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INTRODUCTION

Nitrogen-containing organic compounds are ubiquitous in nature and essential
to life. They are also important intermediates and products of the chemical and
pharmaceutical industries. As a consequence, chemists have developed a plethora
of methods for their generation, starting with the first organic synthesis, Wöhler’s
preparation of urea from ammonium cyanate in 1828.1 There are many reports of
the formation of carbon-nitrogen bonds by electrophilic amination of carbanions
and enolates in the early literature, but development of this method as a useful
synthetic tool, especially for asymmetric synthesis, is of more recent date.

Most electrophilic aminations can be divided into two types: substitutions
(e.g. Eq. 1) and additions (e.g. Eq. 2) to give products that in many cases are
not amines. A detailed discussion of the conversion of these intermediates into
amines is beyond the scope of this chapter, but references to relevant methods
are given in the section on Experimental Conditions.

R1M  +  (R2)2NX

R1M = Grignard or organolithium reagent, etc.

R1N(R2)2 + MX (Eq. 1)

MO

R1 R3

R2
1. R4N=NR5

2. H2O R1 N
O

N
HR2 R3

R4

R5

M = metal

(Eq. 2)

The initial intent to cover the subject exhaustively had to be abandoned because
of the overwhelming amount of relevant literature. The following reactions are
not covered but are briefly discussed, with references to reviews and seminal
papers, in the section on Comparison with Other Methods: reactions of carbanions
and enolates and their surrogates with nitrogen oxides, nitrite and nitrate esters,
and nitroso and nitro compounds; reactions of enolates with diazonium salts,
including the Japp-Klingemann reaction; the diazo transfer reaction except as it
interferes with the synthesis of azides; the amination of boranes; and the Neber
rearrangement.

The large number of reagents that are available for amination necessitated a
deviation from the standard Organic Reactions format. The section on Reagents
and Mechanisms includes discussion and exemplification of each reagent or
reagent class as well as comments on mechanism, particularly in context of
reagent-substrate combinations that can lead to more than one product. Stereo-
chemistry is discussed in the relevant sections of Scope and Limitations.
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There is only one previous comprehensive review of the electrophilic
amination of carbanions;2 shorter reviews3 – 9 and reviews limited to particular
reagents, substrates, or products have appeared: amination with haloamines,10

sulfonylhydroxylamines,11 oxaziridines,12 oximes,13 diazonium salts,14,15 diazo
compounds,16 activated azo compounds,17 azides,18 – 23 and nitridomanganese(V)
reagents;24,25 amination of enolates;26 – 30 and the preparation of α-amino acids
by electrophilic amination.31 – 34

REAGENTS AND MECHANISMS

Preparation of Carbanions, Enolates, and Their Surrogates

The preparation of carbanions,35 organolithium reagents,36,37 Grignard
reagents,38,39 and organozinc reagents40,41 has been reviewed. For reviews on
the generation of enolates see refs. 42–45. The synthesis of silyl enol ethers
is reviewed in refs. 46–49, that of silyl ketene acetals in ref. 50. The term
“carbanion” is used loosely without regard to aggregation or solvation.

Aminating Reagents

All aminating reagents dealt with in this chapter are listed here; references to
their preparation are found in the section on Experimental Conditions. Stereo-
chemistry is discussed in the relevant sections of Scope and Limitations. The
term amination refers to the formation of a carbon-nitrogen bond, not just to the
introduction of an amine group. For a quantum Monte Carlo study of electrophilic
amination reagents see ref. 51.

Metal Amides. Amidocuprates, when treated with molecular oxygen at low
temperatures, give secondary or tertiary amines (Eq. 3). The substrates may be
generated from disubstituted lithium cuprates and a primary or secondary amine
(method A);52 one equivalent of the cuprate may be used but yields are higher
with three to five equivalents. Only one of the two R1 groups enters into the
product; it may be, among others, an aryl or tert-butyl group. Acyl and hydroxy
groups in the amine are tolerated. Method B involves the reaction of an organo-
lithium reagent with an excess of a copper amide, which in turn is generated from
a lithium amide with copper(II) iodide.52 The copper amide may be replaced by
an anilido cuprate ArN(R3)Cu(X)Li where X is Cl or CN.53 The third method
(C) employs a lower-order cuprate and a lithium amide. R1 may be alkyl, aryl,
heteroaryl, or styryl. Yields in the three methods are moderate to good. Sub-
stituted hydrazines are obtained by replacing the lithium amides in method C
with a lithium hydrazide, but yields are only in the 20–40% range.54 THF is the
preferred solvent in these reactions, which fail with Grignard or organolithium
reagents. An eight-membered planar complex has been suggested54 as the inter-
mediate, which reacts with oxygen to give the product via an aminyl radical.
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Yields are improved in method C when zinc cyanocuprates and co-oxidants (o-
dinitrobenzene or copper(II) nitrate) are employed.55

R1Cu(CN)Li  + R2R3NLi

O2

A

B

C

(R1)2CuLi  + R2R3NH

R1Li  +  R2R3NCu amidocuprate R1NR2R3 (Eq. 3)

Haloamines. Chloramine was one of the earliest reagents investigated for the
amination of Grignard reagents and organolithium compounds.56 – 59 An excess
of the latter is usually required because of the acidic nature of the haloamine
hydrogens. Replacement of one of these by lithium to give a nitrenoid has
been suggested as the first step (Eq. 4).60 Bromamine offers no advantage over
chloramine.61 In the reactions of haloamines with Grignard reagents, yields
decrease in the order of RMgCl > RMgBr > RMgI.61 Chloramine aminates sodio
malonates.62 – 64 With sodium phenolates, ring-expanded products are obtained.65

The mechanism of these reactions is unknown62 but a nitrenoid intermediate
is unlikely because of the lower basicity of the substrates. No reaction occurs
between 2-lithio N -methylimidazole and chloramine.66

H2O  RLi

–LiCl
RLi  +  ClNH2 ClNHLi RNHLi RNH2

(Eq. 4)

Monosubstituted chloramines have not received much attention. The reaction
of N -chloro-tert-butylamine with di(tert-butyl)magnesium gives di(tert-butyl)
amine in 10% yield.67 Butylmagnesium chloride and N -chloromethylamine pro-
duce mostly methylamine by reduction and only 14% of N -methylbutylamine.68

Disubstituted chloramines are claimed to not react with phenylmagnesium
bromide69 and with only very poor yields with n-butyl- or benzylmagnesium
chloride.68 N -Chlorodiisopropylamine reacts with isopropylpotassium to give tri-
isopropylamine in 3% yield.70 Similar low yields are obtained in the reactions
of phenylethynyllithium,71 phenylethynylmagnesium bromide,71 or diethylzinc72

with N -chlorodiethylamine. Chloramines of type ClNRCHRAr, prepared from
the secondary amines with N -chlorosuccinimide, react with arylmagnesium chlo-
rides to give the corresponding tertiary amines (see Eq. 62).73 N,N-Disubstituted
N -chloroamines react with enamines to give mixtures of α-amino aldehydes
in moderate to excellent yields where the α-amino group is derived from the
chloro amine in one product and from the enamine in the other (see Eq. 86). A
mechanism involving aziridinium intermediates has been suggested.74

N ,N -Dibromoamine,75 N ,N -dichloroalkylamines,68,72,76 and even trichloro-
amine58,77 react with Grignard or dialkylzinc reagents to give amines by reduction
of the excess halogen. Yields are low and these reagents are currently of no value
in synthesis.

Chloramine-T, the sodium salt of N -chloro-p-toluenesulfonamide, tosylami-
nates a number of in situ generated enamines of α-substituted propionaldehydes
(see Eq. 78), α-substituted arylacetaldehydes, and methyl arylmethyl ketones.78
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Hydroxylamines. A number of O-substituted hydroxylamines are electrophi-
lic aminating reagents for introduction of unsubstituted as well as mono- and
disubstituted amino groups.

N-Unsubstituted O-Alkylhydroxylamines. The most widely used in this cat-
egory are O-methylhydroxylamine, and, to a lesser extent, O-benzylhydroxyl-
amine. In the amination of the dianion of 3-methylbutanoic acid with RONH2,79

yields decrease in the order R = Me > Et = i-Pr > t-Bu > Bn and range from
34% for MeONH2 to a trace for BnONH2. However, the latter aminates organo-
lithium and Grignard reagents (two equivalents) in fair to good yields.80 The
mechanism of the amination of organolithium reagents with O-alkylhydroxylami-
nes involves the nitrenoid intermediate 1 (Eq. 5) and eventual displacement of
the methoxy group by R in a counterintuitive reaction between two negatively
charged species that is sterically akin to an SN2 reaction. The mechanism is based
on extensive experimental81 – 85 and computational work60,86 – 90 and also applies
to Grignard, organozinc, and organocopper reagents.91 However, it should be kept
in mind that other mechanisms are, at least in principle, available, in view of the
fact that N,N-disusbstituted O-alkylhydroxylamines are also aminating reagents
even though a process involving a nitrenoid is impossible with these reagents.
By generating the nitrenoid 1 with methyllithium only one equivalent of RLi is
required. Application of this method to aminations with O-alkylhydroxylamines
reported in the earlier literature should increase the efficiency of these reactions.
An excess of the nitrenoid MeONHLi is recommended; in the reaction with n-
butyllithium the yields of n-butylamine are 51% with one equivalent, 71% with
two (see also Eq. 63), and 85% with four.92

MeLi  +  MeONH2

RLi

1

R OMeN
H

2–

RNHLi
– LiOMe

RNH2

H2O

R
Li

N
Li H

OMe
MeONHLi

2 Li+

(Eq. 5)

N-Unsubstituted O-Arylhydroxylamines. Amination of malonic and cyano-
acetic ester enolates93 and of methyl 9-fluorenecarboxylate94 may be carried out
in fair to good yields with O-(2,4-dinitrophenyl)hydroxylamine. Yields are low
with the more basic phenylacetic ester enolates and the anion of phenylacetoni-
trile, both of which partially decompose the reagent with formation of diimide.93

This reagent provides much poorer yields than Ph2P(O)ONH2 in the amination
of the anion of tetraethyl methylenebis(phosphonate).95 The corresponding N -
methyl derivative is unreactive in an N-amination.94 Various analogs of the highly
explosive O-(2,4-dinitrophenyl)hydroxylamine have been tested in N-aminations
only 94,96 and O-(4-nitrophenyl)hydroxylamine was found to provide the highest
yields and to have the highest onset temperature of explosive decomposition.96

N-Monosubstituted O-Alkylhydroxylamines. Various O-methylhydroxyl-
amine derivatives (MeONHR) aminate aliphatic and aromatic organolithium com-
pounds: R = Me,82,83,97 n-Pr and i-Pr,83 benzyl,83,85 α-methylbenzyl,82,83,85,97
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and 2-phenylethyl.83 The order of reactivity of BnNLiOMe toward butyl-
lithium reagents is n-Bu < s-Bu < t-Bu.85 BnNLiOMe reacts much more
rapidly with these three alkyllithium reagents than its α-methyl derivative
PhCHMeNLiOMe;85 the latter is about equal in reactivity to MeNLiOMe.97

Reagents of type RCH2NLiOBn may be prepared by addition of an organolithium
reagent RLi to formaldehyde O-benzyl oxime (Eq. 6).98 A nitrenoid of this class
is also formed in the reaction of phenyllithium with nitrosobenzene (Eq. 7),99 but
it reacts so rapidly with unreacted phenyllithium that the possibility of trapping
it with another organolithium reagent seems remote.

CH2 N
OBn n-BuLi, THF

       –40°

1. PhLi, 0-40°

2. 4-PhC6H4COCl

(47%)

n-Bu N
OBn

Li
n-Bu N

Ph
Ph

O

(Eq. 6)

PhNO
PhLi (1.1 eq), THF

   –100°, 70 min
PhN(Li)OPh Ph2NLi  +  PhOLi

H2O
Ph2NH  +  PhOH
(41%) (41%)

PhLi

(Eq. 7)

O-Trimethylsilylhydroxylamine reagents (RNHOTMS where R is TMS or
alkyl), aminate organocuprates of type R1

2Cu(CN)Li2 (see Eqs. 64 and 73), but
not organolithium reagents.100 – 102 Small amounts of alcohols R1OH are formed
in some reactions as a consequence of the nitrenoid 2/oxenoid 3 equilibrium
(Eq. 8), with the latter acting as a hydroxylating agent.60,103

TMSNOTMS

2 3

(TMS)2NO– M+

M+
–

(Eq. 8)

Amination with an N-monosubstituted cyclic hydroxylamine is shown in
Eq. 9.104

NH
O

O

O NHPh
OH

O

O
PhMgBr (3 eq), –78° to 0°, 1 h

(~100%)

(Eq. 9)

N,N-Disubstituted O-Alkylhydroxylamines. In the amination with a series of
N,N-disubstituted O-methylhydroxylamines, more bulky alkyllithium compounds
react more readily (product 4, Eq. 10).85 The small amounts of products 5 are the
result of elimination of methanol from the substrate to give the imine followed
by addition of R1Li to the latter. Reagents where R2, R2 is H, Me or Me, Me
do not react. A single-electron-transfer process involving a nitrogen radical has
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been proposed,85 but no cyclized product is formed when R3 is a dimethylvinyl
group.

Bn
N
OMe

R3

R2 R2
R1Li, –78°, 3 h

     rt, 1-2 d
Bn

N
H

R3

R2 R2

+
R1

5

R1

n-Bu
s-Bu
t-Bu
t-Bu

Bn
N
R1

R3

R2 R2

R2

H
H
H
H

R3

Ph
Ph
Ph
CH=CMe2

4

4
(5%)

(47%)
(72%)
(67%)

5
(5%)
(5%)
(5%)
(—)

(Eq. 10)

Silyl ketene acetals are aminated by the ethoxycarbonylnitrene precursor
EtO2CN(TMS)OTMS to give α-ethoxycarbonylamino esters via aziridines in fair
to good yields (see Eq. 124).105

O-Acyl Hydroxylamines. O-Acyl N-unsubstituted hydroxylamines have been
used occasionally in the amination of enolates.79,106 In the amination of the
sodium salt of diethyl phenylmalonate, O-(4-nitrobenzoyl)hydroxylamine is
somewhat more efficient than (4-MeOC6H4)2P(O)ONH2 (99% vs 92% yields).106

This reagent also gives the highest yield in the N-amination of oxazolidinone
anions.107 A series of N,N-disubstituted O-benzoylhydroxylamines is used in the
amination of alkyl- and arylzinc chlorides in the presence of a catalytic amount
of (Ph3P)2NiCl2108 and of dialkyl-, diaryl-, and di(heteroaryl)zinc reagents in
the presence of a catalytic amount of a copper(II) salt (see Eq. 36).109 – 112 The
disubstituted zinc reagents may be prepared in situ by reaction of Grignard
reagents with a catalytic amount of zinc chloride because transmetalation is
faster than the reaction of the Grignard reagent with O-benzoylhydroxylamine.
Functional groups on the aryl ring, such as NO2, CO2R, and CN are tolerated
and 0.6 equivalent of the disubstituted zinc reagent may be employed with a
slight reduction of the yield. Arylmagnesium reagents may be aminated in this
way without the intervention of the corresponding zinc reagents.113 An SN2
mechanism has been advanced.113

N-Unsubstituted O-Sulfonylhydroxylamines. The acidic nature of hydroxy-
lamine O-sulfonic acid makes it essentially useless in electrophilic aminations of
carbanions. One of the few exceptions is shown in Eq. 161. The explosive114,115

O-(mesitylenesulfonyl)hydroxylamine aminates alkylzirconium complexes (see
Eqs. 41 and 51),116 acid dianions,115 and ester enolates.117 O-Arenesulfonylhy-
droxylamines with no ortho substituents are thermally unstable at room tempe-
rature.11

N-Monosubstituted O-Sulfonylhydroxylamines. N -Ethoxycarbonyl-O-(p-tol-
uenesulfonyl)hydroxylamine (6) is used in the amination of enamines.118,119

The more reactive N -ethoxycarbonyl-O-(4-nitrobenzenesulfonyl)hydroxylamine
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(7) aminates enamines120,121 and enol ethers122 derived from ketones (see
Eq. 96), as well as metalloimines,123 enolates of β-dicarbonyl compounds,124

and enamines derived from β-dicarbonyl compounds.125 The lithium salt
of N -(tert-butoxycarbonyl)-O-(p-toluenesulfonyl)hydroxylamine (8) aminates
alkyl- and aryllithium and -copper reagents (see Eq. 69),126 – 128 esters
and N -acyloxazolidinone enolates,126 and α-alkylphosphonamides.129 The
allyloxycarbonyl analogs 10 and 11 are similarly used.130 The structure of
the mesityl analog 9 (dimer, crystallizing with three molecules of THF) has
been determined by single crystal X-ray crystallography.131 Because this class
of reagents offers a much better leaving group, the possibility exists that
the nitrenoids lose the elements of ArSO3M to give nitrenes NCO2R.60 The
involvement of these reactive intermediates has been proposed in a number of
examples.

6  R = Me
7  R = O2N

10  R = Me
11  R = 4-MeC6H4

8  R1 = Me  R2 = H
9  R1, R2 = Me

R

O2
S

O

Li
N O

O

O2
S

O

R2

R1 R2R

O2
S

O

H
N

CO2Et
Li
N

CO2Bu-t

N,N-Disubstituted O-Sulfonylhydroxylamines. Compounds of type
R1SO2ON(R2)2 (R1 = Me, Ph, p-tolyl, mesityl; R2 = Me, Et) are versatile ami-
nating reagents for a wide variety of substrates: aliphatic (see Eq. 35),132,133

allylic,133,134 olefinic (see Eq. 56),133 acetylenic (see Eq. 60),135 benzylic
(see Eq. 53),133,136 and aromatic132,133 metal derivatives and enolates (see
Eq. 89).133,134 Reactions of MeSO2ONMe2 (and probably other similar reagents)
with RMgI should be avoided because iodide reduces the reagent.137 Both an
electron-transfer and an SN2-type substitution mechanism have been considered
for these transformations.136

O-Phosphinoylhydroxylamines. The non-explosive138 O-diphenylphosphi-
noylhydroxylamine, Ph2P(O)ONH2, aminates alkyl,139,140 aryl,139 ethynyl (see
Eq. 60),135 cyanomethyl, and phosphinoylmethyl (see Eq. 152)95,141 metal
derivatives and enolates of esters,139,142 lactams (see Eq. 137),143 α,β-unsaturated
carbonyl compounds (see Eq. 153),144 and β-dicarbonyl compounds.139

The equally stable methoxy analog (4-MeOC6H4)2P(O)ONH2 has been
recommended106 as a better reagent because of its increased solubility in organic
solvents at low temperatures but there is a report of a low yield and formation of
a hydroxylation product in the amination of a malonic ester enolate.145 Amination
with the disubstituted analog Ph2P(O)ONMe2

146 and the chiral, non-racemic
cyclic derivative 12 (see Eqs. 109 and 143)147 has also been reported. There
appear to be no mechanistic studies of these reagents but it is relevant that
equimolar amounts of the substrate and the reagent or a slight excess of the latter
are usually employed.
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N
Me

P
OPh

ONMe2

12

O

H
N

13a

O
NCOY

Ar
Y = t-Bu, NEt2, (–)-menthoxide

14

O

Oxaziridines. The readily synthesized 1-oxa-2-azaspiro[2,5]octane (13a)148

aminates12 enolates of β-dicarbonyl compounds,149,150 α-cyano carbonyl
compounds,149,150 and anions derived from cyanomethyl derivatives further
activated by aryl or heteroaryl groups.150 The products are either amines, N -
cyclohexylidene derivatives, or more complex structures (see Eq. 162). The
camphor-derived oxaziridine 13b aminates enolates of esters, β-dicarbonyl and
α-cyano carbonyl compounds,151 and anions derived from various cyanomethyl
compounds.151 Esters are aminated only if they carry an additional aryl group.151

The products resulting from β-dicarbonyl and α-cyano carbonyl compounds are
camphorimines that have lost the ester group by hydrolysis and decarboxylation.
Camphorimines derived from aminations of esters retain the ester group. The
cyano group in all substrates is converted into an amide group and the mechanism
shown in Eq. 11 has been proposed. The first step is analogous to that of the
mechanistically fairly well-established hydroxylation of enolates with N -sulfonyl
oxaziridines152 except that attack by the anion is on nitrogen rather than oxygen.
When R is methyl or ethyl, only rearrangement products of the aminating reagent
are isolated.151

13b
O

NH
R

CN
O–

H
N

R

N

O
NH

R

N–

N
–O

NH
R

N
O

NH2

R

H2O

–

R = CH=CH2, Ar (45-80%)

R = Me, Et (0%)

(Eq. 11)

Oxaziridines 14 transfer the NCOY group to enolates of ketones (see
Eq. 90),153 – 156 esters (see Eq. 110),153,155,157,158 amides,158 N -acyloxazolidino-
nes,153,157 and β-dicarbonyl compounds,155 anions stabilized by cyano (see
Eq. 141),155 sulfonyl (see Eq. 145),158 and phosphinoyl154 groups, and ketone
enol ethers.155 Yields are in the 20–60% range. The first step in these reactions is
presumably attack of the enolate on nitrogen as in Eq. 11, followed by elimination
of an aldehyde ArCHO and formation of the amination product. With esters,
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the aldehyde may undergo an aldol reaction with the substrate enolate when
LiHMDS, KHMDS, LDA, or t-BuLi are used as the bases to generate the
enolates. This undesired side reaction is not observed with NaHMDS provided
that two equivalents of the reagent are used, but yields are low.155

Imines. Organometallic compounds normally attack imines at the carbon
atom. Predominant or exclusive attack on nitrogen may be forced by attaching
one or two electron-withdrawing groups to the imine carbon atom.159 – 167 In
the examples of Eq. 12161 involving a substrate with a fairly bulky group on
nitrogen, the ratios of product 15 to 16 demonstrate that only the tert-butyl and
allyl Grignard reagents attack on carbon, the former presumably for steric reasons.
All cadmium reagents RCdX tested (R = Me, n-Pr, i-Pr, Bn) add normally on
carbon.

N CO2R1

Ph
H

R2MX (X not specified)

              Et2O

R1 =

N
R2

CO2R1

Ph
H

N
H

CO2R1

Ph
H

R2

+

15 16

M
Mg
Mg
Mg
Mg
Mg
Mg
Mg
Cd

15 + 16
(45-55%)
(44-55%)
(44-55%)
(45-55%)
(45-55%)
(45-55%)
(45-55%)
(55-70%)

15:16
95:5
96:4

60:40
0:100
96:4

0:100
100:0
0:100

R2

Et
n-Pr
i-Pr
CH2CH=CH2

i-Bu
t-Bu
Bn
Bn

(Eq. 12)

A second method of favoring attack on nitrogen involves systems where the
imine carbon is surrounded by fairly bulky substituents and where placing a
negative charge on this carbon is favored by formation of a cyclopentadienyl
anion (Eq. 13).168 A phenyl group on nitrogen reverses this trend, with product
18 now predominating over 17.

NR1

R2Li, THF, hexane

    –78°, 2 h; to rt

R1R2N H R1NH R2

+

R1

Me
n-Bu
Ph

R2

n-Bu
Et
n-Bu

17
(71%)
(65%)
(15%)

17 18

18
(0%)
(5%)
(50%)

(Eq. 13)

Attack of isopropylmagnesium bromide on the hindered imine in Eq. 14 sur-
prisingly occurs on nitrogen whereas the less bulky ethylmagnesium bromide adds
to the carbonyl group.169 Organozinc reagents react with anthranil under Ni(acac)2

catalysis to give α-aminobenzaldehyde derivatives by a proposed single-electron
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transfer mechanism (Eq. 15).170 Diethyl zinc adds to 1,4-diaza-1,3-butadienes in
a net 1,4-fashion (Eq. 16).171

HN O

t-Bu

t-Bu

i-PrNH O

t-Bu

t-Bu

i-PrMgBr, Et2O

(35%)

(Eq. 14)

RZnCl  +
N

O
Ni(acac)2, THF, 0° to rt, 2 h CHO

NHR
R = Me, 2-thienyl, Ph, 
       2-, 3-, and 4-MeOC6H4

(4-86%)

(Eq. 15)

N
N

Bu-t
t-Bu Et2Zn, toluene

       –70° N
Bu-t

ZnEt2

Bu-t
N –50°

N
Bu-t

ZnEt
N

t-Bu Et

t-BuOH, pentane, rt
N NHBu-t

t-Bu
Et N NBu-t

t-Bu
Et+

(76%) (12%)

(Eq. 16)

(N -Arenesulfonylimino)phenyliodinanes. [N -(p-tolylsulfonyl)imino]phe-
nyliodinane (TsN=IPh) and its pentafluoro analog C6F5SO2N=IPh react read-
ily on warming in acetonitrile with silyl enol ethers derived from acetophe-
nones to give the α-tosylamino derivatives in high yields. The reaction is
less efficient in methylene chloride, gives low yields with the trimethylsilyl
ether of 3-pentanone and with 1-trimethylsilyloxybutadiene, and fails com-
pletely with 1-trimethylsilyloxycyclohexene and a ketene acetal, 1-phenoxy-
1-(trimethylsilyloxy)ethylene.172 The latter two types of substrates do react
when a copper catalyst is employed, but yields do not exceed 50% (see also
Eq. 92).173 With chiral (ligand 19 or 20) copper catalysts, modest to fair enan-
tiomeric excesses are achieved (Eq. 17).174 The proposed mechanism involves a
slightly favored front-side attack of the enol derivative on the initially formed
ligand–copper nitrene complex with formation of an aziridine, which is con-
verted directly into the α-tosylamino product during isolation when methyl or
trimethylsilyl enol ethers are used.

Ph

AcO
+ TsN=IPh

[Cu(MeCN)4]PF6, 19 or 20

           CH2Cl2, –40° Ph

AcO
NTs

HCl, MeOH

Ph
NHTs

O

Ligand
19
20

Conversion a

(>95%)
(61%)

ee
28% R
52% RN N

Ar Ar
19 Ar = C6H3Cl2-2,6

N

O

N

O

Ph Ph
20

a based on TsN=IPh reacted

(Eq. 17)
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Oximes. Reaction of alkyl- or arylmagnesium reagents with two equivalents
of acetone oxime in toluene gives alkyl or arylamines, respectively, in low yields.
The yields are improved by converting the oxime into the salt with ethylmagne-
sium halide followed by addition of the desired Grignard reagent. A mechanism
involving a four-membered cyclic transition state is postulated (Eq. 18).174a Sim-
ilar reactions with the lithium salt or methyl ether of benzaldoxime have also
been reported.175 Among the O-sulfonyloxime derivatives 21176 – 178 (see Eq. 61),
22178,179 (see Eq. 40), 23,180 24,181 and 25,181,182 the dioxolane 25b combines
the advantages of high product yields in reactions with alkyl-, vinyl-, aryl-, and
heteroarylmagnesium reagents with ease of hydrolysis of the initially formed
imine to the amine (see Eq. 37).182 Reactions with other types of anions do
not seem to have been investigated except that phenolates (Eq. 176) and eno-
lates of β-dicarbonyl (Eq. 175) and α-sulfonyl carbonyl compounds undergo an
intramolecular version of this amination reaction. The mechanism is believed to
involve direct SN2 substitution on the sp2 nitrogen of the oxime13,183 rather than
addition/elimination or electron transfer.

EtMgX Ph(CH2)2MgX (2 eq)

N

CH2

MgX

MgX
O

Bn

NOH NO– MgX+

N

Ph

H2N

Ph

(48%)

(Eq. 18)

N
R OSO2C6H2Me3-2,4,6

21 R = Me, Ph

N

Ph
Ph

Ph
Ph23

EtO

EtO
N

OTs

OSO2Ph

Z

Y
N

OSO2Ph

24

25a
25b
25c
25d
25e

Y
O
O
NMe
O
NMe

Z
O
O
O
NMe
NMe

R1

R1

R1

R1

R1

H
Me
H
H
H

N
Ar

Ar OSO2R

22 Ar = Ph, 4-CF3C6H4, 3,5-(CF3)2C6H3

     R = Me, 4-MeC6H4

Diazonium Salts. Diazonium salts are potentially explosive. See the caution-
ary note in Experimental Conditions. Aryldiazonium salts 26 react with alkyl- and
arylmagnesium reagents,184 – 191 arylzinc,190,192,193 and aryltin reagents194 to give
azo compounds. Yields vary considerably; the best are achieved with the diazo-
nium salt 26e191 (see Eq. 48). Aryldiazonium salts also react with enolates, enol
derivatives, or enamines of aldehydes (see Eq. 85),195 ketones (see Eq. 95),185

and with silyl ketene acetals (see Eq. 121).196,197
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ArN2
+  X–

26a
26b
26c
26d

26e  X =
S
O2

N

O2
S

X
Cl
ZnCl3
BF4

Zn(BF4)Cl2

Diazo Compounds.198 Alkyl- and arylmagnesium199 – 204 and alkyllithium
reagents205 add to diazo compounds in a little-used reaction to give hydrazones.
Diazo compounds add to enolates to give azines.206 With enamines, diazo com-
pounds give hydrazones of α-diketones.207

Azo Compounds. Alkyl Azo Compounds. The only aminations with alkyl
azo compounds found in the literature involve the cyclic derivatives 27,208 28,209

and 29.210 Reaction of 29 with phenyllithium followed by in situ arylation of the
anion (Eq. 19)210 is one of the few examples of tandem reactions in aminations
reported thus far. Azo compounds 27 add to cyclohexyl- and phenylmagnesium
reagents at −78◦ with fair to excellent yields,208 and the bicyclic azo compound
28 gives an adduct with t-BuLi at −78◦ in almost quantitative yield.209 Relief
of strain no doubt is one of the driving forces for these reactions but the low
temperatures involved may indicate that they could be extended to acyclic alkyl
azo compounds.

N
NR

R

R, R
Me, Me
n-Pr, n-Pr
—(CH2)5—27

N
N

28

N
N

29

1. PhLi, MeO(CH2)2OMe,
    Et2O, –35° to –20°

N
C6H4NO2-4

NPh

(34%)

2. 4-FC6H4NO2, –20° to rt (Eq. 19)

Aryl Azo Compounds. Alkyl- (including tert-butyl) and aryllithium reagents
add to azo benzene to give trisubstituted hydrazines in fair to excellent yields
(see Eqs. 44 and 45); alkylation of the intermediate anion in situ leads to tetra-
substituted hydrazines.211 Benzyl and heteroarylmethyl (see Eq. 54) anions and
the enolate of phenylacetamide add to azo benzene in fair to excellent yields.212

Aromatic Grignard reagents are reported to reduce azo benzene and its deriva-
tives to the hydrazo compounds (cf. also Eq. 20).213 The only other aryl azo
compound investigated in aminations appears to be benzo[c]cinnoline.214

Esters of Azodicarboxylic Acid. These compounds are versatile aminating
reagents for alkyl- (see Eq. 46), allenyl- (see Eq. 59), aryl- and heteroarylmetal
(see Eq. 75) derivatives, and especially enolates (see Eqs. 87, 88, 115–117, and
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119) and metalloimines (see Eqs. 104–106). An important new reaction involves
addition of azo esters to alkenes,215 dienes,216 and enynes216 in the presence of
silanes catalyzed by cobalt and manganese complexes to give the more highly
substituted hydrazino esters (see Eqs. 49, 52, and 55). Based on preliminary
mechanistic studies of this hydrohydrazination reaction, rate-limiting addition of
a metal hydride species to the double bond is followed by a fast amination step.215

Benzyl and tert-butyl esters are widely used because of their ready conver-
sion into the hydrazines after the amination step and the presence of an aromatic
chromophore in the former. Addition of the organometallic species to the ester
carbonyl group does not appear to be a problem, although tert-butyl esters often
provide higher yields. Formation of substantial amounts of an α,β-unsaturated
carbonyl compound by elimination of the hydrazino ester from the desired prod-
uct has been reported in the reaction of dibenzyl azodicarboxylate with the enolate
of a sugar ketone.217 Esters derived from azodicarboxylic acid and chiral alcohols
have been prepared218,219 and a chiral amide has been used in the amination of an
achiral enolate (see Eq. 134).219 The failure of a secondary Grignard reagent to
add to diisopropyl azodicarboxylate is shown in Eq. 20.220 The asymmetric ami-
nation of aldehydes (see Eqs. 76 and 77)221 – 227 and ketones (see Eq. 91)228,229 by
azo esters is catalyzed by proline and its derivatives. The proposed mechanism
involving a hydrogen bond from the catalyst to the N=N double bond in the tran-
sition structure is shown in Eq. 21221 (see also ref. 224). The amination of β-keto
esters by azo esters proceeds at room temperature neat or in polar solvents such
as alcohols230,231 or, as with β-aminocrotonic ester, even in petroleum ether.230

The former reaction may be carried out enantioselectively with catalysts such as
cinchona alkaloids (see Eq. 163),231,232 chiral urea and thiourea derivatives,233

chiral copper(bis)oxazoline complexes234 (see Eqs. 103, 151, and 164),235 – 237

and chiral palladium BINAP complexes (see Eqs. 150 and 165).238,239

Ph
MgCl

Ph

(82%)
(82%)

i-PrO2C
N

N
CO2Pr-i+ i-PrO2C

H
N

N
H

CO2Pr-i+

(Eq. 20)

R1 CHO
N
H

CO2H
N CO2H

OH–
N CO2H

R1 R1

R2O2CN=NCO2R2

N CO2
–

N
H

CO2H+
N

R1

O

O
HN

N

R2O2C

CO2R2
R1 N

H

NHCO2R2

CO2R2

CHO

R1 N

H

NHCO2R2

CO2R2

(Eq. 21)
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Azo esters also aminate enol ethers (see Eq. 82),240 – 245 enamines (see
Eq. 147),118,246 – 250 ketene acetals (see Eqs. 112 and 113),251 ketene aminals (see
Eqs. 125 and 126),251,252 and ketene thioacetals.253

Other Acyl Azo Compounds. Various azo derivatives [R1N=NCOR2: R1 =
aryl, R2 = CO2R, CONR2, or COAryl; and R1CON=NCOR2: R1 = R3O, (R3)2 N,
Ar, R2 = (R3)2N, Ar] have been used as aminating agents. The site selectivity
is governed by the degree to which a substituent stabilizes the negative charge
on nitrogen, which increases in the order Aryl < CONR2 < CO2R < COAr.
N -Phenyltriazolinedione has been used to aminate acetone254 and a silyl enol
ether.245

Sulfonyl Azo Compounds. Aryl and cyclopropyl Grignard reagents add to
ArN=NTs to give diaryl or cyclopropylarylamines after allylation and reduction
(Eq. 22).255 For a similar reaction involving organozinc reagents see Eq. 38.

Ar1I
i-PrMgCl, THF

       –20°
Ar1MgI

1. Ar2N=NTs, THF, –20°

2. ICH2CH=CH2, N-methylpyrrolidinone, rt, 2 h

Ar1

N
N

Ar2

Ts
1. Remove solvents

2. Zn, HOAc, CF3CO2H, 75°
Ar1NHAr2

(63-86%)

(Eq. 22)

Azides. Alkyl Azides. A variety of alkyl azides react with alkyl- and aryl-
metal species to give triazenes (Eq. 23) (see cautionary note with regard to both
azides and triazenes in Experimental Conditions): methyl azide,256 – 258 ethyl
azide,258 isopropyl azide,259 n-butyl azide,260 – 262 cyclopropylmethyl azide,262

allyl azide,263 trimethylsilylmethyl azide,264 – 267 a protected 2-hydroxyethyl
azide,268 n-hexyl and cyclohexyl azide,269 benzyl azide,261,269,270 and polymethy-
lene diazides N3(CH2)nN3 (n = 2,3).271,272 Protolysis of the intermediate metal
salts of the triazenes may give rise to two different triazenes (Eq. 23) and their
structures have not always been determined with certainty. The product of the
reaction of benzyl azide with phenylmagnesium bromide is identical to that
obtained from phenyl azide and benzylmagnesium chloride and was assigned
structure 30 with the extended conjugation (Eq. 24)270 on the basis of the prod-
uct obtained with phenyl cyanate. Protolysis of triazene 30 with 1 N HCl gives
aniline hydrochloride and benzyl chloride (Eq. 24);270 similarly, N -methyl- and
N -ethyl-N ′-phenyltriazenes, on treatment with HCl, give aniline hydrochloride
and methyl or ethyl chloride, respectively.270 The intermediate triazenes obtained
from trimethylsilylmethyl azide and aryllithium or arylmagnesium reagents de-
compose to arylamines on aqueous workup.264 Triazenes are also not isolated
from the reaction of allylindium species, generated in situ from the bromides and
indium metal, with alkyl and aryl azides in DMF; however, N -alkyl and N -aryl
allylamines, respectively, are obtained (Eq. 25).269 This example appears to be
one of only two instances where, in a reaction of an organometallic species with
an azide, both substituents on the intermediate triazene appear in the product. The
other is the addition of alkylmagnesium species to aryl azides mentioned below.
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By contrast, allyl azide, and aryllithium or arylmagnesium species react to give
arylamines after acidic workup (Eq. 26).263 The triazene intermediate should be
the same, except for the counter ion and the solvent, as the one in Eq. 25. No
explanation for these differing results has been advanced.

R1M  +  R2N3
H2O R1

N
H

N
N

R2 R1

N
N

N
H

R2

and/orN
N

N
R1 R2 M+

(Eq. 23)

BnMgCl  + PhN3

PhMgBr  + BnN3

HCl
BnCl  + PhNH3

+ Cl–  + N2
(—) (—)

30 ("good yield")

Bn
N
H

N
N

Ph
(Eq. 24)

N3
Br+

In, NaI, DMF

      rt, 2 h

N
N

N NH4Cl

  H2O

H
N

(90%)

N

(5-8%)

+

(Eq. 25)

MgBr
N3+

    Et2O 

–78° to rt

H3O+ NH2

(83%)

N
N

N

(Eq. 26)

Both N ,N ′-di(n-butyl) and N ,N ′-di(cyclopropylmethyl)triazenes react differ-
ently with dilute HCl (0.1% in acetone) to give nitrogen gas and nitrogen-free
products (n-BuOH, s-BuOH, 1-butene, and 2-butene with the former triazene)
via alkyldiazonium species.262

Reaction of the α-heteroatom-substituted azides 31 and 32 with 2-phenethyl-
magnesium bromide proceeds with equal rates at −78◦; analog 33 only reacts at
0◦, whereas both azides 34 and 35 are essentially unreactive at this temperature.273

Both aliphatic (see Eq. 40) and aromatic Grignard reagents, but not aromatic
lithium reagents, may be used with azide 32, which has a low steric requirement as
evidenced by its reaction with the exo and endo isomers of 2-norbornylmagnesium
bromide at about equal rates274 (see also Eq. 39).

31 R = MeO

32 R = H

TMSO N3

i-Pr

33 34
35

MeS N3 MeO N3
S

R

N3

Hydrolysis of the triazenes so obtained from aromatic Grignard reagents to
give aromatic amines may be carried out with either aqueous formic acid or
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aqueous potassium hydroxide.275 Triazene anions derived from aliphatic Grignard
reagents are quenched with acetic anhydride (or benzoyl chloride) and the acetates
36 are then converted into the aliphatic amines using the conditions shown in
Eq. 27.273 The scope of this method is somewhat limited, however: the unstable
triazenes, obtained in almost quantitative yields from tert-butylmagnesium chlo-
ride and n-octylmagnesium bromide, could not be converted into the amines and
quenching the triazene anion obtained from azide 32 and 1-octenylmagnesium
bromide with acetic anhydride gives the regioisomer of acetate 36, which is
unsuitable for further manipulation.274 The 2-anions of furan, thiophene, N -
methylpyrrole, and N -methylindole do not react with azide 32.274

MgBr+
Ac2O

–60° to –30°, 1.5 h

R
N
Ac

N
N SPh

n-Bu4NH+  HCO2
–, DMF, 45°

or: KOH, Me2SO, 0°
RNH2

36

R
N

N
N

CH2SPh

(Eq. 27)

Azide 32 aminates ester enolates (see Eq. 114)275 and a sugar-derived azide
aminates the anion derived from cyanoacetamide276 (see Eq. 167).

