed.’¢ Ylides generated by organolithium compounds may be attacked by
excess base yielding metallated ylide species,®¢7 which can act as a more reactive alternative to
methylene ylides.672® Ylides, especially alkylidenetrialkylphosphoranes form complexes with lithium
salts,57%68 from which the ylide sometimes can be released only at elevated temperatures.

Other carbon bases that have been used successfully to convert phosphonium salts into ylides include
sodium methylsulfinate and the corresponding potassium compound® (prepared from alkali metal hy-
dride and DMSO), tritylsodium, sodium acetylide and other strongly basic ylides.

Deprotonation of a phosphonium salt by an ylide is a ‘transylidation’ reaction,’ which is of import-
ance especially in those cases where ylides are reacted with electrophiles (see Section 1.6.1.3), but may
also be applied to isolated phosphonium salts.>3 For an unequivocal reaction the two involved ylides
must differ sufficiently with respect to their base strength (as for example in equation 14).

[ Ph;l;/\n/ Ph
o)

+ - + = Ph +
B~ + PhP—CH, ~—2%. PhypP + [PhP-Me| B~ (14
3 3 (14)
0

Aqueous alkali metal hydroxides and carbonates are suitable for the generation of ylides from phos-
phonium salts, which carry strongly electron-withdrawing groups (e.g. acyl, alkoxycarbonyl, cyano, 9-
fluorenyl, nitrophenyl and others) at the a-carbon. The resulting stabilized ylides are usually sufficiently
stable to be unreactive in water. The above mentioned bases may also be applied to the synthesis of reac-
tive ylides, if the reaction is carried out under phase transfer conditions*6:7%-74 in the presence of an alde-
hyde, which undergoes a Wittig reaction with the in situ generated ylide.

Sodium hydride itself, not only its reaction product with DMSO, is also suitable for deprotonation of
phosphonium salts and preference has been given to this base over sodium ethoxide.”

Ethylene oxide or 1,2-epoxybutane may also be used for the synthesis of ylides.”® The resulting ylide
is in equilibrium with its conjugated salt (equation 15). The use of ethylene oxide offers some advantages
over more conventional bases used in Wittig reactions. The application is simple since ylides and most
often also phosphonium salts (from phosphine and alkyl halide) need not to be prepared separately. The
reaction medium is neutral, so that base-induced side reactions fail to appear. The method is however
less applicable to weakly acid phosphonium salts, since deprotonation requires high temperatures (150
°C).

Rl
0
X+ /N == Phgﬁ—'< + Ho/\/x (15)
R2

R 1
PhyP —(
RZ

Another ylide synthesis avoiding basic conditions starts from phosphonium fluorides.””-7® Fluoride
ions are basic enough to play the role of the usually added external base, giving rise to the formation of a
phosphonium salt/ylide equilibrium (equation 16).

— — +
ph;p” SR |F = PhF "R + HF (16)

Ylide generation on alumina or potassium fluoride supported on alumina is of interest since the use of
a solvent is unnecessary.”

In addition to the generation of phosphonium ylides from phosphonium salts by deprotonation with
bases in some instances ylides may result from pyrolysis of phosphonium salts,?0 especially silylated
salts (equation 17). Similar fluoride ion induced desilylation (equation 18) of phosphonium salts proved
to be a very useful alternative for the synthesis of ylides which are difficult to synthesize by the conven-
tional salt method (as in the case of R!, R? = alkyl).8!82 The most effective fluoride source is cesium flu-
oride and the reaction proceeds at room temperature.
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A

+ + _
[Ph;P/\SiMQ cr PhsP —CH, (17
~Me,SiCl
R\ R? CsF R!
+ . X" + e (18)
PhyP SiMe; ~Me,SiF PhsP /I\ R?

Phosphonium salts may also be converted to ylides by electrochemical procedures.?%83 The preparative
applicability of these methods, however, seems to be limited.

1.6.1.2.2 By addition of nucleophiles to vinyl- and cyclopropyl-triphenylphosphonium salts

Vinylphosphonium salts are susceptible to nucleophilic attack at the terminal vinyl carbon, thus pro-
viding 2-substituted ethylidenephosphoranes (equation 19).84 This method, developed by Schweizer, has
been successfully employed in the addition of a variety of anionic derivatives from alcohols, thiols,
amines and others to vinylphosphonium salts, especially to the commercially available vinyltriphe-
nylphosphonium bromide (‘Schweizer’s reagent’).8+-10! The analogous reaction involving alkyl- or aryl-
lithium reagents proceeds in poor yields only, obviously because of ligand exchange processes and a
competing elimination reaction transforming the vinyl salt to triphenylphosphine and acetylene. How-
ever, when the less basic organolithium cuprates are used as a source of carbanions the desired addition
takes place readily.!0! Stabilized carbanions, especially enolate anions, are also well suited as nucleo-
philes,?2-100

NuM*

+ -
[ PhyP~ } Br php > (19)

-MBr
M = metal; Nu = OR, SR, NR;, CR;, CR;;, etc.

Ylides generated according to the vinyl salt method are usually not isolated but are quenched in situ
with a carbonyl compound. Vinylphosphonium salts are most often reacted with nucleophiles containing
suitable adjacent carbonyl groups yielding carbonyl substituted ylides, which provides an elegant method
for the synthesis of a great variety of cyclic compounds by a subsequent intramolecular Wittig reaction
(equation 20). The reaction principle may also be applied to the conjugate addition of a nucleophile to

1,3-butadienyl- and 1,3,5-trienyl-phosphonium salts, leading to the corresponding ylides (e.g. equation
21).84.102,103

| + | -OPPhy
0 + 7 FPpPhy Br 0 E— ) (20)
X X <+
\/\PPh3 X
(o) 0]
SPh CO,Me on
+ /\/J\ + = CO;Me 7 3 Q1)
Phgp SPh -

Ylides may also be generated by nucleophilic ring opening of cyclopropylphosphonium salts (equation
22),84.104,105 The resulting ylide undergoes intramolecular Wittig reaction if the attacking nucleophile is
carrying a carbonyl group.
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1.6.1.3 From Conversion of Other Phosphonium Ylides

1.6.1.3.1 By substitution of a proton at the ylide carbon atom

Phosphonium ylides carrying at least one proton at the a-carbon atom react with various electrophilic
reagents with formation of a-substituted phosphonium salts or zwitterionic intermediates, from which a-
substituted ylides are generated by deprotonation or proton migration, the former reaction being more
important (equation 23),4106-112

+
- PhiP_ X R
X-Y 3 _ -HY +
Yy PhsP <
R X
Ph,P” "R (23)
+
. PhP_ X, - R
X=Y 3 - +
YUY PhyP =<

R X—YH

If the reaction provides a salt whose acidity is greater than that of the starting phosphorane precursor
(for example in the case of X = acyl), a second mole of the starting ylide reacts with the intermediate
phosphonium salt in a transylidation reaction’ (¢f. equation 14) giving rise to the formation of an «-sub-
stituted ylide and the conjugated salt of the original ylide. If the proton of the phosphonium salt gener-
ated in the first step is not sufficiently acidic for this proton transfer to occur, the phosphonium salt
formed in the first step can be isolated and has to be deprotonated by an external base.

Reactions of ylide anions with electrophiles lead directly to substituted ylides.!09:113

(i) Substitution by heterofunctional groups

a-Heterosubstituents influence the stability of phosphonium ylides markedly since a-donors and r-ac-
ceptor groups, e.g. electropositive elements, stabilize ylides, whereas mw-donors and g-acceptors, e.g.
electronegative elements, destabilize them.%

(a) Substitution by halogen

Halogenation of strongly basic ylides with free halogen is accompanied by side reactions and is not
suitable for preparative application. Stabilized ylides, e.g. acyl- or alkoxycarbonyl-methylenephospho-
ranes, react with free halogen or various halogen carriers to give halogenated phosphonium salts.!14-118
Subsequent a-halo ylide formation may occur in situ by a second mole of the original ylide (transylida-
tion), a base added to the reaction mixture at the beginning, or after isolation of the intermediate salt by
an external base (equation 24). Suitable halogen carriers are bromo cyanide (in the presence of triethy-
lamine), dichloro- and difluoro-iodobenzene, chloramine T, iodo bromide and perchloryl fluoride.

+ COR
+ base + _/
PhP.__COR 4+ X, — PhJPYCOR X~ PhyP—~( 24)
~-HX
X

X =Cl, Br, I; R = alkyl, aryl, O-alkyl

(b) Substitution by elements of Group 6
Stabilized, as well as basic ylides, react with sulfenyl chlorides in a transylidation reaction to give al-
kylthiomethylenephosphoranes (equation 25).!1% In methylenetriphenylphosphorane both «-protons may
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be substituted by sulfenyl groups. The phenylthio and the methylthio group may also be introduced by N-
methyl-N-phenylthioacetamide and dimethylsuccinimidosulfonium chloride, respectively. These meth-
ods avoid the disadvantage of requiring two moles of starting ylide as in the reaction with sulfenyl
chlorides.

+
- ~[Ph;P-CH,R!ICI™ +
2pnp R+ RSO —————  Php—=( @5)

SR?

1-Sulfonylalkylidenephosphoranes are available from simple ylides and sulfonic acid halides or anhy-
drides in a transylidation reaction (equation 26).!!°* With aromatic sulfonyl chlorides halogenation and
sulfenation may occur instead of sulfonation. Aliphatic sulfonyl chlorides give only poor yields of 1-al-
kanesulfonylalkylidenephosphoranes. Aromatic and aliphatic sulfonyl fluorides are very suitable for the
introduction of sulfonyl groups into the a-position of ylides. However, as a consequence of the reaction
mechanism (presumably vig sulfenes) in addition to the expected ylide a rearranged byproduct may be
formed (equation 27). 1-Sulfinylalkylidenephosphoranes are synthesized analogously with sulfinyl
halides.11%

Y = _[Ph,PECH,R'X™ +_<R'
2 ~~p1 + R2 Ph;P —= (26)
PhP” R SOX T, Cl, F, 0SO,R 3 SO,R?
R! R?
+ = ~HX T + _
2 phE R+ RESsox X phgp _O<S _/R2 + PhyP —O<S_/Rl @7
2 pi

The transylidation reaction of phenylselenyl bromide with two moles of alkylidenetriphenylphos-
phorane yields 1-phenylselenoalkylidenetriphenylphosphoranes (equation 28).119

_ —{PhyP-CH,R] Br- + R
§ANp + PhSeBr PhyP —=( (28)
SePh

2 phy

(c) Substitution by elements of Group 5

Acyl ylides add to N==N double bonds of azo compounds giving rise to the formation of 1-N-sub-
stituted alkylidenephosphoranes (e.g. equation 29).120 It should be mentioned that 1-N-substituted ylides,
which carry only hydrogen or alkyl groups at the nitrogen, are unknown, !0

0
. A
1N

+
Ph,P” “COR' +

COR' ¢
—R? Ph3;/_k171 /QN—R
i n N~

0 o)

2 (29)

Coupling of aromatic diazonium salts with stabilized methylenephosphoranes leads to arylazometh-
ylenephosphoranes (equation 30).!?!

+ = + _ base + COR
PhsP /\COR + [Ny-Arf X T Ph;P _<;1 B N,Ar 30)

1-Phosphino-substituted ylides are available from simple ylides and chlorodialkyl- or chlorodiaryl-
phosphines (equation 31).!22123 It depends upon the conditions of the reaction whether the substituted
phosphonium salt or the corresponding ylide can be isolated. Methylenetriphenylphosphorane may
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undergo double phosphinylation. Phosphino-substituted ylides have also been synthesized using 1-alkyl-
2-vinylphosphiranes as reagents.!24

+ - R!
_ —[Ph;P~CH,R!]CI + _
2 Phgf’./\ Rt R%PCl —————— Ph3P—< ) €)))
PR2,

Diphenylphosphinyl chlorides and simple ylides yield 1-diphenylphosphinylalkylidenephosphoranes
in a transylidation reaction; the introduction of the thiophosphinyl group may be carried out analogously
(equation 32). Synthesis of diethoxy- and diphenoxy-phosphinomethylenetriphenylphosphoranes may be
achieved with the corresponding phosphoro chloridates (equation 33).

X + R
- I —[PhyP-CH,RICI" Ph,p =
+ _~ P ————— e e
2pp” R Y py e X=0,$ P—Ph 2
X Ph
+ _ + < O
- It ~[Ph,P-Me]Cl N
2PhP-CH, + Cl—P-OR PP MeIC _ pngP P oR (33)
! R = Et, Ph OR

OR

Apart from the mentioned phosphorus halogen compounds also dichlorophenylphosphine, phospho-
rus(I1I) trichloride, phosphorus(III) oxychloride and its thio analog have been reacted with methylenetri-
phenylphosphorane generating the corresponding phosphorus(III) substituted ylides (e.g. equation 34).

-+
+ _ Ph3P _\ —/PP h3
-3[Ph;P-Me]Cl P _ (34)

* PPh,

6 PhF-CH, + PCl,

The dimethylstibino group has been introduced by the reaction of lithiated ylide with chlorodimethyl-
stibine (equation 35).!25% Bis(diphenylstibino)methylenetriphenylphosphorane results from chlorodiphe-
nylstibine and methylenetriphenylphosphorane in a transylidation reaction.!2

Me . . +
7L+ MesSbal  —=Cho MeP SbMey 35)
Me’ N -

1-Dimethylarsinomethylenetrimethylphosphorane is available by desilylation of the corresponding 1-
trimethylsilyl compound (cf. Section 1.6.1.3.2)

+ ) .
Mesb_ SiMe; 4 MesSiy  AsMe; MeSOSMel MesP._ AsMe, 36)

(d) Substitution by various element—organic substituents

a-Silylated alkylidenephosphoranes can be synthesized from simple alkylidenephosphoranes and chlo-
rosilanes (especially chlorotrimethylsilane) by transylidation, since the silyl group stabilizes the resulting
ylide (equation 37).81:126,127

+
-[R!,P-CH,R?)CI™ +
+  ClSiMe, e RIP = G
R? = H, alkyl, aryl SiMe,

+ =
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From methylenephosphoranes (R? = H) both mono- or bis-silylated products may result.!?8 Schmid-
baur et al. have used a variety of compounds for the silylation of ylides.!?¢ a-Silylated alkylidenephos-
phoranes are also formed in the reaction of simple ylides with 2-chloroethylsilane (equation 38),
chloromethylsilane (equation 39), siletanes, 1,3-disiletanes (equation 40) and the highly strained hexa-
methylsilirane (equation 41).129

- ~-C,H + MC3P+'CH2— +

Mesf=CH, + - ~C e Me3P\/SiH3JC1_ " MesP.__SiH; (38)
—Me,PICI™ <
= . ~[RL,PLCH,RYCI , R

Rlal;/\ RZ + H;Si \/Cl I Sl il S - R13P _<_ (39)

SiMeH2

- Me Me + = Me
RI;P-CH, + :s(\sy R13p/\5i_/\/si (40)

Rz V' R? Me” R? Me” 'R?
MesF-CH,  + )?L —  Mep” si @1

Me” Me Me” Me

Reaction of simple ylides with dialkyldihalosilanes leads in a twofold transylidation to the formation
of Si-bridged bisphosphoranes (equation 42), which can undergo consecutive reactions with excess start-
ing materials leading to cyclic products. Bis(chlorodimethylsilyl)methane also reacts with dilithio-
methylenetrimethylphosphorane to give a methylenephosphorane with an exocyclic ylide function
(equation 43).

Me.SiCl _ _ MCZSiCIZ Me\si/Me
+ = e, Sil + + + +
4 Me,P—CH, - Mep” SiT Mg Me;p—< >=PMe; (42)
~2Me FiCr Me” Me 2 Me,p-CH St
3 . 2_ Me” Me
-2 {Me,P]CI
SN ,Me Me,  Me
Me —Si oL + Si
MeP(CH,)sLi, + —=2LiCl Me;P —< ) (43)
Me —Si S
a’ Me Me Me

Analogously to the silyl group the Si—Si unit may be introduced into the a-position of methylene-
phosphoranes using chlorodisilanes (equations 44 and 45).

-+
- Cl__.SiMe -[Me PICI™ + A ...SiMe
2MeF-CH, + OSii ° —————— Mep” USi (44)
Me” Me Me Me
- N/ + - N/ o+
o3 —2[Me,PIC! =
4RF-CH, + (-5l -Cl MRS R3;/\Si'51\/PR3 @5)
/ N\ R =Me, Ph JON -

Germanyl- and stannyl-substituted ylides may be synthesized starting from ylides and germanyl and
stanny] chlorides (e.g. equation 46).!2¢ Methylenetriphenylphosphorane is converted into the correspond-
ing disubstituted ylide (equation 47). The monosubstituted derivatives are available by desilylation of 1-
trimethylsilylmethylenephosphorane (cf. equation 36).
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+ . ~{Me,P-CH,-SiMe, CI” + _SiMes
2 MeP __SiMe; + MeMCl e MeP = (46)
- ’ MMC3
£ - MMe3
- -2 [PhyP-Me]Cl +
3 Ph,F—CH, + 2Me;MCl 2P PMelA | php= 47
M = Ge, Sn
MMC3

Stabilized ylides react with mercury(IT) chloride giving salts, which can be deprotonated to the corre-
sponding mercury substituted ylides (equation 48).!26 Among reactive ylides only the trimethylsilylme-
thylenetrimethylphosphorane can be transformed into its mercurated derivative (equation 49).

Ph Ph
0 o base (o)
+ —— + — —_—
i L+ HeCh Ph3P‘2= a ond. “8)
- HgCl HgCl
Y = —~{Me,P-CH,SiMe;]C1~ , HaMe
2 Mep” SiMe; +  MeHgCl MeaP—<— (49)
SiMe3

Dialkylboron-substituted phosphonium ylides have been prepared by reaction of dialkylchloroboranes
with alkylidenephosphoranes (equation 50).!30 The reaction of phosphonium ylides with alkyldichloro-
boranes leads to the formation of boron-bridged 1,3-bisylides (equation 51).'3!

+
_ [Ph,? —\R’] a-

+ R!
- +
2 PhP—"  +  RZBC PhyP—(- (50)
R! BR? 2

+
- [PhSP—\ ] c”
R!

<+
2 PP\ + R,
Rl

Rl (5 1 )
R! PhyP—(-
Ph3P+—<— 2Ph,P-CHR? ? B—R?
B—R2 Ph P+ -
ol ~{PhyELCHRIICT 3 _<R3

(ii) Substitution by carbon substituents

(a) By alkyl groups

Substitution of an a-proton in alkylidenephosphoranes by an alkyl group can be achieved by two alter-
native routes;06-108,110-112.132 (3) Michael addition to activated C==C double bonds (equation 52); (b) re-
action with alkylating reagents to give phosphonium salts, which are subsequently deprotonated by a
second mole of the original ylide (transylidation) or an external base (equation 53). Ylide synthesis ac-
cording to method (a) is restricted to some special cases.!3? Concerning method (b) it should be men-
tioned that in some instances the second mole of ylide causes $3-elimination (Hofmann degradation)
instead of a-elimination (transylidation) of the initially formed salt.!!0:111.133
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+ +
_ / PhyP Ph;P
PRP—C i - é- —_— _ | 52
R \ R” ¢ R™ ¢’ ey
VAN VAN
+ | + base
Ph3P—\R - —eox Php—- | X PhyP —(— (53)
— -HX
C_
/\ /\

The reaction of ylides with saturated aliphatic alkyl halides (like methyl iodide, ethyl iodide erc.)
usually stops at the stage of the alkylated salt because the +/ effect of the aliphatic substituent causes the
resulting salt to be a weaker acid than the conjugated salt of the original ylide (which would result in the
course of a transylidation reaction).56133.134 However since partial transylidation also occurs between al-
kylidenephosphoranes and phosphonium salts with equal or not very different base and acid strength,!33
mixtures may result from the reaction with saturated aliphatic alkyl halides. At this point it should be
mentioned that the synthesis of dialkylated ylides via the salt method is also difficult since the prepara-
tion of the necessary phosphonium salt is accompanied by B-elimination. The successful synthesis of
dialkylated ylides may be achieved by fluoride ion induced desilylation of a-trimethylsilylphosphonium
salts (see equation 18). There is no doubt about the course of ylide alkylation in cases where the induc-
tive effect of the new substituent leads to complete transylidation (e.g. equation 54).!34

0 + R
~ +
+\)J\ —{Ph,P-CH,CO,Me]X PhsP _
2 PhsP - OMe + RX OMe (54)

o}
R = CH,CH=CH,, CH,CO,Me, CH,CN, CH,Ph, CH,CH=CHPh

Ylides with ambident character, like 1-formyl- or 1-acyl-methylenephosphoranes, may be attacked by
alkylating reagents (the same is true for acylation) at the a-carbon or at the O atom.?53¢ Bromomethyl
acetate C-alkylates acylmethylenetriphenylphosphoranes in a transylidation reaction (equation 55).137
Recently cyanomethylenetriphenylphosphorane has been successfully alkylated via its ylide anion, the

substituted cyano ylides being accessible more readily in greater variety than previously (equation 56).''3
0 0
+
(0] (0] - [Phlp\/u\ R} Br~
+
2 M+ e L PhP—- OMe (55
~ R OMe R
o
+ = NaN(SiMe,), . 2 7= =N~ . R
Ph;P” “CN Na* | pu b ~on = prp Ph3P—< (56)
~HN(SiMes), 3 3 -NaX CN

R = Me, Bu", CH,SiMe;, CH,Ph, CH,CH=CH,

Syntheses of complex ylides by alkylation of simple ylides have been achieved in great var-
iety,! 10111132 y5ing not only alkyl halides (usually containing another functional group) but also other al-
kylating reagents (Mannich bases,!?® strained cyclic compounds like epoxides,'!3®!3 aziridines'*® and
siletanes,'4! pyrylium salts’42 and others). Equations (54)—(56), (57),% (58),!4* (59),!38 (60)!*% and
(61)'40 give some selected examples.

RLi, -RH

+
I Ph3P\—/\ MMC:; (57)

+
Ph;P -
[ I MM,

Ph3ﬁ'_—CH2 + MC3M—\

| M=5n,Si -Lil



Synthesis of Phosphonium Ylides 183

Ph Ph R
Ph S - NaN T RX + _ NaOEt
o o}

Ph R

N
o, -

o}
R = Me, CH,CH=CH,, CH,Ph

o)
(0] 1
+ ~HNMe, + R
PhsP\)J\ Rl T RN _NMe, T~ PhP —%\: (59)
R! = OEt, Ph; R? = Ar, CH,CH,Ar

+ o + /\>< BuLi = ><
Ph,P-CH, + 43( —=  PhyP o —==  ppp "o (60)

(0]
OEt

+ 9 3
Pth\)J\ + r-N] —— PP 61)
~" “OEt

NHR

w-Haloalkylidenetriphenylphosphoranes undergo intramolecular C-alkylation giving rise to the forma-
tion of an exocyclic phosphonium salt, which can be deprotonated by a second base (original ylide or an
external base) to yield the corresponding exocyclic ylide (equation 62),144-147

/’ Y
PP Y. X 3 X~ _base -
N N Pth -CH — Pth -C (62)

CH, CH,

Differing from this course of reaction, in the case of the analogous trialkyl compounds the P atom may
be incorporated into the ring system (equation 63),148

Nt/ Ny \+,CHz

Pl P
B _base | l/\z . O B —2 . [J (63)
Br

For a successful intramolecular C-alkylation of alkylidenetriphenylphosphoranes it is required that the
conjugated salt of the starting ylide can be synthesized from triphenylphosphine and a 1,w-dihalide. As a
consequence of this fact intramolecular C-alkylation often fails in the aliphatic series with Y = (CH2)»,
with the exception of n = 1, 2. This difficulty can be overcome by the combination of the inter- and intra-
molecular C-alkylation of ylides (equation 64).144-146

Two moles of methylenetriphenylphosphorane are reacted with one mole of a dihalogen compound. In
the first step methylenetriphenylphosphorane is C-alkylated yielding an w-halophosphonium salt, which
subsequently reacts with a second mole of methylenetriphenylphosphorane forming a transylidation
equilibrium with methyltriphenylphosphonium halide and an w-halogenated ylide. This compound
undergoes intramolecular C-alkylation, in the course of which the resulting exocyclic phosphonium salt

+

Me3P\H, Br

4
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_ + _ PhyP*-CH,”
Ph3p+— CH2 + X \/Y\/ X -_— PH3P\/\ Y -~ X X :

~{ Phyp*-Me X~
[Phopm

KCHz\] _  Dbase + (CHz\
YiX

+
PhsP o~y ™~ — [Ph;ﬁ' ~CH ——  PhP-C Y (64

- o, - e’

is formed and precipitates together with the methyltriphenylphosphonium halide (from the transylidation
step) from the benzene solution. As a consequence of the precipitation the transylidation equilibrium is
permanently disturbed so that the reaction takes place with complete formation of both phosphonium
salts. These can be separated by recrystallization from water. From the resulting cycloalkyltriphe-
nylphosphonium salt the corresponding cycloalkylidenetriphenylphosphorane may be generated with a
base. Deprotonation may sometimes occur immediately under the influence of a third mole of meth-
ylenetriphenylphosphorane. Usually the exocylic alkylidenetriphenylphosphoranes synthesized are not
isolated but reacted in situ, mostly in a Wittig reaction.