Vinyl Azides. Vinyl azides such as 37 or 38 react with alkyl-, aryl-, and
heteroaryllithium reagents like other azides to give the corresponding triazenes.
Hydrolysis of the latter leads to nitrogen-free carbonyl compounds when aliphatic
lithium reagents are used (path A, Eq. 28),277 but when benzyl, aromatic, and
heteroaromatic lithium reagents are used, amines are formed in fair to good yields
(path B).278

Ph

N3 N3

Bu-t
37

1. RLi, THF –78°

2. H2O
R N

N NH

Bu-t

HCl
A

B
RNH2

38 (45-70%)

t-Bu CHO

R

or

(Eq. 28)

Aryl Azides. The triazenes formed by addition of alkylmagnesium halides
to aryl azides lose nitrogen and give N -alkylaniline derivatives on workup with
aqueous ammonium chloride (Eq. 29).279 This is unusual in two respects: earlier
reports270,280 – 283 state that triazenes are isolated under these conditions (see also
Eq. 58) and that anilines, rather than N -alkylanilines, are formed on treatment
with acid at room temperature (see discussion under Alkyl Azides, above).

F

N3  c-C6H11MgBr

   Et2O, rt, 1 h

NH4Cl, H2O

F

NHC6H11-c

 (85%)

F

NC6H11-c

MgBr+

– N2N
N

N
C6H11-c

F

MgBr+
–

(Eq. 29)
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Aromatic Grignard reagents react normally with aryl azides to give
triazenes280,281,284,285 as do vinylmagnesium halides.286 – 288 Grignard reagents
also add to a variety of aromatic diazides to give the corresponding
bis(triazenes).272,289,290 Phenylmagnesium bromide adds preferentially to an
azide group in the presence of a diaryl azo group.290 Addition of N-protected
imidazole anions to phenyl azide gives the corresponding 2-amino derivatives
after acid hydrolysis.66 Addition of phenyl azide to ketene dimethyl acetals
and decomposition of the intermediate triazolines gives α-anilino esters in low
yields.291 The formation of diazomalonamide in addition to aniline from the
enolate of malonamide and phenyl azide is the earliest example of a diazo
transfer reaction.292 Aryl azides undergo net reduction to arylamines and N -
formyl arylamines on reaction with the enolate of acetaldehyde.293

Acyl Azides. The only additions of a Grignard reagent to acyl azides appear to
be those of phenylmagnesium bromide to carbonyl azide (N3CON3) and methyl
and ethyl azidoformates (N3CO2R) to give triazenes in low or unstated yields
with retention of the carbonyl group.284 However, the same Grignard reagent
reacts faster with the carbonyl than the azide group in azido acetone.294 Ethyl
and tert-butyl azidoformates aminate tetrahydropyrans,295 ketone silyl enol ethers
(see Eq. 98),296,297 ketene acetals,298 – 301 and enamines.302,303 A camphorsulfone-
derived acyl azide has also been used.304 Either irradiation or thermolysis or a
combination of the two is used and the reactions proceed either via the triazoline
and aziridine or directly via the latter. Yields vary widely from poor to good.

Sulfonyl Azides. Alkyl- and arylmagnesium halides,305,306 as well as alkyl-307,
aryl- (see Eq. 70),308 – 312 and heteroaryllithium313 reagents add to sulfonyl azides
to give triazene salts which may be reduced to amines 305,310 – 312 or converted
into azides. The latter reaction has been accomplished by an aqueous workup with
the highly hindered 2,6-dimesitylphenyl azide,314 whereas quenching with aque-
ous potassium hydroxide (see Eq. 72)305,315 sodium bicarbonate,313 or sodium
pyrophosphate305,316 (see Eqs. 67 and 74) is necessary with other arenesulfonyl
azide adducts. Thermolysis of the dry triazene salts also leads to azides,307,308

but because of the hazards involved, this procedure is not recommended.
Azidations of certain phosphorus-stabilized anions with 2,4,6-triisopropylben-

zenesulfonyl azide (“trisyl azide,” 41a) may be reversible.317

The most widely used application of sulfonyl azides is in the azidation of
enolates and other stabilized carbanions. The main challenge here is the avoid-
ance of the diazo transfer reaction, which leads to diazo compounds and thus
makes a diastereoselective amination impossible. Addition of the enolates to the
sulfonyl azide proceeds rapidly at low temperatures (−78◦ or lower) to give the
mesomeric ion 42 (Eq. 30).318 Reagents 41, the counter ion M+, the solvent,
and the quenching reagent all influence the subsequent partition between azide
and diazo compound. For enolates of esters (39) and N -acyloxazolidinones (40)
the preferred reagent is trisyl azide (41a); 4-nitrobenzenesulfonyl azide (41c)
promotes diazo transfer, and tosyl azide (41b) usually leads to mixtures of the
two types of products. For ester enolates 39, either lithium or potassium as the
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counter ion in combination with trisyl azide favors azidation (see Eqs. 118, 120,
122, and 123), whereas for N -acyloxazolidinone enolates 40 the potassium eno-
lates are usually employed. Diazidation may occur with ester enolates (but not
with N -acyloxazolidinone enolates) as a consequence of proton transfer from the
initial adduct 42 to the enolate 39 (see Eq. 122); it can be avoided or minimized
by use of the lithium enolate or by inverse addition of the enolate to the sulfonyl
azide. Quenching agents are added after short reaction times (about one minute).
Acetic acid is the reagent of choice for azidation, whereas trifluoroacetic acid
promotes diazo transfer.318 In the triethylamine-promoted reaction of a β-keto
ester with trisyl azide, use of THF or acetonitrile as the solvent leads to the azide
exclusively, whereas in methylene chloride only diazo transfer and other prod-
ucts are formed.319 The use of TMSCl as the quenching agent gives considerably
higher yields than acetic acid in the azidation of a lactone enolate.320 The reasons
for the above experimental observations do not appear to be clear. In the azida-
tion of cyclic β-keto esters, where trisyl azide also promotes azidation,319,321 the
bulky and less electrophilic trisyl azide may inhibit formation of the triazoline
precursor to the diazo compound. However, trisyl azide is the only reagent that
promotes diazo transfer to a number of simple ketone enolates, which do not nor-
mally react with sulfonyl azides.322 – 324 One of the few exceptions is the azidation
of a taxane-derived ketone enolate where reaction with tosyl azide followed by
quenching with acetic acid gives the diazo compound, whereas quenching with
aqueous ammonium chloride leads to the azide.325 In another example, a lactone
lithium enolate reacts with 4-nitrobenzenesulfonyl azide (41c) to give exclu-
sively the azide.326 These examples underscore the fact that exceptions exist to
the above-mentioned rules. Other factors that affect yields and azide/diazo com-
pound partitioning in specific reactions are discussed in the relevant sections of
Scope and Limitations. A reaction in which the N -arenesulfonylamide rather than
the azide is obtained on quenching with aqueous ammonium chloride is shown
in Eq. 106.327

R1

R2

O–M+

39  R2 = OR3

40  R2 = O
N

O

R4

ArSO2N3

R1

R2

O

N
N
N

SO2Ar
41a  Ar =  2,4,6-(i-Pr)3C6H2

41b  Ar = 4-MeC6H4

41c  Ar = 4-O2NC6H4

R1

R2

O

N
N
N

SO2ArM+ M+

42

R1

R2

O

N3

R1

R2

O

N2

A

B

+ ArSO2H

+ ArSO2NH2

quench

(Eq. 30)
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Trifluoromethanesulfonyl azide, prepared in situ from trifluoromethanesulfonyl
chloride and sodium azide in dimethylformamide, is reported to azidate phospho-
noacetic esters and β-dicarbonyl compounds in the presence of triethylamine,309

whereas the same, but preformed, reagent gives the diazo compounds with α-
nitro328 and α-cyano329 carbonyl compounds in the presence of pyridine. The
reason for this dichotomy is not clear but because the former reaction was car-
ried out under typical diazo transfer conditions the products may have been
misidentified.330

Sodium Azide/Ammonium Cerium(IV) Nitrate. Silyl enol ethers give α-azido
ketones on treament with sodium azide and anhydrous ammonium cerium(IV)
nitrate in anhydrous acetonitrile (see Eq. 97).297,325,331 With a glycal, the 2-azido-
1-hydroxy nitrate derivative is formed.332 Low yields due to hydrolysis of the silyl
enol ether may be improved by use of the triisopropylsilyl (TIPS) derivatives,331

although with a sterically encumbered taxane-derived enol ether the TMS deriva-
tive gives higher yields than the TIPS derivative.325 The mechanism is believed
to involve addition of an azide radical to the double bond.

Diphenyl Phosphorazidate. (PhO)2P(O)N3, reacts with aromatic Grignard
and lithium reagents to give aromatic amines after in situ reduction of the initially
formed triazene salt.333,334 Reaction of a lithiated poly(phenylsulfone) with this
reagent is not as clean as the corresponding reaction with tosyl azide.335 Addi-
tion of lithium amide enolates to (PhO)2P(O)N3 at low temperature and trapping
the triazene salt with di-tert-butyl dicarbonate gives protected α-amino amides in
high yields (Eq. 31).336 When the initial addition is carried out at 0◦, the α-diazo
amides are formed exclusively.337 Similarly, reaction of (PhO)2P(O)N3 with an
ester enolate gives exclusively the diazo ester whereas azidation only occurs with
trisyl azide.338

R
N(Me)Ph

O

N
N
N

(PhO)2P
O– Li+

R
N(Me)Ph

O

N–  Li+
N
N

(PhO)2P

(t-BuO2C)2O

      –78°

R
N(Me)Ph

O

NCO2Bu-t
N
N

(PhO)2P

R
N(Me)Ph

O

NCO2Bu-t
N
N

(PhO)2P
OHO H

H2O R
N(Me)Ph

O

NHCO2Bu-t

OO
(Eq. 31)

Miscellaneous Azides. Ethyl (N -methanesulfonyl)azidoformimidate
[N3C (OEt)=NSO2Me] has been used to aminate chiral cyclopentanone enamines
but the yields are low and the reaction could not be extended to the correspond-
ing cyclohexanone enamines.303 Trimethylsilyl azide (TMSN3) transfers the TMS
rather than the azide group to a lactam enolate.339
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Miscellaneous Reagents. Chloramine-T/Osmium Tetroxide. The Sharpless
asymmetric aminohydroxylation system for olefins (4-MeC6H4SO2N(Na)Cl/
OsO4/cinchona alkaloid derived catalysts)340,341 converts silyl enol ethers into
α-(p-tosylamino) ketones in 34–40% yield and 76–92% ee (see Eq. 99).342

N-Chlorocarbamate/Chromium(II) Chloride. Enol ethers (see Eq. 80) and
glycals (see Eq. 84) react with N-chlorocarbamates in the presence of chromous
chloride to produce α-amino carbonyl derivatives.343 Trimethylsilyl enol ethers
give low yields because of their ease of hydrolysis. A radical chain mechanism
has been proposed with the N-haloamide acting as the transfer agent (Eq. 32).344

OR1

R2R4

R3

ClNHCOR5  +  CrCl2 NHCOR5  +  CrCl3

NHCOR5  +
OR1

R2R4

R3

R5CONH

OR1

R2R4

R3

R5CONH ClNHCOR5+
OR1

R2R4

R3

R5CONH Cl NHCOR5+

R2R4

R3

R5CONH
OOR1

R2R4

R3

R5CONH Cl
H3O+

(Eq. 32)

Bis[N-(p-Toluenesulfonyl)]selenodiimide. The reagent obtained from the
reaction of chloramine-T with selenium metal, proposed to have structure
TsN=Se=NTs, reacts with TIPS enol ethers in an ene-like reaction to give the
corresponding α-tosylamino enol ethers (see Eq. 100).345 – 349

Nitridomanganese Complexes. Stoichiometric amounts of chiral complexes
of type 43 react with silyl enol ethers in the presence of trifluoroacetic or
p-toluenesulfonic anhydride to give α-(N -trifluroacetyl)amino- and α-(N -p-
tosylamino) ketones, respectively (see Eq. 160).350 – 353 With glycals, the 1-
hydroxy-2-(N -trifluoroacetyl)amino derivatives are formed (see Eq. 83).354 A
mechanism involving approach of the enol ether from the least hindered side
of the 43•TFA complex has been proposed.353

N N

O O

R2

R1

R2

R1

R3R3

43

N

Mn

SCOPE AND LIMITATIONS

Amination of Aliphatic Carbanions
Preparation of Alkyl Amines. The main application of the electrophilic

amination of aliphatic carbanions is in the preparation of hindered amines. These
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are not usually accessible by nucleophilic displacement involving an alkyl halide
and ammonia or an amine and have been prepared by alternate methods such as
the Curtius rearrangement or the Ritter reaction. Examples are shown in Eqs. 10,
12, 33,52 34,355 35,133 36,112 37,182 and 38.356

t-BuCuMeLi  +

NH2
1. Et2O, –20°, 2 h

2. O2, –20°

NHBu-t

(35%) (Eq. 33)

ClNH2, Et2O, sonication
(67%)

Ph

Ph
Ph Li

Ph

Ph
Ph NH2 (Eq. 34)

Li
2,4,6-Me3C6H2SO2ONMe2, Et2O

–10° to –15°; to rt, 15 h

NMe2

(54%) (Eq. 35)

(t-Bu)2Zn   +  Bn2NOBz
THF, (CuOTf)2•C6H6 (1 mol%)

               15-60 min
t-BuNBn2 (98%) (Eq. 36)

O O

N
OSO2Ph

+
1. Et2O, CH2Cl2, 0°, 30 min

2. HCl, EtOH, H2O, reflux, 10 hMgBr NH2
(89%)

(Eq. 37)

Zn2

EtO2C

N=NTs

+
1. THF, –20°, 30 min

2. RaNi, EtOH, reflux, 90 min N
H

CO2Et

(50%)

(Eq. 38)

Preparation of N -alkylanilines from aliphatic Grignard reagents and aryl azides
was discussed previously (Eq. 29). The net insertion of a methylene group
between the alkyl or aryl group of an organolithium reagent and the nitrogen
as part of an amination was also mentioned earlier (Eq. 6).

Both lithium and Grignard reagents are aminated with retention of configu-
ration (Eqs. 39274 and 40220). On the other hand, preparation of an organozinc
reagent from a chiral, non-racemic bromide with highly reactive zinc, subse-
quent amination with an azo ester, and reduction of the adduct gives the racemic
amine; racemization is believed to have occurred during preparation of the zinc
reagent.357

NH2

H

1. t-BuLi (2 eq), pentane, –78°, 30 min; to rt
2. PhSCH2N3, THF, pentane, –78°; to rt, 1.5 h

(45%)
Br

H

H

H

H

H
3. NH4Cl, H2O
4. KOH, DMSO, rt, 1 h

(Eq. 39)
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Ph
S

Cl

Ph
NHAc

A: 1. [3,5-(CF3)2C6H3]2C=NOTs, toluene, Et2O, –70°, 10 d
     2. Ac2O, Et3N
B: 1. PhSCH2N3, THF, –78°, 1 h
     2. Ac2O, –60° to –30°
     3. KOH, DMSO, 0° to rt, 3 h

(25%)  90% ee

(82%)  92-95% ee

O

Cl

THF,  –78° to –30° Ph
MgCl A or BEtMgCl (5 eq)

(Eq. 40)

Zirconium complexes, generated in situ by addition of HZrCp2Cl to alkenes,
can be aminated with O-(mesitylenesulfonyl)hydroxylamine; an example is
shown in Eq. 41.116 When the initial hydrozirconation is not regioselective, as
with styrene, mixtures of amines are formed. A reaction that permits amination
at the tertiary carbon in a similar substrate is discussed below (Eq. 49).

1. HZrCp2Cl (inverse addition), THF,  rt

2. 2,4,6-Me3C6H2SO2ONH2, 0°, 10 min
NH2

(88%) (Eq. 41)

Chiral ligands of type 44 may be prepared from chiral amines via ami-
docuprates (Eq. 42).54

n-BuCu(CN)Li +
1. THF, –40°, 15 min

2. O2, –78°, 20 min; to rt

NHLi NHBu-n

44 (60%)

(Eq. 42)

Preparation of Alkyl Hydrazines. As mentioned previously (Eq. 19), addi-
tions of aliphatic carbanions to unactivated azo compounds are rare. Another
example is shown in Eq. 43.208 On the other hand, additions to diaryl azo
compounds (Eq. 44)211 and esters of azodicarboxylic acids (Eq. 46)358 are well
documented. The intermediate anion in Eq. 44 can be trapped with alkyl halides
to give tetrasubstituted hydrazines. An extension of the reaction of Eq. 44 exploits
the ready displacement of the benzotriazole functionality by Grignard reagents
(Eq. 45).359 Because of the instability of the intermediate 45, the Grignard reagent
is added before the azobenzene in the actual experiments.

MgBr N
N

+
Et2O, 0° to rt, 1 h

HN
N

(86%) (Eq. 43)

t-BuLi  + Ph
N

N
Ph

hexane, THF, –78°, 2 h

           rt, 10 h

Ph
N

H
N

Ph
t-Bu

(47%) (Eq. 44)
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N
NN

1. n-BuLi, THF, –78°

2. PhN=NPh NH
Nn-Bu
Ph

Ph
NLi

NN
Ph

Ph

NN

2. NH4Cl

(54%)45
Ph PhPh

1. n-BuMgBr,
   –78° to rt

(Eq. 45)

ZnBr

+ t-BuO2C
N

N
CO2Bu-t THF, 0°, 1 h t-BuO2C

H
N

N
CO2Bu-t

(75%)

(Eq. 46)

Hydrazines may also be obtained via amidocuprates (Eq. 47)54 but the yields
are low. Addition of Grignard reagents to diazonium salts provides azo com-
pounds, which may be reduced to hydrazines. Yields in the former reaction are
often low and the requirement to use dry diazonium salts adds a potential hazard.
The best yields are obtained with o-benzenedisulfonimide salts (Eq. 48).191

t-BuCu(CN)Li
1. Ph2NNHLi, THF, –40°, 30 min

2. O2, –78°, 30 min
t-Bu

N
H

N
Ph

Ph

(30%) (Eq. 47)

Cl

N2
+ O2

S
N

S
O2

–t-BuMgX +
THF, –78°, 1 h

 to rt
Cl

N
N

Bu-t

(83%)

(Eq. 48)

A wide variety of N -alkyl hydrazinedicarboxylic esters may be obtained in
excellent yields by the hydrohydrazination reaction depicted in Eq. 49.215 Use
of cobalt complexes results in more highly regioselective reactions at the cost of
lower reaction rates as compared to additions where manganese complexes are
employed. Di(tert-butyl) azodicarboxylate is the preferred azo ester; reduction of
the N=N double bond becomes more prominent when less hindered azo esters are
used. Alcoholic solvents are essential; the reaction fails when methylene chloride
or THF is used.

PhSiH3, t-BuO2CN=NCO2Bu-t

cobalt complex (5 mol%), EtOH, rt, 5 h

L = MeOH

N
CO2Bu-t

NHCO2Bu-t
(90%)

N
Co

O

O
O

O

NH2O

L

cobalt complex

(Eq. 49)
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Preparation of Alkyl Azides. A hydroazidation reaction similar to the reac-
tion of Eq. 49 permits preparation of alkyl azides (Eq. 50).215

3. TsN3, t-BuO2H, rt, 5 min
4. (Me2SiH)2O, rt, 10 h

t-Bu OH

N

Ph
Ph

OK

O

ligand
Bu-t

BnO

O
BnO

O

N3

(77%)

1. Co(BF4)3•6 H2O (6 mol%), ligand (6 mol%), 
   EtOH, rt, 10 min
2. Substrate

(Eq. 50)

Amination of Allylic and Propargylic Carbanions
The literature in this area is fairly sparse, presumably because of the ease of

preparation of allyl- and propargylamines by nucleophilic amination. The reaction
of allylindium species with aryl azides to give N -allylarylamines was mentioned
earlier (Eq. 25). It has also been applied to the indium species derived from
methyl 2-(bromomethyl)acrylate.269 The amination of alkylzirconium species
mentioned above (Eq. 41) can also be applied to allenes (Eq. 51).116

1. HZrCp2Cl (inverse addition), THF,  rt

2. 2,4,6-Me3C6H2SO2ONH2, 0°, 10 min
•

NH2
(62%) (Eq. 51)

Application of the hydrohydrazination mentioned above (Eq. 49) to dienes and
enynes gives N -allyl- and N -propargyl- (Eq. 52)216 hydrazinedicarboxylic esters
in generally good yields. Serious competition from the Diels-Alder reaction is a
problem only with very reactive dienes such as cyclopentadiene.

Ph
Ph(Me2SiH)2O, t-BuO2CN=NCO2Bu-t

cobalt complex (5 mol%), EtOH, rt, 2 h
N
NHCO2Bu-t

CO2Bu-t
(56%)

L = MeOH

N
Co

O

O
O

O

NH2O

L

cobalt complex

(Eq. 52)

Amination of Arylmethyl and Heteroarylmethyl Carbanions
Arylmethyl carbanions such as benzyl carbanions in general undergo most of

the amination reactions discussed for aliphatic carbanions. The difference is that
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they may often be generated directly by metalation of the arylmethyl compounds
as shown in Eq. 53.136 Heteroarylmethyl carbanions frequently are also accessible
by direct metalation but they have been used in electrophilic aminations much
less frequently, although the method shown in Eq. 54212 should be applicable to
other aminating reagents.

H
N 1. n-BuLi (2.1 eq), THF, hexane, 0°

H
N

NEt2

(43%)
2. 2,4,6-Me3C6H2SO2ONEt2, –78°,
    to rt; rt, overnight

(Eq. 53)

N
N

1. LDA (2 eq), THF, hexane, 1 h

2. PhN=NPh, –78°, 10 min
(77%)

Ph
N

N
H

Ph

(Eq. 54)

Catalytic hydrohydrazination of vinylarenes and vinylheteroarenes proceeds
regioselectively and with often excellent yields (Eq. 55).215

3. substrate, 0°, 5 h

N

N
Me

N

N
Me

N
NHCO2Bu-t

CO2Bu-t

1. manganese complex (1 mol%), i-PrOH, rt to 0°
2. PhSiH3, t-BuO2CN=NCO2Bu-t, 0°

(88%)

manganese complex

Mn

O
O

O

O

O
O

Bu-t

t-Bu
t-Bu

t-Bu
t-Bu

Bu-t
(Eq. 55)

Amination of Vinyl and Allenyl Carbanions
Amination of vinyl carbanions gives enamines (Eqs. 56133 and 5755) or their

derivatives (Eq. 58).286 Only arylamines are isolated when products of type 46
are hydrolyzed with acid.

Li
2,4,6-Me3C6H2SO2ONEt2, Et2O or Et2O/THF

                  –10° to –20°; to rt, 14 h
(28%)NEt2 (Eq. 56)

1. (i-Pr)2NLi, THF, –78° to –40°, 40 min
2. 1,2-(O2N)2C6H4, THF, –78°

Ph
N(Pr-i)2

(60%)

Ph
Cu(CN)ZnCl 3. O2, –78°, 30 min

(Eq. 57)

Ph
MgBr

Ph

N3

OMe

+
THF, rt, 2 h

Ph

Ph
N

N

H
N

OMe
46 (55%)

(Eq. 58)
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In situ generated allenyltitanium complexes of type 47 are aminated by
azodicarboxylic esters and the products may be degraded to α-hydrazino acids
(Eq. 59).360 High α-symmetric induction is achieved only when R is a methyl
group; when it is n-butyl or isobutyl, the enantiomeric excess in the product
decreases to 55% and 27%, respectively.

TMS
OP(O)(OEt)2

R
+ Ti(OPr-i)4

i-PrMgBr (3 eq), Et2O

          –50°, 2 h
•

TMS

(i-PrO)2Ti
OP(O)(OEt)2

R

t-BuO2CN=NCO2Bu-t

    –78°; to 0°, 1 h

TMS
NCO2Bu-t

R

(77%) 81% ee

R = Me (94% ee)
47

HN
CO2Bu-t

HO2C
NCO2Bu-t

R

HN
CO2Bu-t

(80-83%)

RuCl3

NaIO4

(Eq. 59)

Amination of Ethynyl Carbanions

Amination of alkynylcuprates gives ynamines (Eq. 60);135 the yields are based
on two of the three ethynyl groups reacting. Yields are very low with organo-
lithium and Grignard reagents.135 Amination of lithium bis(phenylethynyl)cuprate
with Ph2P(O)ONH2 gives phenylacetonitrile by rearrangement of the initially
formed primary ynamine.139 Imines of primary ynamines, however, can be iso-
lated (Eq. 61).178 Phenylethynylsodium and tosyl azide react to give the triazoline
by cycloaddition rather than the ethynyl azide.361

(RC C)3CuLi2
Me2NX, Et2O

RC CNMe2

R
t-Bu
Ph

X
Ph2P(O)O
MsO

(71%)
(52%)

(Eq. 60)

(PhC C)3CuLi2 NOSO2Ph
Ph

Et2O, rt, 20 h
N

Ph
(39%)Ph+ (Eq. 61)

Amination of Aryl Carbanions

Preparation of Arylamines. Many methods to prepare arylamines by elec-
trophilic amination are available. Some have been mentioned previously (Eqs. 13,
15, 22, 24, 25, 26, 28, and 29) and some of the methods described for the
preparation of alkylamines (Eqs. 33, 35–37) can also be used to synthesize ary-
lamines. Additional methods are shown in Eqs. 62,73 63,82 64,101 65264 66,333,334

and 67.305 The recently developed direct catalytic amination of aryl halides and
aryl sulfonates,362 – 373 and arylboronic acids,374 however, has the advantage over
these methods of requiring one or more fewer steps. The approach that merits
consideration will need to be decided based on each individual objective.
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NC MgCl•LiCl
N
Me

Br

Cl

THF, –45°, 15 min
NC

Me
N

Br

(70%)
(Eq. 62)

MeONHLi (2 eq)
Li

+
1. Et2O, hexane, –78° to –15°, 2 h

2. BzCl

NHBz

(96%)

(Eq. 63)

Cu(CN)Li2
+

F

2
t-BuNHOTMS

THF, –50° to rt, 2 h

F

NHBu-t

(45%)

(Eq. 64)

MgBr
+   TMSCH2N3

1. Et2O, rt, 3 h

2. H2O

NH2
(79%) (Eq. 65)

MgBr
+   (PhO)2P(O)N3

1. Et2O, –73° to –69°, 2 h NH2

(67%)

2. NaAlH2(OCH2CH2OMe)2,
   toluene, –70° to 0°, 1 h

(Eq. 66)

MgBr

Bn

1. TsN3, THF, 0°

2. Na4P2O7, H2O

2. RaNi, NaOH

3. HCl

N3

Bn

NH3
+ Cl–

Bn

(49%)

(71%)

(Eq. 67)

The situation is more favorable when the aryl carbanion can be prepared
directly from the arene by ortho lithiation. Examples are shown in Eqs. 68,53

69 (the copper reagent gives higher yields than the lithium reagent),128 and
70.311 Phenylthiomethyl azide (32) does not react with aryllithium reagents
but this failure can be remedied by converting them into magnesium reagents
(Eq. 71).274,275,375 Trimethylsilylmethyl azide (Eq. 65) aminates aryllithium
reagents but the yields are lower than for Grignard reagents. On the other hand,
the reactions of diphenyl phosphorazidate, illustrated in Eq. 66, work equally
well with organolithium reagents.

OMe
CONEt2

1. s-BuLi, TMEDA, THF, –78°, 50 min
2. PhNHCu(CN)Li, –78°, 2 h

OMe
CONEt2

NHPh

(63%)
3. O2, –78°, 30 min

(Eq. 68)

O

O
1. n-BuLi, THF, Et2O, 0°, 2 h; rt, 22 h
2. CuI, 0°, 15 min

O

O

NHCO2Bu-t

(45%)

3. TsON(Li)CO2Bu-t, –78°, 30 min; 0°, 2 h
(Eq. 69)
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O

N
1. s-BuLi, TMEDA, THF, –78°, 1 h
2. TsN3

O

N

NH2
(50%)

3. NaBH4, n-Bu4N+ HSO4
– (Eq. 70)

O

O

CONEt2

1. s-BuLi, THF, hexane
2. MgBr2

3. PhSCH2N3, –78° to 0°; 0°, 1 h
O

O

CONEt2

NH2

(71%)

4. NH4Cl, H2O
5. 50% KOH in H2O, MeOH, THF, rt, 16 h

(Eq. 71)

The direct amination of arenes with chloramines in the presence of redox
catalysts is another alternative that usually proceeds with good yields.376

Preparation of Aryl Hydrazines. All methods mentioned above for the
hydrazination of alkyl carbanions may also be applied to aryl carbanions. Addi-
tion of phenyllithium to a cyclic azo compound followed by in situ arylation
to give a tetrasubstituted hydrazine was mentioned earlier (Eq. 19). An alternate
hydrazination method, not involving aryl anions, is the reaction of electron-rich
arenes with azodicarboxylic esters and aroylazocarboxylic esters under the influ-
ence of various catalysts.230,377 – 384

Preparation of Aryl Azides. Aryl azides may be prepared by reaction of
aryl carbanions with tosyl azide followed by treatment of the triazene salt with
sodium pyrophosphate (Eq. 67)305 or aqueous base (Eq. 72).315

1. n-BuLi (5.4 eq), Et2O, rt, 5 h
2. TsN3, rt, overnight

(28%) (6%)

Fe Fe FeN3 N3

N3

+
3. 10% KOH in H2O

(Eq. 72)

Amination of Heterocyclic Carbanions

Aminations in this area involve anions of both π-excessive and π-deficient
heterocycles, which are generated from the halo compounds or by direct
metalation. Most of the aminating reagents seem to be applicable except that
phenylthiomethyl azide (32) fails with the 2-lithium or 2-copper derivatives of
furan, thiophene, N -methylpyrrole, and N -methylindole.274 Similarly, chloramine
and O-methylhydroxylamine, but not phenyl azide, fail to aminate 2-lithio-
1-methylimidazole 66 and the MeN(Li)OMe nitrenoid does not react with 2-
lithiothiophene.97 The reactions that appear to be most widely applicable to
heterocyclic carbanions are shown in Eqs. 73,100,101 74,316 and 75.358
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1. CuCN, THF, –40°, 20 min

2. R2NHOTMS, –50° to rt, 2 h
R1Li R1NHR2

R1

2-thienyl
3-pyridyl
2-benzo[b]thienyl

R2

i-Pr
TMS
TMS

(65%)
(58%)
(58%)

R2 = H after hydrolytic workup

(Eq. 73)

S

Li

O

O
1. TsN3, Et2O, –78°

2. Na4P2O7, H2O, rt, overnight S

N3

O

O (65%) (Eq. 74)

S ZnBr

t-BuO2CN=NCO2Bu-t

         THF, 0°, 1 h S N
CO2Bu-t

NHCO2Bu-t
(80%) (Eq. 75)

Amination of Aldehyde Enolates, Enol Ethers, and Enamines

There appear to be no reports of aminations of aldehyde enolates in the lit-
erature, presumably because of their instability and their tendency to undergo
aldol self-condensations. Since electrophilic hydroxylations of sterically hindered
aldehyde enolates have been reported,152 these should also be amenable to elec-
trophilic amination. α-Amino aldehydes or their derivatives, however, can be gen-
erated by the use of aldehyde enol ethers or enamines, either as substrates, or as in
situ generated intermediates. An example of the latter is shown in Eq. 76223 where
the aldehyde product is isolated.222,226,229,385 The mechanism of this reaction
was discussed earlier (Eq. 21). D-Proline gives the enantiomeric product.224,227

Derivatives of proline385,386 and L-azetidinecarboxylic acid222,223,229 are also used
as catalysts. In other applications of this method the products are reduced in situ to
the α-amino alcohols221,223,227 or their cyclization products.222 – 225,386 An example
of the latter reaction sequence involves a diastereoselctive Michael addition to an
α,β-unsaturated aldehyde to generate the precursor aldehyde enolate (Eq. 77).225

L-Proline in this reaction gives lower diastereo- and enantioselectivities. Reaction
of α-branched aldehydes with chloramine-T in the presence of L-proline gives the
racemic α-tosylamino aldehydes in high yield (Eq. 78).78 A similar reaction with
sulfonyl azides also produces α-tosylamino aldehydes, but with modest yields
and enantioselectivities (Eq. 79).386a

CHO

1. L-proline (0.5 eq), CH2Cl2, 0°; rt, 1 h
2. EtO2CN=NCO2Et, rt, 2.5 d

CHO

N NHCO2Et
CO2Et

(54%) 86% ee

3. H2O

(Eq. 76)



34 ORGANIC REACTIONS

CHO

(1.5 eq)
+   BnSH

N
H

Ar
Ar

OTMS
(0.1 eq)

BzOH, toluene, –15°, 16 h CHO
SBn

  EtO2CN=NCO2Et

       –15°, 16 h

CHO
SBn

N
HN

CO2Et
CO2Et

1. NaBH4, MeOH, 0°, 10 min

2. NaOH O
N

O
N
H

EtO2C

SBn

(63%) 90% de, >99% ee

Ar = 3,5-(CF3)2C6H3

(Eq. 77)

TsN(Cl)Na•x H2O, L-proline (2 mol%), 

                MeCN, rt, 2 d

CHO CHO

NHTs (86%) (Eq. 78)

CHO

CHO

NHSO2C6H4NO2-44-O2NC6H4SO2N3, L-proline (1 eq), 

                EtOH, rt, 1 d

OMe OMe (49%) 69% ee

(Eq. 79)

Examples where enol ethers of aldehydes are used as starting materials are
shown in Eqs. 80,343 81,387 and 82.241 Glycals may also serve as substrates
(Eqs. 83354 and 84343).

OEt +   ClNHCO2Bn

1. CHCl3, MeOH, –78°
2. CrCl2, –78°

OEt

OMe
BnO2CHN

(81%)
3. NaOMe, –78° to rt

(Eq. 80)

OBu-n
O2N

N3

+
 CHCl3, 40°, 70 h

n-BuO

OAc H
N

NO2

NN
N

OBu-n

NO2

(96%)

AcOH, PhH 

50°, 10 min
N

OBu-n

NO2

H

+
(88%)

(Eq. 81)

O
1. MeO2CN=NCO2Me

2. HCl, MeOH

O

OMe
N

MeO2CNH

MeO2C

(85%) (Eq. 82)
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+
1. 2,6-(t-Bu)2-4-Me-pyridine, CH2Cl2

2. (CF3CO)2O, –78° to rt, 5-6 h
(2 eq)

(80%)  C2 de 86%

O

BnO

BnO

O

BnO

BnO

OH
NHCOCF3

2

N N

O O

N

Mn

(Eq. 83)

O

AcO

OAc

AcO 1. ClNHCO2CH2CH2Cl, CHCl3,
   MeOH, –78°

(55%)
O

AcO

OAc

AcO

NHCO2CH2CH2Cl

OMe

2. CrCl2
3. MeOH, AgNO3

(Eq. 84)

Enamines may serve as precursors as well (Eqs. 85195 and 8674). The latter
reaction is of interest for the formation of rearrangement product 48, which
apparently has not been followed up as a means of preparing α-amino aldehydes.
A mechanism involving an aziridinium intermediate has been proposed.74

Ph
NEt2

HO2C

N2
+ Cl–

+
NaOAc, H2O

     pH 5-6

Ph CHO

N
N
H

CO2H

(89%)

(Eq. 85)

N
Me2NCl+

    dioxane, Et2O, 0°, 2 h

  rt, overnight; reflux, 5 h NMe2

CHO N
CHO

+

(53%)
 48 (24%)

(Eq. 86)

Amination of Ketone Enolates, Enol Ethers, and Enamines
With ketone enolates, issues of site selectivity arise. Generation of enolates

under conditions of kinetic control results in preferential amination at the less sub-
stituted α-carbon (product 49, Eq. 87;388 Eq. 88217) unless one of the α-positions
is benzylic (Eq. 89).134 Trialkylsilyl groups may also be used to direct aminations
(Eq. 90).156 On the other hand, in reactions involving ketone enamine interme-
diates under thermodynamic control, amination at the more highly substituted
α-carbon predominates, but as the bulk at that position increases, reaction times
increase and selectivity decreases (products 51 and 52, Eq. 91).228 A potential
solution to this problem that apparently has not been explored extensively is to
selectively generate silyl enol ethers and treat them with one of the reagents that
are known to aminate these derivatives. The lone example of this approach is
shown in Eq. 92.173
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R1 R2
O

1. Ph(n-Bu)NMnMe•4 LiBr,THF, rt, 1 h

2. R4O2CN=NCO2R4, –30°; rt, 2.5 h

E = N(CO2R4)NHCO2R4

R1

H
n-C5H11

Et

R2

H
Me
Et

R3

Me
Me
Bn

R4

Et
t-Bu
Et

49

49 + 50
(50%)
(60%)
(93%)

49:50
1:1

98:2
98:2

R3

R1 R2
O

R3E

R1 R2
O

R3 E

50

49 dr
—
—
3:1

+

(Eq. 87)

O

TBSO

O
OBu-t

O

TBSO

O
OBu-tNBnO2CN

H CO2Bn

1. LDA, THF, –78°

2. BnO2CN=NCO2Bn, –78°

(74%)

(Eq. 88)

O 1. unspecified Li base, Et2O or THF

2. Me2NOMs, –30° to 0°

O

NMe2

(52%) (Eq. 89)

O
Pr-i

i-Pr

O
Pr-i

i-Pr
NHCO2Bu-tNCO2Bu-t

O

4-O2NC6H4

1. LDA, THF, 0°

2.                                            , –100° to rt

(29%) 88% de

t-BuMe2Si t-BuMe2Si

(Eq. 90)

O
R

EtO2CN=NCO2Et, L-proline (0.1 eq)

                MeCN, rt, time

O
R

O
R+

E = N(CO2Et)NHCO2Et

51 52Time
10 h
20 h
95 h

51 + 52
(80%)
(77%)
(69%)

51:52
10:1
4:1
3:1

51 ee
95%
98%
99%

R
Me
Et
i-Pr

EE
(Eq. 91)

OTMS
  TsN=IPh (0.67 eq),

  CuClO4 (8 mol%)

   MeCN, 0°, 1.5 h

O
NHTs

(53%)

(Eq. 92)

Ketone silyl enol ethers react with derivatives of diacyl azo compounds at
room temperature245 or on heating242,243 (see also Eq. 82) as well as enantio-
selectively under the influence of silver trifluoromethanesulfonate and BINAP
(Eq. 93)244 or copper bis(oxazoline) complexes (Eq. 94). The latter is proposed to
proceed via a formal hetero Diels-Alder adduct.252 Ketones themselves react with
azodicarboxylic esters either thermally246,389,390 or in the presence of potassium
carbonate390 but yields are low. Higher yields can be achieved with LDA,391 – 394

(see also Eq. 88), LiHMDS,395,396 or KOBu-t325 as the bases. Aryl diazonium
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salts also aminate lithium enolates (Eq. 95) but yields can be low.185 Better yields
could potentially be achieved with arenediazonium o-benzenedisulfonimides
(26d), which are very efficient in the amination of Grignard reagents (see
Eq. 48).191

OTMS
1. BnO2CN=NCO2Bn, AgOTf, 
   (R)-BINAP (12 mol%), THF, 
   2,4,6-Me3C6H3, –45°, 1 h

O

N
N
H CO2Bn

(95%) 86% ee

   2. HF, THF
BnO2C (Eq. 93)

copper complex (10 mol%),
CF3CH2OH (1 eq), THF, –78°, overnight

(94%) 99% ee

TMSO

O
N NH

CO2CH2CCl3

O
N

O
O

N

OO

N

t-Bu t-Bu
Cu

(OTf)2

NN
N

Cl3CCH2O2C

O

OO

2+

N

N
N CO2CH2CCl3

O

O

O
CuL2

TMSO

CF3CH2OH

copper complex (Eq. 94)

OLi

+  PhN2
+ BF4

–
THF, –78°

O

N N
Ph

(72%) (Eq. 95)

Hypervalent iodine reagents aminate ketone enol ethers.172 – 174 Yields are
often high but enantioselectivities in catalyzed reactions are generally consid-
erably lower than the 52% achieved in Eq. 17.174 Other reagents that aminate
ketone enol ethers include N -arenesulfonyloxy carbamates119,122,397 (Eq. 96),122

the sodium azide/ammonium cerium(IV) nitrate reagent297,331 (Eq. 97),297 ethyl
azidoformate,296,397 (Eq. 98),296 the N -chlorocarbamate/chromium(II) chloride
reagent (Eq. 32),343 the chloramine-T/osmium tetroxide system (Eq. 99),342 and
bis[N -(p-toluenesulfonyl)]selenodiimide (Eq. 100).345 Nitridomanganese comp-
lexes (cf. Eq. 83) can also be applied to the amination of silyl enol ethers.352,353,398

OTMS

   +   4-O2NC6H4SO2ONHCO2Et
CH2Cl2, CaO

rt, 3.5 h

O
NHCO2Et

(67%)

(Eq. 96)
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OO

O
OTBS

NaN3, Ce(NH4)2(NO3)6

 MeCN, –15°, 2 h; to rt

OO

O
O

N3

H

(70%) (Eq. 97)

OTMS

+  EtO2CN3

1. 100°, 15 h

2. SiO2

O

NHCO2Et (40%) (Eq. 98)

OTMS

t-Bu

rt, 15 min

a see List of Abbreviations

O

t-Bu

NHTs

+  TsN(Cl)Na

(34%) 76% ee

(DHQD)2CLBa (0.008 eq),
OsO4 (0.004 eq), t-BuOH/H2O (1:1)

(Eq. 99)

OSi(Pr-i)3

+  "TsN=Se=NTs"
CH2Cl2, 0°

OSi(Pr-i)3

TsNH
(62%) (Eq. 100)

Enamines derived from ketones undergo some of the same reactions
described for enol ethers, for example with arenesulfonyloxy carbamates as in
Eq. 96120,121,399 and with ethyl azidoformate as in Eq. 98.302,303 The reaction
with activated azo compounds occurs readily at room temperature or below
and diamination often cannot be avoided with the more electrophilic reagents
(Eq. 101).400,401 The proline-catalyzed reaction of ketones with azodicarboxylic
esters, which proceeds by way of the enamines, has been mentioned above
(Eq. 91).