The efficiency of this method is impressively proved by the synthesis of the skeleton of shikimic and
chinic acid starting from an open chain sugar derivative and the synthesis of optically active cyclopent-
anediol synthetic building blocks from tartaric acid.!4?

(b) By alkenyl and alkynyl groups

The alkenylation of alkylidenephosphoranes may be achieved, by analogy to the alkylation, either by
Michael addition to conjugated alkynes and allenes or by reaction with alkenylating re-
agents.!10,111,132b,150,151 Michael addition is restricted to stabilized ylides (e.g. equation 65); however, in
one case the resulting product has been observed to fragment in a retro-Michael reaction.!52 More reac-
tive alkylidenephosphoranes and alkynes give rise to the formation of four-membered adducts, which
undergo ring opening to yield alkenyl-substituted ylides in which the original P—C function has been
cleaved.!’® 4.0Oxo-2-alkenylidenetriphenylphosphoranes can be prepared from reactive or stabilized

ylides and 2-chlorovinyl ketones in a transylidation reaction (equation 66).15%
CO,Et
—
- +
+ —_—

Php~ “COEt T = CO:E Phﬂ’—(—— (65)

COzEI

R? c ‘[ P Rl] o v

+ 2 A + R?
2ppp” RN F \ﬂ/\/ Pth/-K/\W (66)
(0]
(0]

R! = CO,Et, COMe, SPh, Ph, CH,Ph, CH=CHMe; R? = alkyl, phenyl

Methylenetriphenylphosphorane reacts with alkylideneaminodialkylaluminum compounds (available
from diisobutylaluminum hydride and nitriles) to give allylidenetriphenylphosphoranes (equation 67). In
the case of R = n-alkyl, R? = H, predominantly (Z)-allylidenephosphoranes are formed; branching of R!
leads to an increasing portion of (E)-isomer. The method has also been applied to the synthesis of cyclic
and acyclic bisallylidenephosphoranes. 33

. _ R! 20 °C, toluene Ph3l.; N R!
PhB-CH, + 12| BubAl-N__A_ - G
3 2 Bu'Al N\ R? (67)

-Bu',AINH, R?

2,4-Alkadienylidenephosphorane can be synthesized from simple ylides and pyrylium or pyridinium
salts (e.g. equation 68).!50 The resulting ylides may undergo spontanous intramolecular Wittig reaction.
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_[ PhoP'— ] BF,” R
R

+ = = - 0
2 php R + | BF, Ph;P )—\KW (68)
0/

Esters of aromatic acids react with an excess of methylenetriphenylphosphorane giving rise to the for-
mation of allylidenephosphoranes (equation 69).!502

-R?0H

0] —
- = + R!
2 PhyB—CH, + 1 M . _=PhP=O _  pyp /\{r ©9)
R OR

Alkynyl substituted alkylidenetriphenylphosphoranes are available from the transylidation reaction of
methylenetriphenylphosphorane with bromoalkynes (equation 70) or alternatively with 1,1-dibromoal-
kenes in the presence of a third mole of original ylide.!54

+ -[Phgﬁ' -Me] Br -
2 Php-CH, + Br—=—R Ph ;/ T (70)
3

(c) By acyl groups and their derivatives

Acyl halides, activated esters, carboxylic anhydrides and N-acylimidazoles react with alkylidenephos-
phoranes to yield acylated ylides.106:110.111,155-157

Acid chlorides react readily with alkylidenephosphoranes. Owing to the strongly electron-withdrawing
effect of the acyl group, the initially formed salt is a sufficiently strong acid to undergo transylidation
very easily with a second mole of starting ylide (equation 71). The method has been applied to reac-
tive!58-160 a5 well as to resonance-stabilized (especially ester-stabilized) ylides,!214:143,161-164 @_ketqql-
kylidenephosphoranes however usually yield O-acylated products. The second mole of starting ylide
necessary for a transylidation may be substituted by triethylamine if the amine is a stronger base than the
ylide, as is usual in the case of stabilized phosphoranes.!5¢:165 Under the influence of the added amine or
the original ylide hydrogen chloride may be eliminated from acid chorides containing activated a-hy-
drogen. The ketenes so formed may react with ylides to give allenes.!%¢ Acid fluorides have also been
used for the acylation of ylides.'6’

+
Ph,P _
o _[ 3\1}0 0]

R +
- Ph;P -
2 pnp” R Y Rz/[LCl %Rz an

R!

A disadvantage of the acylation method with acid halides is the requirement of two moles of starting
ylide, one acting as a base to deprotonate the initially formed acylated phosphonium salt (although the
precipitating salt may be used for the regeneration of the starting ylide). This disadvantage can be
removed by the use of thiocarboxylic acid S-ethyl esters as acylating reagents (equation 72).156 The phos-

2 N+
Ph,P~ "R RZ)ksm

0]

-+
Phap\%L -

Rl

+
PhyP —
R]

+
SEt™ =—= Phsl’\Rl + HSEt (72)
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phonium thiolate initially formed by transylidation eliminates mercaptan thus generating the second
mole of starting ylide and removing it from the equilibrium by reaction with further thioester. This
method usually supplies purer products and better yields than the acid chloride acylation.

In general, salt-free solutions of ylides do not react with methyl or ethyl esters of carboxylic acids.
Better results can be obtained when activated esters (e.g. phenyl or pyridyl esters) are used for acyl-
ation.!214.166c Acylation with carboxylic acid anhydrides also requires only one mole of starting ylide
(equation 73),156.163

+ = Rl 0] 0]
Phsp/\( .
o WA, ——
(73)
COR! COR!
+
Ph3P+—<COR2 RicO;, ™= PhP —<;:0R2 + R%COH

This route proved to be advantageous in the case of resonance-stabilized ylides since there are no
problems in separating the acylated ylide from a phosphonium salt resulting from transylidation, and O-
acylation does not occur when B-keto ylides are used as starting materials. The acylated ylide is gener-
ated from the initially formed phosphonium carboxylate by heating or with an alkali metal hydroxide.
Cyclic anhydrides, like succinic or glutaric anhydrides, may also be used as acylating reagents which
give rise to the introduction of an w-carboxy substituted acyl group.!68

Formylation of alkylidenetriphenylphosphoranes has been achieved with formic esters, N-formylimid-
azole, formyl acetate, chloromethylenedimethylammonium chloride and tetramethylformamidinium
chloride. The formamidinium compound leads primarily to vinylphosphonium salts which can be easily
hydrolyzed without isolation thus providing a very efficient route to formylalkylidenephosphoranes
(equation 74).1%° The preparation of a-formyl substituted ylides with formic ester could be improved by
adding tertiary butoxide to the starting ylide before admixture of ethyl formate as formylating reagent,
thereby circumventing the necessity for transylidation and increasing the yield drastically.!’

i, HyO/HCI R
. = /NMe; _ —HNMe, R NMe, | ii. NaOH . -
Phap/\ R T < + Cl >=/ Cl — ppp” - (74)
NMe, Ph;P+ 0

The introduction of the thioacyl group may be achieved by analogy to the acylation using dithiocar-
boxylic acid esters (equation 75), however side reactions may occur.!”!

R!

+ A R? SR3 -R’SH
PhsP” TR! + R? 7
+ Y Pth - ( 5)

S
S

2-Iminoalkylidenetriphenylphosphoranes result from the transylidation reaction of methylenetriphe-
nylphosphorane with imidoy! chlorides (equation 76),172% or from Michael addition of ylides to the C=C
bond of ketenimines!7® (formed from carbodiimide and ylides in the initial step).

R? - [Ph3P+- Me] cr

+  — 2
2 PhP-CH, + RIN=( phglt/-\”/R (76)

Cl NR!

(d) By derivatives of the carboxy group
Ylides carrying a-substituents derived from the carboxy group (alkoxycarbonyl, alkylthiocarbonyl, al-
kylthiothiocarbonyl, cyano) have been synthesized by different routes.!”3!7# Ester-substituted ylides are
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prepared from simple ylides and alkyl chloroformates in a transylidation reaction (equation 77). Using
two moles of potassium bis(trimethylsilyl)amide (one for the generation of the starting ylide from its salt,
the other for the deprotonation of the substituted salt) permits efficient carbalkoxylation with only one
equivalent of valuable starting ylide.!7

_ o)

+
2 e r +

Cl

+
_ [ Ph;P —\ or Rl

Rl
+ OR? an

O

The synthesis of ylides which are a-substitued with a derivative of the carboxy group can also be
achieved via the addition of simple ylides to heteroallenes. The reaction with carbon oxysulfide gives
rise to the formation of betaines from which alkylthiocarbonylalkylidenephosphoranes may be generated
by alkylation and subsequent deprotonation (equation 78; X = O, Y = §).!76 Carbon disulfide reacts in a
similar way yielding (alkylthio)thiocarbonyl-substituted ylides (equation 78; X = S, Y = S).177 These
compounds are also available from the reaction of simple ylides with trithiocarbonates or dithiochloro-
carbonates in analogy to the acylation of ylides (see equations 71 and 72).!7®

X i, R*X

+
+ < o PhsP _ _dihbase pp g
Php” Rl + X==Y Smoeelms W \HLY ’ \( YR? (9

Rl

Alkylidenephosphoranes which carry a carbamoyl or thiocarbamoyl group in the a-position are
formed from ylides and isocyanates or thioisocyanates (equation 79).164173 If the starting ylide has no ac-
tivated a-H atom the reaction with thioisocyanates stops at the betaine intermediate (see equation 78)
which can subsequently be alkylated and transformed into the corresponding substituted ylide with an
external base.

X

“+
Pthﬁ_)k NHR? 79

Rl

+ A~ IN=e=
ph,p~ SR t RN=

Carbamoylmethylenephosphoranes can also be synthesized from methylenetriphenylphosphorane and
carbamoy] chlorides in a transylidation reaction (equation 80).!58

O

o)
+ - [Ph;ﬁ-Me] a” +
2 Ph,P-CH; + /[L _— Ph3p\_)L NR2 (80)

C1” "NR,

The cyano group may be introduced into the a-position of ylides by bromocyanide (equation 81) or
with cyanic acid aryl esters (equation 82).173174

. CN

= ~[PhyPCH,R]Br™ -

+ 3 2 +
2 ppp” >R +* BCN ———————  ppp” "R @0
- -ArOH +
+
Php~ R + AOCN PhyP —(- (82)
CN

(e) By aryl and heteroaryl groups

The substitution of a H atom at the a-C atom by an aryl group may be achieved with chloropolynit-
robenzenes or hexafluorobenzene, whereby transylidation takes place (equation 83).178167 A variety of
heteroaryl groups can be introduced in an analogous manner.
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Ar
—{PhyPCH,RIX" « e
R

. =
2PRP7 R+ AX  ———— ppp (83)

1.6.1.3.2 By substitution of a heterosubstituent at the ylide carbon atom

Besides protons a series of heteroligands in the a-position of phosphonium ylides can also be sub-
stituted, giving rise to the formation of new alkylidenephosphoranes.!” Halogen atoms have been sub-
stituted by carbon groups (with lithium organyls or acyl chlorides) or another halogen. Reaction of
a-lithiated ylides (see equation 35) or ylide anions!!? with electrophiles may be considered as substitu-
tion of an alkali metal substituent at the ylide carbon atom.

Most important is the substitution of the trimethylsilyl group.!7%180 In this way phosphonium ylides
have been generated which could not, or only with difficulties, be synthesized by other methods. Desilyl-
ation may be achieved using methanol or trimethylsilanol (substitution of trimethylsilyl by hydrogen),
heterosiloxanes (substitution of trimethylsilyl by element—organic groups), acid chlorides, thioesters, an-
hydrides and trimethylsilyl esters (acylation),!#9®18! and halogenosilanes (transsilylation). Equations
(84)—(87) give some examples.

MeOH .
R;P—CH;
Y = ~Me;Si~-OMe
PN N
R;P7 SiMe Z (84)
} 3 Re=dl Me;,SiOH . -
R;P—CH,
~Me,SiOSiMe,
+ X . ~Me;SiOSiMe + <
MeP” “SiMe; +  MesSiOMMe, : 2 MesP”  MMe, 85)
n=2,M=As;n=3,M=Ge, Sn,Pb
= j\ -Me,SiOSiMe, ., 9
A
PP SMes * pNosive, Ph;P\_)L . (86)
SiMe; SiMe,Cl

- 2 Me;SiCl

+  2Me,SiCl, 87

+ A P
Me;P SiMe; Me;P SiMe,Cl

Ylides add to heteroallenes (see equations 78 and 79). In the case of silyl-substituted ylides the initially
formed betaine stabilizes by silyl group migration instead of proton migration.!”

a-Trimethylsilylalkylidenephosphoranes can be transformed into a-trimethylsilylphosphonium salts
which can be desilylated by fluoride ions, thus providing a method of substituting trimethylsilyl by
alkyl®! or iodine!82 (equation 88, see also equation 18)

R! i F
+ + SxMe3 _
PP—-  + RX PhyP ;><R2 X

SiMej

R!
+
PhP—-  (88)
R2

~Me,SiF

Dialkylborylalkylidenetriphenylphosphoranes react with polar or polarizable compounds via onium
complexes to give new ylides, in which the dialkylboryl group has been substituted, and the correspond-
ing organoboron compounds (equation 89).183

R! R} X R!
+ S+ 2
Php—- + XY Ph31;>< BRLY PhP—- + YBR, (89)
BR?, X
XY = Br,, DOMe
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1.6.1.3.3 From reactions which do not take place at the ylide carbon atom

Many alkylidenephosphoranes can be transformed into new phosphonium ylides by reactions which
take place in the side chain of a parent ylide, the a-C atom of the ylide group not being involved. 34

Allylidenetriphenylphosphoranes react with a series of chloro compounds (alkyl chloroformates, acyl
chlorides, 3-chloroacrylates, 2-chlorovinyl ketones, phosphorus chlorides) and other electrophilic com-
pounds at the y-C atom,!3+138 Apgstraction of a proton from the vy-position of the resulting phosphonium
salts by a second mole of starting ylide (or proton migration) gives rise to the formation of y-substituted
derivatives of the original allylidenephosphoranes (equation 90).

+ =
Phep” N7
Ph:} ANF

—R — N - + =
+ Cl—R [phap/\/\4 Cl [ 1,/\/] : Ph;P/\/\R (90)
- Phy a

+ -
Ph,P e Y

The extremely stable cyclopentadienylidenetriphenylphosphorane and its derivatives are too inactive
to undergo typical ylide reactions. The cyclopentadienyl ring, however, may be substituted by a variety
of electrophiles in the 2-position (equation 91).184

+ El+
Ph;P@ — + H (2]

El = alkyl, acyl, azo, nitro erc.

Treatment of acetylmethylenetriphenylphosphorane with n-butyllithium or lithium diisopropylamide.
results in abstraction of a methyl proton to form an ylide anion. Reactions of the 1,3-dicarbanion with
electrophilic compounds including alkyl halides, aldehydes, ketones and benzoate esters occurs at the

terminal carbanion site to afford a variety of substituted B-ketophosphonium ylides (equation
92),184,189,190

. 0 0
o} RLi - | Rl R?
-+ Ph P R R2C=O +
Prf Me ’ \_)]\CHELi*' Pha?\_/lK,XOH

—-RH
R'X
-LiX
o i, R’Li (o)
+ i, R2X  pp.p. R!
i 3
Pth\_/U\/ R < 92)

R?

Converting the resulting monosubstituted ylide into the corresponding secondary ylide anion followed
by another alkylation may give rise to the formation of disubstituted 2-oxoalkylidenephosphoranes. The
diacetylmethylenetriphenylphosphorane can be deprotonated selectively at one or both methyl groups.
Subsequent treatment with an alkyl halide leads to the corresponding mono- or di-alkylated ylide. Ylide
anion formation followed by alkylation could also be achieved with the ylide which is readily available
from the addition of triphenylphosphine to diethyl fumarate (equation 93).1%!

CO,Et CO,Et CO,Et

+ LDA + RX +
Ph3P‘<—‘ Ph,P—<—' —~  mp<- ©93)
COzEl > COzEl COzEt

R
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Another route to substituted ylides via ylide anions involves charge-directed addition of a wide range
of carbon nucleophiles to +y,8-unsaturated acylphosphoranes yielding intermediate anions which further
react with electrophiles, mostly alkyl halides (equation 94).161.184.192

(0] (0] 0
Ol{1 41 : Ol{1 OR]
+ R°Li + R5X +
Ph,p —<~- R2 _— PhP—(- R? Ph,p—(- R? s (94)
R
(®) \ R3 (o} R? o) R3
R4 R*

Generally alkylidenephosphoranes that carry in addition to the ylidic function another reactive site
(e.g. a second ylide function, an additional phosphonate group, a halogen or a silyl substituent) may react
at this additional functional group thus providing a derivative of the original ylide,!84:193-195

1.6.1.3.4 From carbodiphosphoranes

Carbodiphosphoranes (cf. Section 1.6.2.1) react with a series of halogen compounds including
bromine, hydrogen chloride, alkyl halides, acyl chlorides, sulfenyl chlorides, diorganohalogenophos-
phines and silyl chlorides, giving rise to the formation of semi-ylide salts which formally contain an
ylidic function, being however best described as salts of diphosphaallyl cations (equation 95).196-20! Phe-
nylcarbodiphosphoranes are converted by water into stable 1-phosphinylmethylenephosphoranes (equa-
tion 96).196-198

2 R]
R3l-"“/< ;R3 R3l; - $R3
+ RIX — I (95)
- R! =~
RP7 PR RiP7+ PR3x
Php7ppn, + H0 PhyP. ﬁ/Ph * P (%6)
3P+ PPh PN pn

Borane yields zwitterionic compounds with partial ylide structure (equation 97).19:20!

"BH;4

Ph;P™% " PPh, G7

+ BH
3 Ph;P™, " PPh,

The reactions with sulfur or selenium result in the formation of betaines, which can be alkylated to
give semi-ylide salts (equation 98).202 The reactions of hexaphenylcarbodiphosphorane with a series of
heteroallenes also lead to betaines which on thermolysis yield new cumulated ylides (equation 99, cf.
equation 120).

5~ SR
~ RX
PN [ _ - RN -
PrpTy PR T 1SS Phsp"f%*pphg PhyP 7, "PPh; X P

The bridging oxygen in aromatic carboxylic anhydrides may be exchanged by the ylide function in the
reaction with hexaphenylcarbodiphosphorane (e.g. equation 100).293
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XY
PhP75 PPh, t  X=e=Y 59
Ph;P”, " PPhy
0 0O
PN -
PhsP”+ PPh;  * 0 PPh, (100)
e} 0

1.6.1.3.5 From vinylidenephosphoranes

‘Simple’ alkylidenephosphoranes can be synthesized from vinylidenephosphoranes by various
routes,?04.205

(i) By nucleophilic substitution

Addition of an electrophile to the lone pair of oxo-, thioxo- and imino-vinylidenephosphoranes trans-
forms the nucleophilic m*-m* system into the dipolar 7*—n? system of a ketene. The resulting phospho-
nium salt becomes a true dipolar ketene which, as such, reacts in a known manner (equation 101).
Whenever the anion Nu- is a stronger nucleophile than the original cumulated ylide, the new alkylidene-
phosphorane will be formed, in which compound EINu has added to the parent vinylidenephosphorane.
If the starting phosphacumulene ylide is a stronger nucleophile than Nu~, the intermediate salt always
reacts with a second molecule of unreacted ylide in a [2 + 2] cycloaddition to give 1,3-cyclobutanedione
derivatives.

+
+ PhsP
Ph,P _ 3 _
\—o=X + El—Nu >=o=X Nu
El
X =0, S, NPh
El El
X X +
+ + PP X
Ph;P j—:( - PhP 'j:( Nu™ ’ >—< (101)
=\ + - +
X PPh, X PPh, Bl Nu

{a) From reaction with halogen compounds

Oxovinylidene- and iminovinylidene-triphenylphosphoranes react with hydrogen chloride in the molar
ratio 2:1, leading to 1,3-dioxo- and 1,3-diimino-cyclobutane derivatives, which can be converted into
stable exocyclic bisalkylidenephosphoranes by sodium bis(trimethylsilyl)amide (equation 102).

The resulting dimers of the original phosphacumulene ylides are of particular interest because one of
their resonance forms represents another type of ‘push—pull’ cyclobutadiene.

Reactions of oxo- and imino-vinylidenetriphenylphosphoranes with alkyl halides also proceed via nu-
cleophilic substitution, which is followed by a {2 + 2] cycloaddition yielding four-membered ylide phos-
phonium salts (equation 103), which can also be generated from the previously mentioned dimers and
alkyl halides. Ring opening of the resulting ylide phosphonium salts with sodium methoxide gives bi-
sylides. Since the ylide flanked by two carbonyl groups in the bisphosphoranes is much more inert than
that adjacent to only one CO group, these compounds are easily hydrolyzed by water to monoylides.

The reaction of oxovinylidenetriphenylphosphorane or its dimer with aromatic carboxylic acid
chlorides leads not to cyclobutanedione derivatives but to pyrone compounds, which can be converted to
open chained bisphosphoranes with sodium methoxide (equation 104).205 If the acid chlorides carry an
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+
N . PhyP
T e T x
Ph;P +  HCQ [ Ph;P a- =
N\—=0= X \: =X
X =0,NPh
PhoF, X PhyF, X PhsP X~
)/:( _ base -— j:[ (102)
-\ + =\ + _ +
X PPh, X PPh, X PPh,
+
+ Ph,P
ond PhsP o Mk
Ny * Rhal — >=-=x hal = (103)
X=0,N R
LJOox o o o o
PhsP _ NaOMe R H,0 R
| hal teo N CoOMe T Y~ “OMe
X BPh, * PPh, * PPh, *PPh,

a-H atom, the resulting ylide phosphonium salts are deprotonated at the vinyl position by excess starting
ylide yielding exocyclic bisylides.