N

1. PhN=NCOPh, Et2O, 0°, 15 min

2. HCl, Me2CO, 0°, few min

O

N

1. PhCON=NCO2Me (1 eq), Et2O, –30°, 3 h

2. HCl, Me2CO, 5°, 48 h

O

E

O

EE+

E = C(CO2Me)NHCOPh

(20%) (26%)

(55%)
NHCOPh

Ph

(Eq. 101)

In the Morita-Baylis-Hillman reaction, enolate intermediates are formed by
addition of a nucleophilic catalyst to an α,β-unsaturated carbonyl compound.
These intermediates can be trapped with a variety of electrophiles,402 including
azodicarboxylic esters (Eq. 102).403 The reaction fails with ethyl acrylate.
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C7H13-n

O
C7H13-n

O

N
NHCO2EtEtO2C

1,4-diazabicyclo[2.2.2]octane (cat)

               THF, rt, 8 h

(61%)

EtO2C
N

N
CO2Et+

(Eq. 102)

α-Keto esters can be aminated enantioselectively with azodicarboxylic esters
under the influence of copper bis(oxazoline) catalysts (Eq. 103);404 the initial
products were not isolated but were reduced and cyclized to give derivatives of
syn-β-amino-α-hydroxy esters.

CO2Et

O

N

OO

N
Cu

(OTf)2Ph Ph

Ph Ph

BnO2C
N

N
CO2Bn

CO2Et

O

N
BnO2C NHCO2Bn

 L-selectride, THF

–78°, 1 h; to rt
CO2Et

N
BnO2C NHCO2Bn

OH

1. NaOH, H2O, rt, 2 h

2. TMSCH2N2, MeOH, 15 min
ON

O

CO2Me

BnO2CNH
(62%) 93% ee

(10 mol%)

CH2Cl2, rt, 16 h
+

(Eq. 103)

Enamines derived from cyclohexane-1,2-dione react readily with azodicar-
boxylic esters but the enamine products are very resistant to hydrolysis.249

Amination of Imine and Hydrazone Anions

Imines have the advantage over ketones of permitting the introduction of a
chiral auxiliary on the imine nitrogen, which is then removed when the imine is
hydrolyzed to the ketone. An example involving a manganese enamine is shown
in Eq. 104.388 Amination occurs selectively at the less substituted α-carbon, as
shown by the distribution of products 53 and 54; the configuration at the newly
created stereogenic center was not reported. Reaction of imines with azodi-
carboxylic esters proceeds slowly at room temperature (Eq. 105a), and yields
and diastereoselectivities are comparable to those achieved via the aza enolate
(Eq. 105b).405
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R1 R3
N

t-BuS(O)

R2

R1 R3
NMnN(Me)Ph

t-BuS(O)

R2

 Ph(Me)NMnMe•4 LiBr

         THF, rt, 1 h

1. R4O2CN=NCO2R4, –30°; rt, 2.5 h

2. HCl
R1 R3

O

R2

R1 R3
O

R2E
E

+

53 54

E = N(CO2R4)NHCO2R4

R1

Me
n-C5H11

Et

R2

Me
Me
Et

R3

Me
Me
Bn

R4

Et
t-Bu
t-Bu

53 + 54
(50%)
(65%)
(50%)

*

*
R
R
R,S

53 ee
40%
68%
—

53:54
90:10
98:2
99:1

*

(Eq. 104)

N

MeO Bu-i

H

1. LDA, hexane, THF, –45°, 75 min

2. t-BuO2CN=NCO2Bu-t, –78°, 5 min

t-BuO2CN=NCO2Bu-t, rt, 24 h

(85%) 64% ee
N

MeO Bu-i

H
E

E = N(CO2Bu-t)NHCO2Bu-t(82%) 76% ee

(Eq. 105a)

(Eq. 105b)

Hydrazone anions have also been subjected to electrophilic amination. They
react very rapidly at −78◦ but the overall yields of the α-aminated ketones are
only fair (Eq. 106).327 Interestingly, the N -arylsulfonamides rather than the azides
are obtained in the attempted azidations.

Ph

N
Me2N

1. LDA, THF

    0°, 4-6 h

Ph

N
Me2N

2. t-BuO2CN=NCO2Bu-t

      –78°, 2-5 min

2. 2,4,6-(i-Pr)3C6H2SO2N3

Ph

N
Me2N

Ph

O

Ph

O

O3, CH2Cl2

–30°

O3, CH2Cl2

–30°

(66%) (65%)
E = N(CO2Bu-t)NHCO2Bu-t

(69%) (48%)
R = SO2C6H2(Pr-i)3-2,4,6

E E

NHR NHR
–78°, 2-5 min

3. NH4Cl, H2O

(Eq. 106)

Amination of Carboxylic Acid Dianions406

Although electrophilic amination of carboxylic acid dianions is potentially
a very short route to α-amino acids and their derivatives, little work has been
published and yields achieved so far, with few exceptions (Eq. 107),407 are low.
Aminations of the dianions of α,β-unsaturated acids are discussed in the section
on α,β-unsaturated carbonyl compounds (see below).
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Ph CO2H
1. LDA (2.2 eq), THF, HMPA

2. MeONH2, –15° to –10°, 2 h, rt, overnight Ph CO2H

NH2
(55%) (Eq. 107)

Amination of Ester Enolates and Ketene Acetals
Efforts to introduce the amino or substituted amino group directly into

ester enolates by electrophilic amination have met with limited success. O-
[Di(p-methoxyphenyl)]phosphinoylhydroxylamine aminates the enolate of ethyl
phenylacetate (Eq.108),106 but the reaction has not been applied to enolates
that do not contain a second activating group such as phenyl or carbonyl. The
chiral phosphinoyl reagent 12 also has been applied only to phenylacetates
and the products are obtained with low diastereoselectivities (Eq. 109).147 O-
Mesitylenesulfonylhydroxylamine aminates a simple ester in low yield117 and
N ,N -dimethyl-O-methanesulfonylhydroxylamine converts the lithium enolate of
ethyl phenylacetate into ethyl (α-dimethylamino)phenylacetate in 48% yield.134

The amination with oxaziridines,151,154,155,157,158 including chiral, non-racemic
ones such as 55 (Eq. 110),154 is often plagued by low yields and generally poor
diastereoselectivities and sometimes154 side reactions involving the aldehyde that
is a product of the reaction.

Ph CO2Et

1. KOBu-t, –78°, 15 min
2. (4-MeOC6H4)2P(O)ONH2, –78°, 6 h; to rt

Ph CO2Et

NHAc
(76%)

3. Ac2O, Et3N

(Eq. 108)

Ph CO2Et

P
Ph

ONMe2

Ph CO2Et

NMe2
(50%) 23% ee

O

Li 12

THF, –15°

(Eq. 109)

CO2Et

O
N

NC

O

O

i-Pr

1. LDA, THF, –78°, 1 h

2. 55, –78°; to rt, 2-3 h

CO2Et

HN O

O

i-Pr

+

NC

CHO

(49%) 17% de

55

(Eq. 110)

Silyl ketene acetals are aminated by the hypervalent iodine reagent TsN=IPh
(Eq. 111),173 and by EtO2CN(TMS)(OTMS) (see Eq. 124 in the section on ami-
nation of lactones).105

+  TsN=IPh (0.67 eq)
MeCN, –20°

OTMS

OPh
OPh

O

NHTs
(50%)

(Eq. 111)
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Aminations of ester enolates with azodicarboxylic esters and arenesulfonyl
azides are more successful but the most widely used method for the prepara-
tion of chiral, non-racemic α-amino acids involves N -acyloxazolidinones which
are discussed in a separate section (see below). Ester enolates in general react
rapidly with azodicarboxylic esters at low temperature as illustrated below in
connection with β-substituted ester enolates (Eqs. 115–117 and 119). Esters of
azodicarboxylic acid derived from borneol, menthol, and isoborneol aminate
ester enolates with no or low diastereoselectivity.408 Similarly, an ester eno-
late where the alcohol portion is derived from a camphorsulfonamide reacts
with di(tert-butyl) azodicarboxylate with only moderate diastereoselectivity.409

Ketene acetals react with azodicarboxylic esters either slowly at room temperature
(Eq. 112),251 or at low temperatures catalyzed by TiCl4,410,411 Ti(OPr-i)4,409,412

AgOTf,244 or AgClO4. The latter catalyst together with (R)-BINAP furnishes the
amination product with moderate enantioselectivity.244 Much higher diastereos-
electivities are achieved with enol ethers derived from chiral alcohols409,411,412

(Eq. 113).409,412

OMe

OMePh
+   EtO2CN=NCO2Et

PhH, rt, 6 d
OMe

OMePh

NEtO2CNH
CO2Et

(86%)

(Eq. 112)

O

OTMs
SO2N(C6H11-c)2

1. Ti(OPr-i)4, CH2Cl2, –78°
2. t-BuO2CN=NCO2Bu-t, 
   –78°, 5 min O

O
SO2N(C6H11-c)2

N
H

NHCO2Bu-t

CO2Bu-t

(65%) >99.5% de

3. TiCl4
4. Add substrate, –78°, 1 h

(Eq. 113)

Reaction of ester enolates with trisyl azide and short reaction times at −78◦

gives the α-azido esters in 50–70% yields;318,413,414 with 4-nitrobenzenesulfonyl
azide, the diazo esters are formed almost exclusively.318 Azidomethyl phenyl
sulfide and ester enolates give α-amino amides274,275 (Eq. 114),274 but the scope
of this reaction has not been determined.

CO2Me

N
N

NO
SPh

NH2

O
NH

SPh
1. LDA, THF, –78° 1. NH4Cl, H2O

(79%)

2. PhSCH2N3,
   –78° to –20°, 45 min

2. NH4OH, THF,
    rt, 12-24 h

(Eq. 114)

Ketene dimethyl acetals react with phenyl azide to give α-anilido esters after
acid hydrolysis of the intermediate triazolines, but yields are low.291 The reac-
tion of ketene acetals with arenesulfonyl azides does not appear to have been
investigated.
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A considerable amount of work has been carried out on the amination with
azodicarboxylic esters of β-hydroxy esters, a class of compounds where both
enantiomers are readily available by asymmetric reduction of β-keto esters. Yields
are in the range of 50-70% for lithium115,415 – 417 (Eq. 115),417 magnesium,416

zinc,416,418 – 424 and titanium enolates,416 but diastereoselectivities are highest with
zinc enolates (Eq. 116).416 Attack from the less hindered side of zinc enolate 57
accounts for the observed anti selectivity. Similar results are obtained with the
other enantiomer.416 The lithium enolate of the rigidized derivative of ester 56
gives higher yields with a somewhat reduced anti selectivity (Eq. 117). 416

MeO

MeO
CO2Et

OH 1. LDA (4 eq), THF, –78°

2.  t-BuO2CN=NCO2Bu-t
MeO

MeO
CO2Et

OH

N
t-BuO2C NHCO2Bu-t

(55%) 89% de (Eq. 115)

OEt

OH O
1. MeZnBr (1.1 eq), THF, 
    Et2O, 0°

OEt

O O
Zn

1. t-BuO2CN=NCO2Bu-t
   –78°, 10 min

OEt

OH O

N
t-BuO2C NHCO2Bu-t

(63%) >90% de

5756
2. LDA (2.2 eq), –78°, 1 h 2. NH4Cl, H2O

(Eq. 116)

OO

O

1. LDA

2.  t-BuO2CN=NCO2Bu-t, –78°

OO

O
N

NHCO2Bu-tt-BuO2C

(90%), 90% de

(Eq. 117)

Reaction of the lithium enolate of ethyl β-hydroxybutyrate with trisyl azide
furnishes the azide in 77% yield but with only 64% anti diastereomeric excess;
the diazo ester (10%) and the diazide (1%) are also formed.318

Other β-substituents also promote anti selectivity with both azo esters and
trisyl azide. Examples are given in Eqs. 118,425 and 119.426 Use of trisyl azide
in the latter reaction gives the two diastereomeric azides as a 1 : 1 mixture in 90%
yield.426 More remote substituents, however, may reverse the trend (Eq. 120).427

CO2Me
SiMe2Ph

CO2Me
SiMe2Ph

1. LDA, THF, –78°

2. 2,4,6-(i-Pr)3C6H2SO2N3,

    –78° to rt, 10 h

N3

(73%) 95% de

(Eq. 118)
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PhHN

CO2Et
EtO2C 1. LiHMDS (1.2 eq), THF,

   HMPA, –78°; –55°, 1 h
PhHN

CO2Et
EtO2C

N
t-BuO2CNH CO2Bu-t

(80%) 93.5% de

2. t-BuO2CN=NCO2Bu-t, 
   –78°, 4.5 min
3. HOAc

(Eq. 119)

TBDPSO
CO2Me

BOMO
1. KHMDS, THF, –78°, 30 min

TBDPSO
CO2Me

BOMO N3

(70%)

2. 2,4,6-(i-Pr)3C6H2SO2N3, 
   –78°, 20 min

(Eq. 120)

Reaction of silyl ketene acetals with aryldiazonium salts produces α-keto
ester hydrazones196,197 by rearrangement of the initially formed azo compounds
(Eq. 121). The latter are obtained with disubstituted ketene acetals.197

Ph

OMe

OTMS

PhN2
+ BF4

–, pyridine

           0°, 2 h
CO2Me

Ph

N
CO2Me

Ph

NPhNHPhN

(70%)

(Eq. 121)

Amination of Thioester Enolates and Ketene Thioacetals

Only a few examples in this category were found in the literature and azodi-
carboxylic esters are the only aminating reagents that have been used. The
reactivities appear to be similar to those described above for ester enolates and
ketene acetals. The catalyzed enantioselective amination of ketone silyl enol
ethers described in Eq. 94 has also been applied to ketene thioacetals.252

Amination of Lactone Enolates

Lactone enolates behave similarly to ester enolates in electrophilic aminations.
Examples are shown in Eqs. 122428 and 123;429 attack on the less-hindered side
to give the equatorial azide is illustrated by the distribution of products 58 and
59 in Eq. 123.

O

O

O
O

1. KHMDS, THF, –80°; 
   rt, 50 min

O

O

O
O O

O

O
O

H

N3

N3

N3+

(79%) (6%)

2. 2,4,6-(i-Pr)3C6H2SO2N3,
   –80°, 10 min

(Eq. 122)
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O
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O

O

BnO

R1

R2

OBn
N3

N3

58 59

1. KHMDS, toluene, THF, –90°, 15 min

2. 2,4,6-(i-Pr)3C6H3SO2N3, –90°, 2 min

O

BnO
BnO

OBn
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BnO

H

H

R2

H

BnO

58

(0%)

(50%)

(0%)

59

(70%)

(0%)

(60%)
OBn

+

(Eq. 123)

Ester- and lactone-derived silyl enol ethers are aminated by the
Et2OCN(TMS) OTMS reagent (Eq. 124).105

O

OTMS
90°, 5 d

O

O

NHCO2EtEtO2C N
TMS

OTMS
+ (44%) (Eq. 124)

Amination of Amide Enolates and Ketene Aminals

Amide enolates mirror ester enolates in their amination reactions. Secondary
amides can be used by employing two equivalents of the base, but yields in
the only example found in the literature are low to fair.212 Ketene aminals react
with azodicarboxylic esters at room temperature, but yields are low (Eq. 125).251

Eq. 126 shows the application of the copper-catalyzed enantioselective addition
of mixed ketene acetal/aminals to azodicarboxylic esters previously described for
silyl enol ethers in Eq. 94.252 Increasing bulk of the R substituent in the substrate
causes partial or complete amination on the pyrrole, as evidenced by the yields
of products 60 and 61 as R is varied.

N

N

Y

Y

+ RO2C
N

N
CO2R PhH, rt, 3 d

RO2C
N

N
H

CO2R

Y
O
CH2

(18%)
(41%)

R
Et
Me

N
O

Y

(Eq. 125)
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copper complex (5 mol%),
THF, CF3CH2OH

NN
N

Cl3CCH2O2C

O

OO
R OTMS

N

R

N

O

E

R

N

O

E

+

R
Me
t-Bu

60 61

NN
H

N
E =   Cl3CCH2O2C

O

OO

Temp
–78°
–20°

Time
30 min
5 min

60
(96%) 99% ee

(0%)

61
(0%)
(80%)

N

OO

N

t-Bu t-Bu
Cu

(OTf)2

copper complex

(Eq. 126)

Amination of N -Acyloxazolidinone Enolates

This reaction is arguably the most useful and certainly the most widely used
application of the electrophilic C-amination of enolates in organic synthesis. A
number of 4- and 4,5-substituted 2-oxazolidinones are commercially available in
both enantiomeric forms and the chiral auxiliary is easily recovered.430 Reactions
of N -acyloxazolidinone enolates with azo esters431,432 and arenesulfonyl azides433

are rapid even at very low temperatures (−100◦
) and the diastereochemical out-

come is reliably predictable. The facile removal of the chiral auxiliary and ready
conversion of the azide or hydrazino ester functionalities into amines makes these
reactions a standard method for the preparation of D- and L-α-amino acids.

The optimum conditions have been thoroughly worked out,318,431 although a
direct comparison of the diastereodirecting efficiency of various oxazolidinones
does not appear to have been made for aminations. However, they all direct the
incoming electrophile to the less hindered side of the Z-enolate as illustrated
in Eqs. 127431 and 128.434 The diastereomer with the opposite configuration at
the amination site can be obtained using the enantiomeric chiral auxiliary or
from the same N -acyloxazolidinone by a bromination/SN2 displacement sequence
(Eq. 129)431 or a hydroxylation/Mitsunobu reaction protocol.427

Ph N

O

O

O

Bn

LDA, THF, –78°

       30 min Ph N

O

O

O

Bn

Li

 t-BuO2CN=NCO2Bu-t 

CH2Cl2, –78°, 0.5 to 3 min

Ph N

O

O

O

Bn
NR

N
CO2Bu-t

Li+ –

HOAc Ph N

O

O

O

Bn
NR

HN
CO2Bu-t

62  R = CO2Bu-t

(91%) 94% de

(Eq. 127)
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N

O

O

O

Ph

i-Pr

MeO
2. 2,4,6-(i-Pr)3C6H2SO2N3,
   –78°, 15 min
3. HOAc

N

O

O

Oi-Pr

MeO
N3

Ph

(85%) >90% de

1. KHMDS, THF, –78°, 30 min

(Eq. 128)

Ph N

O

O

O

Bn

1. i-Pr2NEt, CH2Cl2, rt
2. (n-Bu)2BOTf, –78°; to rt, 1 h

Ph N

O

O

O

Bn
Br

(98%) 80% de
Me2N

Me2N
NH2

+ N3
–1.                                , CH2Cl2, 0°, 3 h

2. NaHCO3, H2O
Ph N

O

O

O

Bn
N3

(85%) >98% de

3. Add to NBS, CH2Cl2, –78°, 3 h
4. NaHSO3, H2O

(Eq. 129)

Lithium diisopropylamide (LDA) or KHMDS is used as the base although
the former seems to be preferred for reactions with azodicarboxylic esters and
the latter with trisyl azide. In one report435 a mixture of KHMDS and sodium
hydride (one equivalent of each) gave much-improved yields in an azidation.
As little as 5 mol% of sodium tert-butoxide, lanthanum tri(tert-butoxide), or the
conjugate base 62 (Eq. 127) effect the amination, indicating that the external
base serves as initiator whereas anion 62 is the base in the catalytic cycle.436 No
yields were reported in this investigation. Most procedures call for slightly more
than one equivalent of the base except when other acidic protons are present in
the molecule (see below). In one azidation, 1.2 equivalents of KHMDS gave a
mixture of the diazo compound and the azide in low yields, whereas the latter
was formed exclusively in 78% yield with 1.5 equivalents of the base.437 Trisyl
azide is the electrophile of choice for the azidation; 4-nitrobenzenesulfonyl azide
and tosyl azide lead to the diazo compounds either exclusively or in admixture
with the azides. The benzyl and tert-butyl esters of azodicarboxylic acid are the
most widely used members of that class of electrophiles because the products are
easily cleaved to the hydrazines and the former has an aromatic chromophore for
UV detection in chromatography. Azo esters and trisyl azide usually work equally
well although there is one report where the former gives a cleaner product,438

and one instance involving an N -acyloxazolidinone with a sugar attached to
the γ-position where di(tert-butyl) azodicarboxylate reacted (Eq. 135), but trisyl
azide did not.439 Addition of the pre-cooled electrophile solution to the enolate
(or vice versa) is often carried out by means of a cooled or insulated cannula
although one report finds that addition of the solid trisyl azide to the cold enolate
solution gives the highest yield.440 The reaction is usually quenched with acetic
acid after a short period. The effect of other quenching reagents was discussed
in the section on Reagents and Mechanisms.

The following functional groups are tolerated in electrophilic aminations of N -
acyloxazolidinones: Br 441 – 443 (but see below), CH2CO2Bu-t (with one equivalent
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of base),444 NH (with two equivalents of base),445,446 NRCO2Bu-t (with two
equivalents of base when R = H),440,447 – 452 NHAc (with two equivalents of
base),453 RNCO2Bn,454 aliphatic alcohols protected by trialkylsilyl or tosyl,455

protected phenols, phenylselenyl,456 (t-BuO)2P(O)CH2 (with one equivalent of
base),457 and Ph2P(S)CH2 (the amount of base was not reported).458

A few problems have been reported. Cleavage of the N -acyloxazolidinone
occurs to a considerable extent in the reaction of Eq. 130.445,446 A bromine atom
at a distance of five carbons from the carbonyl group causes the enolate to cyclize
under normal procedures (product 64, Eq. 131); azide 63 (n = 3) is obtained
in 40% yield only by adding an excess of trisyl azide early in the enolization
step.443 The α,β-unsaturated N -acyloxazolidinone 65 does not undergo amination
under conditions where its isomer 66 does (Eq. 132).453 However, product 67
epimerized on attempted removal of the auxiliary.

H
N

N5

O

O

O

Bn

1. KHMDS (2.3 eq), THF, –78°, 30 min
2. 2,4,6-(i-Pr)3C6H2SO2N3, –78°, 3 min

H
N

N5

O

O

O

Bn
(34%)

H
N

NH25

O

(24%)

+
N3 N3

3. HOAc, –78° to rt, overnight
4. NaHCO3, H2O

(Eq. 130)
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OO
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n
1. KHMDS, THF, –78°, 30 min

2. 2,4,6-(i-Pr)3C6H2SO2N3
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N

O
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N
O

OO
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+
N3

63 64

n
2
3
4

63
(60-70%)

(0%)
(60-70%)

64
(—)

only product
(—)

n

(Eq. 131)
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1. KHMDS, THF, –78°,
   30 min

N

O

O

O

AcNH Bn

                 67 (53%) 
E = N(CO2Bu-t)NHCO2Bu-t

E2. t-BuO2CN=NCO2Bu-t, 
   CH2Cl2, –78°, 3 min

(Eq. 132)
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In the attempted double diastereoselection shown in Eq. 133, amination of a
pair of enantiomeric N -acyloxazolidinones with (−)-diisobornyl azodicarboxy-
late furnishes a single product for each. The same reactions with dibenzyl azodi-
carboxylate as the electrophile proceed with only 9:1 diasteromeric ratio. These
experiments indicate that the only effect of the bulky isobornyl group is to
enhance the diastereoselectivity, which is controlled by the enolate geometry.408

N

O

O

O

i-Pr

1. LDA,  THF, –78°, 40 min

2. RO2CN=NCO2R, –78°, 4 min
N

O

O

O

i-Pr
E

R
Bn
(–)-isobornyl
Bn
(–)-isobornyl

Yield
(—)

(56%)
(—)

(88%)

% de
80 (S)

100 (S)
80 (R)

100 (R)

E = N(CO2R)NHCO2R

C4 Config.
S
S
R
R

4 4

(Eq. 133)

Alternate routes to chiral α-amino acids and α-amino alcohols that apparently
proceed with somewhat higher diasteroselectivity involve the reactions of achi-
ral α-chloronitroso compounds with chiral enolates or of chiral α-chloronitroso
compounds with achiral enolates (see section on the amination with nitroso com-
pounds in Comparison with Other Methods), but they have not been applied
nearly as frequently as the aminations described above.

Chiral azo amide 68 reacts with an achiral oxazolidinone enolate to give
a single product with the configuration indicated in Eq. 134, but the hydrazino
amide could not be hydrolyzed.219 A remote chiral group attached to an achiral N -
acyloxazolidinone directs a diastereoselctive amination as shown in Eq. 135.459
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N
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O 1. LDA, THF, –78°, 20 min

2. 68,  CH2Cl2, –78°, 7 min

(85%)

68 (Eq. 134)
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N O
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1. LDA, THF, –78°, 30 min
N

CO2Bu-tHN
CO2Bu-t

(70%) 73% de

2. t-BuO2CN=NCO2Bu-t, 
   –78°, 5 min

(Eq. 135)
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The amination of an achiral N -acyloxazolidinone with azo esters may also be
carried out catalytically with magnesium complex 69 as the base (Eq. 136).436

The role of N -methyl-p-toluenesulfonamide, which accelerates the reaction, is
not clear. Enantiomeric excesses are in the range of 82–90% but the catalytic
amination has only been carried out with N -arylmethylcarbonyloxazolidinones.

N -acyloxazolidinones are cleaved to the acid salts by lithium hydroxide/hydro-
gen peroxide.318 The chiral auxiliary is recovered by extraction into an organic
solvent; the acid is obtained by acidification of the aqueous phase.

O

N O

O
F

N N

PhPh

SO2O2S
Mg

69

           t-BuO2CN=NCO2Bu-t, 
69 (10 mol%), TsNHMe (20 mol%)

O

N O

O
F

N
t-BuO2C NHCO2Bu-t

(97%) 90% ee

Et2O, CH2Cl2, –65°, 2 d

(Eq. 136)

Amination of Lactam Enolates

O-(Diphenylphosphinoyl)hydroxylamine (Eq. 137),143 azo esters (Eq. 138),460

and arenesulfonyl azides (Eq. 139)339 have been used to aminate lactam enolates.
In the azidation of the lactam 70,461 the diazo compound 73 predominates over
azide 72 even though trisyl azide is used as the aminating agent; amination with
di(tert-butyl) azodicarboxylate was unsuccessful. The closely related lactam 71462

reacts normally with trisyl azide (Eq. 140).

N
t-BuO2C

H

O

1. LiHMDS, THF, –78° 

2. (Ph2P(O)ONH2

N
t-BuO2C

H

O

NH2

(47%) >82% de

(Eq. 137)
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O
N

(67%) >98% de

2. t-BuO2CN=NCO2Bu-t, –78°, 6 h;
   to rt, 3-6 h

CO2Bu-t

NHCO2Bu-t
(Eq. 138)
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(Eq. 139)
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N

H

RO

m
n

O

1. LDA, THF, –78°, 20 min
N

H

RO

m
n

O

N

H

RO

m
n

O

R = TBDPS
70 or 71

N3 N2+

m
2
1

n
1
2

72 73

72
(20%)
(43%)

73
(64%)
(0%)

Time
10 min
3 h

70
71

2. 2,4,6-(i-Pr)3C6H2SO2N3, 
   –78°, time

(Eq. 140)

Amination of Nitrile-Stabilized Carbanions
Little work could be found on the electrophilic amination of simple nitrile-

stabilized carbanions. The lithium anion of propionitrile reacts normally with an
N-substituted oxaziridine (Eq. 141).158 The amination of nitriles with a camphor-
derived N-unsubstituted oxaziridine was discussed earlier (Eq. 11).151 Aminoma-
lononitrile is formed from malononitrile anion and O-(mesitylenesulfonyl)hydro-
xylamine (Eq. 142).463

CN

1. n-BuLi, hexane, THF, 
    0°, 30 min

NCONEt2 ,
O

2-NCC6H4

CN

NHCONEt2
(56%)

2.

   –78°, 3 h; to rt, 1.5 h

(Eq. 141)

NC CN
2. 2,4,6-Me3C6H2SO2ONH2,
     THF, 0°, 2.5 h
3. TsOH

NC CN

NH3
+ TsO–

(55%)
1. unspecified Na base

(Eq. 142)

The anion of phenylacetonitrile has been aminated with a variety of reagents;
examples are shown in Eq. 143.106,147 In the reaction involving the chiral O-
phosphinoylhydroxylamine, epimerization is believed to have occurred during
isolation of the product.

Ph CN

2. (4-MeOC6H4)2P(O)NH2,
    –78° to rt; rt, overnight
3. Ac2O, Et3N

Ph CN

NMe2
N
Me

P
OPh

ONMe2

1. unspecified Li base, THF

2.                              , –15°

Ph CN

NHAc
(67%)

(62%) 8% ee

O

1. KOBu-t, THF, –78°, 15 min

3. H3O+ (pH 4.5)
(Eq. 143)
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Amination of Nitronates
Only one example involving a number of substituted nitromethane anions was

found in the literature and the reaction with p-toluenesulfonyl azide proceeds
with loss of the nitro group (Eq. 144). Nitromethane itself failed to react under
these conditions.464

NO2

1. KH, THF, rt; 40°, 15 min

2. TsN3, –10° to 0°; 0°, 1 h

Ts N3

(56%)
(Eq. 144)

Amination of Sulfone-Stabilized Carbanions
The few examples indicate that sulfone-stabilized carbanions should react nor-

mally with electrophilic aminating reagents (Eqs. 145158 and 146465) with the
caveat that free α-amino sulfones are unstable.158,465 The β,γ-unsaturated sulfone
74 is aminated at the γ-position (Eq. 147),250 presumably by an ene reaction. The
preparation of α-tosyl azides from nitronates was shown above in Eq. 144. The
scope of this reaction does not seem to have been determined. Reaction of the
anions of nitrobenzyl aryl sulfones with 1-oxa-2-azaspiro[2.5]octane (13a) gives
nitrobenzaldehydes by cleavage of the initially formed amination products.466

Similarly, reaction of the lithium salt of benzyl phenyl sulfone with phenyl azide
gives benzilydeneaniline and phenyl sulfinate.467 No reports on aminations of
sulfoxide-stabilized carbanions were found.

O2
S

Me

O2
S1. n-BuLi, THF, hexane, 0°, 30 min NHCONEt2

(43%)

NCONEt2 ,
O

2-NCC6H42.

   –78°, 3 h; to rt, 1.5 h

(Eq. 145)

S
O2

N

H

Bn
OR

S
O2

N

H

OR

1. n-BuLi, THF, pentane, 
   –78°, 55 min

Bn

N3

R = TBDPS

S
O2

N

H

OR

N3

Bn
+

(24%)(40%)

2. 2,4,6-Me3C6H2SO2N3,
   –78°, 6 h

(Eq. 146)

SO2

NHBu-n

EtO2CN=NCO2Et, MeCN

            reflux, 3 h

SO2

NHBu-n
N

EtO2CNH

EtO2C

(65%)

74

(Eq. 147)

Amination of Phosphorus-Stabilized Carbanions
Only one report on the amination of a phosphine oxide anion (Eq. 148) is

known;467 the product is claimed to have the structure shown but no spectral
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data excluding the isomer where the N=N double bond is conjugated with the
phenyl group were provided.

P
P

1. LiNEt2, PhH, rt, 1 h
2. PhN3, rt, 18 h

N
N
NHPh

(26%)
O

O

3. H2O
(Eq. 148)

All other reactions involve derivatives of methanephosphonic acid and a range
of aminating reagents has been applied, including hydroxylamine derivatives,
oxaziridines, azo esters, and sulfonyl azides. The products are α-amino phospho-
nic acids or derivatives that can be converted into these biologically interesting
analogs of α-amino acids. The best results with methanephosphonic acid deriva-
tives not containing an additional activating group have been obtained so far
with phosphorinanes of type 75 (Eq. 149).317 The diastereoselectivity using the
standard acetic acid quench to generate the azide is disappointing, and yields
from analogous compounds are low, possibly because here the addition of trisyl
azide is reversible. Trapping the triazene salt with acetic anhydride resolves the
problem. Cleavage of the product and removal of the chiral auxiliary gives the
phosphono analog of (S)-phenylglycine.

N
PO Ph

t-Bu

O

75 (2S,6S)

1. LDA, Et2O, –78°, 30 min
2. 2,4,6-Me3C6H2SO2N3, –78°, 5 h N

PO Ph

t-Bu

O

AcN
N
N

C6H2(Pr-i)3-2,4,6

(75%) 86% de

3. Ac2O

(Eq. 149)

Two catalytic enantioselective methods have been developed for β-keto phos-
phonic acid derivatives (Eqs. 150238 and 151468).

O

P(O)(OEt)2

P(C6H3Me2-3,5)2

P(C6H3Me2-3,5)2

P

P

P

P
Pd

O

O
Pd

+2

EtO2CN=NCO2Et

2 BF4
– (2.5 mol%),

Me2CO, rt, 20 h

O

P(O)(OEt)2

N CO2Et
NHCO2Et

(91%) 99% ee

P

P
=

(Eq. 150)
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1.                           (10 mol%), CH2Cl2

2. add substrate, 
   then BnO2CN=NCO2Bn, rt, 140 h

O
P(O)(OEt)2

O
P(O)(OEt)2

N CO2Bn

NHCO2Bn

(85%) 98% ee

N
Zn

N

OO

Ph Ph(OTf)2

(Eq. 151)

Standard amination methods may be used for the synthesis of racemic α-
phosphono α-amino carboxylic esters (Eq. 152).141 No diastereo- or enantiose-
lective syntheses appear to have been reported.

1. NaH, THF, rt, 1 h
2. Ph2P(O)ONH2, THF, –78°, 2 h

(60%)

(EtO)2P CO2Bn

O

(EtO)2P CO2Bn

O NH3
+ –O2CCO2H

3. HO2CCO2H
(Eq. 152)

Amination of Enolates of α,β-Unsaturated Carbonyl Compounds

Enolates of α,β-unsaturated carbonyl compounds can react at either the α- or
γ-position and α,β-unsaturated ketones can react at the α′-position as well. On the
basis of limited evidence, NH2

+ synthons react at the α-position,64,144 whereas
azo esters aminate preferentially at the γ-position144,469 (Eq. 153),144 both by
kinetic control, although there are exceptions (product 77 vs. 76, Eq. 154).469

With an α,β-unsaturated N -acyloxazolidinone, the two constitutiona isomers are
formed in equal amounts (Eq. 155).431 The catalytic method shown in Eq. 156470

is believed to involve a hetero Diels-Alder reaction of the intermediate dienamine.
Allyltin and allylgermanium reagents give mostly or exclusively the products
of an SE2′ reaction (Eqs. 157 and 158).469 The substrates for these reactions
are prepared by addition of tin tetrachloride and trimethylgermanium chloride,
respectively, to the lithium enolates of the corresponding α,β-unsaturated esters.
The generation of the tin substrate can be carried out in situ. Silyl ketene acetal
78, the only example of this type of derivative whose amination was found in
the literature, reacts predominantly at the γ-position (Eq. 159).469

CO2H

1. LiNEt2 (2.0 eq), THF,  –70°, 15 min

2. Ph2P(O)ONH2, –70°, 25 min; rt, 2 h

1. LiNEt2 (2.2 eq), THF,  –70°, 30 min

2. EtO2CN=NCO2Et, –70°, 55 min

CO2H
NH2

(64%)

CO2H

N
(50%)

EtO2CNH
CO2Et

(Eq. 153)
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CO2Et

1. LDA, HMPA, THF, –78°, 70 min
2. EtO2CN=NCO2Et, –78°, 3 min

CO2EtCO2Et

EE

n n n
+

76 77

n
1
2

76
(22%)
(55%)

77
(65%)
(14%)

77 E:Z
1:2

1:1.5

E = N(CO2Et)NHCO2Et

3. MeOH

(Eq. 154)

N
O

OO

Bn

1. LDA, THF, –78°, 30 min
N

O

OO

Bn

N
O

OO

Bn

E

E
+

(51%) 96% de(42%) E:Z = 3:2

E = N(CO2Bu-t)NHCO2Bu-t

2. t-BuO2CN=NCO2Bu-t, CH2Cl2,
    –78°, 0.5 to 3 min

(Eq. 155)

CHO
CHO

N
EtO2C NHCO2Et

MeS
MeS

(43%), 88% ee

1.                          (10 mol%), 

   toluene, rt, 15 min

N
H

OTMS
Ar

Ar

2. EtO2CN=NCO2Et, 1.5 h

(Eq. 156)

Cl3Sn CO2Me

1. EtO2CN=NCO2Et, THF,
   –10°, 30 min

CO2Me
E CO2Me

E
+

(53%) (5%)

E = N(CO2Et)NHCO2Et

2. to –78°; MeOH, –78° to rt

(Eq. 157)

CO2Me

GeMe3
1. EtO2CN=NCO2Et, ZnCl2,
   CH2Cl2, –78°

CO2Me

N
EtO2C NHCO2Et

(55%) E:Z = 6:1

2. add substrate, –78° to 0°, 30 min
3. MeOH

(Eq. 158)

OMe

OTMS

1. EtO2CN=NCO2Et, TiCl4,
   CH2Cl2, –78°

E CO2Me
CO2Me

E
+

(68%) (17%)

E = N(CO2Et)NHCO2Et
78

2. add substrate, –78°, 30 min
3. MeOH

(Eq. 159)

The dianion of trans,trans-hepta-2,4-dienoic acid (sorbic acid) is aminated in
the α-position by Ph2P(O)ONH2 and in the γ-position by diethyl azodicarbo-
xylate.144

The amination of the only derivative of an α,β-unsaturated ketone is shown
in Eq. 160.471
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OTMS

CH2Cl2, TFAA, pyridine, 
       –78° to rt, 3-4 h

O
NHCOCF3

(50%)

N N

O O

N

Mn
(Eq. 160)

Amination of Enolates of α-Cyanocarbonyl and β-Dicarbonyl Compounds
The electrophilic amination of the sodium salts of α-unsubstituted β-
dicarbonyl compounds is one of the few examples of an amination where
hydroxylamine O-sulfonic acid gives useful yields (Eq. 161);472 with two
equivalents of the substrate, pyrroles are formed.472,473 Chloramine,62,64 O-
arylhydroxylamines,93,124,474 O-sulfonylhydroxylamines,134 and O-(diarylphos-
phinoyl)hydroxylamines106,139,475 have also been employed, although a low yield
and formation of the hydroxylation product as a side product have been reported
in one instance with (4-MeOC6H4)2P(O)ONH2.145 Some of these aminations use
chiral auxiliaries in the substrates with modest diastereoselectivities,124,475,476 but
these have been superseded by the catalytic methods discussed below.