Rl
. R_ _O__O Pho . o_o
2Ph3p l - \_='=O R
\—imot RO | L E N e | © ReRmoR
= Phy PPh - Phyp =N = BPh,
0 0
R=Ar
MeONa
O 0 O
AT OMe (104)
*PPh,* PPh,

(b) From reactions with acidic compounds

In the reaction of OH-, NH-, SH- and CH-acidic compounds with phosphacumulene ylides the anion
Nu- of the initially formed phosphonium salt (¢f. equation 101) is so nucleophilic, that addition of the
anion to give a new alkylidenephosphorane is faster than cycloaddition of a second mole of starting ylide
(equation 105),204.206

+
Ph;P

X
<4
_E.:x Ph3P\/lLY

+ HY

(105)

X =0S, NPh, O’ Y = OR, SR, NR;, CRy
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According to the difference of the ylides in nucleophilicity (NR > O > S) iminovinylidene- and oxovi-
nylidene-phosphorane smoothly add alcohols, thiols and acidic NH compounds, while thioxovinylidene-
phosphorane reacts readily with thiols and phenols, less rapidly with aliphatic alcohols and does not react
with NH-acidic compounds. Strongly activated CH, groups add readily to iminovinylidenephosphoranes,
less rapidly to oxovinylidenephosphorane and not at all to thioxovinylidenephosphorane. (The fluorenyl-
idene derivative is less reactive than iminovinylidenetriphenylphosphorane and more reactive than the
oxovinylidene and thioxovinylidene compounds.) By this method a great variety of alkylidenephospho-
ranes carrying a-substituents derived from the carboxy group can be synthesized.206

Carboxylic acids react with phenyliminovinylidenetriphenylphosphorane (equation 106) vig the inter-
mediates (1) with formation of the alkylidenephosphoranes (2), which, on heating, rearrange in an intra-
molecular acyl migration to ylides (3). By heating (2) in the presence of an alcohol the acyl ylides (4)
and N-phenylurethanes are formed.206207 The reaction sequence allows the replacement of the OH group
in carboxylic acids by the ylide function.

o o ) NP o )(J)\
’ \=.=NPn * RI)J\OH — PhsP\_)I\OJLRl ———Phsg N” "Rl _reaw

o  Ph D @ (106)
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Ph,p —(- N\H Ph,P. i o Ph/N=.=O R20H Ph‘N’U\ORZ

R! )

o

@) @)

The addition of acidic compounds to phosphacumulene ylides yielding substituted alkylidenephospho-
ranes is of particular interest in the reaction of those acidic molecules which carry, besides the Y—H
bond, a group capable of cyclization with the ylide function formed by addition.208-215

Ethoxy- and diethoxy-vinylidenetriphenylphosphorane add alcohols to the C=C bond according to the
general scheme described above yielding orthoester phosphoranes (equation 107).85:216.217

Ph,F"  OE: Pth*\' OEt
}=< + EOH \ < R (107)
R R =H, OEt OFt

Because of its enhanced reactivity, diethoxyvinylidenetriphenylphosphorane adds a variety of CH
acids, even those which do not react with oxo-, thioxo- and imino-vinylidenetriphenylphosphorane. Irre-
versible loss of ethanol from the initially formed Michael adduct gives phosphoranes which are vinylogs
of B-keto ylides if the starting material is an acidic carbonyl compound (equation 108).204216 CH-acidic
carbonyl compounds also may add to diethoxyvinylidenetriphenylphosphorane via the enolate oxygen,
thus leading to orthoester phosphoranes which can undergo intramolecular Wittig reaction,2!8

OEt

3 R! Ph,F  OEt R!
Ph,P OEt 3 -EtOH "y 2
\—( + ( /. < Ph3p\_/)\§HR (108)
- 2
OEt R? OEt R R!

NH-acidic amines react like CH-acidic compounds. The initially formed Michael adduct loses ethanol
giving rise to the formation of ethoxyiminocarbonylmethylenephosphoranes (equation 109).206

+
PhsP OEt _EtOH

_E< + R—NH,

OEt

R
+ 109
Phgp\/loEt (109)



194 Displacement by Substitution Processes

Strongly CH-acidic compounds, carboxylic acids and thiols react with diethoxyvinylidenetriphe-
nylphosphorane not in the described manner but are ethylated by the ylide (e.g. equation 110).

+ + (o)
Ph,P  OEt 0 Phs?  OEt RCO.Et +
- ~ 2
\=< + )k — >=< Rcoz PhSP\_)]\OEt (1 10)

" o R OH OEt

(c) From reaction with Grignard compounds

In the reaction of halogen compounds with oxovinylidenetriphenylphosphorane the initially formed
phosphonium salt undergoes cycloaddition with a second molecule of the starting ylide. Umpolung of the
reactivity of alkyl halides by transformation into the corresponding Grignard compounds, however, re-
sults in the reaction type which occurs in the reaction of acid compounds with oxovinylidenetriphe-
nylphosphorane. Grignard compounds and oxovinylidenetriphenylphosphorane yield addition
compounds from which, on subsequent hydrolysis, acyl ylides are formed (equation 111),219.220

H,0 + 0
prf
3 - R (111

-MgXOH

X\

+
PhsP
==0

+ RMgX —

(ii) By cycloaddition reactions

A variety of compounds may undergo cycloaddition at the C=C bond of vinylidenephosphoranes
yielding exocyclic ylides.24221 [2 + 2] Cycloadditions of N-phenyliminovinylidenetriphenylphosphorane
to electron poor double bonds of alkenes and imines lead to the formation of four-membered ylides
(equation 112),204:221

PhyP’ NPh

+
}:.:NPh X=NR'CR2 ——X )

Alkynes however add to the P-C bond of vinylidenephosphoranes. The initially formed phosphacyclo-
butenes undergo electrocyclic ring opening to afford open chain ylides.204.22!

Heteroallenes (e.g. carbon disulfide, carbon dioxide, carbon oxysulfide, isocyanates, isothiocyanates,
ketenes, ketenimines) and vinylidenephosphoranes can form polar intermediates from which two
isomeric products may result in a 1,4-cycloaddition (equation 113).20422! The direction of the ring clo-
sure depends decisively upon the nucleophilic character of Z compared with that of Y.

1
ph,p. R
- R2
. z
Ph,P  R! Y
___ + Y=e=7 (113)
- R? \ Ph3l; R
z -1 g
Y
Z

In the reaction of oxo-, thioxo- and imino-vinylidenetriphenylphosphorane the initially formed cy-
cloadduct (5) may undergo electrocyclic ring cleavage followed by a second ring closure thus affording
the rearranged isomer (6). The overall reaction sequence amounts to exchange of the exocyclic substi-
tuent X with the ring member Z. The isomer (7) may rearrange analogously. In one case cycloreversion
of the four-membered ring occurred (see preparation of thioxovinylidenetriphenylphosphorane).



Synthesis of Phosphonium Ylides 195

Ph3P Phan

PhyP. PhyP.
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PhsP. z- Ph3P PhsP__
= (114)
X

Y
(6) )

Sometimes {4 + 2] cycloaddition of the dipolar 1:1 intermediate with a second molecule of heteroal-
lene proceeds faster than the 1,4-cyclization, thus leading to six-membered rings (equation 115). Ob-
viously this type of reaction especially occurs if the lifetime of the dipolar intermediate is sufficiently
long owing to stabilization of the positive charge. While phenyliminovinylidenetriphenylphosphorane
reacts with heteroallenes only in the molar ratio 1:1 the corresponding oxo, thioxo and diethoxy com-
pounds can react both in 1:1 and 1:2 ratio.

+ Y==7 —— (115)

Diethoxy- and bis(ethylthio)-vinylidenetriphenyiphosphorane differ in some instances in their beha-
vior towards heteroallenes from the other vinylidenephosphoranes. The dipolar 1:1 intermediates from
diethoxyvinylidenephosphorane and carbon dioxide or carbon disulfide stabilize by migration of an ethyl
group to the negative substituent (¢f. equation 113, R!, R2 = OEt; Y, Z = O or S); on the other hand the
1:2 adducts from the bis(ethylthio) ylide and isocyanates or isothiocyanates do not form six-membered
but five-membered rings, which lose triphenylphosphine and hence yield no ylides.?22

The {2 + 2] cycloaddition and the {4 + 2] addition of vinylidenephosphorane with heteroallenes have
been applied to the synthesis of a great variety of four- and six-membered heterocyclic compounds car-
rying an exocyclic ylide function 204.221,223

1,3-Dipolar compounds (e.g. azides, nitriloxides and diazo compounds) add to the C==C bond of vi-
nylidenephosphorane, affording five-membered ylidic heterocycles, e.g. those based on the 1,2,3-tria-
zole, 1,2-oxazole and pyrazole skeleton from the reactions with N-phenyliminovinylidene-
triphenylphosphorane (equation 116).

i

[4 + 2] Cycloaddition of a,B-unsaturated ketones, acyl ketenes, acyl, thioacyl, imidoyl and vinyl iso-
cyanates, as well as the corresponding isothiocyanates, to the C==C bond of vinylidenephosphoranes
leads to the formation of six-membered heterocycles carrying an exocyclic ylide function (e.g. equation
117),204212224 Iy some instances the mentioned thioisocyanates, however, may undergo [2 + 2] cycload-
dition at the C=S bond. Interestingly N-aryliminovinylidenetriphenylphosphoranes dimerize in a [4 + 2]
cycloaddition on heating alone.223
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1.6.2 CUMULATED PHOSPHORANES

1.6.2.1 Carbodiphosphoranes

Carbodiphosphoranes  (bistriorgano)phosphoranylidenemethanes, hexaorganocarbodiphosphoranes)
may be generated from suitable phosphonium salt precursors by dehydrohalogenation or dehalogena-
tion.226 Since the first synthesis of hexaphenylcarbodiphosphorane, a series of symmetrical, unsymmetri-
cal, mixed alkyl/phenyl, cyclic and difunctional carbodiphosphoranes have been prepared. Compounds
synthesized until 1984 have been listed.??’

Stepwise deprotonation of methylenebis(triorgano)phosphonium salts with bases yields carbodiphos-
phoranes via intermediate semi-ylide salts, which may also be accessible by alkylation or phosphinol-
ation of corresponding alkylidenephosphoranes (equation 118).226-222 It depends on the starting
phosphonium salt and the base whether the intermediate ylide salts can be isolated or not. Suitable bases
are sodium amide, alkali metal hydrides, alkylidenetrialkylphosphoranes, potassium and lithium orga-
nyls. For the synthesis of hexaphenylcarbodiphosphorane improved methods have been reported by
which this compound may be generated without isolation of the ylide salt and on a large scale.201:229

base base

RPN, - PR ~ A
{R3P PR;} 2X —_— [R3P + PR3:| X —_— RiP74 PR, (118)

Hexaphenylcarbodiphosphorane and other carbodiphosphoranes are also available by dechlorination of
phosphonium salts (e.g. equation 119),198.226

P[NMe2]3
~PhyPCl, PhyP. + , PPh, ~CL,P[NMe, ], -
3 PPhy + CCl, hd a- Ph,P 2 PPh;  (119)
cl

Hexaphenylcarbodiphosphorane may be stored as a stable adduct formed with sulfur or trimethylchlo-
rosilane, from which it may be regenerated with triethylphosphine or by thermolysis, respectively.201.202

As a consequence of their astonishingly high tendency of formation carbodiphosphoranes sponta-
neously result in some instances from other bisylide precursors by skeletal rearrangement.??7230 The sta-
bility of carbodiphosphoranes is markedly influenced by the nature of the substituents attached to the
phosphorus and in the case of cyclic species also in particular by ring strain. As a consequence of these
facts carbanion-stabilizing substituents and ring strain effects may cause prototropic rearrangements to
afford conjugated isomeric double ylides,!99:231-234

1.6.2.2 Vinylidenephosphoranes

Hexaphenylcarbodiphosphorane reacts with carbon dioxide, carbon disulfide and isothiocyanates to
give betaines whose thermolysis affords oxovinylidene-, thioxovinylidene- and iminovinylidene-triphe-
nylphosphoranes (equation 120).204235 The corresponding 2,2-di(trifluoromethyl) compound is obtained
when the 1,2-oxaphosphetane resulting from hexaphenylcarbodiphosphorane and hexafluoroacetone
(equation 121) is heated.