OO

 NH2OSO3H, NaOH, H2O

         rt, few minutes
OO

NH2

(100%) (Eq. 161)

The oxaziridine 13a reacts with a variety of β-dicarbonyl and α-cyanocarbonyl
compounds under base catalysis (Eq. 162).149

O

H
N

13a

NC
N

O

OR
+

R = H; toluene, NaOH 

H2O, 0°, 10 min

R = C6H4OMe-4

N

O

ONH2

NH
HN

O
R

N
O

O

+

(48%) (39%)

N

O

OR NH2

(56%)

EtOH, reflux, 5 min

           (95%)

H2N

O

O

H2N

toluene, NaOH, 
H2O, rt, 12 h

(Eq. 162)

Lithium477 and potassium478 enolates of β-dicarbonyl compounds are aminated
by azodicarboxylic esters in good to excellent yields. Diethyl malonate, ethyl
acetoacetate, N ,N -diethyl acetoacetamide, and acetylacetone have also been ami-
nated with diethyl azodicarboxylate under nickel acetylacetonate catalysis,479 and
nickel salicylideneimine complexes catalyze the analogous amination of acetyl-
acetone and its 2-methyl derivative.480
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A number of catalytic, enantioselective reactions of azodicarboxylic esters
with β-dicarbonyl and α-cyanocarbonyl compounds have been recently devel-
oped, using cinchona alkaloids or their derivatives,231,232,481 BINAP-derived pal-
ladium complexes,239 chiral copper bis(oxazoline) complexes,235,237 and chiral
amidines and amines233 as catalysts. With cinchona alkaloid-derived catalysts,
cyanoacetic esters carrying aryl substituents in the α-position give higher selec-
tivities than those with alkyl groups in that position232,481 (Eq. 163).232 With
the quinidine-derived catalyst 79, the newly created stereogenic center has the
S-configuration; the quinine-derived enantiomer furnishes the R-isomer. Cin-
chonine and cinchonidine catalyze the reaction of dibenzyl azodicarboxylate
with ethyl α-ethylacetoacetate but the enantioselectivity is low (47 and 27%
ee, respectively).231 However, α-fluoro-237 and α-alkyl 235 acyl and aroylacetates
respond well to catalysis by chiral copper bis(oxazoline) complexes (Eq. 164).235

The reaction of ethyl α-methylacetoacetate with dibenzyl azodicarboxylate is also
catalyzed by a BINAP-derived palladium complex (95% ee).239 This catalyst
also induces good enantioselectivity in the amination of two cyclic β-dicarbonyl
compounds (Eq. 165).239

NC CO2Et

R
BnO2C

N
N

CO2Bn+

N

NC CO2Et

R N
NHCO2Bn

CO2Bn

R
Me
4-BrC6H4

Time
30 min
1 min

(75%)
(86%)

ee
35%
91%

N

OH

BnO

79 (10 mol%)

toluene, –78°

79

(Eq. 163)

CO2Bu-t
O

t-BuO2C
N

N
CO2Bu-t

+

CH2Cl2, rt, 16 h

CO2Bu-t
O

N CO2Bu-t
NHCO2Bu-t

(89%) 98% ee

N
Cu

N

OO

Ph Ph(OTf)2

(0.5 mol %)

(Eq. 164)

PPh2

PPh2

P

P
Pd

OH2

NCMe

+2

i-PrO2CN=NCO2Pr-i

2 PF6
– (5 mol%), MeOH, rt

P

P

=

Y O

COR

Y O

R
Me
OEt

Y
O
CH2

Time
9 h

31 h
(93%)
(89%)

ee
93%
97%

COR
N

CO2Pr-i

NHCO2Pr-i

(Eq. 165)
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Enolates of β-dicarbonyl and α-cyanocarbonyl compounds have a strong
tendency to form diazo compounds with arenesulfonyl azides. α-Substituted
substrates react normally to give azides482,483 but even then a diazo transfer
(Eq. 166)484 or other transformations319,321,484 may occur as side reactions.

O TsN3, Et3N, Et2O

      rt, 140 h

O
CO2Et

N3

NHTs
O

CO2Et
N2

+

(74%)

(20%)

CO2Et (Eq. 166)

An interesting addition of a sugar azide to the enolate of cyanoacetamide is
shown in Eq. 167.276

O
R

R

R

N3

R = OBn

O
R

R

R

N+ NC CONH2

KOH, DMF, H2O, rt

N
N

NH2

CONH2(85%)

(Eq. 167)

Intramolecular Aminations
Formation of Aziridines. The addition of O-methylhydroxylamine to α,β-

unsaturated carbonyl compounds gives β-methoxyamino derivatives which on
treatment with sodium methoxide at elevated temperatures give aziridines
(Eq. 168).485,486 The products were initially considered to be the isomeric primary
enamines.485 The reaction has been carried out with other leaving groups:
benzyloxy,487 – 489 OCOBu-t ,490 TMSO,491 arenesulfonyloxy492,493 (Eq. 169),492

and trimethylammonium (with formation of an azirine; Eq. 170).494 An example
involving a chiral auxiliary is shown in Eq. 171.487,488

Ph Ph

O
MeONH2, EtOH

      80°, 3 h Ph Ph

O

Ph

O

MeONH
NaOMe, MeOH

   60°, 10 min

H
N

(64%)

(94%)
Ph

ONH
MeO

Ph Ph

(Eq. 168)

MeO2C
CO2Me

CO2Me 2,4,6-Me3C6H2SO2ONH2

 BF3•Et2O, Et2O, rt, 48 h
MeO2C

CO2Me

CO2Me

NHOSO2C6H2Me3-2,4,6

Et3N, CH2Cl2, rt

MeO2C
CO2Me

CO2Me
N
H

(50%)

(100%)
(Eq. 169)
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N
NMe3  I–
+

NaOPr-i, i-PrOH, 40°, 1 h

Ph
(80%)

N

Ph (Eq. 170)

N NMe

O O

Ph

N NMe

O O

Ph

H
N1. AlMe2Cl, CH2Cl2

(71%)

BnONH

2. add to Et3N (2 eq), 
   CH2Cl2, rt, 30 min

(Eq. 171)

Hydroxylamine derivatives add to activated double bonds in the presence of a
base to give aziridines where intermediates of the type illustrated above have not
been isolated or observed. These reactions may proceed via stereospecific addition
of nitrenoid intermediates to the double bonds. However, in some instances,
both isomeric aziridines are produced and these are included in Table 21 of the
Tabular Survey since the possibility exists that they are formed by a Michael
addition/cyclization process. An example is shown in Eq. 172.495

O

H

O

4-O2NC6H4SO2ONHCO2Et (3 eq)

             CaO, CH2Cl2, rt
O

H

O

EtO2CN

O

H

O

EtO2CH2N
+

(42%) (39%)

(Eq. 172)

Formation of Higher-Membered Rings. Intramolecular displacement of a
methoxy group by an aryl carbanion by way of a nitrenoid intermediate (Eq. 5)
produces 4- (Eq. 173),83 5-,82 6-,83 and 7-membered83 benzannulated ring sys-
tems. The 8-membered benzazocine cannot be prepared by this method.83 The
diphenylphosphinoyloxy functionality has also been employed as the leaving
group (Eq. 174).496 Five-, 6-, and 7-membered unsaturated nitrogen-containing
rings are obtained from substituted oximes (Eqs. 175497 and 176498,499). The for-
mer reaction is postulated to proceed by an SN2 displacement on sp2 nitrogen
rather than an addition/elimination process. The intermediate 80 in the latter reac-
tion is air sensitive and is either reduced to the tetrahydroquinoline or oxidized to
the quinoline. The cyclization in this case is believed to involve a single-electron
transfer.

Br

NHOMe
1. MeLi, hexane, –78°
2. n-BuLi, –78°, 30 min; to –15°

NAc
(21%)

3. AcCl

(Eq. 173)

N
CO2Et

CO2Et
Ph2P(O)O Me

t-BuOK
N
Me

CO2Et

CO2Et (95%) (Eq. 174)

N
OSO2Me

CO2Bn
CO2Bn

N

CO2Bn
CO2Bn

DBU, CH2Cl2, 0°, 30 min
(87%) (Eq. 175)
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OH
N
OC6H3(NO2)2-2,4

OH
N
H

OH
N

OH
N

   NaH

dioxane

Na(CN)BH3

  50°, 10 h
(78%)

(70%)
DDQ, HOAc

 reflux, 2 h80

(Eq. 176)

COMPARISON WITH OTHER METHODS

The number of methods for the formation of carbon-nitrogen bonds500 – 505

is too large to permit a meaningful comparison. A few other methods were
mentioned where appropriate in Scope and Limitations. The following is a brief
discussion of the reagents for electrophilic amination that were excluded from
the scope of this chapter.

Amination with Nitrogen Oxides

Nitrous oxide (N2O) reacts with phenyllithium to give complex mixtures
containing azobenzene, hydrazobenzene, and biphenyl, among others.506 With 9-
fluorenyllithium, fluorenone azine is formed in 60% yield; the analogous product
is obtained with the sodium salt of phenylacetonitrile.506 With n-butyllithium, the
N -butylhydrazone of butyraldehyde is formed in low yield.507 Nitric oxide (NO)
reacts with alkyl- and arylmagnesium reagents to give N -nitrosohydroxylamines
in low to fair yields.508,509 α,β-Unsaturated amides react with nitric oxide and
triethylsilane in the presence of cobalt complexes to give α-nitroso amides.510

Dinitrogen tetroxide (N2O4) and ethylmagnesium bromide511 or triethylaluminum
etherate512 give N ,N -diethylhydroxylamine.

Amination with Nitrosyl Chloride, Nitryl Chloride, and Nitronium
Tetrafluoroborate

Combination of arylmagnesium halides and nitrosyl chloride (NOCl) gives
mixtures of arylnitroso compounds and diarylamines.513 – 515 With alkylmagne-
sium halides, N -nitrosohydroxylamines509 or dialkylhydroxylamines516,517 are
formed. Aldehyde and ketone trimethylsilyl enol ethers and ketene acetals react
with nitrosyl chloride to give the α-oximino aldehydes, ketones, or esters, respec-
tively, by rearrangement of the intermediate nitroso compounds (Eq. 177).518 The
latter are isolated from enol ethers of α, α-disubstituted aldehydes. α-Nitro alde-
hydes and α-nitro ketones are formed in low yields by reaction of enol acetates
with nitryl chloride (NO2Cl).519 Alkyl- and allylsilanes react with nitronium
tetrafluoroborate (NO2

+ BF4
−) to give the corresponding nitro compounds.520

The reaction of ketone enol ethers with nitronium tetrafluoroborate gives α-nitro
ketones.521,522
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OTMS 1. NOCl (excess), CH2Cl2,
      –10° to –15°, 30 s

O

NO

O

NOH

(82%)

2. 0°, vacuum
(Eq. 177)

Amination with Alkyl Nitrites

Alkyl nitrites, of which the most commonly used representative is isopentyl
nitrite,523 react with a wide variety of compounds containing active methylene
groups to give oximes.524 – 526 Activating functionalities include carbonyl, cyano,
nitro, and aryl. For the latter, the presence of two aryl groups is usually required
but by using chromium-complexed arenes, one aryl group suffices (Eq. 178).527

The oximes can then be reduced to hydroxylamines or amines.528,529 Alkyl nitrites
react with dialkylzinc530 and alkylmagnesium516 reagents to give dialkylhydrox-
ylamines, whereas with arylmagnesium reagents, diarylnitroxyls are formed.531

Activated olefins react with triphenylsilane and n-butyl nitrite in the presence of
cobalt complexes to give the corresponding α-hydroxyimino derivatives.532,533 A
similar reaction of unactivated olefins in the presence of iron complexes gives
nitrosoalkane dimers.534

MeO

(CO)3Cr
1. t-BuONO, DMSO, rt

2. KOBu-t, 30 min
MeO

(CO)3Cr
NOH

(60%) (Eq. 178)

Amination with Alkyl Nitrates

Alkyl nitrates535 give N ,N -dialkylhydroxylamines with alkylmagnesium rea-
gents.536,537 The reaction of 9-fluorenylpotassium with isopentyl nitrate forms the
9-nitro derivative in unspecified yield.538 The main application of alkyl nitrates,
however, has been in the nitration of ketone enolates539 – 544 to give mono- or
dinitro ketones. Many steroid nitro ketones have been prepared in this way
but yields are variable.542,545 – 548 α-Nitro amides,549 α-nitro lactams,540 and α-
nitro nitriles550 may also be prepared in this manner. Aza enolates give nitro
enamines551,552 (Eq. 179).552 Acetyl nitrate, prepared in situ from acetic anhy-
dride and nitric acid, nitrates enol acetates.522,553 – 555 Similarly, α-nitro ketones
are formed from the reaction of enol ethers and esters with trifluoroacetyl nitrate,
prepared in situ from ammonium nitrate and trifluoroacetic anhydride.522,548,556,557

Cyclohexanone triisopropylsilyl enol ethers and a mixture of tetra-n-butylammo-
nium nitrate and trifluoroacetic anhydride give α-nitro enol ethers.558

N 1. KNH2, NH3 (liq), –33°, 1 h

2. n-PrONO2, <–40°; –33°, 25 min

H
N

NO2

(50%)

(Eq. 179)
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Amination with Nitroso Compounds
Nitroso compounds559 – 561 are versatile electrophiles that undergo a num-

ber of different amination reactions. Arylnitroso compounds and aryl Grig-
nard reagents are variously reported to give diarylhydroxylamines,99,562 – 568

diarylamines,99,514,569 or diaryl azo compounds.567 The reaction has been
developed into a general diarylamine synthesis (Eq. 180).570 Nitrosotrifluo-
romethane undergoes a nitroso aldol reaction with the anions of pentane-2,4-dione
(Eq. 181)571 and bis(trifluoromethyl)acetonitrile572 as does nitrosobenzene with
ketone lithium and tin enolates573 and with aldehydes in the presence of a proline-
derived catalyst.574 The reaction of tin enolates with nitrosobenzene catalyzed by
Lewis acids gives mostly the hydroxylation products.575 Ketone trimethylsilyl
enol ethers react with nitrosobenzene to give adducts of type 81,242,243,576,577

which on reaction with triethylamine give imines of α-keto aldehydes.576 Oxi-
dation of intermediates 81 leads to nitrones,577 and reduction to amino alco-
hol derivatives (Eq. 182).578 Similarly, ketene bis(trimethylsilyl)acetals give N -
phenyl α-amino acids on reduction of the intermediate adducts.578 Enamines react
with nitroso arenes to give α-(N -arylhydroxylamino) ketones.579,580

Me2N

NO ClMg

CO2Et

+
1. THF, –20°, 1 h

2. FeCl2, NaBH4, rt, 2 h

H
N

CO2EtMe2N

(72%)

(Eq. 180)

O O
O O

+    CF3NO
Et3N, Et2O

    –10°

N
CF3 OH

(65%) (Eq. 181)

TMSO

Ph PhNO, CHCl3

   rt, 4-6 h Ph
N

O OTMS

Ph
N

O

Ph

Et3N, CHCl3

rt, 1 d

81 (80%)

(100%)

Ph
N

O

Ph
(80%)

1. HCl, THF, rt

2. Ag2O, C6H6, rt

Ph

H
N

Ph
(75-78%)

OH
LiAlH4, Et2O, rt

or Pd/C, H2, THF, rt

Ph

O

(Eq. 182)

α-Chloronitroso compounds581 react with alkyl- and arylmagnesium rea-
gents582,583 and with trialkylaluminum reagents584 to give nitrones. In
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contrast, allylzinc reagents and α-chloronitroso compounds furnish mostly O-
allyloximes.585 An important application of these reagents is in the amination
of enolates586 – 594 (Eqs. 183587 and 184595). Using these methods, the reactions
apparently proceed with somewhat higher diastereoselectivity than aminations
of N -acyloxazolidinones. However, amination of a β-lactam enolate with
chloronitroso reagent 82, while completely trans selective, occurs with poor
discrimination between the two enantiomers of the enolate (products 83 and 84,
Eq. 185).592 A mannose-derived α-chloronitroso compound has been prepared596

but apparently not yet applied in amination reactions.

N

S
O2

1. KHMDS, THF, –78°, 30 min

2.               , –78°, 30 minCl NO

O

N

S
O2

O

N
O

+

–

Ph Ph

N

S
O2

O

Ph
NHOHHCl, H2O

       rt
O

Ph
NH2

1. Zn, HCl, HOAc, rt

2. LiOH

(78%) >99% de
(87%) >99% ee

HO

(Eq. 183)

R

Cl

NO

Ph

O
1. LiHMDS
2. ZnCl2

Ph

O

N
O

+
–

R

82 R = SO2N(C6H11-c)2

1. HCl
2. NaBH4, MeOH

Ph

OH

NH2

(68%) 90% de, 96% ee

3. 82 3. Zn, HCl, HOAc

(Eq. 184)

N
O Ar

H
Ph

1. LDA, –78°, 10 min
2. 82, –78° to –30°, 2 h

N
O Ar

N
O Ar

+

Ar = C6H4OMe-4
83 84
(58%) 83:84 = 3:2

HONH PhPh HONH

3. HCl (Eq. 185)

Amination With Nitro Compounds
The reaction of Grignard reagents with nitro compounds is complex and the

products depend on the nature of both reactants, but a number of useful syn-
thetic schemes have been developed in recent years. Alkylmagnesium reagents
undergo 1,2- or 1,4-addition to aromatic nitro compounds to give ring-alkylated
intermediates that may be converted into ring-alkylated arylnitro compounds or
anilines.597 The less basic organocerium reagents react with nitroalkanes to give
N,N-disusbstituted hydroxylamines.598 N -Allyl-599 and N -allenylmagnesium600
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halides react with nitroalkanes and nitroarenes to give N -allyl- and N -propargyl-,
N -alkyl- and N -arylhydroxylamines after reduction of the intermediate hydrox-
ylamine N -oxides. Nitrones can be isolated from the reaction of allyl- and
benzylmagnesium reagents with nitroalkanes601 – 603 (Eq. 186).603 Arylmagnesium
reagents react with nitroarenes to give nitroso arenes which rapidly react with
another molecule of the arylmagnesium halide to give diarylhydroxylamines in
low to good yields;604 the formation of diarylamines has also been reported.605 By
reducing the unstable diarylhydroxylamines in situ, diarylamines are accessible
in good yields (compare to Eq. 180).606

O2N
THF, –78°

20 min

Ph N
O–

+
Ph N

O–

+
+

Ph MgCl +

(29%) (46%)

Ph N
–O OMgCl

+

(Eq. 186)

Reactions of nitroarenes with vinylmagnesium halides give indoles (the Bartoli
reaction).607 Site selectivity problems may be avoided by temporarily installing
a bromine ortho to the nitro group (Eq. 187).608

Br
NO2

MgBr
+

3 eq

THF, –40°, 1 h

Br
NO

Br
N

O

MgBr Br
N
MgBr

O

Br

N OMgBr

Br

N
H

(67%)
N
H

(91%)
 Bu3SnH, AIBN

 toluene, 110°, 12 h

(Eq. 187)

Reaction of the highly explosive fluorotrinitromethane with the anion of 2,4,6-
trinitrotoluene, prepared with potassium hydroxide, gives the highly explosive
α,2,4,6-tetranitrotoluene in 89% yield.609 Ketone enol silyl ethers and the equally
highly explosive tetranitromethane react to give α-nitro ketones in low to very
high yields (Eq. 188).610

OTMS

Ph

1. C(NO2)4, pentane, –30°, 6 h

2. KF, H2O, 30 min

O

Ph
NO2

(55%)

(Eq. 188)
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N,N-Disubstituted nitroxides are formed in the reaction of tert-butylmagnesium
chloride with 1,1-dimethylnitroethane611 and nitroarenes,612,613 and by reaction
of 1,1-dimethylnitroethane with arylsodium or aryllithium reagents.614

Amination of Enolates with Diazonium Salts

Enolates of β-dicarbonyl and similar doubly activated compounds are aminated
by aryldiazonium salts to give hydrazones by rearrangement of the intermediate
azo compounds.14,15,615,616 The Japp-Klingemann reaction617,618 is a variation in
which either acyl cleavage or decarboxylation occurs in situ after the amination.
The hydrazones may be reduced to amines.619

The Diazo Transfer Reaction

Stabilized carbanions react with certain azides to give diazo compounds
(Eq. 30, path A)620 – 624 Substrates include enolates with one additional activating
group and cyclopentadienide anions.625 Simple ketones only rarely322,324 undergo
the diazo transfer reaction unless a formyl group is installed temporarily in the
α-position. Only one example of an alkylcarbanion leading to a diazo compound
was found in the literature.626 The most widely used azide is tosyl azide but less
dangerous sulfonyl azides have been proposed as alternatives.627 – 629 The vast
majority of diazo compounds preparared in this manner is used as precursors to
carbenes or carbenoids although methods exist for their reduction to hydrazones,
hydrazines, or amines.198,205,630 Diastereo- or enantioselective reductions of this
kind do not seem to have been reported although the carbenoid NH insertion631

reaction shown in Eq. 189632 indicates that they may be feasible.

N
Me

P
OPh O

N2

Ph
BnOCONH2, Rh2(OAc)4 (cat)

          toluene, 80°, 5 h N
Me

P
OPh O

Ph

NHCO2Bn

(56%) 15% de

(Eq. 189)

Amination of Boranes

Organoboranes, which are readily accessible by hydroboration of olefins,633

undergo many of the amination reactions also observed with alkyl carbanions but
often afford higher yields with fewer complications.634 Thus organoboranes give
amines by reaction with chloramine635 and its dialkyl derivatives, N -chloro O-
(2,4-dinitrophenyl)hydroxylamine,636 hydroxylamine O-sulfonic acid,635,637,638

O-(2,4-dinitrophenyl)hydroxylamine,639 the lithium or potassium salts of tert-
butyl N -tosyloxycarbamate,640 chloramine-T,641 and azides.642 – 644 Enantiomer-
ically enriched amines are formed using chiral, non-racemic borane645,646 or
boronic esters.220,647,648 Reaction of triphenylborane with hydroxylamine O-
sulfonic acid gives aniline.649
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The Neber Rearrangement
The Neber rearrangement650 – 653 is a method for preparing α-amino ketones

by base-catalyzed intramolecular rearrangement of ketoxime O-sulfonates. The
intermediate azirine,654 – 656 which can be isolated, can also lead to aziridine
derivatives when the base is lithium aluminum hydride657 or a Grignard reagent
(the Hoch-Campbell reaction)658,659 (Eq. 190).

R1 R2
N

OY
– HOY

pyridine

or RO–

LiAlH4

R3MgX

R1 R2
O

NH2

N

R1

R2

NH

R1

R2

NH

R1

R2

R3

(Eq. 190)

EXPERIMENTAL CONDITIONS

A number of reagent and product classes discussed in this chapter
require special handling. Haloamines are toxic and explosive; the exper-
imental hazards are eliminated or greatly reduced by using solutions
in inert solvents.10 Some O-sulfonylhydroxylamines are explosive: O-(2,4-
dinitrobenzenesulfonyl)hydroxylamine is flammable, highly toxic, and highly
explosive; an explosion occurred when brought in contact with potassium
hydride.93 An explosion of O-mesitylenesulfonylhydroxylamine occurred on stor-
age below 0 ◦.114 Dry aryldiazonium salts are explosive. Hydrazoic acid and its
salts are toxic. Organic azides are explosive. Distillation should be avoided or car-
ried out at low temperatures behind a shield. Tosyl azide has the exposive power
of TNT.627,660,661 Triazenes, the products of the reaction of azides with carbanions,
are potent chemical carcinogens 258 and vesicants.259 Low-molecular-weight tri-
azenes have high vapor pressures. Some are explosive and cause headaches.662

Chromium and cadmium salts are toxic.
The great variey of reagents and substrates dealt with in this chapter does

not permit a detailed discussion of conditions for each experiment. Most of
the reactions require flame-dried glassware, anhydrous solvents, and an inert
atmosphere of nitrogen or argon.

Preparation of Electrophilic Aminating Reagents
References to the preparation of electrophilic aminating reagents are given in

Table A.



ELECTROPHILIC AMINATION OF CARBANIONS 67

                                 Table A

References to the Preparation of Amination Reagents

1. Haloamines. Reviews: refs.10, 663.
     ClNH2: refs. 664-668; method of analysis: ref. 64.
     BrNH2: ref. 669.
     Cl2NH: refs. 663, 667.
     Cl3N: ref. 670.
     RNHCl, R2NCl, RNCl2; R = alkyl: ref. 68.
     R2NCl from R2NH  and N-chlorosuccinimide: refs. 671-673.
     ClNHCO2R: ref. 674.
2. O-Substituted Hydroxylamines: review ref. 675.
    a. O-Alkyl-Substituted Hydroxylamines: refs. 676-680.
        MeONH2: refs. 681-683.
        EtONH2:  ref. 682.
        BnONH2: refs. 85, 680, 684, 685.
        MeONHR [R = Bn, 2-MeC6H4, Ph(CH2)3]: ref. 85.
        MeONR2 (R = alkyl): ref. 85.
        RONMe2 (R = alkyl): ref. 677.
    b. O-Arylhydroxylamines
        PhONH2: ref. 686.
        2-O2NC6H4ONH2: ref. 94.
        4-O2NC6H4ONH2: refs. 94, 96, 107.
        2,4-(O2N)2C6H3ONH2: refs. 93, 94, 96, 687-689. 
        various substituted 2-O2NC6H3ONH2 and 5-O2NC6H3ONH2:  ref. 96.
        2,4,6-(O2N)3C6H4ONH2: ref. 94.
    c. O-Acylhydroxylamines: refs. 679, 699.
        Me3CCO2NH2: ref. 690.
        BzONH2: refs. 690, 691. 
        3-ClC6H4CO2NH2: ref. 690.
        4-O2NC6H4CO2NH2: ref. 690.
        2,4,6-Me3C6H2CO2NH2: refs. 690, 692, 693.
        BzONHR ( R = alkyl):  ref. 694.
        RCO2NHCO2Bu-t (R = t-Bu, aryl: ref. 690.
        BzONR2: refs. 109, 695.

d. O-Sulfonylhydroxylamines
    HSO3ONH2: refs. 696-698.
    MeSO2ONH2: ref. 137.
    PhSO2ONH2: ref. 133.
    4-MeC6H4SO2ONH2: refs. 132, 699.
    2,4,6-Me2C6H2SO2ONH : refs. 700 (review), 116, 133, 693, 699-703. 2

         Hazards: refs. 114, 116, 395, 703, 704.
    2-O2NC6H4SO2ONH2: ref. 705.
    2,4-(O2N)2C6H3SO2ONH2: ref. 705.
    2,4,6-(O2N)3C6H2SO2ONH2: ref. 705.
    ArSO2ONEt2 (Ar = Ph, 2,4,6-Me3C6H2): ref. 133.
    ArSO2ONR2 (Ar = Ph, 2,4,6-Me3C6H2; NR2 = 1-piperidinyl): ref. 134.
    TsONHCO2Et: ref. 119.
    TsON(M)CO2Bu-t (M = Li, MgCl): refs. 127.
    ArSO2ON(Li)CO2CH2CH=CH2 (Ar = 4-MeC6H4; 2,4,6-Me3C6H2): ref. 130.
    4-O2NC6H4SO2ONHP(O)NHSO2C6H4NO2-4: ref. 706.
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SO2ONH2
O

Br
ref. 534

N
P

O O

ONMe2

Ph

ref. 147

O

O

NHOSO2C6H4-NO2-4

N
C6H3Me2-3,5

SO2Ph

ref. 707

N
OSO2CF3

ref. 708

e. OSi-Substituted Hydroxylamines
    TMSONHOTMS: refs. 699, 709.
    TMSONHR (R = alkyl): refs. 101, 709.
    TMSONHBn: ref. 709.
f. O-Phosphinylhydroxylamines
   Ph2P(O)ONH2: refs 138, 141, 710-713.
   (4-MeOC6H4)2P(O)ONH2: refs. 106, 141, 712, 713.
   (4-MeC6H4)2P(O)ONH2: refs. 141, 712, 713.
   Ph2P(O)ONMe2: refs. 85, 714.
   Ph2P(O)ONR1R2  (R1 = alkyl; R2 = alkyl, allyl, Bn): ref. 715.
   Ph2P(O)ONR1R2  (R1R2 = (CH2)4, CH=CH-CH=CH): ref. 715.
   Ph2P(O)ONR2 (R = alkyl, c-C6H11, Bn): ref. 716.

3. Oxaziridines

O

H
N

O
NH N

H

O

ref. 718 ref. 718ref. 148

O

H
N

ref. 717

O
NR3R1

R2

R2

H
Me
CO2Et
Ph
CF3

H
H
H
H

H
Ph

R3

CO2Bu-t
COMe (chiral)
CO2Bu-t
CO2Bu-t
CO2Bu-t
CO2Me
CO2Bu-t
CONEt2

  
CONHCH(Me)CH(ODBDPS)Ph (derived 
  from pseudoephedrine) 
9-fluorenylmethoxycarbonyl
CO2Me

Refs.
719
717
155
155
155
153

157, 720
158
155

720
153

R1

CCl3
Me
CO2Et
CO2Me
Ph
Ar
Ar
Ar
Ar

Ar
Ph

4. Imines

N
EtO2C

EtO2C

C6H4OMe-4

ref. 167

NAr
CF3

EtO2C

ref. 721

5. (N-Arylsulfonylimino)phenyliodinanes
    TsN=IPh: ref. 722.
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6. Oximes
N

R1

R2

OR3

R1

H
Me
Ph
4-CF3C6H4

4-CF3C6H4

3,5-(CF3)2C6H3

R2

H
Me
Me, Ph
4-CF3C6H4

4-CF3C6H4

3,5-(CF3)2C6H3

R3

Bn (see Eq. 6)
SO2C6H2Me3-2,4,6
SO2Ph, 4-BrC6H4SO2, 4-MeC6H4SO2

SO2Me
SO2C6H4Me-4
SO2C6H4Me-4

Refs.
723
724
725
179, 726
179
179

7. Diazonium Salts

S
O2

–N

O2
S

ref. 728

8. Azo Compounds

R1

Ph
Ph
Ar
Ar
ArNHCO

R2

CO2R
COPh
SO2C6H4Me-4
COAr
CO2R

Refs.
401, 729, 730
729
255
389, 729
383, 731

R1N=NR2

Z

Y
N

OSO2Ar

Y
O
O
NMe
O
NMe

Z
O
O
O
NMe
NMe

R1

R1

R1

R1

R1

H
Me
H
H
H

refs. 181, 182 N
TsO

Ph

PhPh

Ph

ref. 727

ArN2
+

R1

Et
Cl3CCH2

Cl3CCH2

allyl
t-Bu
Ph
Bn
(+)-menthyl
(–)-menthyl
(–)-bornyl
(–)-isobornyl

R2

Et
Cl3CCH2

(CH2)2TMS
allyl
t-Bu
t-Bu
Bn
(+)-menthyl
(–)-menthyl
(–)-bornyl
(–)-isobornyl

Refs.
732
733, 734
380
735
736
410
737
408
218
406
408

R1O2CN=NCO2R2

O

O

N

O

(CH2)n N

OO

n = 1, 2  ref. 738

N
N

Me
N

N
Me

O

O

ref. 219
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10. "TSN=Se=NTs": refs. 348, 349, 754.
11. Nitridomanganese complexes reviews: 24, 25

refs. 471, 755, 756

RSO2N3

R
TMS
TMSCH2

EtO2C
t-BuCH=CH
PhSCH2

(PhO)2P(O)

Refs.
739
see Experimental Procedures
302, 740
741
see Experimental Procedures
742

RN3

R
Me
CF3

4-MeC6H4

RPh R = H, 2-I, 2-NO2

2,4,6-(i-Pr)3C6H2

4-AcNHCOC6H4

polymer-bound

Refs.
743
309, 744, 745
335, 746, 747
hazards: 627, 660, 661
safer analogs: 627-629, 
748                            
448, 748-750
751
752, 753NCON3

SO2

ref. 304

9. Azides

N N

O O

R2

R1

R2

R1

N

Mn

R3 R3

Conversions of Amination Products
The following is a selection of procedures for the conversion of non-amine

amination products into amines and other nitrogen-containing compounds. Rele-
vant information may also be found in reviews of protecting groups.757,758

N -Tosylamines into Amines: Bu3SnH,349 Na/liquid ammonia.348

N -Tosylamines into N -Tosylimines: SeO2.345

Azo Compounds into Hydrazines: Al/Hg.205

Azo Compounds into Amines:759 H2/Pd.196,197,415

Hydrazides into Amides or Amines:759 TFA-SmI2;233,481,760 peracids;761

Raney nickel;405,432,460,762−765 sodium in liquid ammonia;762,766 N2O3 or
NaNO2/HOAc;767,768 H2/Pt.411,769,770

Triazene Salts into Amines: NaBH4;311 Ac2O-Al/Hg;317 sodium bis(2-
methoxyethoxy)aluminum hydride.333

Azides into Amines:20,23,771,772 H2/Pd or H2/Pt;317,318,339,450,773 H2/Pd-(Boc)2O
in N -acyloxazolidinones to prevent reaction of the amine with the chiral
auxiliary;774 Raney nickel;444 SnCl2;444,450,458,775,776 Zn;777 Al/Hg;777 sodium
borohydride under phase-transfer conditions;778 lithium aluminum hydride;779

H2S;780 triphenylphosphine.325,781,782

Azides into Imines: base.783 – 785

Azides into Enamines: NaReO4.331
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EXPERIMENTAL PROCEDURES

Procedures are listed by type of reagent in the same order as in the section on
Reagents and Mechanisms.

 +  CuCN
THF, –40°

PhCu(CN)Li
1. i-Pr2NLi, –40°

2. O2, –78°, 20 min

Li N(Pr-i)2

(60%)

N ,N -Diisopropylaniline (Amination of an Arylcopper Reagent with a Li-
thium Dialkylamide).54 Copper(I) cyanide (2 mmol) was added at −40◦ to a
solution of phenyllithium (2 mmol) in THF (10 mL) and the mixture was stirred
for 20 minutes. A THF solution of LDA was added and after 15 minutes at −40◦

the mixture was cooled to −78◦ and a vigorous stream of oxygen was introduced
for 20 minutes. The mixture was allowed to warm to room temperature and
passed through a pad of celite. Concentration and kugelrohr distillation of the
residue (100◦ bath temperature, 20 mmHg) gave 0.21 g (60%) of the title product
as an oil: 1H NMR (CDCl3) δ 7.69–7.33 (m, 5H), 3.80 (m. 2H) and 1.24 (d,
J = 6.8 Hz, 12H). Anal. Calcd for C12H19N: C, 81.29; H, 10.81; N, 7.90. Found:
C, 82.00; H, 10.81; N, 8.92.

EtO2C CO2Et
1. NaH, benzene EtO2C CO2Et

NH2
(89%)

2. ClNH2, morpholine, Et2O,
    rt, overnight; reflux, 5 h

Diethyl Aminomalonate (Amination of a β-Dicarbonyl Compound with
Chloramine).62 Diethyl malonate was converted into the sodium salt with
sodium hydride in benzene and the solvent was removed. To a suspension of
the salt (11.3 g, 0.06 mol) in Et2O (100 mL) was added with cooling a solution
of chloramine in Et2O (0.12 mol) followed by morpholine (5.22 g, 0.06 mol).
The mixture was stirred with cooling for 2 hours and at room temperature over
night and then refluxed for 5 hours. The filtered mixture was concentrated and the
residue was distilled to give 10.9 g (89%) of the title compound, bp 116–117◦

(18 mmHg). The product gave the correct elemental analysis and the physical
properties were those reported in the literature.

MeLi  +

H
N

MeO ether, hexanes

      –78°

Li
N

MeO t-BuLi, pentane

  –78° to –10°

H
N

t-Bu
(99%)

N-tert-Butylbenzylamine (Amination of an Alkyllithium Compound with
a Lithium Nitrenoid).85 To a solution of MeLi in Et2O (1.40 mL, 1.54 mmol)
was added at −78◦ a solution of N -benzyl-O-methylhydroxylamine (0.21 g,
1.53 mmol) in hexanes (5 mL). After stirring for 5 minutes, a solution of t-BuLi
in pentane (1.2 mL, 1.28 M, 1.53 mmol) was added, the mixture was allowed to
warm to −10◦ and kept at that temperature for 2 hours. Water and Et2O were
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added and the dried (Na2SO4) Et2O solution was concentrated. The residue was
distilled (kugelrohr) to give 0.28 g (99%) of the title product, bp 70◦ (0.5 mmHg):
1H NMR (CDCl3) δ 7.33 (s, 5H), 3.73 (s, 2H) and 1.18 (s, 9H); 13C NMR δ

141.4, 128.4, 128.2, 126.7, 50.6, 47.2, 29.1. Anal. Calcd for C11H17N: C, 80.93;
H, 10.50; N, 8.58. Found: C, 80.59; H, 10.91; N. 8.67.

Br

F

1. n-BuLi, hexanes, –78°
2. CuBr•Me2S

NHCO2Bu-t

F

(50%)
3. TsON(Li)CO2Bu-t, THF, –78°

tert-Butyl 4-Fluorophenylcarbamate (Amination of an Arylcopper Rea-
gent with Lithium tert-Butyl N -Tosyloxycarbamate).127 A solution of n-BuLi
in hexane (0.4 mL, 2.5 M, 1 mmol) was added dropwise at −78◦ to a solution
of tert-butyl N -tosyloxycarbamate (0.287 g, 1 mmol) in THF. The mixture was
stirred at −78◦ for one hour. In a separate vessel, a solution of 4-fluoro-1-
bromobenzene (1 mmol) was treated with one equivalent of n-BuLi in hexane
at −78◦ for 30 minutes and then cannulated into a suspension of CuBr•Me2S
(1 mmol) in THF (2 mL). The mixture was stirred at −60◦ to −78◦ for one
hour, cooled to −78◦, treated dropwise with the solution of lithium tert-butyl
N -tosyloxycarbamate, and stirred at −78◦ for 30 minutes. A saturated aqueous
solution of NH4Cl and ammonia (5 mL) was added and the aqueous phase was
extracted with Et2O. The combined organic phases were washed with brine,
dried (MgSO4), and concentrated. Flash chromatography of the residue (1:5
EtOAc/cyclohexane) gave 0.105 g (50%) of the title product, mp. 111◦: IR (KBr)
2255, 1690 cm−1; 1H NMR (CDCl3) δ 7.31 (m, 2H), 6.97 (m, 2H), 6.6 (s, 1H);
1.51 (s, 9H); 13C NMR δ 158.6, 156.2, 134.2, 120.2, 115.4, 80.5, 28.2. Anal.
Calcd for C11H14FO2N: C, 62.55; H, 6.68; N, 6.62. Found: C, 62.45; H, 6.69;
N, 6.47.

Ph2Zn    +

O

N
O

Bz

CuCl2 (2.5 mol%)

THF, 0-5°, 90 min
O

N
Ph

(67%)

N -Phenylmorpholine (Amination of an Arylzinc Derivative with an O-
Acylhydroxylamine). This procedure is found in Organic Syntheses.111

N
H

1. n-BuLi (2.1 eq), THF, 
   hexane, TMEDA, 0°

N
H

Et2N

(43%)
2. 2,4,6-Me3C6H2SO2ONEt2,
   –78°; to rt, overnight
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N,N-Diethyl-5,10-dihydroindeno[1,2-b]indol-10-amine (Amination of a
Benzylic Anion with an N,N-Disubstituted O-Arenesulfonylhydroxyl-
amine).136 A solution of n-BuLi (30 mL, 2.25 M in hexane, 67.5 mmol) was
added with ice cooling to a solution of 5,10-dihydroindeno[1,2-b]indol (6.6 g,
32.1 mmol) and TMEDA (20 mL) in THF (200 mL), the mixture was stirred
at room temperature for 45 minutes, and cooled to −78◦. Solid N,N-diethyl O-
mesitylenesulfonylhydroxylamine (8.7 g, 39.7 mmol) (caution, the N,N-unsubsti-
tuted analog is explosive) was added in one portion and the mixture was left
to warm to room temperature and stirred overnight. Et2O (150 mL) was added
and the organic phase was washed with water (2 × 100 mL) and then extracted
with 2 N HCl (2 × 60 mL). The precipitate that formed in the acid extracts was
collected by filtration and suspended in 2 N NaOH solution (100 mL). The mix-
ture was extracted with Et2O (150 mL), which was then washed with water (3 ×
100 mL). Concentration of the dried (MgSO4) Et2O solution gave 3.8 g (43%)
of the title product as a brownish-pink solid, mp 126.0−126.5◦, unchanged on
crystallization from petrol ether: 1H NMR (CDCl3) δ 8.2 (br s, 1H), 7.91–7.03
(m, 8H), 4.87 (s, 1H), 2.58 (q, J = 7 Hz, 4H), 1.08 (t, J = 7 Hz, 6H). Anal.
Calcd for C19H20N2: C, 82.56; H, 7.28; N, 10.13. Found: C, 82.81; H, 7.29;
N, 9.93.