X=Y=0 Phgl;-
~PhyP= ~=+=0
- Ph;P, X X=Y=S$ Ph.P
PhP7+ PPh, + X=+=Y +>—<— Ny (120
PhsP Y ~PhyP= -
X=NR,Y=§ +
PhsP
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FC A Ph;P CF

= F3C CF3 PPh3 —Ph3P=O 3 3
Ph;P7+ PPhy + e Fc” 2 — \== (121)

o *PPh, CF,

Thioxovinylidenetriphenylphosphorane is formed when the cycloaddition compound from oxovinyl-
idenetriphenylphosphorane and carbon disulfide decomposes in a cycloreversion (equation 122).204.235

+
+ Ph,P o
Ph,P =

+
Ph,P
\—.zg * ];S = JE-=S (122)

S

Methylenetriphenylphosphorane reacts with geminal dihalo compounds (isocyanide dichlorides, thio-
phosgene and 1,1-dihalo-1-alkenes) in the molar ratio 3:1. The initially formed phosphonium salt under-
goes transylidation affording the conjugated ylide from which a third molecule of
methylenetriphenylphosphorane removes hydrogen halide thus leading to thioxovinylidene-, iminovinyl-
idene- and 1,2-alkadienylidene-phosphoranes, respectively (equation 123).204235 The reaction with 1,1-
dihalo-1-alkenes requires electron-accepting substituents R! and R2. The method is not suitable for the
synthesis of oxovinylidenetriphenylphosphorane starting from phosgene. Attempts to generate cumulated
species R;3P=C==SiR; by dehydrohalogenation of the corresponding P-halogenated ylide precursor
were not successful 5%

hal X + -
+ - + - PhyP-CH,
Ph,P—CH;, + >= X PhyP e
hal . —[PhsP*Me]hal -
X PhyP_CH 3
+ 3P-CH, PhsP
e hal ~[Ph;P-Me]hal ~ -

X =S, NR, CR!R% hal = Cl, Br

Reaction of sodium bis(trimethylsilyl)amide with methoxycarbonylmethylenetriphenylphosphorane or
its dithio analog leads to B-elimination and formation of oxovinylidene- and thioxovinylidene-triphe-
nylphosphorane, respectively (equation 124).204235 The analogous reaction of sodium bis(trimethylsi-
lylamide with  2-ethoxyallylidenetriphenylphosphoranes  resulting from  2,2-diethoxyvinyl-
idenetriphenylphosphorane and CH acids gives rise to the formation of stable propadienylidenephos-
phoranes (equation 125).2%

NaN[SiMe;], PhyP

X
+
Ph P\/U\ (124)
3 ~ XMe \—_—ozx

-NaXMe —
—HN[SiMe;},

X=0,5

R, ,R? - Ph,P R!
NaN[SiMe,] 3
‘ 2 >=.=< (125)

-NaOEt R2
OEt ~HNI[SiMe;},

+
PhyP

Finally vinylidenephosphoranes are accessible by a-deprotonation of vinylphosphonium salts with

suitable bases, e.g. sodium amide, sodium ethoxide or sodium bis(trimethylsilyl)amide (equation
126),169:204.235
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+
base PhsP R!

R!
-+ — —
Ph p\/k X = (126)
3 Z R? ~-HX R2

a,R!'=R?=OEt; b, R! = H, R? = OFE}; ¢, R! = S-alkyl, R? = S-alkyl; d, R! = H, R? = NMe,

Propadienylidenephosphoranes have been generated by dehydrohalogenation of 2-halogeno-2-prop-
enyl and propargyl phosphonium salts.235:236
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1.7.1 NUCLEOPHILIC HALOGENATION

The formation of halides by the nucleophilic substitution of leaving groups is commonly used in the
synthesis of more elaborate structures. The synthesis of inexpensive bulk chemicals like solvents, how-
ever, is mostly done by oxidation or addition reactions. Halides are either used as intermediates or are
valuable end products. Authors of publications, especially patent literature, often claim one reaction for
three or even four halogens. In practice, this rarely holds true and each of the halogens quite often re-
quires different conditions. The usual order of halide nucleophilicity is I- > Br- > CI- > F~. In dimethyl-
formamide the reverse order CI- > Br~ > I~ is observed.! This order goes along with the order of the basic
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strength of the halogens. Thus in some cases the choice of the proper solvent will be the answer to a syn-
thetic problem.

The following chapter deals with the individual halogens separately. A recent survey of the most im-
portant methods of preparation of halogen compounds? organizes the material in a similar way. This for-
mer review also includes tables® correlating halogenating agents with the starting materials and
halogenated products.

The development in the field of halogenation is not very rapid. Consequently the now almost 30 years
old, thoroughly written Volumes 5/3* and 5/4° of Houben-Wey! are still very useful. Fluorination proce-
dures ié17organic chemistry are developing considerably faster and the field has been reviewed more re-
cently %

1.7.2  CHLORINATION

The C—Cl bond is less stable than the C—F bond but more stable than the C—Br and the C—I bonds.
This means that chlorinated products normally do not suffer from the often undesired instability of bro-
mides or iodides. On the other hand, more severe conditions are normally required to transform the
C—<ClI bond later in the synthesis when the chloride is not the desired final functionality. If this is no
problem, the chloride is the first choice intermediate functionality because chlorine is by far the least ex-
pensive and most ready available of all halogens.

1.7.2.1 Chlorination of Alky! Alcohols

The displacement of hydroxy groups by chlorine is of great importance in synthesis.? The reaction of
hydrochloric acid with tertiary alkyl alcohols proceeds at room temperature within minutes,® while sec-
ondary alcohols react more slowly and primary alcohols are the least reactive (Scheme 1). A catalyst,
usually zinc chloride!? or phase transfer conditions,!! is required if the reaction is too slow. Alternatively
the use of HMPA as solvent gives good yields of primary halides.!? Primary alcohols undergo mainly
SN2 and tertiary undergo mainly Sn1 reactions. The formation of rearrangement and elimination products
is a drawback of this reaction. In addition to that problem, chiral alcohols give different degrees of
racemization (Sn1), inversion (SN2) or retention of configuration. For these and other reasons inorganic
acid chlorides like SOCl2, PCls, PCls and Ph3PCl. are often employed, as rearrangement products with
these reagents are formed only to a small extent.

ROH + HC RCI
R = primary ) ) .
secondary | Increasing rate of reaction
tertiary
Scheme 1

SOCl: is used extensively in the preparation of chlorides (Scheme 2)!3 although this reaction can give
a variety of by-products.! Yields are typically in the 70-90% range. In the absence of base retention of
configuration is the rule (Scheme 3). This has been explained by an Sn1 mechanism or by participation
of the solvent.!S The fact that the secondary chlorosulfite (1) gives, on heating, the tertiary chloride (3),
indicates that an intramolecular single step mechanism is ruled out and an ion pair (2) may be involved
(Scheme 4).!6 If the reaction is done in the presence of one equivalent of pyridine, inversion (Sn2) is
likely to occur.!7:18

SOClIy, like PCl3, still can give products of rearrangement,!? especially with allylic alcohols. Less rear-
rangement is observed if DMF20-23 or HMPA!? is added. DMF and SOCI; give the Zollinger reagent (4),
as in equation (1). Reaction of tertiary alcohols with PCls under mild conditions as in equation (2) is a
good special method for the synthesis of tertiary chlorides with retention of configuration.?*

(0]
il

S<
Ro" S+ HA

Scheme 2

ROH + SOCl, RCl + SO, + HCI
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RO “ m @ SNZ
~Ng” - + RCl
S Cl}\ (0] N
R/ ~ ﬁ ) X"
(0]

inversion

o S
R + $=0 RCl + SO,
cl
retention
Scheme 3
0s0CI : _+°S°C‘ -0s0C cl
>_< —————— - —_— >+ —— >¢:
@ 2 3
Scheme 4
+ -
DMF + SOCl, Me,NZ >c1 0SOCI )
Q)]
ROH + PCls RCl + POCl; + HCl %))

For other phosphorus reagents good yields, less rearrangement or both are claimed. The reaction of
neopentyl alcohol with PhsPCl, gives 92% yield (Scheme 5).2526 The use of oxyphosphonium?’ and
phosphorus(III)?8 reagents for the replacement of alcoholic hydroxy groups has been reviewed. The sys-
tem Ph3P-CCl4 (Scheme 6)2%-3! allows the transformation of labile alcohols like geraniol, lincomycines
or sugars. Addition of imidazole to PhsPCl, and to the PhsP—CCls system improves the selectivity and
reactivity, respectively.32 With this technique primary hydroxy groups in carbohydrates are selectively
substituted, as exemplified in equation (3). PhsP-hexachloroacetone is another reagent for the formation
of chlorides in high yields, with no rearrangement.?

RP + Ch RsPCl R'OH RCl + HCl + RsPO
R =Ph, R' = neopentyl; 92%
Scheme §
Ph,P + CCl, PhsPCI ~CCl ROH
HCCl, + PhPOR CI” RC! + PhyPO
Scheme 6
HO OH o Cl OAc
HON iii AcO -0 o
HO OMe o OAc OMe

i, Ph;PCl,, imidazole; ii, Ac,0, pyridine

The conversion of allylic alcohols into chlorides is complicated by the competition of $n2 and SN2 re-
actions (equation 4). SOCl; and PCl3; give mainly SN2’ reactions.”® With PhsP-CCL3 or
MeSO:CI/LiCI* mainly normal Sn2 products are formed.
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“ PhyP, (CCl3),CO cl
e Na Lo
OH 100% a / @)
99.3% 0.7%

Alkyl alcohols¥ or enolizable aldehydes are converted in a stereospecific manner to alkyl chlorides or
vinyl chlorides in good yields on treatment with a Mukaiyama-type chlorobenzoxazolium salt (Scheme
7).38 The very good activation of hydroxy groups by the Mitsunobu procedure may be useful in some dif-
ficult cases (Scheme 8).39-42

o)
R OH - Et;N
V—/  + © N +© BF4
¥

R Er -Et;NH*CI™ or BF,”
Oij - or o - R ¢
Clor Et,N"CI Cl or
R 0] o + =/
= _<\’t‘ BFy” =<N© BF,~ :
: | \ R
R Et Et
Scheme 7
i, ii
ROH RCl

i, Et0,CN=NCO;Et, Ph3P; ii, CI~
Scheme 8

The leaving group is not OH™ but H20 or OR-. It is a common feature of all the above reactions that
the activated species is not isolated. Chlorination of isolated activated alcohols is the subject of the next
section.

1.7.2.2 Chlorination of Alkyl Alcohol Derivatives

OH- is not a satisfactory leaving group. A sufficient activation is needed to allow nucleophilic dis-
placements. Tosylates, mesylates, triflates, sulfates and other esters of sulfuric and sulfonic acids are
suitable leaving groups for this purpose. They are generally easy to make and stable enough for isolation
or purification. Isolation of a stable intermediate often gives cleaner reactions and products.

Neopentyl tosylate reacts with LiCl in HMPA and gives the chloride with clean inversion without rear-
rangement (equation 5).4* Another example of this reaction is the conversion of allylic tosylates to
chlorides without rearrangement or reaction of the sensitive acetal (equation 6).*4 Dimethylaminopy-
ridine is a useful catalyst for the transformation of hydroxy compounds to chlorides with tosyl chloride.*s

D . Cl
LiCl, HMPA /l S
/.\ - t iz ( )
But OTs 62% Bu D
>98% ee
MeO MeO

MeO K/\}/\/ OTs _LiCl, HMPA | MeO )\/Y\/ Cl (6)

The opening of y-lactones with alcoholic hydrogen chloride (equation 7) is a useful example of the
otherwise rare cleavage of carboxylic esters to alkyl chiorides.*¢
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(0]

HCl, EtOH
E>= © c \/\/U\ ™
lo) OEt

91%

1.7.2.3 Chlorination of Epoxides

The cleavage of dialkyl ethers with hydrogen chloride is rarely successful. A special case is the cleav-
age of epoxides (Scheme 9), which, due to ring strain, are much more reactive than open chain or larger
ring ethers. The mechanism is Sn2. This results in formation of a threo-chlorohydrin from a cis-epoxide
and an erythro product from a trans-epoxide. The regioselectivity of the reaction is satisfactory if one of
the two carbon centers can stabilize a positive charge better than the other. An example for good regio-
selectivity is the opening of epoxy esters (Scheme 10). In the absence of strong electronic effects, hard to
predict mixtures of the two possible chlorohydrins are formed.

HO* % OH
o HCl 94\ - _7_<
[ \ B cl
cr
Scheme 9
R OH
A\ COR /
R ' CoR
trans erythro
Scheme 10

The conversion of epoxides to vicinal dichlorides has been done with SQCl; and pyridine,*
PhsP—CCL#*® or PhsPCl2.4° Symmetric cis-epoxides give meso-dichlorides (equation 8), and the corre-
sponding rrans-epoxides give p,L-dichlorides. This is a two-step mechanism involving an intermediate
chlorohydrin. Two SN2 reactions give inversion at both carbon atoms.

o Ph,PCl, Pr,  Pr
Prow,/ N\ Pr /\ ®)
Cl Cl
cis meso

1.7.2.4 Chlorination of Diazo Ketones

Diazo ketones give a-chloro ketones on treatment with hydrogen chloride (equation 9).° Diazotiza-
tion of a-amino acids in the presence of an excess of chloride gives a-chloro acids (Scheme 11).3! The
configurational identity of the amino acids is lost with the achiral diazo intermediate. The reaction
becomes useful in cases where the amino acid is easily available and the chloride is not.

0 HCI (HBr) 0
D L | o
CHN, 83% CH,CI (Br)
O 0 lo)
R NaNO, R ke o
OH OHl — OH
NH, N, Cl

Scheme 11
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1.7.2.5 Chilorination of Diazonium Salts

Phenolic hydroxy groups undergo SnAr reactions only if the aromatic ring is activated by electron-
withdrawing substituents. The replacement of nitrogen in aromatic diazonium salts with hydrogen
chloride is by far more common.52 If the catalyst is copper(l) or copper(Il) chloride it is called the Sand-
meyer reaction. With copper as catalyst it is called the Gattermann reaction. The choice of catalyst and
conditions influences the yields (equation 10).53 The scope of the reaction is wide. These reactions are
useful not only for the formation of aryl chlorides but also of aryl bromides (see Section 1.7.3.5). The
synthesis permits the introduction of chlorine with good yields in positions where direct chlorination
fails. The mechanism (Scheme 12) is believed to involve a reduction of the diazonium ion to an aryl radi-
cal by the copper(I) ion. In the next step the aryl radical reduces copper(Il) chloride with aryl—chlorine

bond formation.5
i
02N~<;>—Nz+ o 02N©— al (10)

i, CuCl, acid, 60% or CuCl,, neutral, 85%

@—N; Cr + cuCl —= @ +CuCl, + N, —= @-—Cl + CuCl

Scheme 12

The isolation of the diazonium salt is not always necessary. Several procedures allow the preparation
of aryl chlorides from aromatic amines in one step.55-57

1.7.2.6 Other Chlorinations

N-Alkylamides form alkyl chlorides upon treatment with PCls*® or SOCI2.>® Benzamides give better
results than aliphatic amides (Scheme 13), with yields sometimes in the region of 80%.

0 . I
P —Z2~ PHCN + RCl
Ph”” NHR
i, PClg; ii, SOCl
Scheme 13

The replacement of other halogens by chlorine is in most cases a devaluation of the more valuable
starting material. If necessary (e.g. isotopic labeling), it can be done with LiCL,% AICl3 (equation 11)¢! or
copper(I) chloride (equation 12).92

AICly slow Cl
A~ — )\ (11

B
0°C

Br

Cl
CuCl, DMSO
(12)
100%

Substitution of phenolic hydroxy groups is possible if the aromatic ring is activated by electron-with-
drawing substituents, as in picric acid (equation 13).83 The intermediate pyridinium picrate reacts with
POCI; in an SNAr mode.
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OH Cl

O;N NO.
2 2 pocl, ON NO,

(13)

NO, NO,

1.7.3 BROMINATION

The C—Br bond is less stable than the C—Cl and C—F bonds. Only the C—I bond is weaker. Or-
ganic bromine chemistry is strongly related to organic chlorine reactions. On average brominated com-
pounds are two orders of magnitude more reactive than the chlorinated analogs. Brominated
intermediates are often not stable enough for storage or even isolation. On the other hand much milder
reaction conditions are required for further transformations of the C—Br bond. In laboratory scale prep-
arations the higher reactivity is often more important than storage or cost considerations. Moreover,
smaller brominated molecules have a higher boiling temperature than the chlorinated analogs, so the for-
mer are often more easy to handle at atmospheric pressure. Distillation of the less stable bromine com-
pounds may be more critical.

Brominated derivatives are especially useful as precursors for organometallic compounds or free radi-
cals.

1.7.3.1 Bromination of Alkyl Alcohols

The substitution of alcoholic hydroxy groups with hydrogen bromide appears to be more common than
that with hydrogen chloride.! Hydrogen bromide is used as a 48% aqueous solution with% or without$
conc. H2S04 in acetic acid,% or gaseous.5?

Primary alcohols prefer an Sx2 mechanism. When this mechanism is hindered by steric bulk, the Wag-
ner—Meerwein rearrangement competes with substitution (Scheme 14). Secondary and tertiary alcohols
follow an Sn1 pathway. The intermediate carbonium ion has the tendency to isomerize to a more stable
cation.

HBr \
won = fue | — w3

Scheme 14

The use of PBri% avoids rearrangement to some extent, but PBr; is less easily available than hydrogen
bromide. PBrs can also replace hydroxy groups with bromine. It is, however, even more expensive and
difficult to handle than PBrs.

The use of SOBr; is comparatively much less common than the use of the analog SOCl;. SOBr; is ex-
pensive and less stable than SOCly, but it gives clean reactions with primary alcohols (equation 14).6°

SOBr,

Eto/\/OH Eto/\/ Br (14)

70%

An alternative to the above-mentioned reagents is the combination of NBS or 1,3-dibromo-5,5-di-
methylhydantoin with PhaP in DMF (equation 15).70 In carbohydrate chemistry this reagent gives pri-

mary bromides in >70% yield.
Ph,P, NBS
o 2% o

9

Ph3P forms with Br; the very useful brominating reagent Ph3PBr.. This can replace aliphatic hydroxy
groups without rearrangement or elimination (Scheme 15).7! Another remarkable reaction of this reagent
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is the substitution of phenolic hydroxy groups, even if they are not activated (equations 16 and 17).2572
The high temperature required for this substitution limits the scope of this reaction, however.

PhsP + Br, Ph;PBr,
+ PhPB, —— \Lb + HBr + PhPO
Br
OH Scheme 15
OH Br

PhyPBr,, 2 h, 200 °C

0% (16)

Cl Cl

OH 0.5 h, 340 °C Br
+  PhyPBr + PhPO (7
70-78%

The system of PhsP—diethyl azodicarboxylate—hydroxy compound-LiBr allows the formation of alkyl
bromides under mild conditions (equation 18).40-42 An Sx2-type displacement of an intermediate alkoxy-
phosphonium species is generally assumed. Hindered alcohols such as menthol do not give bromides
with the Mitsunobu procedure.

i, ii (18)
96%
HO Br"

i, PhyP, EtO,CN=NCO,E; i, LiBr, 20 °C

Good yields of alkyl bromides result from the treatment of alcohols with Me3SiBr (equation 19)'3 or
Me;3SiCl and LiBr.7475

OH Br
Me;SiBr
(19
90%

1.7.3.2 Bromination of Alkyl Alcohol Derivatives

The above-mentioned reactions for the introduction of bromine always involve an activation of the al-
cohol as the first step. In some cases it can be useful to isolate the activated intermediate. The reactions
of alkyl mesylates or tosylates with MgBr; give alkyl bromides under mild conditions with good yields
(equation 20).76 Neopentyl tosylate with LiBr in HMPA gives neopentyl bromide in 67% yield (equation
21).*3 Complete inversion with little or no rearrangement is observed in this difficult case.

Cleavage of dialkyl ethers with Me3SiBr is strongly catalyzed by 0.1 equiv. of IBr (equation 22).77
This makes possible synthetic applications which were previously ruled out by low reactivity.
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OTs Br
MBBI’Z
(20)
85%
D B

LiBr T

Bu'— ——  Bu—/ @
ors 7% D
0 > o
i — B "~ NAa
o + Me;SiBr P OSiMe; (22)

1.7.3.3 Bromination of Epoxides

The reaction of epoxides with hydrogen bromide gives bromohydrins. The mechanism is SN2 as for the
analogous chlorination (see Section 1.7.2.3). The cleavage of epoxy cholestanes with hydrogen bromide
(Scheme 16) demonstrates the stereochemical features of the reaction.”® Diaxial opening of the epoxide
ring following the Fiirst—Plattner rule is the preferred reaction. Bromohydrins formed this way with ex-
cellent stereospecificity can undergo further bromination to dibromides. The replacement reactions are
most favored when the centers of the reaction are coplanar.

HBr /\r
7min Br
o,
HO"
———= HO
(0)
Br

Scheme 16

1.7.3.4 Bromination of Diazo Ketones

Diazo ketones are transformed to a-bromo ketones on treatment with hydrogen bromide (equation
9)_79

1.7.3.5 Bromination of Diazonium Salts

The replacement of phenolic hydroxy groups with PhsPBr; (equations 16 and 17) requires 200 °C or
more (see Section 1.7.3.1). The transformation of anilines to bromides via diazonium salts is a much
more general reaction.’2 Copper(I) or copper(Il) bromide is the catalyst in case of the Sandmeyer re-
action. If copper is used, the reaction is called the Gattermann reaction. These reactions are also known
with the analogous chlorine reagents (see Section 1.7.2.5). Yields are in the 90% range and the scope of
the ggaction is wide. The mechanism is believed to be analogous to the formation of chlorides (Scheme
17).

Isolation of the intermediate diazonium salt can be avoided in many cases. Treatment with ¢-butyl ni-
trite followed by CuBr; can give oxidative bromination in addition to replacement of the diazo group
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NH,

. N; Br
NO CuBr

Scheme 17

(equations 23 and 24).5780 Several other procedures have been described for the preparation of aryl bro-
mides from aromatic amines in one step.5’

NH, . Br Br
i, Bu'ONO
ii, CuBr, Br
+
61% e))
Cl Cl Cl
94% 6%
i, B'ONO Br Br
ii, CuBr, (1 equiv.) Br
+ 24
86% (24
NO, NO, NO,
6% 94%

1.7.3.6 Other Brominations

Brominated compounds are more reactive than the analogous chlorinated compounds. Accordingly it
is sometimes necessary to exchange chlorine for bromine. This can be achieved by an equilibrium pro-
cess, called the Finkelstein reaction, if it is possible to shift the equilibrium to the brominated product
(Scheme 18). Primary alkyl chlorides react with ethyl bromide in the presence of N-methyl-2-pyrroli-
done and metal bromides to give alkyl bromides (Scheme 19).8! Alkyl iodides do not exchange with HBr
under normal conditions. The equilibrium is pushed to the alkyl bromide if I~ is selectively removed
from the reaction by oxidation with HNO; to I (Scheme 20).82 An equimolar mixture of HCl and HBr in
the presence of HNOj3 gives the alkyl bromide as the major product.