CO2Et

1. KOBu-t, THF, –78°
2. (4-MeOC6H4)2P(O)ONH2, –78° to rt

CO2Et

NHAc

(67%)
3. Ac2O, Et3N

Ethyl (N -Acetylamino)phenylacetate (Amination of an Ester Enolate with
an O-Phosphinoylhydroxylamine).106 A freshly prepared solution of KOBu-t
(31 mg, 0.28 mmol) in THF (2 mL) was added slowly to a solution of ethyl
phenylacetate (41 mg; 0.25 mmol) in THF (3 mL) cooled to −78◦ and the mix-
ture was stirred at −78◦ for 15 minutes. O-[Di(p-methoxyphenyl)]phosphinoyl-
hydroxylamine (caution, related hydroxylamine derivatives are explosive) (81 mg,
0.28 mmol) was added as a solid in one portion, and the mixture was left to warm
to room temperature and stirred overnight. Acetic anhydride (71 µL, 0.75 mmol)
and triethylamine (210 µL, 1.5 mmol) were added and the mixture was stirred
at room temperature for one hour. Et2O (20 mL) and saturated aqueous NH4Cl
solution (30 mL) were added, and the aqueous layer was extracted with Et2O (2
x 30 mL). The dried (MgSO4) extracts were concentrated and the residue was
purified by flash chromatography (1:1 EtOAc:cyclohexane) to give 37 mg (67%)
of the title product as a colorless oil, Rf 0.20 (1:1 EtOAc:cyclohexane). No other
data were reported.

NH  (2.5 eq)
O

DABCO, toluene,
rt, 12 h

CONHPh

CONHPh

CONHPh

CONHPh

H2N

H2N

CONHPh

CONHPh

EtOH, reflux
HN

(91%) (96%)
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Diamino-N ,N ′-diphenylmalonamide and Imino-N ,N ′-diphenylmalona-
mide (Diamination of a Malonamide with 1-Oxa-2-azaspiro[2.5]octane and
Conversion of the Product into an Imine).149 A suspension of N ,N ′-diphen-
ylmalonamide in a mixture of toluene and 2.2–2.5 equivalents of 1-oxa-2-azaspi-
ro[2.5]octane was treated with a solution of 1,4-diazabicyclo[2.2.2]octane (5–10
mol%) in toluene (1 mL). The solid was collected by filtration after 12 hours
at room temperature, washed with a small amount of EtOH, and air dried to
give diamino-N ,N ′-diphenylmalonamide in 91% yield, mp 130−132◦: 1H NMR
(DMSO-d6) δ 6.9-7.9 (m, 10H), 3.2–3.6 (br, 6H); 13C NMR (DMSO-d6) δ 170.6,
138.3, 128.6, 123.6, 119.4, 73.9. Anal. Calcd for C15H16N4O2: C, 63.37; H, 5.67;
N, 19.71. Found: C, 62.60; H, 5.85; N, 19.74.

A 10% solution of diamino-N ,N ′-diphenylmalonamide in EtOH was heated
under reflux for 15 minutes. The solid was collected after 12 hours at room
temperature and air-dried to give imino-N ,N ′-diphenylmalonamide in 96% yield,
mp 158−162◦. 1H NMR (DMSO-d6) δ 12.33 (br, 1H), 10.5 (br, 2H), 6.9–7.9 (m,
10H); 13C NMR (DMSO-d6) δ 159.8, 162.3, 164.1, 137.3, 137.3, 119.7, 120.4,
128.6, 128.9, 124.3, 124.4. Anal. Calcd. for C15H13N3O2: C, 67.40; H, 4.90; N,
15.72. Found: C, 66.70; H, 5.05; N, 16.34.

CO2Et

CN

O
NCO2Bu-t

EtO2C

EtO2C

1. LiHMDS, THF, –78°
CN

CO2Et
NHCO2Bu-t

(70%)
2.                                    , –78°, 20 h

Ethyl tert-Butoxycarbonylamino(cyano)phenylacetate (Amination of a
Cyanoacetic Ester Enolate with an N -Acyloxaziridine).155 Ethyl phenyl-
cyanoacetate (0.22 mmol) was added to a solution of LiHMDS (0.22 mL, 1.0
M in hexane, 0.22 mmol) at −78◦. After 30 minutes, a solution of N-tert-
butoxycarbonyl-3,3-bis(ethoxycarbonyl)oxaziridine (95 mg, 0.33 mmol) in THF
(1 mL) was added, the mixture was stirred at −78◦ for 12 hours and then left to
warm to room temperature. CH2Cl2 and saturated aqueous NH4Cl were added,
and the organic layer was washed twice with saturated NH4Cl. Removal of
the solvent from the dried (Na2SO4) solution and flash chromatography of the
residue (10:1 petrol ether/EtOAc) gave 47 mg (70%) of the title product as an
oil: IR (film) 2253, 1754, 1721 cm−1; 1H NMR (CDCl3) δ 7.67 (br 2H), 7.46-
7.45 (m, 3H), 5.75 (br, 1H), 4.25 (q, J = 7.2 Hz, 2H), 1.46 (s, 9H), 1.25 (d,
J = 7.2 Hz, 3H). MS-CI (m/z): [M + H]+ calcd for C16H20N2O4: 305.1501;
found: 305.1511.

i-PrMgBr
N

MeO

CO2Me

CO2Me

THF, –95°
Pr-i
N

MeO

CO2Me

CO2Me

KOH, EtOH

 air, rt, 48 h

NHPr-i

MeO
(57%)

+
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N -Isopropyl-p-anisidine (Amination of a Grignard Reagent with an
Imine).167 Isopropylmagnesium bromide (0.83 M in THF, 0.54 mL, 0.45 mmol)
was added slowly to a solution of diethyl 2-[N -(p-methoxyphenyl)imino]malo-
nate (84 mg, 0.30 mmol) in THF (5 mL) at −95◦. After 30 minutes saturated
aqueous NaHCO3 was added and the mixture was extracted with EtOAc (3 ×
10 mL). The combined extracts were washed with brine, dried (Na2SO4), and the
solvent was removed. The residue was stirred vigorously with 1 M aqueous KOH
(0.11 mL) and EtOH (3.3 mL) at room temperature for 48 hours. The EtOH was
removed after addition of aqueous Na2SO3 and the residue was extracted with
EtOAc (3 × 10 mL). The extracts were washed with brine, dried (Na2SO4),
and the solvent was removed. Preparative TLC of the residue (silica gel, 1:15
EtOAc:hexane) gave 28 mg (57%) of the title product: 1H NMR (CDCl3) δ 6.57
(d, J = 8.9 Hz, 2H), 6.77 (d, J = 8.9 Hz, 2H), 1.19 (d, J = 6.3 Hz, 6H), 3.74
(s, 3H), 3.61–3.48 (m, 1H); 13C NMR (CDCl3) δ 23.07, 45.24, 55.79, 114.93,
141.73, 151.95.

OTMS

+  TsN=IPh
MeCN, warm

O
NHTs

(95%)

2-[N -(p-Toluenesulfonyl)amino]acetophenone (Amination of a Ketone Silyl
Enol Ether with [N -(p-tolylsulfonyl)imino] phenyliodinane).172 A solution of
1-(trimethylsilyloxy)styrene (0.5 mmol) in dry MeCN (7 mL) was treated with
TsN=IPh (0.6 mmol). The mixture was warmed and the solvent was removed
after the reagent had dissolved. The residue was purified by chromatography on
silica gel followed by crystallization from Et2O to give the title product in 95%
yield. No analytical or spectroscopic data were reported.

MgBr
OO

N
O

SO2Ph

+
N

O O

PhCl, 0° HCl, EtOH

 reflux, 6 h NH3
+ Cl–

(89%)

1-Aminoadamantane Hydrochloride (Amination of a Grignard Reagent
with an O-Arenesulfonyloxime).182 To a solution of 4,4,5,5-tetramethyl-1,3-
dioxolane-2-one O-benzenesulfonyloxime (602 mg, 2.01 mmol) in chloroben-
zene (14 mL) was added dropwise at 0◦ 1-adamantylmagnesium bromide (0.63
M in Et2O, 3.5 mL, 2.2 mmol) and the mixture was stirred at 0◦ for 30 minutes.
The reaction was quenched with pH 9 buffer at 0◦ and the mixture was extracted
three times with EtOAc. The combined extracts were washed with brine, dried
(Na2SO4), and concentrated. The crude imine was refluxed with 10 mL of EtOH
and 1.3 mL of 6 M HCl for 10 hours. The ethanol was removed, the residue was
made basic with 5 mL of 5 M NaOH, and the mixture was extracted three times
with CH2Cl2. The combined extracts were washed with brine, dried (Na2SO4),
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and concentrated. The residue was dissolved in MeOH, HCl in Et2O was added,
and all volatiles were removed under vacuum. The residue was stirred with Et2O
and the solids were collected by filtration and dried to give 334 mg (89%) of the
title product: 1H NMR (DMSO-d6) δ 8.18 (br, 3H), 2.05 (s, 3H), 1.79 (s, 6H),
1.62 (d, J = 12.2 Hz, 3H), 1.54 (d, J = 12.2 Hz, 3H); 13C NMR (DMSO-d6)
δ 51.1, 40.1, 35.4, 28.5.

t-BuMgCl   +

O2
S

N
S
O2

–
N2

+

Cl

N

Cl

NBu-tTHF, –78°
(86%)

E -(tert-Butyl)(4-chlorophenyl)diazene (Reaction of a Grignard Reagent
with an Aryldiazonium Salt).191 A suspension of 4-chlorobenzenediazonium
o-benzenedisulfonimide (1.77 g, 5 mmol) in anhydrous THF (15 mL) was stirred
vigorously at −78◦, a solution of t-BuMgCl (5 mmol) was added over a period
of 10 minutes, and stirring at −78◦ was continued for one hour. The mixture was
poured into 30 mL of water and extracted with Et2O (2 × 30 mL). The washed
(H2O, 30 mL) and dried (Na2SO4) extracts were heated in a 70◦ water bath to
remove the Et2O and heating was continued for 1 hour to ensure conversion
of any Z into the E isomer. Purification by column chromatography gave the
title product in 83% yield, bp 57–58◦/0.25 mm: 1H NMR (CDCl3) δ 7.60 (d,
J = 8.9 Hz, 2H), 7.38 (d, J = 8.9 Hz, 2H), 1.32 (s, 9H); 13C NMR (CDCl3)
δ 150.5, 135.5, 128.8, 122.9, 67.5, 26.4.

N
N

N

1. n-BuLi, THF, –78°

2. PhN=NPh

NH
Nn-Bu
Ph

Ph
NLi

NN
Ph

Ph

NN

1. n-BuMgBr,
   –78° to rt

(57%)

2. NH4Cl

1,2-Diphenyl-1-(1-p-tolylpentyl)hydrazine (Amination of a Benzotriazolyl-
methyl Anion with an Azo Compound Followed by Displacement of the
Benzotriazole Functionality by a Grignard Reagent).359 To a solution of
1-(4-methylbenzyl)benzotriazole (2 mmol) in THF (7 mL) was added n-BuLi
(2 mmol) at −78◦ and the mixture was stirred at −78◦ for 10 minutes. n-BuMgBr
(4 mmol) in Et2O was added followed by the azobenzene (2 mmol), and the mix-
ture was left to warm to room temperature overnight. It was washed with 30 mL
of 10% NH4Cl solution and the washing was extracted with EtOAc (2 × 10 mL).
Removal of the solvents from the dried (MgSO4) organic phase and column chro-
matography of the residue (SiO2, 1:1 toluene/hexane) gave the title product in
57% yield, mp 97–99◦: 1H NMR δ 7.20–7.04 (m, 8H), 6.93 (d, J = 8 Hz,
2H), 6.81–6.68 (m, 4H), 5.07 (br, s, 1H), 4.94 (t, J = 7 Hz, 1H), 2.28 (s, 3H),
2.18–2.06 (m, 1H), 2.01–1.86 (m, 1H), 1.57–1.26 (m, 4H), 0.88 (t, J = 7 Hz,



ELECTROPHILIC AMINATION OF CARBANIONS 77

3H); 13C NMR δ 150.3, 148.5, 137.1, 129.1, 128.9, 128.1, 119.5, 115.2, 112.2,
66.0, 31.2, 29.4, 22.7, 21.1, 14.1. Anal. Calcd for C24H28N2: C, 83.68; H, 7.93;
N, 8.48. Found: C, 83.68; H, 8.06; N, 8.48.

PhSiH3, t-BuO2CN=NCO2Bu-t,

cobalt complex, EtOH, rt, 5 h
Br

Br

N
NHCO2Bu-tt-BuO2C

(90%)

L = MeOH

N
Co

O

O
O

O

NH2O

L

cobalt complex

tert-Butyl N -(3-Bromo-1-methylpropyl)-N ′-(tert-butoxycarbonyl)hydra-
zinecarboxylic Acid (Catalyzed Hydrohydrazination of an Olefin with an
Azo Ester).215 The Co catalyst (10 mg, 0.025 mmol) was dissolved in EtOH
(2.5 mL) at room temperature under argon. To the brown-red solution were added
4-bromo-1-butene (68 mg, 0.50 mmol) and phenylsilane (65 µL, 0.52 mmol),
followed by di(tert-butyl) azodicarboxylate (0.17 g, 0.75 mmol) in one portion.
The resulting solution was stirred at room temperature for 5 hours. Water (1 mL)
and brine (5 mL) were added and the reaction mixture was extracted with EtOAc
(3 × 10 mL). The combined organic layers were dried over Na2SO4, filtered, and
the solvents were removed under reduced pressure. The residue was purified by
column chromatography (1:15 EtOAc:hexane) to give 166 mg (90%) of the title
product, mp 88−90◦: 1H NMR (CDCl3, 300 MHz, 52◦

) δ 6.06 (br s, 1H), 4.38
(m, 1H), 3.45 (m, 2H), 2.13 (m, 1H), 1.82 (m, 1H), 1.46 (s, 18H), 1.12 (d,
J = 6.5 Hz, 3H); 13C NMR (CDCl3, 75 MHz, 52◦

) δ 156.0, 154.7, 81.3, 52.2,
37.5, 30.5, 28.3, 28.2, 18.0. Anal. Calcd for C14H27N2O4Br: C, 45.78; H, 7.41;
N, 7.63. Found: C, 45.98; H, 7.48; N, 7.63.

S Br
1. Zn*, THF, rt

2. t-BuO2CN=NCO2Bu-t, 0° to rt S N
NHCO2Bu-t

CO2Bu-t
(80%)

2-[N ,N ′-bis(tert-Butoxycarbonyl)hydrazino]thiophene (Amination of a
Heterocyclic Zinc Reagent with an Azo Ester).358 To 1.5 equivalents of active
zinc in THF, contained in a 50-mL centrifuge tube, was added 2-bromothiophene
(0.163 g, 1 mmol) with stirring at room temperature. The mixture was stirred for
30 minutes, then centrifuged. The supernatant was cannulated into another flask
and di(tert-butyl) azodicarboxylate (1 mmol in THF) was added over 5 minutes at
0◦. After stirring for one hour the reaction was quenched with saturated aqueous
NaHCO3, the mixture was extracted with Et2O, the solvent was removed, and
the residue was purified by flash chromatography (silica, hexanes/EtOAc) to give
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1.2 g (80%) of the title product, mp. 82–84◦ (Et2O): 1H NMR (DMSO-d6, 100◦)
δ 9.54 (br s, 1H), 7.03 (dd, J = 5.5, 1.6 Hz, 1H), 6.82 (dd, J = 5.5, 3.8 Hz,
1H), 6.70 (dd, J = 3.8, 1.6 Hz, 1H), 1.47 (s, 9H), 1.44 (s, 9H). Anal. Calcd for
C14H22N2O4S: C, 53.43; H, 7.05; N, 8.91; S, 10.20. Found: C, 53.8; H, 7.0; N,
8.7; S, 10.2.

1. BnO2CN=NCO2Bn, L-proline,
   MeCN, 0° to rt, 3 h

BnO2C
N
H

N
OH

CO2Bn

CHO

(94%) 97% ee

2. NaBH4, EtOH
3. NaOH

(R)-Dibenzyl 1-(1-Hydroxyhexan-2-yl)hydrazine-1,2-dicarboxylate (Cata-
lytic Asymmetric Amination of an Aldehyde with an Azo Ester).221 Hex-
anal (1.5 mmol) was added to a solution of dibenzyl azodicarboxylate (330 mg,
1 mmol) and L-proline (12 mg, 0.1 mmol) in MeCN (10 mL) at 0◦. The mixture
was stirred at 0◦ for 2 hours, warmed to room temperature during one hour, and
cooled back to 0◦. EtOH (10 mL) and NaBH4 (40 mg) were added and the mix-
ture was stirred at 0◦ for 5 minutes. Addition of aqueous NH4Cl and EtOAc and
removal of the solvent from the dried (MgSO4) organic phase gave the crude title
product, which was purified by column chromatography (EtOAc/hexanes) to give
376 mg (94%) of the title compound as a colorless solid: 1H NMR (CDCl3) δ 7.35
(m, 10H), 6.45 (s, 1H), 5.10 (m, 4H), 4.60–3.90 (m, 2H), 3.34 (m, 2H), 1.25
(m, 6H), 0.83 (m, 3H); 13C NMR (CDCl3) δ 136.2, 135.8, 129.5, 129.1, 128.7,
128.5, 69.1, 68.9, 62.9, 61.2, 28.8, 28.2, 22.3, 14.3; HRMS-MALDI (m/z): [M +
Na]+ calcd for C22H28N2O5, 423.1890; found 423.1889. The enantiomeric excess
(97%) was determined by conversion into the oxazolidinone (K2CO3, toluene,
reflux, 1 hour) and HPLC on a Chiralpak AD-RH column.

OSiMe3 O
N

NHCO2Bn

CO2Bn1. AgClO4, (R)-BINAP, 
    BnO2CN=NCO2Bn, THF, –45°

(82%) 65% ee

2. add substrate, –45°, 5 h

(S )-Dibenzyl 1-(1-Oxo-1,2,3,4-tetrahydronaphthalen-2-yl)hydrazine-1,2-
dicarboxylate (Catalyzed Asymmetric Amination of a Ketone Silyl Enol
Ether with an Azo Ester).244 A solution of silver perchlorate (0.040 mmol)
and (R)-BINAP (0.048 mmol, 12 mol%) in THF (1 mL) was stirred at room
temperature for 30 minutes, cooled to −45◦, and treated with dibenzyl azodicar-
boxylate (0.44 mmol). After stirring for 10 minutes, (3,4-dihydronaphthalen-1-
yloxy)trimethylsilane (0.4 mmol) in THF (0.5 mL) was added and the mixture
was stirred at −45◦ for 5 hours. Aqueous HF (20%) and THF (1:1) were added
and the mixture was stirred at room temperature for one hour after which time
it was made basic with aqueous NaHCO3 solution and extracted with CH2Cl2.
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Removal of the solvent from the dried (MgSO4) extracts and preparative thin-
layer chromatography of the residue gave the title product in 82% yield, mp
141◦. 1H NMR (DMSO-d6, 70◦) δ 2.2–2.4 (m, 2 H), 2.9–3.5 (m, 2 H), 4.92 (br
s, 1 H), 5.09 (s, 2 H), 5.13 (s, 2 H), 7.2–7.5 (m, 12 H), 7.56 (t, J = 7.5 Hz, 1
H), 7.89 (d, J = 7.9 Hz, 1 H), 9.35 (br s, 1 H). Anal. Calcd for C26H24N2O5:
C, 70.26; H, 5.44; N, 6.30. Found: C, 70.52; H, 5.57; N, 6.13. The enantiomeric
excess (65%) was determined by HPLC analysis (DAICEL, CHIRALCEL OD
or AS).

N3

CO2Me

Br
+

In, NaI, DMF

rt, 3.5 h

H
N

CO2Me (75%)

Methyl 2-(Naphthalen-2-ylamino)methylacrylate (Amination of an Allylin-
dium Species with an Azide).269 A mixture of 2-azidonaphthalene (5 mmol),
methyl 2-(bromomethyl)acrylate (7.5 mmol), indium powder (7.5 mmol), sodium
iodide, (7.5 mmol), and DMF (15 mL) was stirred at room temperature for
3.5 hours. Saturated aqueous NH4Cl (15 mL) was added and the mixture was
extracted with Et2O (2 × 15 mL). The solvent was removed from the extracts
and the residue was purified by silica gel chromatography (0.5:9.5 EtOAc/hexane)
to give the title product in 75% yield: IR (KBr) 1605 cm−1; NMR (CDCl3)
δ 7.87–7.80 (m, 2H), 7.50–7.43 (m, 2H), 7.30 (d, J = 8 Hz, 1H), 7.25 (d,
J = 8.0 Hz, 1H), 6.58 (d, J = 7.8 Hz, 1H), 6.35 (s, 1H), 5.85 (s, 1H), 4.25 (s,
2H), 3.83 (s, 3H); EIMS (m/z): 241 (M+), 209, 180.

N3

+    EtMgBr
Et2O, rt, 30 min NHEt

(90%)

N -Ethylaniline (Preparation of an N -Substituted Aniline by Reaction of
a Grignard Reagent with an Aromatic Azide).279 A solution of ethylmag-
nesium bromide (15 mmol) in Et2O (20 mL) was added to a solution of phenyl
azide (1.19 g, 10 mmol) in Et2O (5 mL) at room temperature and the mixture
was stirred another 30 minutes. Saturated aqueous NH4Cl (15 mL) was added
and the mixture was extracted with ethyl acetate (2 × 25 mL). The extracts were
washed with water and brine, dried (Na2SO4), and concentrated. The residue
was purified by column chromatography (silica, 1:9 EtOAc:hexane) to give 1.09
g (90%) of the title product as a pale yellow liquid. 1H NMR δ 6.8-6.5 (m, 5H),
3.25 (br s, 1H), 3.15 (q, J = 8.0 Hz, 2H), 1.25 (t, J = 8.0 Hz, 3H); 13C NMR
δ 148.2, 128.9, 116.8, 112.5, 38.1, 14.5; MS (m/z): 121 (M+), 106, 77, 51.

MgBr

TMS Cl
NaN3, DMF

80°, 44 h
TMS N3 Et2O, rt, 3 h

NH2

(98%)
(79%)



80 ORGANIC REACTIONS

2,4-Dimethylaniline (Preparation of Trimethylsilylmethyl Azide and Its
Reaction with an Arylmagnesium Reagent to Give an Aniline).264 A mix-
ture of trimethylsilylmethyl chloride (0.2 mol), sodium azide (0.24 mol), and dry
DMF was heated at 80◦ for 44 hours. Distillation gave trimethylsilylmethyl azide,
bp 43◦ (43 mmHg) in 97% yield. 1H NMR δ 2.75 (s, 2H), 0.12 (s, 9H). The
product is stable and can be stored in a refrigerator for at least 6 months but like
all azides it is potentially explosive and should be handled with care.

Trimethylsilylmethyl azide (1.2 eq) was added dropwise at room temperature
to a solution of 2,4-dimethylphenylmagnesium bromide (1 eq) in ether and the
mixture was stirred at room temperature for 3 hours. After conventional workup
the low-boiling substances were removed under reduced pressure, leaving the
title product in 79% yield. It was identified by comparison of its properties with
those of an authentic sample.

S Cl NaN3, NaI (cat)

MeCN, reflux, 4.4 h

S N3
(99%)

S

N
1. n-BuLi, –75°
2. MgBr, CuI, 0°

S

N
NH2 (59%)

3. PhSCH2N3, 0° to rt
4. KOH, MeOH, rt

2-Aminobenzothiazole (Preparation of Azidomethyl Phenyl Sulfide and
Its Reaction with a Heterocyclic Grignard Reagent to Give a Heterocyclic
Amine).274 A mixture of chloromethyl phenyl sulfide (40.0 g, 0.25 mol),
sodium azide (32.5 g, 0.50 mol), dry MeCN (167 mL), and sodium iodide (100
mg) was stirred and heated under reflux for 4.4 hours, cooled, diluted with Et2O,
and filtered through celite. Removal of the solvents and distillation of the residue
gave 40.8 g (99%) of azidomethyl phenyl sulfide as a colorless oil, bp 55–58◦

(0.23 mmHg): 1H NMR (CDCl3) δ 7.64–7.34 (m, 5H), 4.58 (s, 2H); 13C NMR
(acetone-d6) δ 134.5, 131.2, 129.8, 128.0, 55.9.

A solution of benzothiazole (75 mg, 0.55 mmol) in Et2O (0.75 mL) was added
to a solution of n-BuLi in hexane (0.32 mL, 1.75 M, 0.55 mmol) and Et2O
(0.75 mL) at −75◦. After 10 minutes, a solution of MgBr2 (0.26 mL, 2.24 M in
benzene/Et2O, 0.58 mmol) was added, followed by THF (0.75 mL). Azidomethyl
phenyl sulfide (96 mg, 0.58 mmol) was added and the solution was warmed
to 0◦. Cuprous iodide (5.0 mg, 0.026 mmol) was added and after 1 hour the
mixture was warmed to room temperature, stirred for another 2 hours, and poured
into saturated aqueous NH4Cl. The mixture was extracted twice with Et2O, the
extracts were washed with brine, dried (Na2SO4), and concentrated. The residue
was stirred with THF (1 mL), methanol (1 mL), and 50% KOH in H2O (0.25 mL)
at room temperature for 3 hours and the mixture was poured into water and
extracted three times with Et2O. Acid-base purification and crystallization of
the crude product from water gave 49 mg (59%) of 2-aminobenzothiazole, mp
129–131◦ (lit. mp 129◦

): 1H NMR (CDCl3) δ 7.55 (t, J = 9.0 Hz, 2H), 7.30 (dt,
J = 7.6, 1.2 Hz, 1H), 7.11 (dt, J = 7.6, 1.2 Hz), 5.35 (br s, 2H).



ELECTROPHILIC AMINATION OF CARBANIONS 81

N
O

O

Bn

O

O

NBoc

1. KHMDS, THF, –78°
2. 2,4,6-(i-Pr)3C6H4SO2N3, N

O

O

Bn

O

O

NBoc
N3

LiOH, rt

O

O

NBoc
N3

OH

(92%)

(97%)

   –78°, 3 min
3. HOAc

(4R)-3{(Z ,2R)-2-Azido-6-[(4R)-3-tert-butoxycarbonyl-2,2-dimethyl-1,
3-oxazolidin-4-yl]-1-oxohex-5-enyl}-4-phenylmethyl-1,3-oxazolidinone and
(4R)-4[(1Z ,5R)-5-Azido-5-carboxypent-1-enyl]-3-tert-butoxycarbonyl-2,2-
dimethyl-1,3-oxazolidine (Diastereoselective Azidation of an N -Acyloxazoli-
dinone with Trisyl Azide and Removal of the Chiral Auxiliary).440 KHMDS
in toluene (2.85 mL, 0.5 M, 1.43 mmol) was added at −78◦ to THF (7.5 mL)
followed by a pre-cooled (−78◦

) solution of the substrate (601 mg, 1.27 mmol;
E/Z = 1:13) in THF (9.5 mL) by insulated steel cannula. The mixture was stirred
at −78◦ for 80 minutes. Solid 2,4,6-triisopropylbenzenesulfonyl azide (591 mg,
1.91 mmol) was added in one portion with vigorous stirring and the reaction was
quenched with AcOH/THF (1:1, 0.7 mL) after 3 minutes. The flask was imme-
diately placed in a 28◦ water bath, the mixture was stirred for 30 minutes, and
then partitioned between 50 mL of half-saturated aqueous NH4Cl and 50 mL
of EtOAc, and the aqueous phase was extracted with 2 × 50 mL of EtOAc.
The combined extracts were dried (MgSO4) and concentrated, and the residue
was purified by flash chromatography (EtOAc/hexane) to give 602 mg (92%)
of the title product as an oil, E/Z = 1:13. Crystallization (Et2O/hexane) gave
the pure Z-isomer, mp 87–88◦: [α]22

D −6.3◦ (c 1.15, CHCl3); IR (CHCl3)2108,
1783, 1690 cm−1; 1H NMR (CDCl3) δ 7.12-6.82 (m, 5H), 5.51 (ddt, J = 10.7,
9.2, 1.4 Hz, 1H), 5.38 (br dt, J = 10.7, 7.5 Hz, 1H), 5.18 (br q, 1H), 4.62 (m,
1H), 4.15 (ddt, J = 9.2, 8.2, 3.2 Hz, 1H), 3.85 (dd, J = 8.6, 6.3 Hz, 1H), 3.54
(dd, J = 8.6, 3.1 Hz, 1H), 3.35 (t, J = 9.1 Hz, 1H), 2.93 (dd, J = 13.6, 3.2 Hz,
1H), 2.44–2.28 (m, 2H), 2.33 (dd, J = 13.6, 9.2 Hz, 1H), 2.08–1.94 (m, 1H),
1.92–1.78 (m, 1H), 1.67 (s, 3H), 1.56 (s, 3H), 1.43 (s, 9H). Anal. Calcd for
C26H35N5O6: C, 60.80; H, 6.87; N, 13.64. Found: C, 60.8; H, 6.9; N. 13.0.

A solution of the above product (150 mg, 0.29 mmol) in 3:1 THF/water was
treated at 0◦ with lithium hydroxide hydrate (25 mg, 0.59 mmol) and the mixture
was stirred at 0−2◦ for 45 minutes. Aqueous NaHCO3 (2 mL, 0.5 M) was added
at 0−2◦ and the THF was removed under reduced pressure. The aqueous phase
was extracted with CH2Cl2 (4 × 30 mL) to recover the chiral auxiliary (51 mg,
98%). The aqueous phase and aqueous back-extracts were acidified (2 mL of
2 N HCl) and the product was extracted into EtOAc (4 × 40 mL). The dried
(MgSO4) extracts were concentrated to give 101 mg (97%) of the title acid, mp
95.5–96.5◦: [α]22

D + 54.5◦ (c 0.53, CHCl3); IR (CHCl3) 2109, 1719, 1698 cm−1;
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1H NMR (C6D6) δ 1.3–1.9 (m, 2 H), 1.41 (s, 9 H), 1.53 (s, 3 H), 1.63 (s, 3
H), 2.07–2.33 (m, 2 H), 3.48 (dd, J = 8.7, 3.3 Hz, 1 H), 3.80 (br m, 1 H), 5.22
(dt, J = 10.2, 7.5 Hz, 1 H), 5.45 (dd, J = 10.7, 9.2 Hz, 1 H), 8.49 (br s 1 H).
Anal. Calcd for C16H26N4O5: C, 54.22; H, 7.39; N, 15.81. Found, C, 54.0; H,
7.3; N, 15.8.

MgBr

4-MeC6H4SO2N3

        Et2O, 0°

N
N N

SO2C6H4Me-4 – MgBr+

      Na4P2O7, H2O

   Et2O, rt, overnight

N3

(63%)

2-Azido-1,3,5-trimethylbenzene (Preparation of an Azide from a Grignard
Reagent and Tosyl Azide).305 A solution of 2,4,6-trimethylphenylmagnesium
bromide in Et2O, prepared from 39.8 g (0.2 mol) of 2-bromo-1,3,5-trimethylben-
zene, was added with ice cooling to a solution of 19.7 g (0.1 mol) of tosyl
azide (caution; tosyl azide has the explosive power of TNT ) in Et2O (500 mL).
The mixture was stirred for 30 minutes and the tan precipitate was collected by
filtration, washed with Et2O and petrol ether, and dried to give 50.8 g of the
triazene salt (caution: triazenes are potential carcinogens). It was suspended in
250 mL of Et2O and a solution of tetrasodium pyrophosphate decahydrate (44.6
g) in H2O (500 mL) was added dropwise with ice cooling. The mixture was
stirred overnight, the layers were separated, and the aqueous layer was extracted
with petrol ether (2 × 100 mL). The solvents were removed from the dried
(CaCl2) organic phases to leave 16.7 g of a red oil, which was passed through a
column of 300 g of alumina and eluted with petrol ether to give 10.16 g (63%)
of the title product as a colorless oil. An analytical sample was distilled at 65◦

(0.2 mm): IR (neat) 2130 cm−1; 1H NMR (CCl4) δ 6.60 (s, 2H), 2.21 (s, 6H),
2.17 (s, 3H). Anal. Calcd for C9H11N3: C, 67.05; H, 6.88; N, 26.07. Found: C,
66.98; H, 6.82; N, 26.03.

S NMePh

O
1. LDA, THF, –78°, 1 h
2. (PhO)2P(O)N3, –78°, 5 min

S NMePh

O

NHCO2Bu-t

(70%)
3. (t-BuO2C)2O, –78° to rt, 6 h

α-[(tert-Butoxycarbonyl)amino]-N -methyl-N -phenyl-2-thiopheneaceta-
mide (Amination of an Amide Enolate with Diphenyl Phosphorazidate).336

To a solution of N -methyl-N -phenyl-2-thiopheneacetamide (3 mmol) in THF
(6 mL) was added LDA (1.5 M in cyclohexane, 3.3 mmol) at −78◦ and the mix-
ture was stirred at −78◦ for one hour. Diphenyl phosphorazidate (3.3 mmol) was
added, the mixture was stirred for 5 minutes, (t-BuO2C)2O (6 mmol) in THF
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(3 mL) was added, and the mixture left to warm to room temperature during
6 hours. The solvents were removed and the residue was purified by chromatog-
raphy (SiO2, hexane/EtOAc) to give 725 mg (70%) of the title product as yellow
crystals, mp 104−106◦: IR 1705, 1655 cm−1; 1H NMR δ 7.45−7.40 (m, 3H),
7.35–7.25 (d-like, 1H), 7.20–7.00 (m, 2H), 6.85–6.80 (t-like, 1H), 6.70-6.65
(d-like, 1H), 5.74 (d, J = 8 Hz, 1H), 3.30 (s, 3H), 1.40 (s, 3H); MS–CI (m/z):
[M + 1]+ 293.

OSi(Pr-i)3
NaN3, (NH4)2Ce(NO2)6

MeCN, –20°

O
N3

(49%)

2-Azido-2-methylcyclohexanone (Preparation of an α-Azido Ketone by
Reaction of a Ketone Triisopropylsilyl Enol Ether with Sodium Azide and
Ammonium Cerium(IV) Nitrate).331 To a solution of 1-methyl-2-(triisopro-
pylsilyloxy)cyclohexene in MeCN (0.4M, 1.99 mmol) was added at −20◦ sodium
azide (8.86 mmol, 4.5 eq) followed dropwise by a solution of ammonium cerium-
(IV) nitrate in MeCN (0.4M, 5.90 mmol, 3 eq). When the reaction was complete
(TLC), ice-cold water was added and the mixture was extracted with ice-cold
Et2O. The combined extracts were washed with ice-cold water, dried (Na2SO4),
and concentrated. The residue was purified by silica gel chromatography (1:3
ether/pentanes) to give the title product in 49% yield as a pale yellow oil: IR
(CHCl3) 2102, 1722 cm−1; 1H NMR (CDCl3) δ 2.61–2.51 (m, 1H); 2.37–2.28
(m, 1H), 1.91-1.56 (m, 6H), 1.35 (s, 3H); 13C NMR δ 207.7, 67.9, 39.1, 36.2,
26.9, 21.1, 20.2; HRMS (m/z): calcd for C7H11NO, 153.090; found, 153.090.

OMe 1. ClNHCO2CH2CCl3 (inverse addition),
   CHCl3, MeOH, –78°

O
NHCO2CH2CCl3 (86%)

2. CrO2, MeOH, –78° to rt

2,2,2-Trichloroethyl 2-Oxocyclohexylcarbamate (Amination of a Ketone
Enol Ether with the Chromium(II) Chloride/Chlorocarbamate Reagent).343

A solution of N -chloro 2,2,2-trichloroethyl carbamate (1.33 g, 5.74 mmol) in
CHCl3 (4 mL) and MeOH (1 mL) was cooled to −78◦ and treated with a pre-
cooled solution of 1-methoxycyclohexene (1.5 mL, 12 mmol) in CHCl3 (2 mL).
During 1 hour, a 1 M solution of CrCl2 (about 5 mL, 5 mmol) in MeOH was
added dropwise until a starch-iodide paper test was negative. The cooling bath
was removed and air was admitted. Sulfuric acid (1 mL of a 1 N solution) was
added and the mixture was stirred at room temperature for 4 hours, poured into
50 mL of water, and extracted with CH2Cl2 (3 × 100 mL). The combined extracts
were washed twice with water, dried, and concentrated. The residue was sepa-
rated by chromatography (1:4 ether/hexane) into 2,2,2-trichloroethyl carbamate
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(0.185 g) and the less polar title product (1.302 g, 86%), mp 75−78◦. Crystal-
lization from hexane gave an analytical sample, mp 80−80.5◦: IR (CCl4)1745,
1720 cm−1; 1H NMR (CCl4) δ 5.92 (m, 1H), 4.63 (s, 2H), 4.22 (dt, J = 6, 12 Hz;
dd, J = 6, 11.5 Hz after D2O exchange, 1H). Anal. Calcd for C9H12Cl3NO3: C,
37.44; H, 4.19; Cl, 36.89; N, 4.85. Found: C, 37.43, H, 4.17; Cl, 37.10; N, 5.02.

TABULAR SURVEY

An effort was made to include all relevant reactions that appeared in the liter-
ature up to the middle of 2007. However, in view of the difficulties in searching
the subject, omissions are inevitable. The tables are arranged according to sub-
strates and follow the organization of the section on Scope and Limitations. The
titles of the individual tables are listed in the Table of Contents and are not
repeated here.

Substrates are listed in the order of increasing carbon count. To group similar
substrates together, protecting groups and chiral auxiliaries are not counted nor
are groups on heteroatoms such as N, O, S, and P. This includes alcohol por-
tions of esters and groups such as methyl or ethyl in ethers, amides, and amines.
Ligands in metal complexes are excluded from the count but ferrocene is listed
in Table 4 (Aromatic Carbanions) under C10. However, all ring carbons in hete-
rocycles are included in the carbon count. Within each carbon count or range of
carbon counts entries are listed in the order in which reagents are discussed in
the section on Reagents and Mechanisms: amines, haloamines, hydroxylamines,
oxaziridines, imines, oximes, diazonium salts, diazo compounds, azo compounds,
azides, and miscellaneous other reagents. This order is not followed in Table 5
(Heterocyclic Anions) where like heterocycles are grouped together. Only sub-
strates where the carbanionic center is in the heterocyclic ring are listed here.
Heterocyclic substrates where the carbanionic center is on a side chain are listed
in Table 1A (Arylmethyl and Heteroarylmethyl Carbanions). Substrates where
the carbanionic center is on an aromatic ring fused to, or attached to, a hetero-
cycle are listed Table 4 (Aryl Carbanions). Table 10A (Esters) does not include
lactones and Table 12 (amides) does not include lactams which are in separate
tables (11 and 14, respectively) and which are not listed in Table 5 (Heterocyclic
Carbanions). Surrogates of carbonyl compounds, such as enol ethers or enamines,
are listed together with their parent carbonyl compounds.

A dash enclosed in parentheses [(−)] next to a product signifies that the
product was isolated but no yield was reported. When a reaction involving the
same aminating reagent has been reported in more than one publication, the
conditions producing the highest yield are shown and the reference to that paper
is given first. Extensive variations of catalysts, solvents, and conditions are not
included in the tables; instead, one or two sets of conditions that produce the
highest yield and best selectivity are given.
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The following abbreviations are used in the tables:

Ac acetyl
acac 2,4-pentadionato (acetylacetonato)
BINAP 2,2-bis(diphenylphosphino)-1-binaphthyl
[bmim][BF4] N -butyl-N ′-methylimidazolium tetrafluoroborate
Bn benzyl
Boc tert-butoxycarbonyl
BOM benzyloxymethyl
Bu butyl
Bz benzoyl
[capemim][BF4] N -5-carboxypentyl-N ′-methylimidazolium

tetrafluoroborate
Cbz benzyloxycarbonyl
Cp η5-cyclopentadienyl
DABCO 1,4-diazabicyclo[2.2.2]octane
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DDQ 2,3-dichloro-5,6-dicyanobenzoquinone
(DHQD)2CLB dihydroquinidinyl p-chlorobenzoate (see Chart 1)
(DHQD)2PYR dihydroquinidinyl pyrimidine (see Chart 1)
DMF dimethylformamide
DME dimethoxyethane
DMPU 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
DMSO dimethylsulfoxide
Et ethyl
Fmoc 9-fluorenylmethoxycarbonyl
HMPA hexamethylphosphoric triamide
ia inverse addition
KHMDS potassium hexamethyldisilazide
LDA lithium diisopropylamide
LiHMDS lithium hexamethyldisilazide
Me methyl
MEM (2-methoxyethoxy)methyl
Ms methanesulfonyl
NaHMDS sodium hexamethyldisilazide
Ph phenyl
Piv pivaloyl
PMB p-methoxybenzyl
Pr propyl
Py pyridine
(saltmen)Mn(N) nitrido[N ,N ′-(1,1,2,2-tetramethyl)

bis(salicylideneaminato)]manganese (see Chart 1)
TMS trimethylsilyl
TBS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl
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TEMPO 2,2,6,6-tetramethylpiperidinyl-1-oxyl
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid
TFAA trifluoroacetic anhydride
THF tetrahydrofuran
TMEDA tetramethylethylenediamine
Tr triphenylmethyl
Ts tosyl; 4-methylbenzenesulfonyl



N
N

O
O

N M
n

C
H

A
R

T
 1

. S
T

R
U

C
T

U
R

E
S

 O
F

 R
E

A
G

E
N

T
S

 A
N

D
 C

A
T

A
L

Y
ST

S

(s
al

tm
en

)M
n(

N
)

N
itr

id
o[

N
,N

'-(
1,

1,
2,

2-
te

tr
am

et
hy

l)
bi

s(
sa

lic
yl

id
en

ea
m

in
at

o)
]m

an
ga

ne
se N

N

O
O

N
N

O
M

e
M

eO
H

H

N

H

E
t

N
E

t

(D
H

Q
D

) 2
PY

R

N

M
eO

H
O

O

C
l

E
t

H

(D
H

Q
D

) 2
C

L
B

ca
ta

ly
st

 A
 

L
 =

 M
eO

H
, 2

:1
 m

ix
tu

re
 o

f 
is

om
er

s

ca
ta

ly
st

 B

N

C
o

O

O
O

O

N
H

2
O

L
M

n

O
O O

O

O
O

B
u-

t

t-
B

u

t-
B

u

t-
B

u

t-
B

u

B
u-

t

87



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S

R
1 M

 (
1-

5 
eq

)
1.

 R
2 R

3 N
H

, s
ol

ve
nt

, t
em

p 
1,

 2
 h

2.
 O

2,
 te

m
p 

2,
 ti

m
e

R
1 N

R
2 R

3
52

R
1

M
e

M
e

M
e

M
e

M
e

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

M C
uM

eL
i

C
u

C
uM

eL
i

C
u

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

C
uM

eL
i

R
2

Ph Ph n-
C

7H
15

n-
C

7H
15

(C
H

2)
2P

h

Ph Ph n-
C

7H
15

c-
C

6H
11

(C
H

2)
2P

h

Ph 3-
A

cC
6H

4

3-
(M

eC
H

O
H

)C
6H

4

1-
na

ph
th

yl

n-
C

10
H

21

(C
H

2)
2P

h

R
3

M
e

M
e

n-
B

u

n-
B

u

(C
H

2)
2P

h

M
e

(C
H

2)
2O

H

n-
B

u

c-
C

6H
11

(C
H

2)
2P

h

H H H H H (C
H

2)
2P

h

So
lv

en
t

to
lu

en
e

T
H

F,
 H

M
PA

E
t 2

O

T
H

F

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

T
H

F

E
t 2

O

E
t 2

O

T
H

F

T
H

F

T
H

F

T
em

p 
1

0° rt rt rt rt

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

T
em

p 
2

–7
8° rt rt rt rt

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

T
im

e

— — — — — — —

3 
m

in

— — — — — — — —

(3
3)

(4
6)

(3
9)

(5
2)

(7
6)

(5
7)

(3
7)

(7
3)

(3
8)

(6
2)

(4
6)

(3
2)

(3
9)

(3
5)

(2
3)

(2
6)

C
1-

4

R
1 C

u(
C

N
)L

i
R

1 N
R

2 R
3

54

R
1

M
e

n-
B

u

n-
B

u

n-
B

u

n-
B

u

R
2

Ph M
e

i-
Pr

Ph (R
)-

1-
(1

-n
ap

ht
hy

l)
et

hy
l

R
3

B
n

B
n

i-
Pr

H H

(5
0)

(4
5)

(5
0)

(6
2)

(6
0)

1.
 R

2 R
3 N

L
i, 

T
H

F,
 –

40
°, 

15
 m

in

2.
 O

2,
  –

78
°. 

20
 m

in
; t

o 
rt

88



R
1 C

u(
C

N
)X

1.
 R

2 R
3 N

L
i, 

T
H

F,
 te

m
p,

 ti
m

e

2.
 A

dd
en

d,
 T

H
F,

 –
78

°
3.

 O
2,

 –
78

°, 
30

 m
in

R
1 N

R
2 R

3

R
1

M
e

n-
B

u

n-
B

u

n-
B

u

n-
B

u

R
2

Ph H M
e

i-
Pr

Ph

R
2

B
n

Ph B
n

i-
Pr

Ph

A
dd

en
d

1,
2-

(O
2N

) 2
C

6H
4

no
ne

1,
2-

(O
2N

) 2
C

6H
4

no
ne

C
u(

N
O

3)
2

T
em

p

–7
8°

 to
 –

40
°

–7
8°

 to
 –

40
°

–7
8°

 to
 –

40
°

–7
8°

 to
 –

40
°

–4
0°

T
im

e

40
 m

in

40
 m

in

40
 m

in

40
 m

in

20
 m

in

(6
0)

(7
0)

(5
7)

(8
5)

(6
0)

55

C
1-

4

R
M

 (
x 

eq
)

Se
e 

ta
bl

e.
R

N
H

2 
 +

  R
2N

H

C
1-

8

R M
e

M
e

E
t

E
t

E
t

E
t

n-
Pr

n-
Pr

n-
Pr

i-
Pr

i-
Pr

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

s-
B

u

s-
B

u

M L
i

M
gB

r

M
gC

l

M
gC

l

Z
nE

t

Z
nE

t

M
gC

l

Z
nP

r-
n

Z
nP

r-
n

M
gC

l

M
gC

l

L
i

M
gC

l

M
gB

u-
n

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

x 1

ex
ce

ss

ex
ce

ss

4

ex
ce

ss

ex
ce

ss

ex
ce

ss

ex
ce

ss

ex
ce

ss

ex
ce

ss

4 3 1

3 
or

 m
or

e

4

ex
ce

ss

ex
ce

ss

ex
ce

ss

4

R
ea

ge
nt

N
H

2C
l

N
H

2C
l

N
H

2C
l

N
C

l 3

N
H

2C
l

N
C

l 3

N
H

2C
l

N
H

2C
l

N
C

l 3

N
H

2C
l

N
C

l 3

N
H

2C
l

N
H

2C
l

N
H

2C
l

N
C

l 3

N
H

2B
r

N
H

B
r 2

N
H

2C
l

N
C

l 3

C
on

di
tio

ns

E
t 2

O
, 0

°
E

t 2
O

, 0
°

E
t 2

O
, 0

°
E

t 2
O

pe
tr

ol
 e

th
er

, –
30

°;
 r

t, 
ov

er
ni

gh
t

pe
tr

ol
 e

th
er

, –
30

°;
 r

t, 
ov

er
ni

gh
t

E
t 2

O
, 0

°
pe

tr
ol

 e
th

er
, –

30
°;

 r
t, 

ov
er

ni
gh

t

pe
tr

ol
 e

th
er

, –
30

°;
 r

t, 
ov

er
ni

gh
t

E
t 2

O
, 0

°
E

t 2
O

E
t 2

O
, –

50
°

pe
tr

ol
 e

th
er

, 0
°;

 r
t, 

ov
er

ni
gh

t

E
t 2

O
, d

io
xa

ne
, –

60
°

E
t 2

O

E
2O

, 2
-3

°
E

t 2
O

, 0
°

E
t 2

O
, 0

°
E

t 2
O

(4
)

(2
6)

(5
7)

(2
9)

(4
6)

(1
7)

(5
8)

(5
7)

(8
)

(6
6)

(2
3)

(3
9)

(5
7)

(9
7)

(3
7)

(2
9)

(1
5)

(7
0)

(2
3)

(—
)

(—
)

(—
)

(6
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(2
)

(—
)

(—
)

(—
)

(5
)

(—
)

(5
)

(—
)

(3
)

58 56 56
, 5

8

77
, 5

8

58 58 58
,5

6

58
 

58 57 77 58 59
, 5

6,
 5

8

59 77
, 5

8

61 75 57 77

X Z
nC

l

Z
nC

l

Z
nC

l

Z
nC

l

L
i

89



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R s-
B

u

s-
B

u

t-
B

u

t-
B

u

t-
B

u

n-
C

5H
11

i-
C

5H
11

s-
C

5H
11

t-
C

5H
11

Ph
(C

H
2)

2

Ph
(C

H
2)

2

Ph
(C

H
2)

2

M M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

M
gC

l

x

ex
ce

ss

ex
ce

ss

ex
ce

ss

4

ex
ce

ss

4

ex
ce

ss

ex
ce

ss

ex
ce

ss

ex
ce

ss

4

ex
ce

ss

R
ea

ge
nt

N
H

2B
r

N
H

B
r 2

N
H

2C
l

N
C

l 3

N
H

2B
r

N
C

l 3

N
H

2C
l

N
H

2C
l

N
H

2C
l

N
H

2C
l

N
C

l 3

N
H

B
r 2

C
on

di
tio

ns

E
t 2

O
, 2-

3°
E

t 2
O

, 2
-3

°
E

t 2
O

, 0
°

E
t 2

O

E
t 2

O
, 2

-3
°

E
t 2

O

E
t 2

O
, 0

°
E

t 2
O

, 0
°

E
t 2

O
, 0

°
E

t 2
O

, 0
°

E
t 2

O

E
t 2

O
, 2

-3
°

(4
6)

(2
1)

(6
0)

(3
0)

(4
5)

(2
1)

(5
5)

(7
2)

(6
6)

(7
4)

(2
0)

(1
8)

(—
)

(5
)

(—
)

(2
)

(—
)

(5
)

(—
)

(—
)

(—
)

(—
)

(2
)

(3
)

61 75 57 77 61 77 56 57 57 56 77 75

R
1 N

H
B

z
R

1 M
1.

 R
2 O

N
H

L
i (

2 
eq

, i
a)

, E
t 2

O
, –

78
° t

o 
–1

5°
, 2

 h

2.
 B

zC
l

R
1

M
e

E
t

n-
B

u

n-
B

u

n-
B

u

i-
B

u

s-
B

u

s-
B

u

s-
B

u

s-
B

u

t-
B

u

(8
0)

(7
8)

(7
7)

a

(9
5)

(1
6)

(6
7)

(7
1)

(1
9)

(5
8)

(1
8)

(8
0)

82
, 7

86

82
, 7

86

82
, 7

86

82 83
, 7

86

82
, 7

86

82
, 8

3

83 83 83 82
, 7

86

M L
i

L
i

L
i

L
i

M
gB

r

L
i

L
i

M
gB

r

C
uL

i

M
e 2

Z
nL

i

L
i

R
2

M
e

M
e

M
e

C
H

2C
H

=
C

H
2

M
e

M
e

M
e

M
e

M
e

M
e

M
e

C
1-

8

C
1-

4

R
M

 

  x
 e

q

Se
e 

ta
bl

e.
R

N
H

2 
 +

  R
2N

H

90



C
1-

4

R
M

1
T

sO
N

C
O

2B
u-

t  
(M

2 )+
R

N
H

C
O

2B
u-

t

R M
e

n-
B

u

n-
B

u

n-
B

u

s-
B

u

s-
B

u

s-
B

u

M
2

L
i

L
i

L
i

M
gC

l

L
i

L
i

M
gC

l

M
1

L
i

L
i

(C
uL

i)
0.

5

(C
uL

i)
0.

5

L
i

(C
uL

i)
0.

5

(C
uL

i)
0.

5

T
im

e

2 
h

3 
h

1.
5 

h

1.
5 

h

3 
h

1.
5 

h

1.
5 

h

T
em

p

–7
8°

 to
 –

30
°

–7
8°

 to
 –

40
°

–7
8°

–7
8° 0° –7
8°

–7
8°

(6
0)

(7
1)

(6
2)

(7
0)

(4
2)

(3
2)

(5
7)

12
6

12
7,

 1
26

12
7

12
7

12
7,

 1
26

12
7

12
7

R
1 M

2 SO
2O

N
(R

R
3 ) 2

 (i
a)

, E
t 2

O
 o

r 
E

t 2
O

/T
H

F
R

1 N
(R

3 ) 2

R
1

M
e

M
e

n-
B

u

Ph
(C

H
2)

2

R
3

M
e

E
t

M
e

M
e

R
2

2,
4,

6-
M

e 3
C

6H
2

Ph Ph M
e

R
M

X
 

  X
 n

ot
 s

pe
ci

fi
ed

(i
a)

, E
t 2

O
C

O
2

R M
e

E
t

n-
Pr

n-
Pr

i-
Pr

i-
Pr

i-
B

u

t-
B

u

M C
d

M
g

M
g

C
d

M
g

C
d

M
g

M
gC

O
2

N

Ph
H

R
C

O
2

N H

Ph
H

R

I
II

+
16

1

I 
+

 I
I

(5
5-

70
)

(4
5-

55
)

(4
5-

55
)

(5
5-

70
)

(4
5-

55
)

(5
5-

70
)

(4
5-

55
)

(4
5-

55
)

I:
II

0:
10

0b

95
:5

96
:4

0:
10

0b

60
:4

0

 0
:1

00
b

96
:4

0:
10

0

(4
5)

(3
9)

(4
7)

(7
0)

M L
i

L
i

L
i

M
gB

r

T
em

p,
 T

im
e

–1
0°

 to
 –

20
°;

 to
 r

t, 
15

 h

–1
0°

 to
 –

20
°;

 to
 r

t, 
15

 h

–1
0°

 to
 –

20
°;

 to
 r

t, 
15

 h

–3
0°

 to
 0

°

13
3

13
3

13
3

13
4

C
1-

8

C
1-

4

– N

Ph
H

Pr
-i

91



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
1-

14

R
M

gB
r

4-
M

eO
C

6H
4N

(R
)C

H
(C

O
2E

t)
2 

  I

  4
-M

eO
C

6H
4N

H
R

  I
I

16
7,

 1
66

R M
e

E
t

n-
Pr

i-
Pr

n-
B

u

t-
B

u

c-
C

6H
11

C
H

2

Ph
(C

H
2)

2

n-
C

10
H

21

n-
C

12
H

25

n-
C

14
H

29

T
em

p

–7
8°

–7
8°

–7
8°

–9
5°

–7
8°

–9
5°

–7
8°

–7
8°

–7
8°

–7
8°

–7
8°

I

(9
8)

c

(9
1)

c

(8
1)

c

(8
6)

c

(9
8)

c

(5
6)

(9
3)

c

(8
6)

c

(7
8)

c

(9
4)

c

(7
9)

c

II
d

(6
3)

(9
3)

(7
9)

(6
8)

(9
8)

(0
)

(9
1)

(8
9)

(7
9)

(8
4)

(7
1)

R
1 M

gI
R

2 R
3 C

=
N

2,
 E

t 2
O

R
1

M
e

M
e

M
e

M
e

E
t

R
2

E
tO

2C

C
N

Ph Ph E
tO

2C

R
3

H C
N

Ph B
z

H

(3
0)

(6
0)

(8
4)

(—
)

(—
)

C
1-

2

R
2 R

3 C
=

N
N

H
R

1

C
1

M
eL

i
1.

 Z
nC

l 2
, T

H
F,

 0
° t

o 
rt

2.
   

   
   

   
   

   
   

  (
ia

),
 N

i(
ac

ac
) 2

 (
ca

t)
, 2

 h

N
O

C
H

O

N
H

M
e

(7
0)

17
0

19
9

20
3

20
2

20
1

19
9

1.
 4

-M
eO

C
6H

4N
=

C
(C

O
2E

t)
2,

 T
H

F,
 te

m
p,

 3
0 

m
in

 (
fo

rm
s 

I)

2.
 A

ir
, K

O
H

, H
2O

, E
tO

H
 (

fo
rm

s 
II

)

92



Fe

M
eL

i
N

2

O

, E
t 2

O
, c

oo
lin

g
N

N
H

M
e

O

(—
)

20
1

C
1

M
eL

i

N
2

1.
   

   
   

   
 (

ia
),

 E
t 2

O

2.
 F

eC
l 3

N
=

N
M

e

N
=

N
M

e

78
7

(—
)

R
M

X
1

A
rN

2+
 (X

2 )–
Ph

N
=

N
R

C
1-

6

X
1

I I I B
r

B
r

B
r

C
l

— — — C
l

B
r

So
lv

en
t

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
2O

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
em

p

re
fl

ux

re
fl

ux

re
fl

ux

re
fl

ux

re
fl

ux

re
fl

ux

–1
0°

–7
8°

–7
8°

–7
8°

–7
8° 0°

(1
5)

e

(7
)e

(5
)e

(1
5)

e

(5
)e

(1
0)

e

(4
0)

(7
1)

(8
3)

(7
8)

(4
0)

(0
)

18
4

18
4

18
4

18
4

18
4

18
4

19
2

19
1

19
1

19
1

18
5

19
0

X
2

C
l

C
l

C
l

C
l

C
l

C
l

B
F 4

f f f B
F 4

B
F 4

M M
g

M
g

M
g

M
g

M
g

M
g

Z
n

M
g

M
g

M
g

M
g

Z
n(

C
6H

11
-n

) 2

A
r

Ph 1-
na

ph
th

yl

2-
na

ph
th

yl

Ph 1-
na

ph
th

yl

2-
na

ph
th

yl

Ph Ph 4-
C

lC
6H

4

4-
M

eO
C

6H
4

Ph Ph

R M
e

M
e

M
e

E
t

E
t

E
t

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

n-
C

6H
11

T
im

e

15
 m

in

15
 m

in

15
 m

in

15
 m

in

15
 m

in

15
 m

in

22
 h

1 
hg

1 
hg

1 
hg

— 1 
h

93



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
1 M

N
3

R
1 N

H
N

=
N

R
2 

   
an

d/
or

h    
R

1 N
=

N
-N

H
R

2

R
1

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M L
i

M
gC

l

M
gB

r

M
gI

M
gB

r

L
i

M
gI

M
gI

M
gI

M
gI

R
2

R
2

M
e

M
e

M
e

M
e

n-
B

u

(C
H

2)
2O

T
B

D
M

S 
(i

a)

4-
B

rC
6H

4

Ph 4-
M

eC
6H

4

4-
E

tC
6H

4

So
lv

en
t

pe
nt

an
e

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

T
em

p,
 T

im
e

0°
, 1

 h

–4
0°

; –
10

°, 
30

 m
in

; t
o 

rt

–4
0°

; 0
°, 

30
 m

in
; t

o 
rt

–2
0°

; t
o 

rt
; r

ef
lu

x,
 2

0 
m

in

0°
 to

 r
t, 

2 
h

–2
0°

; t
o 

rt
, 2

 h

re
fl

ux
, 0

.5
 h

re
fl

ux
, 0

.5
 h

re
fl

ux
, 3

0 
m

in

re
fl

ux
, 3

0 
m

in

(6
0)

(—
)

(—
)

(—
)

(8
5)

(7
0)

(—
)

(7
5)

(—
)

(—
)

25
8,

 2
56

25
7

25
7

25
7

26
1

26
8

28
0

27
0,

 2
85

28
0

28
0

C
1-

10

94



R
1

M
e

M
e

M
e

E
t

E
t

E
t

E
t

E
t

n-
Pr

i-
Pr

n-
B

u

n-
B

u

n-
B

u

t-
B

u

t-
B

u

c-
C

3H
5C

H
2

i-
C

5H
11

i-
C

5H
11

n-
C

6H
13

4-
cy

cl
oh

ex
en

yl
m

et
hy

l

n-
C

8H
17

Ph
(C

H
2)

2

Ph
(C

H
2)

2

Ph
(C

H
2)

2

Ph
(C

H
2)

2

4-
M

eO
C

6H
4(

C
H

2)
2

Ph
C

(M
e)

2C
H

2

M M
gB

r

M
gB

r

M
gI

M
gB

r

A
l 1

/3

A
l 1

/3

M
gI

M
gB

r

M
gB

r

M
gB

r

L
i

L
i

M
gB

r

M
gC

l

M
gC

l

L
i

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

R
2

B
n

1-
na

ph
th

yl

Ph
SO

2 
(i

a)

E
t

n-
B

u

Ph Ph 1-
na

ph
th

yl

1-
na

ph
th

yl

i-
Pr

n-
B

u

B
n

1-
na

ph
th

yl

Ph
SO

2 
(i

a)

Ph
SC

H
2 

(i
a)

c-
C

3H
5C

H
2 

(i
a)

Ph 1-
na

ph
th

yl

Ph
SO

2 
(i

a)

Ph
SC

H
2 

(i
a)

Ph
SC

H
2 

(i
a)

M
eS

C
H

2 
(i

a)

Ph
SC

H
2 

(i
a)

4-
M

eO
C

6H
4S

C
H

2 
(i

a)

4-
M

eC
6H

4S
O

2

Ph
SC

H
2

4-
M

eC
6H

4S
O

2

So
lv

en
t

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

pe
tr

ol
 e

th
er

pe
tr

ol
 e

th
er

E
t 2

O

E
t 2

O

E
t 2

O

pe
nt

an
e

T
H

F

pe
nt

an
e

E
t 2

O

E
t 2

O

T
H

F

pe
nt

an
e

E
t 2

O

E
t 2

O

E
t 2

O

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

E
t 2

O

T
H

F

T
em

p,
 T

im
e

re
fl

ux
, 2

5 
m

in

0°
 to

 r
t, 

2 
h

—

0°
, 1

 h

40
°, 

10
 h

rt
, 1

 d

re
fl

ux
, 3

0 
m

in

re
fl

ux
, 2

5 
m

in

re
fl

ux
, 2

5 
m

in

0°
 to

 r
t, 

2 
h

0°
, 1

 h

0°
 to

 r
t, 

2 
h

re
fl

ux
, 2

5 
m

in

—

–7
8°

; t
o 

–2
0°

, 2
.5

 h

–7
0°

, 3
0 

m
in

re
fl

ux
, 2

5 
m

in

re
fl

ux
, 2

5 
m

in

— –7
8°

–7
8°

, 1
 h

; t
o 

rt

0°
, 2

 h

–7
8°

, 1
.7

5 
h;

 to
 0

°, 
30

 m
in

–7
8°

, 1
.7

5 
h;

 to
 0

°, 
30

 m
in

0°
–7

8°
, 2

 h

0°

(9
5)

(8
0)

(—
)

(4
5)

(6
0)

(5
0)

(5
5)

(5
3)

(5
4)

(1
2)

(>
88

)

(9
1)

(6
5)

(—
)

(9
6)

(>
55

)

(—
)

(5
0-

55
)

(—
)

(8
6)

(1
00

)

(>
86

)

(>
90

)

(9
0)

(2
5)

i

(>
73

)j

(2
5)

i

26
1,

 2
70

28
1

30
6

25
8

26
0

26
0

27
0

28
1

28
1

25
9

26
2

26
1

28
1

30
6

27
4

26
2

28
1

28
1

30
6

27
3

27
4

27
4

27
4,

 2
73

27
4

30
5

27
4,

 2
73

30
5

95



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
1

SS

L
i

N
3

Ph
1.

   
   

   
   

   
  ,

 T
H

F,
 –

78
°;

 r
t, 

2 
h

2.
 H

C
l

SS

N
H

2
(6

4)
27

8

R
L

i
27

7
N

3
B

u-
t

R
H

N
N

N
B

u-
t

R M
e

E
t

n-
B

u

t-
B

u

(9
1)

(—
)

(—
)

(—
)

,  
E

t 2
O

, –
78

°;
 to

 r
t, 

2-
12

 h

C
1-

4

R
M

gX
  X

 =
 C

l o
r 

B
r

N

Y
N

N
3

N
3

N
3

N

Y
N

N
=

N
N

H
R

N
=

N
N

H
R

R
N

H
N

=
N

, E
t 2

O
, 1

 h

R M
e

E
t

n-
B

u

n-
B

u

(6
0)

(7
0)

(5
2)

(—
)

78
8

R
M

gB
r

Ph
C

O
C

H
2N

3,
 E

t 2
O

78
9

R
N

N
N

H
R

Ph
H

O
R M

e

E
t

n-
B

u

(9
3)

(9
5)

(6
4)

C
1

M
eL

i
Y

N
3

N
3

, E
t 2

O
Y

R
R

Y
 =

 O
, C

H
2 

; R
 =

 N
=

N
N

H
M

e

(—
)

29
0

Y C
H

C
H

C
H

N

96



C
1-

5

R
M

gX
N

3–
Y

–N
3,

 E
t 2

O
27

2

R M
e

M
e

E
t

E
t

n-
Pr

n-
Pr

i-
Pr

i-
Pr

n-
B

u

n-
B

u

n-
B

u

n-
B

u

i-
C

5H
11

i-
C

5H
11

Y (C
H

2)
2

(C
H

2)
2

(C
H

2)
2

(C
H

2)
2

C
H

2C
H

M
e

(C
H

2)
3

(C
H

2)
2

X I I B
r

B
r

B
r

B
r

B
r

B
r

B
r

B
r

B
r

B
r

B
r

B
r

(9
2)

(8
0)

(4
1)

(8
0)

(—
)

(7
6)

(7
2)

(7
0)

(7
1)

(8
7)

(6
5)

(7
2)

(6
1)

(7
8)

N
Y

N
N

N
H

R
h

N
R

H
N

97



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
M

gX
  

   
X

 n
ot

 s
pe

ci
fi

ed
NS

N
3

NS
R

H
N

N
=

N

, E
t 2

O
, 1

0-
12

 h

R M
e

E
t

n-
Pr

i-
Pr

n-
B

u

i-
B

u

n-
C

5H
11

i-
C

5H
11

(7
8)

(6
8)

(2
3)

(5
7)

(2
8)

(4
0)

(3
8)

(6
2)

79
0

C
1-

5

C
2-

3

(R
1 ) 2

Z
n

R
2 N

C
l 2

, p
et

ro
l e

th
er

, c
ol

d

R
2

M
e

E
t

n-
B

u

i-
C

5H
11

n-
B

u

(4
6)

(4
2)

(4
3)

(4
2)

(2
4)

R
2 N

H
2 

   
 +

   
 R

2 N
H

R
1

R
1

E
t

E
t

E
t

E
t

n-
Pr

72

(4
4)

(4
9)

(5
7)

(5
2)

(6
1)

C
2

E
t 2

Z
n

E
tN

C
l 2

, E
t 2

O
, 0

°
E

t

E
t3N

 (
35

) 
   

+
   

 E
tN

H
2 

(—
)

76

E
t 2

N
C

l, 
pe

tr
ol

 e
th

er
, c

ol
d

2N
H

 (
70

) 
   

+
   

 E
t 3

N
 (

2)
72

98



R
1 M

gX
1

1.
 R

2 O
N

H
2,

 s
ol

ve
nt

, t
em

p 
(f

or
m

s 
I)

2.
 H

X
2 

 (f
or

m
s 

II
)

R
1 N

H
2 

 I

  R
1 N

H
3X

2 
  II

R
1

E
t

E
t

n-
Pr

n-
B

u

n-
B

u

i-
B

u

s-
B

u

t-
B

u

n-
C

5H
11

i-
C

5H
11

i-
C

5H
11

i-
C

5H
11

i-
C

5H
11

t-
C

5H
11

4-
(1

-p
en

te
ny

l)

Ph
(C

H
2)

2

X
1

B
r

B
r

B
r

C
l

B
r

B
r

C
l

C
l

B
r

C
l

B
r

I B
r

B
r

C
l

C
l

R
2

M
e

B
n

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

B
n

M
e

M
e

M
e

X
2

C
l

C
l

C
l

— — — C
l

C
l

— C
l

C
l

C
l

C
l

— — —

I

(—
)

(—
)

(—
)

(5
8)

(6
3)

(9
0)

(—
)

(—
)

(6
5)

(—
)

(—
)

(—
)

(—
)

(4
8)

(—
)

(6
8)

II (8
1)

(4
6)

(8
5)

(—
)

(—
)

(—
)

(7
3)

(7
4)

(—
)

(8
0)

(7
1)

(5
)

(6
1)

(—
)

(—
)

(—
)

79
1,

 7
92

80 79
1

79
1

79
1

79
1

79
2

79
1,

 7
92

79
1

79
1

79
1

79
2

80 79
1

79
3

79
1

C
2-

8

So
lv

en
t

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O
 

— E
t 2

O

T
em

p

 –
10

° t
o 

–1
5°

 –
10

° t
o 

–1
5°

 –
10

° t
o 

–1
5°

 –
10

° t
o 

–1
5°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

—

–1
0°

 to
 –

15
°

R
1

Z
rC

pC
l 

k
2,

4,
6-

M
e 3

C
6H

2S
O

2O
N

H
2,

 E
t 2

O
, 0

°, 
10

 m
in

11
6

C
2-

10

R
1

T
M

S

T
M

SC
H

2

C
l(

C
H

2)
3

E
t

n-
C

6H
13

Ph Ph
(C

H
2)

2

R
2

R
1

N
H

2

R
2

R
2

H H H i-
Pr

H H H

(8
1)

(7
6)

(7
8)

(8
5)

(7
7)

(6
0)

l

(8
0)

99



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

B
n 2

N
O

B
z 

+
 C

uC
l 2

 (
2.

5 
m

ol
%

, i
a,

 s
lo

w
 a

dd
iti

on
),

 T
H

F,
 r

t, 
15

 m
in

R
N

B
n 2

11
3

R E
t

t-
B

u

C
2-

4

(9
5)

(8
8)

X B
r

C
l

R
M

gX

(R
1 ) 2

Z
n 

  1
.1

 e
q

R
2 R

3 N
O

B
z,

 c
at

al
ys

t, 
T

H
F,

 r
t

R
1 R

2 R
3 N

R
1

E
t

i-
Pr

t-
B

u

t-
B

u

t-
B

u

R
2

B
n

B
n

t-
B

uC
H

2C
M

e 2

B
n

B
n

C
at

al
ys

t

(C
uO

T
f)

2•
Ph

H

(C
uO

T
f)

2•
Ph

H

C
uC

l 2

C
uC

l 2

(C
uO

T
f)

2•
Ph

H

R
3

B
n

B
n

H B
n

B
n

T
im

e

1 
h

1 
h

15
-6

0 
m

in

15
 m

in

1 
h

(9
1)

(7
7)

(4
3)

(9
9)

(9
8)

10
9,

 1
12

10
9,

 1
12

11
2

10
9

10
9,

 1
12

C
2

E
t 2

Z
n

R
1 N

=
C

H
C

O
2R

2 , p
en

ta
ne

, –
80

° t
o 

rt

  R
1  =

 i-
Pr

, t
-B

u;
 R

2  =
 M

e,
 E

t
N

R
1

N
C

O
2R

2

OR
1

E
t

(8
0-

90
)

16
3

1.
 t-

B
uN

=
C

H
C

O
M

e,
 h

ex
an

e,
 –

10
0°

2.
 C

H
2C

l 2
, H

2O
t-

B
u

N
C

O
M

e

E
t

(8
0)

16
2

R
1 N

N
R

1
R

2

R
3

1.
   

   
   

   
   

   
   

   
   

, h
ex

an
e,

 r
t

2.
 t-

B
uO

H

N
E

tR
1

R
1 E

tN R
2

R
3

17
1

R
1

i-
Pr

i-
Pr

t-
B

u

t-
B

uC
H

2

c-
C

6H
11

c-
C

6H
11

(i
-P

r)
2C

H

R
2

H H H H H M
e

H

R
3

H M
e

H H H M
e

H

(—
)

(—
)

(8
8)

(—
)

(—
)

(—
)

(—
)

100



C
2-

4

R
1 M

16
5

R
2 C

F 2
N

R
3

C
O

2E
t

N
R

1 R
3

C
O

2E
t

R
2

F
C

F 3

C
O

2E
t

N
H

R
3

R
1

N
R

1 R
3

C
O

2E
t

+

R
1

E
t

E
t

E
t

E
t

E
t

E
t

E
t

E
t

n-
B

u

M M
gB

r

Z
nE

t

Z
nE

t

Z
nE

t

Z
nE

t

Z
nE

t

Z
nE

t

Z
nE

t

L
i

R
2

F F F F F F F C
2F

5

F

R
3

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

Ph 4-
C

lC
6H

4

2-
E

tC
6H

4

2,
6-

M
e 2

C
6H

3

Ph
C

H
M

e

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

So
lv

en
t

E
t 2

O

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

T
im

e

30
 s

30
 s

30
 s

30
 s

30
 s

30
 s

30
 s

2 
m

in

30
 s

R
1

F

+

I
II

II
I

I

(5
0)

(8
8)

(8
0)

(8
4)

(6
5)

(1
)

(8
5)

(7
7)

(0
)

II (0
)

(1
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(8
0)

II
I

(1
5)

(0
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(0
)

R
1 L

i
, T

H
F,

 h
ex

an
e,

 –
78

°, 
2 

h;
 to

 r
t

16
8

N
R

2

R
3

R
3

R
3

R
2 H

N
R

1
R

1 R
2 N

H

+

R
1

E
t

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

R
2

n-
B

u

M
e

n-
B

u

n-
B

u

i-
B

u

Ph 4-
M

eC
6H

4

4-
M

eO
C

6H
4

Ph
(C

H
2)

2

Ph
(C

H
2)

4

R
3

H H H M
e

H H H H H H

(6
5)

(7
1)

(7
0)

(0
)

(4
1)

(1
5)

(1
7)

(1
9)

(8
0)

(6
2)

(5
)

(0
)

(0
)

(—
)

(1
6)

(5
0)

(5
2)

(4
7)

(5
)

(1
5)

T
em

p

rt rt rt rt rt rt rt

10
0°

80
°

101



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
M

gX

1.
 [

3,
5-

(C
F 3

) 2
C

6H
3]

2C
=

N
O

T
s 

(i
a)

, E
t 2

O
, t

ol
ue

ne
, r

t, 
0.

5 
h

2.
 H

C
l, 

M
e 2

C
O

3.
 B

zC
l, 

E
t 3

N

R
N

H
B

z
17

9

R E
t

t-
B

u

Ph
(C

H
2)

3

X B
r

C
l

B
r

(8
7)

(3
5)

(9
6)

m

C
2-

9

R
1 M

B
r

R
2 C

O
N

=
N

R
3

N
N

R
1

R
3

H

R
2 C

O

R
1

E
t

E
t

n-
Pr

i-
Pr

i-
B

u

t-
B

u

i-
C

5H
11

M
e 2

(E
t)

C

M
eC

O
2(

C
H

2)
4

5-
C

l(
C

H
2)

2

4-
N

C
(C

H
2)

4

E
tO

2C
(C

H
2)

5

2-
oc

ty
l

M M
g

M
g

M
g

M
g

M
g

M
gn

M
g

Z
n

M
g

Z
n

Z
n

Z
n

Z
n

Z
n

R
2

Ph Ph Ph Ph Ph t-
B

uO

Ph t-
B

uO

C
H

2=
C

H
C

H
2O

t-
B

uO

t-
B

uO

t-
B

uO

t-
B

uO

t-
B

uO

R
3

Ph B
z

B
z

B
z

B
z

C
O

2B
u-

t (
ia

)

B
z

C
O

2B
u-

t

C
O

2C
H

2C
H

=
C

H
2 

(i
a)

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2B
u-

t

(2
5)

(—
)

(—
)

(p
oo

r)

(—
)

(2
6)

(4
0)

(7
5)

(5
5)

(9
0)

(8
1)

(9
0)

(9
0)

(9
4)

So
lv

en
t

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

79
4

79
4

79
4

79
4

79
4

79
5

79
4

35
8

73
5

35
8

35
8

35
8

35
8

35
8

T
em

p,
 T

im
e

rt rt rt rt rt

0°
, 1

5 
m

in
; r

t, 
10

 h

rt

rt
, 3

0 
m

in

–7
8°

 to
 r

t

rt
, 3

 h

rt
, 3

 h

rt
, 1

 h

rt
, 3

 h

rt
, 3

 h

C
2-

8

T
M

SC
C

(C
H

2)
2

R
M

t-
B

uO
2C

N
N

C
O

N
N

N
H

C
O

N

t-
B

uO
2C

N
H

N

R

t-
B

uO
2C

I

+

II

41
0

C
O

R

N

C
2-

4

, –
78

°, 
so

lv
en

t, 
1 

h

102



R
M

E
t 2

A
lC

l

E
t 2

Z
n•

T
iC

l 4

n-
B

uL
i

So
lv

en
t

C
H

2C
l 2

C
H

2C
l 2

E
t 2

O

I

(1
00

)

(—
)

(6
5)

II (0
)

(6
4)

(2
3)

R
M

gX
  

  X
 n

ot
 s

pe
ci

fi
ed

A
rN

3 
(i

a)
, E

t 2
O

, r
t

A
rN

H
R

27
9

R E
t

E
t

n-
Pr

n-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

n-
B

u

n-
C

5H
11

n-
C

7H
15

n-
C

8H
17

n-
C

10
H

21

n-
C

12
H

25

A
r

Ph M
eC

6H
4

4-
FC

6H
4

(3
-O

C
H

2-
4)

C
6H

3

3,
4-

C
l 2

C
6H

3

4-
M

eO
C

6H
4

3,
4-

(M
eO

) 2
C

6H
3

2-
na

ph
th

yl

M
eC

6H
4

2-
na

ph
th

yl

4-
C

lC
6H

4

4-
M

eO
C

6H
4

2-
na

ph
th

yl

4-
C

lC
6H

4

(9
0)

(8
9)

(8
2)

(8
8)

(8
5)

(8
8)

(8
7)

(8
8)

(8
7)

(8
7)

(8
4)

(9
0)

(8
8)

(8
5)

C
2-

12

T
im

e

30
 m

in

30
 m

in

1 
h

30
 m

in

1 
h

1 
h

30
 m

in

1 
h

30
 m

in

1 
h

1 
h

30
 m

in

1 
h

1.
5 

h

E
tM

gB
r

4-
N

3C
6H

4C
O

M
e,

 E
t 2

O
(—

)
28

3

N
3

N
3 , E

t 2
O

, –
20

°
(5

8)

E
tN

H
N

=
N

N
=

N
N

H
E

th

28
9

C
2

O
H

E
t

E
tN

H
N

=
N

103



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
1 M

gC
l

R
1 R

2 N
H

  +
  (

R
1 ) 2

N
R

2   +
  R

2 N
H

2

R
1

n-
Pr

n-
B

u

n-
B

u

n-
C

5H
11

R
2

E
t

M
e

E
t

E
t

(1
2)

(2
2)

(1
1)

(1
2)

(8
)

(5
)

(9
)

(8
)

(5
2)

(4
3)

(3
6)

(3
4)

68
R

2 N
C

l 2
, E

t 2
O

, 5
°, 

1 
h

C
3-

5

C
3-

4

R
1 M

(R
2 ) 2

N
C

l
(R

2 ) 2
N

H
  +

  R
1 (R

2 ) 2
N

  +
  (

R
2 ) 2

N
N

(R
2 ) 2

R
1

i-
Pr

n-
B

u

R
2

i-
Pr

n-
B

u

(—
)

(8
5)

So
lv

en
t

pe
tr

ol
 e

th
er

E
t 2

O

(3
)

(4
)

(4
.5

)

(0
)

70 68

C
3-

8

Ph
2P

(O
)O

N
H

2,
 T

H
F

R
N

H
2

C
3

i-
Pr

M
gC

l

N
H

O

t-
B

u
t-

B
u

, E
t 2

O

N
Pr

-i

O

t-
B

u
t-

B
u

(3
5)

16
9

R i-
Pr

n-
B

u

Ph
(C

H
2)

2

X C
l o

r 
B

r

C
l o

r 
B

r

B
r

R
M

gX

T
em

p

–7
8°

; t
o 

rt

–7
8°

; t
o 

rt

–2
0°

; r
t, 

12
 h

(3
6)

m

(5
0)

m

(4
0)

14
0

14
0

13
9

T
em

p

 r
t, 

th
en

 r
ef

lu
x

 5
°

M K M
gC

l

T
im

e

— 1 
h

104



C
3-

10

R
Z

nX
1.