RCl + Br === RBr + CI~
Scheme 18

i
R">Ncl + EBr — R VBr + ECI

i, N-methyl-2-pyrrolidone, MBr

Scheme 19

RI + Br — RBr + I~

HNO; + 1~ 051,

Scheme 20

Tertiary amines are cleaved with BrCN to give an alkyl bromide and a disubstituted cyanamide
(Scheme 21). This process is called the von Braun reaction. Many examples have been reviewed.58:83
Tertiary amines with different R groups cleave so that the most reactive alkyl bromide is formed. Benzyl
and allyl cleave better than alkyl, lower alkyl cleaves better than higher alkyl and aryl is not cleaved at
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all. The mechanism involves an intermediate N-cyanoammonium species, which is substituted by bro-
mide anions (Scheme 22).84

R,;NR' + BICN

RBr + R;NCN

Scheme 21

- +
R;N + BICN — [Br™ + RyNCN] RBr + R,NCN

Scheme 22

1.7.4 IODINATION

The C—I bond is very unstable and more reactive than C—Br, C—Cl and C—F bonds. Iodine is the
most expensive of the common halogens and is much less frequently used in synthesis than bromine,
chlorine or fluorine. Organometallic reactions proceed with iodinated aliphatic or aromatic compounds
more easily than with the other halogens. Noble metal catalysis with palladium complexes is most effec-
tive with iodinated compounds. A useful synthetic procedure is the facile reduction of iodinated deriva-
tives under mild conditions. Replacement of iodine by hydrogen at an sp? carbon is an exothermic
reaction with AH = -25 kJ mol-L.

Selective reactions of iodide are possible in the presence of other functional groups, including other
halides.

1.74.1 lodination of Alkyl Alcohols

Alcohols are converted to iodides with HI in good to high yields (Scheme 23).8 HI is often prepared in
situ from potassium iodide and phosphoric acid.?% The substitution reaction competes with reduction of
the alkyl iodide to the alkane.®¢ Another problem, namely rearrangement, is common to all acid-cata-
lyzed reactions of alcohols; HI is no exception to this rule.

RoH I

RI

Scheme 23

A method to avoid unwanted rearrangements involves the use of PIs, which is normally generated
from white or red phosphorus and I> (Scheme 24).87 This method also suffers from the reducing power of
iodide as an alternative pathway.

red P, I,

ROH RI

Scheme 24

Phosphite diiodide converts alcohols to iodides.®® This reagent has been used much less often than the
corresponding dibromides or dichlorides. Phosphite methiodides give better yields of iodides in the re-
action with primary, secondary and tertiary alcohols and are simple to use.?? Neopentyl iodide is isolated
in 70% yield from the reaction of triphenyl phosphite, neopentyl alcohol and methyl iodide (equation
25). This reaction is remarkable considering the severe steric bulk of the neopentyl group which often
makes rearrangement become the major process.

PhO),P, Mel, 130°C, 24 h
By oy oM But 7>

I 25
70% @5

Diphosphorus tetraiodide is a valuable reagent for the regioselective synthesis of iodoalkanes from al-
cohols. The reaction occurs stereoselectively in the case of secondary alcohols (equation 26).%
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P,l, I
But—/—_/ ©H ~ % (26)
45% But

Trimethylsilyl iodide converts alcohols to iodides.! The disadvantage of this method is the expensive
reagent, which is avoided if trimethylsilyl chloride and sodium iodide are used instead (equation 27).92%3
Trimethylsilyl polyphosphate (PPSE), which is prepared from hexamethyldisiloxane and phosphorus
pentoxide, also activates alcoholic hydroxy groups for substitutions with iodide anions (equation 28).%

Me;SiCl, Nal, 70°C, 1.5 h

[7 o 5% [T @7)

PPSE, Nal, 20 °C, 10 h

[on TRREERL g @

Activation of alcohols with fluorobenzothiazolium® or fluoropyridinium salts,” as well as with carbo-
diimidinium iodide,%” allows the nucleophilic substitution with iodide to occur under mild conditions
with inversion of configuration (equation 29).

S
F ___ Nal S "o\
Y\/\/\ . @:_N}— . . 2%
OH \
Et

—rn

87%

1.7.4.2 Iodination of Alkyl Alcohol Derivatives

Iodide is a very effective nucleophile, although it is still not able to substitute the hydroxy group with-
out activation. The activated intermediates are not isolated in most cases. The iodinated products, how-
ever, suffer sometimes from a low stability which limits the period of storage. In such and other cases it
may be best to use activated derivatives of alcohols as the stable intermediate.

A general method for the synthesis of alkyl iodides is the reaction of tosylates or methanesulfonates
with sodium iodide in acetone or magnesium iodide in diethyl ether (equation 30).%® The reaction is not
always a clean Sn2 process. Stereoselectively deuterated neopentyl tosylate, for example, gives with Nal
in HMPA only low yields (34%) of the racemic iodide (equation 31).*> This is in contrast to analogous
reactions with bromide and chloride (see Sections 1.7.3.2 and 1.7.2.2), where better yields with complete
inversion are observed.

Mgl, A VN
Y\/\/\ 0

OTs 94% crude 1
D i I I
Bu—  —= Bu — + Bu— 31)
OTs 34% D D
50% 50%

i, Nal, HMPA, 100 °C, 4 h, 80% conversion

1.7.4.3 lodination of Ethers and Epoxides

Ethers are cleaved by HI faster than by HBr and HCl1 (Scheme 25). To prevent the undesirable reduc-
ing action of the reagent, KI and phosphoric or polyphosphoric acid are used to generate HI in situ (equa-
tion 32).99:100 The ether bond is also cleaved by trimethylsilyl iodide (equation 33).74

ROR' + HI RI + R'OH

Scheme 25
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KI, HyPO, 1
I NN (32)
(0) 95%
Z > et NN OSiMe; (33)
0 I

The release of ring strain in epoxides is probably responsible for the high reactivity of these special
ethers. HI opens epoxides under mild conditions stereospecifically to iodohydrins (Scheme 26).19! The
mechanism is similar to the reaction of bromide with epoxides (see Section 1.7.3.3). It should be noted,
however, that reduction of epoxides to alkenes may occur if vicinal diiodides are intermediately formed,
which can lose I> under the reaction conditions. With the combination of acyl chloride and Nal unstable
diiodides are avoided and 2-iodoethy] esters are formed from oxiranes (Scheme 27).102

P OH
0 HI %
"y, A\\ o —_— 3 4
80% I
o HI \/ OH
- 74% o
Scheme 26
o 0
0 Nal
+
VA R/u\ a R /u\ o A~ I
Scheme 27

1.7.4.4 Iodination of Carboxylic Esters

Lil in boiling pyridine or other weak nucleophilic bases can cleave alkyl esters to alkyl iodides and li-
thium carboxylates (Scheme 28). The reaction is mainly used for mild, aprotic cleavage of esters to car-
boxylates. The high degree of dissociation for Lil and the nucleophilic strength of the iodide ion explain
the reaction with esters, which is not useful with the other halides. Trimethylchlorosilane and sodium
iodide also give alkyl iodides from esters.?

0 Lil 0
e — L + RI
R OR' R OLi
Scheme 28

1.7.4.5 Iodination of Diazonium Salts

The transformation of aryl diazonium salts by aryl iodides does not require catalysis by copper or its
salts (see Sections 1.7.2.5 and 1.7.3.5). A drawback is unwanted reduction with removal of functionality
(equation 34).!%% Diazo ketones are reduced to ketones with HI and do not give halogenated products
(Scheme 29).104

+
N2’ BF, I
KI, MeOH

+ (34)
75%

N02 N02 N02
60% 40%
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(0] HI (0]
R)j\¢ N, R)J\
Scheme 29

1.7.4.6 Other lIodinations

Halide exchange from the lower halides to iodine is often desirable due to the higher reactivity of
iodides in nucleophilic substitutions, reductions, organometallic or radical reactions (Scheme 30). Con-
version of chlorides and bromides to iodides with sodium iodide in acetone is called the Finkelstein re-
action. This halide exchange is an equilibrium process, which is shifted to the iodinated products due to
precipitation of the less soluble sodium bromide or chloride from acetone. Best results are obtained when
the reaction mixture is free of water.

RX — RI
Scheme 30

1.7.5 FLUORINATION

The C—F bond has a very high dissociation energy (>450 kJ mol~!) and it is accordingly seldom used
as an intermediate functionality. Poly- and per-fluorinated hydrocarbons are useful due to their inertness
and physical properties. Monofluorinated analogs of biologically important compounds often show very
different activities to the parent compounds. Fluoroacetic acid, for instance, is highly toxic with an esti-
mated lethal dose of 2-5 mg kg! and is used as a rodenticide.!% The discovery that fluorinated cortisol
is 10 times more potent than the natural parent compound!% came totally unexpectedly and was a contra-
diction to the belief that the natural hormone has the highest achievable potency. Fluorine has several in-
teresting properties which make it a potentially useful substituent in drug molecules. The steric
requirements of fluorine and hydrogen are very similar. The metabolism of fluorinated drugs is often in-
hibited due to the strong C—F bond. The electronegativity of fluorine compared with hydrogen may in-
crease receptor affinity. A recent review’ focuses on the preparation of biologically active organofluorine
compounds.

Formation of the C—F bond mostly requires conditions different from all other carbon—halogen bond
formations.

1.7.5.1 Fluorination of Alkyl Alcohols

Hydrogen fluoride is only of limited value for the conversion of alcohols to fluorides.!” Anhydrous
HF is a dangerous low boiling liquid (b.p. 19.5 °C), which can cause painful injuries if traces of the acid
come into contact with the skin. Only tertiary and secondary alcohols give fluorides, accompanied by
elimination products and ethers. Olah’s reagent, a mixture of 70% HF and 30% pyridine, is much more
convenient to use and often gives better yields (equation 35).!°8 The reagent contains a poly(hydrogen
fluoride) species, in which each fluorine atom is surrounded by four hydrogen atoms. The poly(hydrogen
fluoride) is in equilibrium with some monomeric hydrogen fluoride. The reagent is stable up to 55 °C and
often overcomes the need to carry out reactions with corrosive and hazardous anhydrous HF under press-
ure. The mechanism of the reaction is not clear. In steroid chemistry retention, inversion and scrambling
of configuration is observed in related cases with tertiary alcohols (Scheme 31).!%°

SF4 and diethylaminosulfur trifluoride (DAST) give alkyl fluorides not only from tertiary and second-
ary, as with HF, but also from primary alcohols (equation 36). Reactions with gaseous, corrosive SF4
(b.p. -38 °C) usually require temperatures of 20~100 °C. The special equipment needed for reactions
with toxic gases under pressure make the use of SF4 inconvenient. The introduction of DAST has
removed the handling problems. DAST is a liquid reagent made from SFs and trimethylsilyldiethyl-

HF, pyridine (70:30), 20°C, 2 h

[~/ OH e [~ F (35)
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} HF/pyridine  HO,,

HO,,,,I
88%
o }
HF/pyridine
} 93% F
HF/CH,Cl, 46%
68\%s
88% 12%
Scheme 31

amine. It gives fluoroalkanes from alcohols at lower temperatures (-50 to —78 °C) than SF4 and is safe
below 40 °C.!10 Carbenium ion type rearrangement and elimination appear less problematic with DAST
than with HF reagents. The stereochemistry of the reaction, however, is still not uniform. In the absence
of other directing factors an S§n2-type mechanism with inversion of configuration is often observed
(equation 37).115L112 Neighboring group participation, however, results sometimes in retention of configu-
ration (equation 38).!!!

DAST, -50 °C
n-Cng 7OH

n-CgH 1 7F (36)
90%

wQH  DAST
88%
DAST /\r
(38)

The fluoroalkylamine reagent (FAR) 2-chloro-1,1,2-trifluorotriethylamine gives alkyl fluorides from
alcohols in one step and is known as the Yarovenko reagent.!!? This reagent is less reactive than DAST
but was used intensively before the introduction of DAST. Rearrangement and elimination are similar
with FAR and DAST (equations 39 and 40).112114 This may be explained by the similar mechanism. Ac-
tivation of the alcohol by intermediate formation of ester-type derivatives is followed by Sn2-type dis-
placement by fluoride ion (Scheme 32).

A related group of reagents to FAR and DAST is the phenylfluorophosphoranes. The mechanism is
believed to be sim