 A
rN

=
N

T
s,

 T
H

F,
 –

20
°

2.
 R

an
ey

 N
i, 

E
tO

H
, r

ef
lu

x

A
rN

H
R

35
6

R E
tO

2C
(C

H
2)

2

n-
C

5H
11

n-
C

8H
17

Ph
C

(M
e)

2C
H

2

Ph
C

(M
e)

2C
H

2

X E
tO

2C
(C

H
2)

2

I I B
r

B
r

(4
5)

(5
5)

(5
2)

(7
9)

(0
)q

A
r

4-
M

eO
C

6H
4

4-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

3,
5-

(C
F 3

) 2
C

6H
3

C
3-

8

R
M

gX

1.
 (

4-
C

F 3
C

6H
4)

2C
=

N
O

M
s 

+
 C

uC
N

•2
 L

iC
l (

ia
),

 

   
   

T
H

F,
 H

M
PA

, 0
°, 

30
 m

in

2.
 H

3O
+

R
N

H
2

17
9,

 7
26

R i-
Pr

n-
B

u

t-
B

u

3,
4-

(T
B

SO
) 2

C
6H

3(
C

H
2)

2

(9
3)

o

(9
6)

o

(6
1)

o

(8
7)

p

X B
r

C
l

C
l

B
r

105



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
2

R
1

R
3

R
2

R
1

R
3 E

R
5

R
4

R
4

R
5

R
2

R
1

R
3

R
4

R
5

E
+

I
II

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

H
H

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, t

im
e

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

 i-
Pr

O
H

, 0
°

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3,

 0
°

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
, t

im
e

C
3-

10

R
1

H H H H H M
e

H H M
e

E
t

E
t

H M
e

M
e

H H H

R
2

H H H H H H H H M
e

H H H M
e

M
e

H H H

R
3

H H H H H H H H H H H M
e

M
e

M
e

H H H

R
4

O
H

O
B

n

O
M

e

C
H

2O
H

C
H

2O
H

O
H

O
H

C
H

2B
r

O
H

M
e

M
e

E
t

H H C
H

2C
O

M
e

C
H

2P
h

C
H

2P
h

R
5

H H O
M

e

H H H M
e

H H H H H H H H H H

C
on

di
tio

ns

1 1 1 1 2 2 1 1 1 1 2 1 1 2 1 1 2

I

(7
8)

(7
6)

(7
0)

(2
2)

(7
2)

(3
2)

(7
3)

 d
r 

1:
1

(9
0)

(—
)

(1
6)

(6
6)

(8
8)

(1
4)

(7
8)

(7
6)

(8
5)

(7
6)

21
5

21
5

21
5

79
6

21
5

21
5

21
5

21
5

21
5

79
6

21
5

21
5

21
5

21
5

21
5

21
5

21
5

II (—
)

(—
)

(—
)

(—
)

(—
)

(5
8)

(—
)

(—
)

(7
0)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(1
8)

T
im

e

3 
h

3 
h

7 
h

12
 h

2.
5 

h 

2 
h 

5 
h

5 
h

8 
h

10
 h

3 
h

5 
h

10
 h

3 
h

3 
h

4 
h

2.
5

106



R
2

R
1

R
3

R
4

R
1

H H H H H H H H H H H H H H H H H C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

R
2

H H H H H H H H H H H H H H H H H H H H H

R
5

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
M

eO
-5

-M
eC

6H
3

2-
M

eO
2C

C
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
M

eO
-5

-M
eC

6H
3

2-
M

eO
2C

C
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
M

eO
-5

-M
eC

6H
3

2-
M

eO
2C

C
6H

4

4-
M

eC
6H

4

2-
M

eO
-5

-M
eC

6H
3

2-
M

eO
2C

C
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
M

eO
-5

-M
eC

6H
3

2-
M

eO
2C

C
6H

4

Si
la

ne

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

T
im

e

48
 h

48
 h

— 48
 h

2 
h

18
 h

18
 h

18
 h

3 
h

3 
h

— — — — — — — — — — —

I

(3
5)

(3
9)

(<
20

)

(2
8)

(5
5)

(6
7)

(1
9)

(4
4)

(7
3)

(8
5)

(7
3)

(5
8)

(8
9)

(9
1)

(4
0)

(6
4)

(7
6)

(6
3)

(4
8)

(8
3)

(7
9)

I:
II — — — — — — — — — — — — — — — — — — — —

89
:1

1

R
3

H H H H H H H H H H M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

C
3-

14

1.
 C

o(
B

F 4
) 3

•6
 H

2O
 (

6 
m

ol
%

),
 li

ga
nd

 (
6 

m
ol

%
),

 E
tO

H
, r

t, 
10

 m
in

2.
 S

ub
st

ra
te

3.
 R

5 SO
2N

3,
 t-

B
uO

2H
, r

t, 
5 

m
in

4.
 S

ila
ne

, r
t, 

tim
e

t-
B

u
O

H

N

Ph
Ph

O
K

O

L
ig

an
d:

21
5

B
u-

t

R
4

C
H

2O
B

n

C
H

2O
B

n

C
H

2O
B

n

C
H

2O
B

n

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

(C
H

2)
2O

T
B

D
PS

(C
H

2)
2O

T
B

D
PS

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

C
H

2O
T

B
D

PS

C
H

2O
B

n

C
H

2O
B

n

C
H

2O
B

n

M
e

M
e

M
e

M
e

+

I
II

R
2

N
3

R
1

R
4R

3

R
2

R
1

R
4

R
3

107



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
2

R
1

R
3

R
4

C
3-

14

R
1

H H H H H H H H H H H H H H M
e

M
e

H H

R
2

H H H H H H H H H H H H H H H H H H

R
5

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
M

eO
-5

-M
eC

6H
3

2-
M

eO
2C

C
6H

4

E
t

Ph 4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

R
4

(C
H

2)
2C

O
2B

n

(C
H

2)
2C

O
2B

n

C
H

2C
6H

3-
3-

C
H

2O
C

H
2-

4

C
H

2C
6H

3-
3-

C
H

2O
C

H
2-

4

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2C

O
Ph

(C
H

2)
2C

O
Ph

(C
H

2)
2P

h

(C
H

2)
2P

h

(C
H

2)
2-

2-
na

ph
th

yl

(C
H

2)
2-

2-
na

ph
th

yl

Si
la

ne

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

T
im

e

10
 h

10
 h

20
 h

20
 h

2 
h

3 
h

5 
h

4 
h

2 
h

10
 h

3 
h

12
 h

24
 h

24
 h

30
 h

30
 h

8 
h

12
 h

I

(7
5)

(7
7)

(6
5)

(6
2)

(9
0)

(8
6)

(9
4)

(9
1)

(>
75

)

(9
0)

(8
6)

(9
0)

(4
9)

(4
6)

(6
6)

(4
8)

(7
2)

(6
9)

I:
II

96
:4

— — —

89
:1

1

— — —

77
:2

3

90
:1

0

— — — — — — — —

R
3

H H H H H H H H H H M
e

M
e

H H M
e

M
e

H H

(T
ab

le
 c

on
ti

nu
ed

 fr
om

 p
re

vi
ou

s 
pa

ge
.)

+

I
II

21
5

n-
B

uM
gC

l
M

eN
H

C
l, 

E
t 2

O
, 5

°, 
1 

h
n-

B
uN

H
M

e 
(1

4)
  +

  M
eN

H
2 

 (
72

)
68

(t
-B

u)
2M

g
t-

B
uN

H
C

l, 
di

ox
an

e,
 E

t 2
O

, 5
°, 

2 
h;

 r
t o

ve
rn

ig
ht

(t
-B

u)
2N

H
  (

10
)

67

C
4

R
2

N
3

R
1

R
4R

3

R
2

R
1

R
4

R
3

108



R
L

i

R n-
B

u

s-
B

u

t-
B

u

(0
)

(3
5.

5)

(2
9.

2)

(7
1)

(2
5)

(7
.3

)

Ph
N L

i

O
M

e 
 (

ia
),

 h
ex

an
e,

 –
78

°;
 to

 r
t, 

2 
h

Ph
N H

R
Ph

N
H

2

R
+

85
C

4

R
1 L

i
1.

 R
2 N

(L
i)

O
R

3  (
ia

),
 te

m
p,

 ti
m

e

2.
 A

rC
O

C
l

R
1 R

2 N
C

O
A

r

R
1

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

n-
B

u

s-
B

u

s-
B

u

s-
B

u

t-
B

u

t-
B

u

t-
B

u

R
2

M
e

n-
Pr

i-
Pr

n-
C

5H
11

i-
C

5H
11

B
n

Ph
C

H
M

es

Ph
(C

H
2)

2

M
e

B
n

Ph
(C

H
2)

3

M
e

B
n

Ph
(C

H
2)

3

A
r

Ph Ph Ph Ph
r

4-
M

eO
C

6H
4r

— — Ph Ph Ph — Ph — —

So
lv

en
t(

s)

E
t 2

O
, h

ex
an

e

E
t 2

O
, h

ex
an

e

E
t 2

O
, h

ex
an

e

T
H

F

T
H

F

he
xa

ne

E
t 2

O
, h

ex
an

e

E
t 2

O
, h

ex
an

e

— he
xa

ne

he
xa

ne

— he
xa

ne

he
xa

ne

R
3

M
e

M
e

M
e

B
n

B
n

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

(6
3)

(6
4)

(4
7)

(7
0)

(5
0)

(6
8)

t

(6
8)

t

(6
8)

(6
2)

(6
0)

(6
6)

t

(3
0)

(9
9)

t

(6
1)

t

83
, 8

2,
 9

7

83 83 98 98 85 82
, 9

7

83 97
, 8

2

85
, 8

3

85 82 85 85

T
em

p,
 T

im
e

 –
78

°;
 to

  r
t, 

3 
h

 –
78

°;
 to

 –
15

°, 
3 

h

 –
78

°;
 to

 r
t, 

18
 h

 0
° t

o 
40

°, 
1-

3 
h

 0
° t

o 
40

°, 
1-

3 
h

 –
78

°;
 to

 –
10

°, 
2 

h

 r
t t

o 
40

°, 
2 

h

 –
78

°;
 to

 r
t

—

 –
78

°;
 to

 –
10

°, 
2 

h

 –
78

°;
 to

 –
10

°, 
2 

h

—

 –
78

°;
 to

 –
10

°, 
2 

h

 –
78

°;
 to

 –
10

°, 
2 

h

R
L

i  
R

 =
 n

-B
u,

 s
-B

u,
 t-

B
u

B
nN

(L
i)

O
M

e 
+

 P
hC

H
M

eN
(L

i)
O

M
e 

(1
:1

9,
 ia

),
 h

ex
an

e,
 –

78
° t

o 
–1

0°
R

N
H

B
n 

(—
)

85

R
1 L

i  
+

  R
2 L

i
B

nN
(L

i)
O

M
e 

(i
a)

, h
ex

an
e,

 –
78

° t
o 

–1
0°

, 2
 h

R
1 N

H
B

n 
  +

   
R

2 N
H

B
n

85

R
1

s-
B

u

t-
B

u

t-
B

u

R
2

n-
B

u

n-
B

u

s-
B

u

R
1 L

i:R
2 L

i

1:
9.

8

1:
12

.3

1:
11

.7

(2
7)

(2
9)

(1
9)

(4
7)

(5
0)

(6
0)

109



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
1 L

i
(i

a)
, h

ex
an

e,
  –

78
°, 

3 
h;

 r
t, 

1-
2 

d
R

2
N O

M
e

R
3

R
4

R
5

R
2

N R
1

R
3

R
4

R
5

R
2

N H

R
3

R
4

R
5

+
II

85

R
1

n-
B

u

s-
B

u

s-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

R
2

Ph Ph c-
C

6H
11

Ph Ph c-
C

6H
11

Ph Ph

R
3

H H H H H H M
e

M
e

R
4

H H H H H H H M
e

R
5

Ph Ph c-
C

6H
11

C
H

=
C

M
e 2

Ph c-
C

6H
11

Ph Ph

I (5
)

(4
7)

(9
.5

)

(6
7)

(7
2)

(4
5)

(t
ra

ce
)

(t
ra

ce
)

II

I
II(5

)

(5
)

(—
)

(—
)

(5
)

(—
)

(—
)

(—
)

R
1

R
2C

u(
C

N
)L

i 2
1.

 T
M

SN
H

O
T

M
S,

 T
H

F,
 –

50
° t

o 
rt

, 1
 h

2.
 B

zC
l, 

py
ri

di
ne

R
N

H
B

z 
I 

 +
 R

O
H

 I
I

10
0

(4
8)

(6
0)

(8
0)

(1
8)

(5
)

(1
0)

R n-
B

u

s-
B

u

t-
B

u

C
4

I

R
M

gX
  (

x 
eq

)

   
 X

 n
ot

 s
pe

ci
fi

ed

M
e 2

C
=

N
O

M
, t

ol
ue

ne
R

N
H

2
17

4a

R n-
B

u

Ph
(C

H
2)

2

Ph
(C

H
2)

2

(1
5)

(2
5)

(4
8)

x 2 2 1

M H H M
gB

ru

C
4-

10

R
M

gB
r

(i
a)

, t
ol

ue
ne

, E
t 2

O
, –

78
°, 

15
 m

in
18

1
N

M
e

M
eN

N
O

T
s

N
M

e
M

eN

N
R

 v
R t-

B
u

Ph
(C

H
2)

2

Ph
(C

H
2)

2C
H

M
e

(<
8)

(9
4)

(9
6)

110



C
4

"4
-C

l(
C

H
2)

4Z
n 

re
ag

en
ts

"
M

e 2
C

=
N

O
SO

2C
6H

3M
e 3

-2
,4

,6
, C

uC
N

 (
ca

t)
, T

H
F,

 r
t, 

3 
h

4-
C

l(
C

H
2)

4N
H

2
(0

)
17

7

R
C

u
1.

 (
4-

C
F 3

C
6H

4)
2C

=
N

O
M

s,
 T

H
F,

 H
M

PA
, t

em
p,

 ti
m

e

2.
 B

zC
l, 

E
t 3

N

R
N

H
B

z
17

9

R n-
B

u

s-
B

u

t-
B

u

T
em

p

–2
3°

–4
5°

–2
3°

(9
2)

(7
9)

(6
0)

T
im

e

30
 m

in

1 
h

1 
h

B
n

R
O

2C
N

2

B
n

R
O

2C
N

N
H

B
u-

n
1.

   
   

   
   

   
   

   
   

 , 
T

H
F,

 –
78

°, 
20

 m
in

 (
fo

rm
s 

I)

2.
 M

eI
, –

78
°, 

3 
h;

 to
 r

t, 
18

 h
 (

fo
rm

s 
II

)

N
=

N
B

u-
n

B
n

R
O

2C

20
5

I
II

R M
e

B
u

I

(5
6)

(—
)

II (—
)

(5
2)

n-
B

uL
i

C
H

2=
N

2,
 E

t 2
O

, r
t

(5
3)

20
2

1.
 Z

nC
l 2

, T
H

F,
 –

78
°, 

10
 m

in

2.
 C

uC
N

, –
30

°
3.

 P
h 2

N
N

H
L

i, 
30

 m
in

4.
 O

2,
 –

78
°

(1
8)

54

t-
B

uL
i

N
N

(i
a)

, T
H

F,
 –

78
°

N H

N
B

u-
t

(>
90

)
20

9

R
L

i
Ph

N
=

N
Ph

, h
ex

an
e 

or
 c

yc
lo

he
xa

ne
/T

H
F,

 –
78

°, 
2 

h;
 r

t, 
10

 h

R n-
B

u

s-
B

u

t-
B

u

(8
8)

(7
3)

(4
7)

21
1,

 7
97

21
1

21
1,

 7
98

M
e

H N
N H

B
u-

n

n-
B

u

H N
N

Ph
2

Ph

R N
N H

Ph

111



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
1 M

2 O
2C

N
=

N
C

O
2R

2

R
1

C
H

2=
C

H
(C

H
2)

2

C
H

2=
C

H
(C

H
2)

3

t-
C

5H
11

M
eC

O
2(

C
H

2)
4

(Z
)-

T
M

SC
H

2C
H

=
C

H
(C

H
2)

2

(Z
)-

E
tC

H
=

C
H

(C
H

2)
2

C
l(

C
H

2)
5

N
C

(C
H

2)
4

E
tO

2C
(C

H
2)

5

2-
oc

ty
l

M M
gX

w

M
gX

w

M
gX

w

Z
nB

r

Z
nB

r

M
gX

w

M
gX

w

Z
nB

r

Z
nB

r

Z
nB

r

Z
nB

r

So
lv

en
t

E
t 2

O
 o

r 
T

H
F

E
t 2

O
 o

r 
T

H
F

E
t 2

O
 o

r 
T

H
F

T
H

F

T
H

F

E
t 2

O
 o

r 
T

H
F

E
t 2

O
 o

r 
T

H
F

T
H

F

T
H

F

T
H

F

T
H

F

T
em

p

–7
8°

–7
8°

–7
8° rt rt
 

–7
8°

–7
8° 0° rt rt rt

(>
47

)

(>
42

)

(>
46

)

(7
5)

(9
0)

(>
23

)

(>
35

)

(8
1)

(9
0)

(9
0)

(9
4)

79
9

79
9

79
9

35
8

35
8

79
9

79
9

35
8

35
8

35
8

35
8

R
2

M
e

M
e

M
e

t-
B

u

t-
B

u

M
e

M
e

t-
B

u

t-
B

u

t-
B

u

t-
B

u

T
im

e

— — —

30
 m

in

 3
 h

 

— — 3 
h

1 
h

3 
h

3 
h

C
4-

8

C
4

R
1 C

u(
C

N
)M

1.
 (

R
2 ) 2

N
N

H
L

i, 
T

H
F,

 te
m

p 
1,

 ti
m

e 
1

2.
 A

dd
en

d

3.
 O

2,
 te

m
p 

2,
 3

0 
m

in

R
1 N

H
N

(R
2 ) 2

R
1

n-
B

u

n-
B

u

t-
B

u

t-
B

u

M Z
nC

l

Z
nC

l

Z
nC

l

L
i

R
2

M
e

Ph Ph Ph

T
em

p 
1

–7
8°

 to
 –

40
°

–7
8°

 to
 –

40
°

–7
8°

 to
 –

40
°

–4
0°

T
im

e 
1

— — —

30
 m

in

A
dd

en
d

1,
2-

(O
2N

) 2
C

6H
4

1,
2-

(O
2N

) 2
C

6H
4

1,
2-

(O
2N

) 2
C

6H
4

—

T
em

p 
2

— — — –7
8°

(5
0)

(3
4)

(6
0)

(3
0)

55 55 55 55
, 5

4

n-
B

uM
gB

r
80

0
NS

C
l

N
3

NS

C
l

N
H

2
(9

5)
1.

   
   

   
   

   
   

   
   

   
  ,

 E
t 2

O
, r

t, 
30

 m
in

2.
 N

H
4C

l, 
H

2O

C
H

C
(C

H
) 2

R
2 O

2C
N

N H

C
O

2R
2

R
1

R

112



C
5-

10

B
rM

g(
C

H
2)

nM
gB

r
M

eO
N

H
2,

 E
t 2

O
, –

10
° t

o 
–1

5°
, 3

0 
m

in
2N

(C
H

2)
nN

H
2

79
1

n 5 6 10

(6
8)

(5
1)

(5
3)

n-
B

uM
(i

a)
80

0
NS

Ph
N

NN
NS

Ph
M L

i

M
gB

r

So
lv

en
t

Ph
H

E
t 2

O

C
on

di
tio

ns

–1
0°

 to
 r

t, 
1 

h;
 th

en
 H

2O

rt
, 3

0 
m

in
; r

ef
lu

x,
 3

0 
m

in
;

 th
en

 N
H

4C
l, 

H
2

H

O
, N

H
3

(—
)

(5
4)

N
=

N
N

H
B

u-
n

N
N

N C
H

2L
i

n-
B

uM
gB

r
1.

   
   

   
   

   
   

   
   

(i
a)

, T
H

F,
 –

78
°

2.
 P

hN
=

N
Ph

, –
78

°;
 to

 r
t

Ph
(n

-C
5H

11
)N

N
H

Ph
(3

4)
35

9

C
5

C
6

M
g,

 M
e 2

N
O

SO
2C

6H
2M

e 3
-2

,4
,6

, M
g,

 T
H

F,
 r

t, 
2 

h
80

1

1.
 M

g,
 M

e 2
C

=
N

O
SO

2C
6H

2M
e 3

-2
,4

,6
, T

H
F,

 r
ef

lu
x,

 3
 h

2.
 B

zC
l

(<
15

)
80

2

E
+

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 5
 h

(5
9%

)
(<

5%
)

21
5

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

E

B
r

N
M

e 2
(5

4)

N
H

B
z

113



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
M

gB
r

O
O

N
O

SO
2P

h

1.
   

   
   

   
   

   
,  

E
t 2

O
, C

H
2C

l 2
, t

em
p,

 ti
m

e

2.
 H

C
l, 

E
tO

H
, H

2O
, r

ef
lu

x,
 2

-6
 h

R
N

H
3+

 C
l–

18
2

(9
0)

(8
9)

(9
2)

R Ph
(C

H
2)

2

Ph
C

H
2C

H
M

e

Ph
C

H
M

eC
H

2

C
8-

9

C
8

N
O

B
z

O
, (

Ph
3P

) 2
N

iC
l 2

 (
ca

t)
, T

H
F,

 r
t, 

10
 m

in
 to

 6
 h

(5
8)

10
8

T
im

e

15
 m

in

1 
h

30
 m

in

T
em

p

rt 0° 0°

C
6-

9

Y
Y

E

Y

E
E

Y

E

+

+
E

 =
 N

(C
O

2B
u-

t)
N

H
C

O
2B

u-
t

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, t

im
e

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

 i-
Pr

O
H

, 0
°

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3,

 0
°

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
, t

im
e

I
II

II
I

21
5

Y O O C
H

2

C
H

2

C
(C

O
2E

t)
2

C
(C

O
2E

t)
2

C
on

di
tio

ns

1 2 1 2 1 2

T
im

e

15
 h

24
 h

20
 h

15
 h

15
 h

4 
h

I

(<
5)

(<
5)

(4
0)

(3
4)

(<
5)

(<
5)

II (—
)

(—
)

(2
4)

(3
0)

(—
)

(—
)

II
I

(6
8)

(8
8)

(8
)

(6
)

(6
2)

(9
3)

II
I 

dr

1.
6:

1

2.
5:

1

1.
4:

1

5:
1

7:
1

9:
1

Z
nC

l
4

N
4

O

114



C
8

1.
 P

hS
C

H
2N

3 
(i

a)
, T

H
F,

 –
78

°, 
1-

4 
h

2.
 A

cy
la

tin
g 

re
ag

en
t, 

te
m

p,
 1

 h

3.
 N

H
4C

l, 
H

2O

4.
 H

yd
ro

ly
si

s

27
4

A
cy

la
tin

g 
R

ea
ge

nt

A
c 2

O

B
zC

l

H
yd

ro
ly

si
s

n-
B

u 4
N

+
 H

C
O

2– , D
M

F,
 

  4
5°

, 4
 h

50
%

 K
O

H
 in

 H
2O

, T
H

F,

  M
eO

H
, 0

°, 
40

 m
in

(8
2)

 R
 =

 M
e

(7
5)

 R
 =

 P
h

1.
 R

SC
H

2N
3 

(i
a)

, T
H

F,
 te

m
p,

 ti
m

e

2.
 N

H
4C

l, 
H

2O

27
4

R M
e

Ph 4-
M

eO
C

6H
4

T
em

p,
 T

im
e

0°
, 2

 h
x

–7
8°

, 1
.7

5 
h;

 to
 0

°, 
30

 m
in

–7
8°

, 2
 h

(>
86

)

(>
90

)

(9
0)

C
10

M
gC

l

i-
Pr

O
2C

N
=

N
C

O
2P

r-
iaa

Ph
+

  i
-P

rO
2C

N
H

N
H

C
O

2P
r-

i

(8
2)

(8
2)

22
0

1.
 [

3,
5-

(C
F 3

) 2
C

6H
3]

C
=

N
O

T
s,

 to
lu

en
e,

 E
t 2

O
, –

70
°, 

10
 d

2.
 A

c 2
O

, E
t 3

N
Ph

N
H

A
c

22
0

(2
5)

 9
0%

 e
e

1.
 Z

n,
 T

H
F,

 0
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
0°

(9
4)

z
35

7

Ph

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
H

2,
 E

t 2
O

, 0
°, 

10
 m

in
(8

8)
11

6

1.
 P

hS
C

H
2N

3,
 T

H
F,

 –
60

°, 
1 

h

2.
 A

c 2
O

, –
60

° t
o 

–3
0°

3.
 K

O
H

, D
M

SO
, 0

° t
o 

rt
, 3

 h
Ph

N
H

A
c

22
0

(8
2)

 9
2-

95
%

 e
e

Ph
M

gB
r

Ph
N

H
C

O
R

T
em

p

–7
8°

 to
 –

20
°

–7
8°

 to
 0

°

Ph

H N
N

N
R

h

n-
C

8H
17

B
r

n-
C

8H
17

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

Z
rC

p 2
C

l y
N

H
2

115



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

A
. A

C
Y

C
L

IC
 A

L
IP

H
A

T
IC

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
10

1.
 Z

nC
l 2

, T
H

F,
  –

78
°, 

80
 m

in

2.
 B

n 2
N

O
B

z,
 C

uC
l 2

 (
ca

t)
, –

78
° t

o 
rt

, 2
 h

3.
 H

2,
 P

d

3.
 A

c 2
O

, E
t 3

N

Ph

N
H

A
c

(1
8)

 7
5%

 e
e

11
3

M
gC

l

Ph
(c

a.
 8

4%
 e

e)

a
A

ft
er

 3
0 

m
in

ut
es

 a
t –

15
° t

he
 m

ix
tu

re
 w

as
 r

ef
lu

xe
d 

fo
r 

on
e 

ho
ur

.
b

T
he

 r
ea

ct
io

n 
w

as
 c

ar
ri

ed
 o

ut
 w

ith
 b

ot
h 

R
 a

nd
 S

 e
na

nt
io

m
er

s 
(C

M
eP

h)
; t

he
 o

pt
ic

al
 y

ie
ld

s 
w

er
e 

5-
46

%
.

c
T

he
 p

ro
du

ct
 is

 u
ns

ta
bl

e;
 th

e 
yi

el
d 

w
as

 d
et

er
m

in
ed

 b
y 

N
M

R
 s

pe
ct

ro
sc

op
y.

d 
T

re
at

m
en

t o
f 

pr
od

uc
ts

 I
I 

w
ith

 B
nO

C
O

C
l f

ol
lo

w
ed

 b
y 

ce
ri

um
 a

m
m

on
iu

m
 n

itr
at

e 
ga

ve
 R

N
H

C
O

2B
n.

e
T

he
 y

ie
ld

 w
as

 e
st

im
at

ed
 b

y 
re

du
ct

io
n 

w
ith

 Z
n/

H
C

l a
nd

 ti
tr

at
io

n 
w

ith
 N

aN
O

2.
f  X

2  w
as

.

g
H

ea
tin

g 
to

 7
0°

 c
on

ve
rt

ed
 a

ny
 Z

-a
zo

 c
om

po
un

ds
 in

to
 th

e 
E

 is
om

er
s.

h
So

m
e 

of
 th

e 
tr

ia
ze

ne
s 

ar
e 

is
ol

at
ed

 a
s 

m
ix

tu
re

s 
of

 d
ou

bl
e-

bo
nd

 is
om

er
s.

i
T

he
 y

ie
ld

 is
 th

at
 o

f 
th

e 
am

in
e 

hy
dr

oc
hl

or
id

e 
af

te
r 

re
du

ct
io

n 
of

 th
e 

tr
ia

ze
ne

 w
ith

 R
aN

i.
J

T
he

 p
ro

du
ct

 w
as

 c
on

ve
rt

ed
 in

 s
itu

 in
to

 th
e 

(N
-4

-m
et

ho
xy

ph
en

yl
et

hy
l)

pi
pe

ro
ny

lc
ar

bo
xa

m
id

e.
k

T
he

 s
ub

st
ra

te
 w

as
 p

re
pa

re
d 

in
 s

itu
 b

y 
re

ac
tio

n 
of

 th
e 

al
ke

ne
R

1 R
2 C

=
C

H
2 

w
ith

 H
Z

rC
p 2

C
l i

n 
T

H
F 

at
 r

oo
m

 te
m

pe
ra

tu
re

.
l

Ph
C

H
M

eN
H

2
(2

1%
) 

w
as

 a
ls

o 
fo

rm
ed

 b
y 

ad
di

tio
n 

of
 th

e 
zi

rc
on

iu
m

 r
ea

ge
nt

 to
C

1 
of

 s
ty

re
ne

.
m

T
he

 y
ie

ld
 is

 th
at

 o
f 

th
e 

hy
dr

oc
hl

or
id

e.
n

T
he

 s
ub

st
ra

te
 w

as
 t-

B
uM

gC
l.

o
T

he
 y

ie
ld

 is
 th

at
 o

f 
th

e 
N

-b
en

zo
yl

 d
er

iv
at

iv
e.

p
T

he
 y

ie
ld

 is
 th

at
 o

f 
th

e 
fu

m
ar

at
e.

q
T

he
 in

iti
al

 u
nc

le
av

ed
 a

dd
uc

t w
as

 is
ol

at
ed

 in
 4

1%
 y

ie
ld

.
r

T
he

 r
ea

ge
nt

 R
2 C

H
2N

(L
i)

O
B

n 
w

as
 p

re
pa

re
d 

in
 s

itu
 b

y 
ad

di
tio

n 
of

 R
2 L

i t
o 

C
H

2=
N

O
B

n.
s

T
he

 r
ea

ge
nt

 w
as

 p
re

pa
re

d 
ei

th
er

 b
y 

re
ac

tio
n 

of
 P

hC
H

M
eN

H
O

M
e 

w
ith

 M
eL

i o
r 

of
 P

hC
H

M
eN

(O
M

e)
C

O
2(

C
H

2)
2B

r 
w

ith
 tw

o 
eq

ui
va

le
nt

s 
of

 t-
B

uL
i. 

T
he

 y
ie

ld
 in

 th
e 

la
tte

r 
re

ac
tio

n 
w

as
 6

4%
.

t
T

he
 y

ie
ld

 is
 th

at
 o

f 
th

e 
un

be
nz

oy
la

te
d 

am
in

e.
u 

T
he

 r
ea

ge
nt

 w
as

 p
re

pa
re

d 
in

 s
itu

 b
y 

re
ac

tio
n 

of
 th

e 
ox

im
e 

w
ith

 o
ne

 e
qu

iv
al

en
t o

f 
E

tM
gB

r.

S O
2N

O
2

S

116



v 
T

he
 p

ro
du

ct
s 

w
er

e 
co

nv
er

te
d 

in
to

 R
N

H
2 

w
ith

 C
sO

H
 in

 e
th

yl
en

e 
gl

yc
ol

 a
t 1

50
° o

r 
in

to
 R

N
H

M
e 

w
ith

 L
iA

lH
4.

w
 X

 w
as

 n
ot

 s
pe

ci
fi

ed
.

x 
N

o 
re

ac
tio

n 
oc

cu
rr

ed
 a

t  
–7

8°
. 

y 
T

he
 s

ub
st

ra
te

 w
as

 p
re

pa
re

d 
in

 s
itu

 b
y 

re
ac

tio
n 

of
 (

1S
)-

(–
)-

β-
pi

ne
ne

 w
ith

 H
Z

rC
p 2

C
l i

n 
T

H
F 

at
 r

oo
m

 te
m

pe
ra

tu
re

. 

z 
T

re
at

m
en

t w
ith

 T
FA

 f
ol

lo
w

ed
 b

y 
re

du
ct

io
n 

w
ith

 R
aN

i/H
2 

ga
ve

 th
e 

ra
ce

m
ic

 a
m

in
e.

 R
ac

em
iz

at
io

n 
m

os
t l

ik
el

y 
oc

cu
rr

ed
 d

ur
in

g 
fo

rm
at

io
n 

of
 th

e 
or

ga
no

zi
nc

 r
ea

ge
nt

.
aa

 T
he

 s
ub

st
ra

te
 w

as
 r

ac
em

ic
.

117



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

B
. C

Y
C

L
IC

 A
L

IP
H

A
T

IC
 C

A
R

B
A

N
IO

N
S

R
1 M

gB
r

(R
2 ) 2

N
O

B
z 

+
 C

uC
l 2

 (
x 

m
ol

%
, i

a,
 s

lo
w

 a
dd

iti
on

),
 T

H
F,

 r
t, 

15
 m

in
R

1 N
(R

2 ) 2
11

3

R
1

c-
C

3H
5

c-
C

6H
11

c-
C

6H
11

C
3-

6
R

2

B
n

C
H

2C
H

=
C

H
2

B
n

x 15 2.
5

2.
5

(5
9)

(8
4)

(8
8)

C
5-

10

R
Z

nX
1.

 A
rN

=
N

T
s,

 T
H

F,
 –

20
°, 

30
 m

in

2.
 R

an
ey

 N
i, 

E
tO

H
, r

ef
lu

x,
 1

.5
 h

A
rN

H
R

35
6

R c-
C

5H
9

c-
C

5H
9

c-
C

6H
11

c-
C

6H
11

ex
o-

1-
no

rb
or

ny
l

ex
o-

1-
no

rb
or

ny
l

X I I I c-
C

6H
11

ex
o-

1-
no

rb
or

ny
l

ex
o-

1-
no

rb
or

ny
l

A
r

4-
E

tO
2C

C
6H

4

3,
5-

M
e 2

C
6H

3

4-
FC

6H
4

4-
E

tO
2C

C
6H

4

4-
M

eO
C

6H
4

3-
qu

in
ol

yl

4-
M

eO
C

6H
4

4-
E

tO
2C

C
6H

4

(7
1)

(7
6)

(7
5)

(6
2)

(7
1)

 e
xo

:e
nd

o 
=

 4
:1

(6
2)

 e
xo

:e
nd

o 
=

 4
:1

(6
7)

(5
0)

C
3

1.
 4

-R
C

6H
4N

=
N

T
s,

 T
H

F,
 –

28
°, 

1 
h

2.
 C

H
2=

C
H

C
H

2I
, N

-m
et

hy
lp

yr
ro

lid
in

on
e,

 r
t, 

3 
h

3.
 Z

n,
 A

cO
H

, T
FA

, 7
5°

, 1
0 

m
in

25
5

R B
r

C
O

2E
t

(6
7)

(6
2)

M
gB

r
N

H
C

6H
4R

-4

C
5-

12

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, t

im
e

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

 i-
Pr

O
H

, 0
°

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3,

 0
°

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
, t

im
e

n

R
1

R
2

n

R
1

R
2

N
C

O
2B

u-
t

N
H

C
O

2B
u-

t

21
5

118



R
1

H H H H H H M
e

—
(C

H
2)

4—

—
(C

H
2)

4—

H

n 1 1 2 2 4 4 2 2 2 2

R
2

H H H H H H M
e

Ph

C
on

di
tio

ns

1 2 1 2 1 2 2 1 2 1

(7
4)

(9
4)

(2
4)

(9
0)

(6
2)

(9
5)

(7
9)

, d
r 

=
 1

:1

(7
8)

(7
4)

(8
0)

T
im

e

8 
h

2 
h

24
 h

2 
h

24
 h

2.
5 

h

3 
h

18
 h

18
 h

8 
h

C
6

1.
 B

nO
N

H
2,

 E
t 2

O
, –

10
° t

o 
–1

5°
2.

 H
C

l

X C
l

B
r

(7
9)

(6
2)

80

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
H

2,
 E

t 2
O

, 0
°, 

10
 m

in
11

6
(7

5)

1.
 T

sO
N

M
e 2

, E
t 2

O
, r

t, 
10

 m
in

 

2.
 H

C
l

(1
3)

13
2

1.
 P

h 2
P(

O
)O

N
H

2,
 T

H
F,

 –
78

°;
 to

 r
t 

2.
 H

O
2C

C
O

2H

(2
4)

14
0

M
e 2

C
=

N
O

H
, t

ol
ue

ne
(1

2)
17

4a

M
gX

N
H

3+
 C

l–

Z
rC

p 2
C

la
N

H
2

M
gX

N
M

e 2

ex
ce

ss

X
 =

 B
r

N
H

3+
 H

O
2C

C
O

2–

X
 =

 C
l o

r 
B

r

M
gX

b

2 
eq

N
H

2

1.
 M

g,
 M

e 2
C

=
N

O
SO

2C
6H

2M
e 3

-2
,4

,6
, T

H
F,

 r
ef

lu
x,

 3
 h

2.
 B

zC
l

(<
15

)
80

2

N
H

B
z

B
r

119



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

B
. C

Y
C

L
IC

 A
L

IP
H

A
T

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

1.
M

e 2
C

=
N

O
SO

2C
6H

2M
e 3

-2
,4

,6
, E

t 2
O

, t
ol

ue
ne

, 0
°, 

2 
h

2.
 H

yd
ro

ly
si

s

(4
0)

c
80

3

C
6

M
gB

r
N

H
2

R
M

gB
r

1.
   

   
   

   
   

   
, E

t 2
O

, C
H

2C
l 2

, t
em

p,
 ti

m
e 

1

2.
 H

C
l, 

E
tO

H
, H

2O
, r

ef
lu

x,
 ti

m
e 

2

O
O

N
O

SO
2P

h

R
N

H
3+

 C
l–

18
2

R c-
C

6H
11

1-
no

rb
or

ny
l

1-
ad

am
an

ty
l

C
6-

10

T
em

p

0° rt 0°

T
im

e 
1

30
 m

in

12
 m

in

30
 m

in

T
im

e 
2

6 
h

10
 h

10
 h

(9
2)

d

(6
4)

(8
9)

1.
 M

e 2
C

=
N

O
SO

2C
6H

2M
e 3

-2
,4

,6
, C

uC
N

 (
0.

2 
eq

),
 T

H
F,

 r
t, 

3 
h

2.
 H

C
l

(2
0)

17
7

[A
r 2

C
=

N
O

R
2 

+
 a

dd
en

d]
 (

ia
),

 3
0 

m
in

R
1 N

H
2

R
1

c-
C

6H
11

c-
C

6H
11

1-
no

rb
or

ny
l

1-
ad

am
an

ty
l

A
r

4-
C

F 3
C

6H
4

3,
5-

(C
F 3

) 2
C

6H
3

4-
C

F 3
C

6H
4

4-
C

F 3
C

6H
4

R
2

M
s

T
s

M
s

M
s

A
dd

en
d

C
uC

N
 +

 2
 L

iC
l (

0.
2 

eq
)

— C
uC

N
 +

 2
 L

iC
l (

0.
2 

eq
)

C
uC

N
 +

 2
 L

iC
l (

0.
2 

eq
)

So
lv

en
t

T
H

F,
 H

M
PA

E
t 2

O
, t

ol
ue

ne

T
H

F,
 H

M
PA

T
H

F,
 H

M
PA

T
em

p

0° rt 0° 0°

(8
0)

d

(8
7)

d

(9
6)

e

(8
2)

e

X C
l

C
l

C
l

B
r

17
9,

 7
26

17
9

17
9

17
9,

 7
26

R
1 M

gX

Z
nC

l

ex
ce

ss

N
H

3+
C

l–

C
6

(E
tO

2C
) 2

C
=

N
C

6H
4O

M
e-

4 
(i

a)
, T

H
F,

 –
95

°, 
30

 m
in

(4
8)

16
7

Ph
N

2+
 B

F 4
– , T

H
F,

 0
°, 

1 
h

(0
)

19
0

M
gB

r
N

O
M

e

C
6H

11
-c

E
tO

2C E
tO

2C

Ph
N

N

Z
nM

gB
r

3

120



, E
t 2

O
, 0

° t
o 

rt
, 1

 h
N

H

N
C

6H
11

-c
R

1

R
2

20
8

R
1

M
e

i-
Pr

—
(C

H
2)

5—R
2

M
e

i-
Pr

(6
2)

(4
0)

f

(8
6)

NN
R

1

R
2

M
gB

r

R
M

gX

1.
 P

hS
C

H
2N

3,
 T

H
F,

 E
t 2

O
, –

78
°

2.
 A

c 2
O

, –
78

°
3.

 n
-B

u 4
N

+
 H

C
O

2– , D
M

F,
 r

t, 
1.

5 
h;

 4
5°

, 2
 h

R
N

H
A

c
27

3,
 2

74
, 

27
5

R c-
C

6H
11

2-
no

rb
or

ny
lg

(9
3)

(7
0)

C
6-

7

Ph
SO

2N
3 

(i
a)

, E
t 2

O
30

6

N
3

N
3

, E
t 2

O
(7

9)
27

2

2

4-
FC

6H
4N

3 
(i

a)
, E

t 2
O

, r
t, 

1 
h

(8
5)

27
9

(—
)

C
6

C
7

M
gB

r

M
gX

b

M
gC

l
H N

N
N

SO
2P

h

H N

F
H N

N
N

M
gB

r
N

B
n 2

1.
 Z

nC
l 2

 (
50

 m
ol

%
),

 E
t 2

O
, T

H
F,

 r
t, 

1 
h

2.
 B

n 2
N

O
B

z,
 C

uC
l 2

 (
ca

t)
, T

H
F,

 r
t, 

2 
h

(5
7)

, e
nd

o:
ex

o 
=

 6
5:

35
11

3

ex
o:

en
do

 =
 6

0:
40

M
gB

r
N

B
n 2

1.
 Z

nC
l 2

 (
50

 m
ol

%
),

 E
t 2

O
, T

H
F,

 –
78

°, 
1 

h

2.
 B

n 2
N

O
B

z,
 C

uC
l 2

 (
ca

t)
, T

H
F,

  –
78

° t
o 

rt
, 2

 h

(5
6)

, e
nd

o:
ex

o 
>

 9
5:

5
11

3
H

H

L
i

N
M

e 2

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
M

e 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

(5
4)

13
3

121



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

B
. C

Y
C

L
IC

 A
L

IP
H

A
T

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

L
i

N
H

2

(3
9)

35
5

C
lN

H
2,

 E
t 2

O
, s

on
ic

at
io

n

NC
O

2B
u-

t

N
H

C
O

2B
u-

t
21

5

C
on

di
tio

ns

1 2

(6
6)

(9
8)

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, 7

 h

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

 i-
Pr

O
H

, 0
°

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3,

 0
°

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
, 7

 h

C
7

N
C

O
2B

u-
t

N
H

C
O

2B
u-

t

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 5
 h

(9
0)

21
5

(2
7)

30
7

C
l

H
2N

1.
 L

i, 
cy

cl
oh

ex
an

e,
 9

0°
2.

 T
sN

3,
 E

t 2
O

, p
en

ta
ne

, –
15

°, 
30

 m
in

3.
 I

so
la

te
 tr

ia
ze

ne
 s

al
t a

nd
 h

ea
t t

o 
75

°/
0.

1 
m

m
 f

or
 5

 h
h

N
3

1.
 C

o(
B

F 4
) 3

•6
H

2O
, l

ig
an

d,
 E

tO
H

, r
t, 

10
 m

in

2.
 S

ub
st

ra
te

3.
 4

-M
eC

6H
4S

O
2N

3,
 t-

B
uO

2H
, r

t, 
5 

m
in

4.
 P

hS
iH

3,
 r

t, 
12

 h

t-
B

u
O

H

t-
B

uN

Ph
Ph

O
K

O

L
ig

an
d:

(5
6)

21
5

C
8

122



L
i

H

N
H

2

H

1.
 P

hS
C

H
2N

3,
 T

H
F,

 p
en

ta
ne

, –
78

°;
 to

 r
t, 

1.
5 

h

2.
 N

H
4C

l, 
H

2O

3.
 K

O
H

, D
M

SO
, r

t, 
1 

h

C
9

(4
5)

27
4

H H

H H

C
10

-1
2

R

B
r

1.
 L

i, 
E

t 2
O

, s
on

ic
at

io
n

2.
 C

lN
H

2,
 E

t 2
O

, s
on

ic
at

io
n

R H M
e

(5
4)

(4
8)

35
5

R

R

N
H

2

R

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 4
 h

21
5

(9
4)

NC
O

2B
u-

t

N
H

C
O

2B
u-

t

Ph
N

2+
 B

F 4
– , T

H
F,

 –
78

°
N

(l
ow

)
18

5
N

Ph

M
gB

r
N

N
M

e

M
eN

N
M

e
M

eN

N
O

T
s

(i
a)

, t
ol

ue
ne

, E
t 2

O
, 0

°, 
15

 m
in

(5
5)

i
18

1

N
N

H
C

O
2B

u-
t

N
H

C
O

2B
u-

t

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 5
 h

(7
0)

, d
r 

=
 5

:1
21

5

C
10

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 5
 h

N N
H

C
O

2B
u-

t

C
O

2B
u-

t
(8

4)
, d

r 
=

 1
:2

-1
:3

21
5

123



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

B
. C

Y
C

L
IC

 A
L

IP
H

A
T

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

C
11

O
M

e

Z
nP

r-
i

O
M

e

N
H

C
6H

4C
O

2E
t-

4

1.
 4

-E
tO

2C
C

6H
4N

=
N

T
s,

 T
H

F,
 –

20
°

2.
 R

an
ey

 N
i, 

E
tO

H
, r

ef
lu

x,
 1

2 
h

(4
0)

 8
8%

 e
e;

 tr
an

s:
ci

s 
=

 9
8:

2
35

6

ch
ir

al
 n

on
-r

ac
em

ic

N
3

1.
 C

o(
B

F 4
) 3

•6
H

2O
, l

ig
an

d,
 E

tO
H

, r
t, 

10
 m

in

2.
 S

ub
st

ra
te

3.
 4

-M
eC

6H
4S

O
2N

3,
 t-

B
uO

2H
, r

t, 
5 

m
in

4.
 S

ila
ne

, r
t, 

12
 h

t-
B

u
O

H

t-
B

uN

Ph
Ph

O
K

O

L
ig

an
d:

Si
la

ne

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

(8
9)

(7
6)

dr 4:
1

4:
1

21
5

C
10

C
15

Ph

Ph

M
gB

r

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
M

e 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

Ph

Ph

N
M

e 2
13

3,
 1

34
(4

7)

C
20

L
i

C
lN

H
2,

 E
t 2

O
, s

on
ic

at
io

n

N
H

2

(4
1)

35
5

124



N

(4
8)

C
O

2B
u-

t

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

E
t 2

O
, s

on
ic

at
io

n
35

5

a  T
he

 s
ub

st
ra

te
 w

as
 p

re
pa

re
d 

in
 s

itu
 b

y 
ad

di
tio

n 
of

 H
Z

rC
p 2

C
l t

o 
cy

cl
oh

ex
en

e.
b  X

 w
as

 n
ot

 s
pe

ci
fi

ed
.

c  T
he

 y
ie

ld
 w

as
 d

et
er

m
in

ed
 b

y 
ga

s 
ch

ro
m

at
og

ra
ph

y.
d  T

he
 p

ro
du

ct
 w

as
 is

ol
at

ed
 a

s 
th

e 
N

-b
en

zo
yl

 d
er

iv
at

iv
e.

e 
T

he
 p

ro
du

ct
 w

as
 is

ol
at

ed
 a

s 
th

e 
hy

dr
oc

hl
or

id
e.

f  T
he

 p
ro

du
ct

 w
as

 is
ol

at
ed

 a
s 

th
e 

ox
al

at
e.

g 
T

he
 s

ub
st

ra
te

 w
as

 a
 m

ix
tu

re
 o

f 
ex

o 
an

d 
en

do
 is

om
er

s.
 

h 
C

au
ti

on
! 

E
xp

lo
si

on
s 

an
d 

sp
on

ta
ne

ou
s 

ig
ni

tio
n 

w
er

e 
en

co
un

te
re

d 
in

 th
is

 s
te

p.
 

i  T
he

 p
ro

du
ct

 w
as

 c
on

ve
rt

ed
 in

to
 a

m
in

oa
da

m
an

ta
ne

 w
ith

 C
sO

H
 in

 e
th

yl
en

e 
gl

yc
ol

 a
t 1

50
° (

71
%

 y
ie

ld
) 

 o
r 

in
to

 N
-m

et
hy

la
m

in
oa

da
m

an
ta

ne
 w

ith
 L

iA
lH

4 
(5

5%
 y

ie
ld

).

N
H

t-
B

uO
2C

125



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

C
. A

L
L

Y
L

IC
 A

N
D

  P
R

O
PA

R
G

Y
L

IC
 C

A
R

B
A

N
IO

N
S

C
3

L
i

1.
 M

eO
N

H
L

i (
2 

eq
, i

a)
, E

t 2
O

, –
78

° t
o 

rt
, 2

 h

2.
 B

zC
l

N
H

B
z

82
(7

8)

N
C

O
2

Ph
H

N H
C

O
2

Ph
H

(0
)

(4
4-

55
)

+
16

1
M

gX

M
gX

R

C
3-

4

N

R
M

eO
2C

N
=

N
C

O
2M

e,
 E

t 2
O

 o
r 

T
H

F,
 –

78
°

R H M
e

(>
23

)

(>
60

)

79
9

M
gX

R
N

3,
 E

t 2
O

N
H

N
=

N
R

R Ph Ph
SO

2

1-
na

ph
th

yl

T
em

p

— —

re
fl

ux

(4
8)

(—
)a

(6
0)

28
2

30
6

28
1

In
 b

R
1

R
2 N

3,
 D

M
F,

 r
t

N
H

R
2

R
1

26
9

N
R

2

R
1

+
2

C
3

C
3-

4

M
eO

N
H

2,
 E

t 2
O

, –
10

° t
o 

–1
5°

, 3
0 

m
in

79
1

(4
0)

M
gB

r
N

H
2

X B
r

C
l

B
r

I
II

X
 n

ot
 s

pe
ci

fi
ed

2 
eq

X
 n

ot
 s

pe
ci

fi
ed

T
im

e

— —

25
 m

in

(i
a)

, E
t 2

O
N

C
O

2

Ph
H

C
O

2M
e

N
H

C
O

2M
e

i-
Pr

i-
Pr

126



R
1

H H H H H H C
O

2M
e

C
O

2M
e

C
O

2M
e

C
O

2M
e

C
O

2M
e

C
O

2M
e

C
O

2M
e

C
O

2M
e

C
O

2M
e

C
O

2M
e

R
2

Ph c-
C

6H
11

n-
C

6H
11

4-
C

lC
6H

4

4-
M

eC
6H

4

B
n

Ph 3-
C

lC
6H

4

3,
4-

C
l 2

C
6H

3

4-
M

eO
C

6H
4

4-
C

l-
2-

M
eO

C
6H

3

3,
4-

(M
eO

) 2
C

6H
3

2-
M

eC
6H

4

2-
B

r-
4-

M
eC

6H
3

B
n

2-
na

ph
th

yl

T
im

e

2.
0 

h

2.
5 

h

3.
0 

h

3.
0 

h

1.
5 

h

2.
0 

h

1.
5 

h

2.
5 

h

2.
5 

h

1.
0 

h

2.
5 

h

3.
0 

h

3.
0 

h

2.
0 

h

2.
5 

h

3.
5 

h

I

(9
0)

(7
3)

(7
0)

(8
5)

(8
8)

(8
0)

(8
0)

(8
1)

(8
0)

(8
7)

(8
0)

(8
9)

(8
4)

(8
5)

(8
4)

(7
5)

II

(5
-8

)

(5
-8

)

(5
-8

)

(5
-8

)

(5
-8

)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

C
4

2
t-

B
uO

2C
N

(M
)O

T
s,

 T
H

F,
 –

78
°, 

1.
5 

h
N

H
C

O
2B

u-
t

12
7

M L
i

M
gC

l

(6
6)

(7
2)

C
N

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°

2.
   

   
   

   
   

   
 (

+
),

 –
78

°;
 to

 r
t, 

26
.5

 h

N H

O
N

C
O

N
H

2

15
1

(4
5)

C
uM

gC
l

Sn
B

u 3
t-

B
uO

2C
N

N
C

O
N

Z
nC

l 2
•O

E
t 2

, C
H

2C
l 2

, –
78

° t
o 

rt
, 2

 h
N

C
O

N

(7
3)

41
0

t-
B

uO
2C

N
H

N
t-

B
uO

2C
H

N
C

O
N

+

(7
)

,

127



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

C
. A

L
L

Y
L

IC
 A

N
D

  P
R

O
PA

R
G

Y
L

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

C
4-

10

R
1

R
3

R
4

R
1

R
3

R
4

N
N

H
C

O
2R

5
R

5 O
2C

1.
 C

at
al

ys
t A

 (
1-

5 
m

ol
%

),
 E

tO
H

, r
t

2.
 S

ub
st

ra
te

, t
he

n 
si

la
ne

3.
 R

5 O
2C

N
=

N
C

O
2R

5 , r
t, 

tim
e

R
1

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

n-
B

u

n-
B

u

Ph Ph (4
-M

eO
C

6H
4C

O
2)

C
M

e 2

(4
-M

eO
C

6H
4C

O
2)

C
M

e 2

R
2

H H H H M
e

M
e

H H H M
e

M
e

H H H H H H

R
2

R
2

R
3

H H M
e 

(H
)

M
e 

(H
)

H H C
H

2O
H

C
H

2O
T

B
D

M
S

C
O

2M
e

H H H H H H H H

R
4

H H H
 (

M
e)

H
 (

M
e)

H H H H H C
H

2O
H

C
H

2O
H

H H H H H H

R
5

E
t

t-
B

u

E
t

t-
B

u

E
t

t-
B

u

t-
B

u

t-
B

u

t-
B

u

E
t

t-
B

u

E
t

t-
B

u

E
t

t-
B

u

E
t

t-
B

u

Si
la

ne

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

Ph
Si

H
3

Ph
Si

H
3

(M
e 2

Si
H

) 2
O

Ph
Si

H
3

Ph
Si

H
3

T
im

e

1 
h

2 
h

1.
5 

h

3 
h

2 
h

4 
h

2 
h

2 
h

4 
h

3 
h

4 
h

1.
5 

h

45
 m

in

1.
5

2 
h

1 
h

1.
5 

h

(7
3)

(8
3)

(4
5)

(5
5)

(6
7)

(4
2)

(7
7)

(6
3)

(4
7)

(6
6)

(2
7)

(7
2)

(7
8)

(4
6)

(5
6)

(7
5)

(6
1)

21
6

C
5

M
e 2

N

M
e 2

N
O

M
s,

 T
H

F,
 –

20
°, 

30
 m

in
(4

7)
80

4
L

i+

Z
rC

p 2
C

l c
N

H
2

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
H

2,
 E

t 2
O

, 0
°, 

10
 m

in
(6

2)
d

11
6

128



C
6

E
E

+

I
II

I 
+

 I
I 

(6
0)

, I
:I

I 
=

 4
:1

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t

2.
 (

M
e 2

Si
H

) 2
O

, t
he

n 
su

bs
tr

at
e

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 1
2 

h

21
6

C
5-

8

n

N

N
C

O
2B

u-
t

C
O

2B
u-

t

n

+

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t

2.
 (

M
e 2

Si
H

) 2
O

, t
he

n 
su

bs
tr

at
e

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, t
im

e

n 1 2 3 4

T
im

e

12
 h

12
 h

12
 h

6 
h

I

(4
5)

(7
3)

(8
4)

(8
1)

II (2
3)

(0
)

(0
)

(0
)

21
6

N
N

H
C

O
2B

u-
t

C
O

2B
u-

t

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t

2.
 (

M
e 2

Si
H

) 2
O

, t
he

n 
su

bs
tr

at
e

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 1
2 

h

(8
3)

21
6

C
5

Y

C
6-

9

Y

E

Y

+

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t

2.
 (

M
e 2

Si
H

) 2
O

, t
he

n 
su

bs
tr

at
e

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, t
im

e
I

II
E

 =
 N

(C
O

2B
u-

t)
N

H
C

O
2B

u-
t

Y N
T

s

C
(C

O
2E

t)
2

I

(9
0)

(6
0)

II (0
)

(1
5)

21
6

T
im

e

7 
h

2 
h

N
N

N C
H

(L
i)

C
H

=
C

H
2

n-
B

uM
gB

r

1.
   

   
   

   
   

   
   

   
 (

ia
),

 T
H

F,
 –

78
°

2.
 P

hN
=

N
Ph

, –
78

°;
 to

 r
t

35
9

C
7

n-
B

uN

(3
2)

E

N
C

O
2B

u-
t

N
H

C
O

2B
u-

t

n

N
H

Ph

Ph

129



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

C
. A

L
L

Y
L

IC
 A

N
D

  P
R

O
PA

R
G

Y
L

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

C
8

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t

2.
 (

M
e 2

Si
H

) 2
O

, t
he

n 
su

bs
tr

at
e

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 1
2 

h
E

E

+
I

II

E
 =

 N
(C

O
2B

u- t)
N

H
C

O
2B

u- t

I 
+

 I
I 

(7
1)

, I
:I

I 
=

 7
:1

21
6

C
9

N
H

2
Ph

M
gC

l
Ph

C
lN

H
2,

 E
t 2

O
, –

20
°

(1
4)

80
5

(P
hO

) 2
P(

O
)O

N
M

e 2
, T

H
F,

 –
30

° t
o 

0°
(—

)
14

6

L
i+

(P
hO

) 2
P(

O
)O

N
M

e 2
, T

H
F,

 –
30

° t
o 

0°
(4

0)
14

6

H H

N
M

e 2

H

H
N

M
e 2

L
i+

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
M

e 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

 

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

N
M

e 2

(6
9)

13
3

L
i

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
M

e 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

 

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

N
M

e 2

13
3

+

N
M

e 2

I
II

I 
+

 I
I 

(5
7)

, I
:I

I 
—

L
i+

C
10

(3
7)

N
H

2

Ph
2P

(O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
12

 h
13

9

130



O
N

Ph

L
i

M
eO

C
11

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

T
H

F,
 –

78
°;

 to
 r

t, 
15

 h

O
N

Ph

M
eO

(3
4)

80
6

C
15

-2
1

Ph
Ph

L
i

C
15

Ph
Ph

Ph
2P

(O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
12

 h
O

(3
1)

13
9

a  P
yr

ol
ys

is
 o

f 
th

e 
tr

ia
ze

ne
 s

al
t g

av
e 

al
ly

l a
zi

de
 in

 1
3%

 y
ie

ld
.

b  T
he

 s
ub

st
ra

te
s 

w
er

e 
pr

ep
ar

ed
 c

on
cu

rr
en

tly
 f

ro
m

 th
e 

br
om

id
e 

w
ith

 in
di

um
 m

et
al

 in
 th

e 
pr

es
en

ce
 o

f 
on

e 
eq

ui
va

le
nt

 o
f 

N
aI

.
c  T

he
 s

ub
st

ra
te

 w
as

 p
re

pa
re

d 
in

 s
itu

 b
y 

ad
di

tio
n 

of
 H

Z
rC

p 2
C

l t
o 

3-
m

et
hy

l-
1,

2-
bu

ta
di

en
e.

d  T
he

 p
ro

du
ct

 w
as

 c
ha

ra
ct

er
iz

ed
 a

s 
th

e 
N

-b
en

zo
yl

 d
er

iv
at

iv
e.

Ph
Ph

R
1

L
i

Ph
Ph

R
1

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
(R

2 ) 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

 

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

R
1

H t-
B

u

Ph Ph

(3
7)

(3
1)

(3
8)

(3
9)

13
3

R
2

M
e

M
e

M
e

E
t

(R
2 ) 2

N

C
10

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 1

.5
 m

ol
%

),
 E

tO
H

, r
t

2.
 (

M
e 2

Si
H

) 2
O

, t
he

n 
su

bs
tr

at
e

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 1
2 

h

N
C

O
2B

u-
t

N
H

C
O

2B
u-

t

(6
5)

21
6

N
N

C
O

2B
u-

t

C
O

2B
u-

t

+

(3
)

N
N

H
C

O
2B

u-
t

t-
B

uO
2C

131



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

D
. A

R
Y

L
M

E
T

H
Y

L
 A

N
D

 H
E

T
E

R
O

A
R

Y
L

M
E

T
H

Y
L

 C
A

R
B

A
N

IO
N

S

C
5

NN

NN

1.
 K

N
H

2,
 N

H
3 

(l
iq

ui
d)

, E
t 2

O

2.
 P

hN
=

N
Ph

(3
9)

21
2

N
1.

 B
as

e 
(x

 e
q)

, T
H

F,
 h

ex
an

e,
 c

on
di

tio
ns

2.
 A

rN
=

N
A

r,
 –

78
°, 

10
 m

in

21
2

R H H 4-
M

e

6-
M

e

4,
6-

M
e 2

B
as

e

L
D

A

L
D

A

n-
B

uL
i

L
D

A

n-
B

uL
i

C
on

di
tio

ns

rt
, 1

 h

rt
, 1

 h

—

rt
, 1

 h

—

(6
9)

(3
6)

(4
7)

(8
3)

(6
3)

A
r

Ph 4-
C

lC
6H

4

Ph Ph Ph

x 2 1 1 2 1

C
6-

8

R

C
5-

6

Y

N R

Y

N R

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t

   
   

   
   

   
   

   
  2

. P
hS

iH
3,

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt

   
   

   
   

   
   

   
  3

. S
ub

st
ra

te
, r

t, 
tim

e

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 1

 m
ol

 %
),

 i-
Pr

O
H

, r
t t

o 
0°

   
   

   
   

   
   

   
  2

. P
hS

iH
3,

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
   

   
   

   
   

   
   

  3
. S

ub
st

ra
te

, 0
°, 

tim
e

21
5

Y N N C
H

C
H

C
H

R M
e

M
e

H B
oc

T
s

C
on

di
tio

ns

1 2 1 1 1

(6
0)

(8
8)

(<
5)

(6
7)

(7
4)

T
im

e

8 
h

5 
h

— 11
 h

11
 h

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

N

R
NA

r

N
H

A
r

N
N

H
Ph

Ph

132



C
6-

7

Y
R

Y

Y O S S

R H H M
e

(6
8)

(8
4)

(5
8)

21
5

 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t  

 

 2
. P

hS
iH

3,
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

 3
. S

ub
st

ra
te

, r
t, 

tim
e

T
im

e

12
 h

18
 h

7 
h

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

R

C
6

O

O

N
t-

B
uO

2C
N

H
C

O
2B

u-
t (7

5)
21

5

 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t  

 

 2
. P

hS
iH

3,
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

 3
. S

ub
st

ra
te

, r
t, 

18
 h

C
6-

8

NY

NY

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

R
1

R
2

R
2

R
1 Y N C

H

C
H

C
H

R
1

H H M
e

H

R
2

H H H M
e

(6
3)

(7
7)

(6
0)

(5
4)

21
5

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t  

 

2.
 P

hS
iH

3,
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

3.
 S

ub
st

ra
te

, r
t, 

tim
e

T
im

e

24
 h

4 
h

5 
h

5 
h

N

1.
 L

D
A

 (
2 

eq
),

 T
H

F,
 h

ex
an

e,
 1

 h

2.
 A

rN
=

N
A

r,
 –

78
°, 

10
 m

in

A
r

Ph 2-
C

lC
6H

4

4-
C

lC
6H

4

Ph Ph

(9
7)

(5
3)

(4
4)

(8
2)

(7
7)

R
21

2

21
2

21
2

21
2

21
2,

 8
07

R H H H 2-
M

e

2,
6-

M
e 2

N

R

N
A

r

N
H

A
r

133



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

D
. A

R
Y

L
M

E
T

H
Y

L
 A

N
D

 H
E

T
E

R
O

A
R

Y
L

M
E

T
H

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
7

N
C

l 3
, E

t 2
O

77

B
r 2

N
H

, E
t 2

O
, 2

-3
°

75

R
N

H
C

l, 
E

t 2
O

, 5
°, 

1 
h

68

R M
e

E
t

I

(1
4)

(1
2)

II (7
0)

(7
5)

N
H

2C
l, 

E
t 2

O
, 0

°
(9

2)
80

5,
 5

6

R
N

C
l 2

, E
t 2

O
, 5

°, 
1 

h
68

2 
eq

1.
 B

nO
N

H
2,

 E
t 2

O
, –

10
° t

o 
–1

5°
2.

 H
C

l

80

1.
 M

eO
N

H
L

i (
2 

eq
, i

a)
, E

t 2
O

2.
 B

zC
l

(9
7)

82
, 7

86

I

(2
5)

(1
9)

II
I

(3
)

(6
)

II (4
3)

(2
8)

R M
e

E
t

II
I

R
2N

C
l, 

E
t 2

O
, 5

°, 
1 

h
R

2N
H

I
II

R M
e

E
t

n-
Pr

I (5
)

(5
)

(5
)

II (9
5)

(8
9)

(7
8)

68

Ph
M

gC
l

ex
ce

ss

4 
eq

ex
ce

ss

Ph
N

H
2

Ph
N H

Ph
I 

(3
2)

   
+

II
 (

7)

I 
(3

4)
  +

  I
I 

(6
)

Ph
N

H
R

+
R

N
H

2

I I
II

I 
 +

  I
I 

  +
Ph

N R
Ph

Ph
N

R
2

+

Ph
L

i
Ph

N H
Ph

O

Ph
N

H
3+

 C
l–

(7
9)

134



M
e 2

N
O

M
s,

 E
t 2

O
 o

r 
T

H
F,

 –
30

° t
o 

0°
13

4

M
g,

 M
e 2

N
O

SO
2C

6H
2M

e 3
-2

,4
,6

, M
g,

 T
H

F,
 r

t, 
2 

h
80

1

R
1 R

2 N
O

B
z,

 (
Ph

3P
) 2

N
iC

l 2
 (

ca
t)

, T
H

F,
 r

t, 
10

 m
in

 to
 6

 h
10

8

R
1

   
  —

(C
H

2)
5—

—
(C

H
2)

2O
(C

H
2)

2—R
2

(6
8)

(8
5)

R
1 R

2 N
O

B
z,

 (
C

uO
T

f)
2•

Ph
H

 (
ca

t)
, T

H
F,

 r
t, 

1 
h

R
1

B
n

—
(C

H
2)

2O
(C

H
2)

2—

R
2

B
n

10
9

11
2,

 1
09

(9
1)

(8
0)

Ph
M

gC
l

Ph
N

M
e 2

(4
3)

I

I 
(1

0)
Ph

B
r

Ph
Z

nC
l

Ph
N

R
1 R

2

Ph
Z

n

I

I
Ph

Ph
2P

(O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
12

 h
13

9

M L
i

M
gC

l

M
gB

r

(3
0)

(7
0)

(5
1)

, T
H

F,
 –

78
°;

 to
 r

t, 
ov

er
ni

gh
t

Ph
N

C
O

2B
u-

n

Ph
N

B
nC

O
2B

u-
n

M M
gC

l

M
gC

l•
E

t 3
A

l

C
u

C
u•

B
F 3

T
i(

O
Pr

-i
) 3

(9
5)

(7
8)

(2
2)

(5
0)

(5
5)

16
4

Ph
M

Ph
N

H
2

X
 n

ot
 s

pe
ci

fi
ed

M M
g

C
dN

C
O

2

Ph
H

B
n

N H
C

O
2

Ph
H

B
n

I

II

+

16
1

I 
+

 I
I

(4
5-

55
)

(5
5-

70
)

I:
II

10
0:

0

0:
10

0a

Ph
M

X
(i

a)
, E

t 2
O

N
C

O
2

Ph
H

i-
Pr

i-
Pr

135



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

D
. A

R
Y

L
M

E
T

H
Y

L
 A

N
D

 H
E

T
E

R
O

A
R

Y
L

M
E

T
H

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

4-
M

eO
C

6H
4N

C
O

2E
t

C
O

2E
t

(8
0)

16
7,

 1
66

M
e 2

C
=

N
O

SO
2C

6H
2M

e 3
-2

,4
,6

, C
uC

N
 (

ca
t)

, T
H

F,
 r

t, 
3 

h
(5

6)
17

7

1.
 C

H
2=

N
2,

 E
t 2

O
, r

t

2.
 H

C
l

20
2,

 1
99

(i
a)

, T
H

F,
 –

95
°, 

30
 m

in
Ph

M
gB

r

Ph
Z

n
Ph

ex
ce

ss
Ph

N
H

2

Ph
M

gC
l

M
e

H N
N H

B
n

•H
C

l
(4

1)

C
7

N
C

O
2E

t

C
O

2E
t

B
n

M
eO

Ph
2C

=
N

2,
 E

t 2
O

, r
t

(7
3)

20
2

 (
0)

Ph
N

2+
 B

F 4
– , T

H
F,

 0
°, 

1 
h

19
0

R
C

O
N

=
N

C
O

R

R M
eO

t-
B

uO

Ph

So
lv

en
t

E
t 2

O
 o

r 
T

H
F

T
H

F

E
t 2

O

(>
70

)

(9
0)

(3
0)

T
im

e

—

30
 m

in

—

M M
gX

 b

Z
nB

r

M
gB

r

79
9

35
8

79
4

T
em

p

–7
8° rt rt

R
N

3,
 E

t 2
O

R Ph Ph
SO

2 
(i

a)

T
em

p

re
fl

ux

—

(g
oo

d)

(9
8)

27
0

30
6

Ph
M

gB
r

Ph
N

H N
B

n

Ph

Ph
M

Ph
N

N
Ph

R
N

H N

O

B
n

R

O

Ph
M

gC
l

T
im

e

30
 m

in

—

N

H N
N H

B
n 

c
R

N

136



N
3

Ph

1.
   

   
   

   
   

, T
H

F,
 –

78
°;

 to
 r

t, 
2 

h

2.
 H

C
l, 

th
en

 b
as

e

27
8

79
0

NS
N

3

(4
3)

, E
t 2

O
, 1

0-
12

 h

Ph
L

i
Ph

N
H

2
(6

0) NS
N

B
nH

N
N

Ph
M

gX
b

C
8

, T
H

F,
 –

15
°

N M
eP

O

O
N

M
e 2

Ph

14
7

X C
l

B
r

(6
3)

 3
0%

 e
e

(4
0)

 4
4%

 e
e

O

1.
 L

D
A

, T
H

F,
 h

ex
an

e,
 1

 h

2.
 A

rN
=

N
A

r,
 –

78
°, 

5 
m

in
21

2

A
r

Ph 2-
C

lC
6H

4

(7
3)

(6
8)

Ph
M

gX
Ph

N
M

e 2

N
C

N
C

N

H N

A
r

A
r

N
N

N C
H

(R
2 )L

i

R
1 M

gB
r

1.
   

   
   

   
   

   
   

   
   

(i
a)

, T
H

F,
 –

78
°

2.
 A

rN
=

N
A

r,
 –

78
°;

 to
 r

t

35
9

C
8-

13

R
1

A
r

N
N

H
A

r

R
2 R

1

M
e

n-
B

u

n-
B

u

n-
B

u

n-
B

u

Ph

R
2

Ph Ph Ph Ph 4-
M

eC
6H

4

Ph

A
r

Ph Ph 4-
C

lC
6H

4

4-
M

eC
6H

4

Ph Ph

(4
0)

(5
4)

(5
1)

(4
8)

(5
7)

(5
2)

137



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

D
. A

R
Y

L
M

E
T

H
Y

L
 A

N
D

 H
E

T
E

R
O

A
R

Y
L

M
E

T
H

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
 a

nd
 P

hS
iH

3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, t

im
e 

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

 %
),

 E
tO

H
, r

t

   
   

   
   

   
   

   
  2

. P
hS

iH
3,

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt

   
   

   
   

   
   

   
  3

. S
ub

st
ra

te
, r

t, 
tim

e

C
on

di
tio

ns
 3

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

   
   

   
   

   
   

   
   

   
i-

Pr
O

H
, r

t t
o 

0°
   

   
   

   
   

   
   

  2
. S

ub
st

ra
te

, P
hS

iH
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
, t

im
e

C
on

di
tio

ns
 4

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 1

 m
ol

%
),

   
   

   
   

   
   

   
   

   
i-

Pr
O

H
, r

t t
o 

0°
 

   
   

   
   

   
   

   
  2

. P
hS

iH
3,

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
   

   
   

   
   

   
   

  3
. S

ub
st

ra
te

, 0
°, 

tim
e

C
8-

15

R
1

A
r

R
3

R
2

R
3

R
2

N

A
r

R
1

t-
B

uO
2C

N
H

C
O

2B
u-

t

A
r

Ph 4-
H

2N
C

6H
4

4-
H

2N
C

6H
4

4-
Fm

oc
N

H
C

6H
4

Ph Ph Ph Ph Ph

R
1

H H H H M
e

H H M
e

M
e

R
2

H H H H H M
e

C
H

2O
H

M
e

M
e

R
1

H H H H H H H H M
e

C
on

di
tio

ns

2 2 4 2 2 1 1 1 3

(8
6)

(2
0-

40
)

(6
6)

(9
8)

(8
8)

(8
8)

(9
1)

(1
3)

(5
1)

21
5

T
im

e

5 
h

20
 h

4 
h

4 
h

2 
h

3 
h

1 
h

20
 h

4 
h

C
8

N

1.
 B

uL
i, 

he
xa

ne
, T

H
F,

 –
78

°
2.

 P
hN

=
N

Ph
(6

5-
77

)
21

2

N

N
N

H
Ph

Ph

138



L
i

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
M

e 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

 

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

N
M

e 2

13
3

N
M

e 2

+
(5

7)

C
10

N
N

21
2

1.
 B

as
e,

 s
ol

ve
nt

, t
em

p,
 ti

m
e

2.
 A

rN
=

N
A

r B
as

e

K
N

H
2,

 N
H

3 
(l

iq
)

L
D

A

So
lv

en
t

E
t 2

O

T
H

F,
 h

ex
an

e

T
em

p,
 T

im
e

30
 m

in

rt
, 1

 h
, t

he
n 

–7
8°

A
r

Ph 2-
C

lC
6H

4

(5
0)

(7
)

C
9

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 4
 h

21
5

(9
4)

NC
O

2B
u-

t

N
H

C
O

2B
u-

t

NS
1.

 C
at

al
ys

t A
 (

se
e 

C
ha

rt
 1

; 5
 m

ol
%

),
 E

tO
H

, r
t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 R

O
2C

N
=

N
C

O
2R

, r
t, 

4 
h

21
5

NS

N C
O

2RN
H

C
O

2R
R E

t

t-
B

u

(5
4)

(<
14

)

N H
N H

N N
H

C
O

2B
u-

t

C
O

2B
u-

t
1.

 C
at

al
ys

t A
 (

se
e 

C
ha

rt
 1

; 2
.5

 m
ol

%
),

 E
tO

H
, r

t

2.
 P

hS
iH

3,
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t 

3.
 S

ub
st

ra
te

, r
t, 

5 
h

(8
2)

21
5

N R
N RN

t-
B

uO
2C

N
H

C
O

2B
u-

t

1.
 C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 2

.5
 m

ol
%

),
 E

tO
H

, r
t

2.
 P

hS
iH

3,
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t 

3.
 S

ub
st

ra
te

, r
t, 

11
 h

R B
oc

T
s

(7
6)

(8
5)

21
5

NA
r

N
H

A
r

139



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

D
. A

R
Y

L
M

E
T

H
Y

L
 A

N
D

 H
E

T
E

R
O

A
R

Y
L

M
E

T
H

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
11

N
H

2

C
lN

H
2

(4
7)

80
5

M
gC

l

M
sO

N
M

e 2
, E

t 2
O

 o
r 

T
H

F,
 –

30
° t

o 
0°

(8
4)

13
4

R M
e

2,
4,

6-
M

e 3
C

6H
2

So
lv

en
t(

s)

E
t 2

O
 o

r 
T

H
F

E
t 2

O
 o

r 
E

t 2
O

/T
H

F

(6
1)

(9
5)

13
4

13
3

C
13

R
SO

2O
N

M
e 2

T
em

p,
 T

im
e

–3
0°

 to
 0

°
–1

0°
 to

 –
20

° t
o 

rt
; r

t, 
15

 h

L
i

N
M

e 2

Ph
Ph

N N
H

C
O

2B
u-

t

C
O

2B
u-

t

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

 E
tO

H
, r

t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, 5

 h

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

 i-
Pr

O
H

, 0
°

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3,

 0
°

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

0°
, 4

 h

C
on

di
tio

ns

1 2

(4
8)

(6
0)

21
5

C
12

Ph
Ph N N

H
C

O
2B

u-
t

C
O

2B
u-

t
1.

 C
at

al
ys

t A
 (

se
e 

C
ha

rt
 1

; 5
 m

ol
%

),
 E

tO
H

, r
t

2.
 S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
rt

, 4
 h

(8
0)

21
5

Ph
L

i

Ph

Ph
N

M
e 2

Ph

140



Ph
2P

(O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
12

 h
(4

1)
13

9

N
H

2

Ph
2P

(O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
12

 h
13

9
(3

0)

1.
 L

D
A

, T
H

F,
 h

ex
an

e,
 1

 h

2.
 A

rN
=

N
A

r,
 –

78
°, 

10
 m

in

21
2

A
r

Ph 2-
C

lC
6H

4

(9
2)

(2
0)

Ph
L

i

Ph

Ph
N

H
2

Ph

Ph
N

Ph

A
r

N
H

A
r

Ph
Ph

R
1

L
i

C
15

-2
1

Ph
Ph

R
1

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
(R

2 ) 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

 

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

R
1

H t-
B

u

Ph Ph

(3
7)

(3
1)

(3
8)

(3
9)

13
3

R
2

M
e

M
e

M
e

E
t

(R
2 ) 2

N

H N

H N E
t 2

N

(4
3)

1.
 n

-B
uL

i (
2.

1 
eq

),
 T

H
F,

 h
ex

an
e,

 0
°

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2O
N

E
t 2

, –
78

° t
o 

rt
; r

t, 
ov

er
ni

gh
t

13
6

C
15

O PhO
C

14

1.
 K

N
H

2,
 N

H
3 

(l
iq

),
 E

t 2
O

2.
 P

hN
=

N
Ph

OO

Ph
N

(3
0)

21
2

N
H

Ph

Ph

141



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

D
. A

R
Y

L
M

E
T

H
Y

L
 A

N
D

 H
E

T
E

R
O

A
R

Y
L

M
E

T
H

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
19

C
lN

H
2,

 E
t 2

O
, s

on
ic

at
io

n
 

(6
7)

35
5

R M
e

2,
4,

6-
M

e 3
C

6H
2

So
lv

en
t(

s)

E
t 2

O
 o

r 
T

H
F

E
t 2

O
 o

r 
E

t 2
O

/T
H

F

(6
0)

(3
0)

13
4

13
3

T
em

p,
 T

im
e

–3
0°

 to
 0

°
–1

0°
 to

 –
20

°;
 r

t, 
15

 h

R
SO

2O
N

M
e 2

C
n

Ph L
i

n

Ph N
H

2
n

1.
 M

eO
N

H
L

i, 
T

H
F,

 E
t 2

O
, h

ex
an

e,
 –

78
° t

o 
–1

5°
, 2

 h

2.
 M

eO
H

(9
3)

80
8

d

a  T
he

 r
ea

ct
io

n 
w

as
 c

ar
ri

ed
 o

ut
 w

ith
 b

ot
h 

R
 a

nd
 S

 e
na

nt
io

m
er

s 
(C

M
eP

h)
; t

he
 o

pt
ic

al
 y

ie
ld

s 
w

er
e 

5-
46

%
.

b  X
 w

as
 n

ot
 s

pe
ci

fi
ed

.
c  S

om
e 

of
 th

e 
tr

ia
ze

ne
s 

ar
e 

is
ol

at
ed

 a
s 

m
ix

tu
re

s 
of

 d
ou

bl
e-

bo
nd

 is
om

er
s.

d  T
he

 s
ub

st
ra

te
 w

as
 p

re
pa

re
d 

by
 a

dd
iti

on
 o

f 
se

c-
bu

ty
lli

th
iu

m
 to

 s
ty

re
ne

 in
 b

en
ze

ne
/T

H
F 

at
 r

oo
m

 te
m

pe
ra

tu
re

.

Ph
L

i

Ph
Ph

Ph
N

H
2

Ph
Ph

Ph
N

M
e 2

Ph
Ph

142



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

. V
IN

Y
L

 A
N

D
 A

L
L

E
N

Y
L

 C
A

R
B

A
N

IO
N

S

C
2-

3

R

M
gB

r
R

 =
 H

, M
e

Ph
N

2+
 B

F 4
– , T

H
F

R

N
(0

)
18

5

C
3

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
E

t 2
, E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

 

  –
10

° t
o 

–2
0°

; t
o 

rt
, 1

4 
h

(2
8)

13
3

C
3-

8

O
O

N
O

SO
2P

h

1.
   

   
   

   
 , 

E
t 2

O
, P

hC
l, 

0°
; r

t 2
 h

2.
 p

H
 9

 b
uf

fe
r

N

R
2

R
1

OO
18

2

R
1

H Ph

R
2

M
e

H

(9
3)

a

(1
00

)

M
gB

r
N

(0
)

18
5

C
6

M
gB

r

R
2

R
1

Ph
N

2+
 B

F 4
– , T

H
F

E
:Z — 1:
1

N
Ph

N
Ph

L
i

N
E

t 2

R
2

M
gB

r

R
1

C
4-

14

A
rN

3,
 T

H
F,

 2
 h

R
2

N

R
1

N
N

H
A

r

R
1

M
e

H H H Ph Ph Ph Ph

A
r

Ph Ph 4-
M

eC
6H

4

2-
na

ph
th

yl

Ph 4-
B

rC
6H

4

4-
M

eC
6H

4

4-
M

eO
C

6H
4

(—
)

(5
5)

(7
2)

(4
8)

(6
3)

(3
1)

(5
6)

(5
5)

28
6

R
2

M
e

Ph Ph Ph Ph Ph Ph Ph

143



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

. V
IN

Y
L

 A
N

D
 A

L
L

E
N

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
8

1.
 R

1 R
2 N

L
i, 

T
H

F,
 –

78
° t

o 
 –

40
°, 

40
 m

in

2.
 1

,2
-(

O
2N

) 2
C

6H
4,

 T
H

F,
 –

78
°

3.
 O

2,
 –

78
°, 

30
 m

in
; t

o 
rt

55
, 5

4

n-
C

6H
13

M
gB

r
1.

 P
hS

C
H

2N
3 

(i
a)

, p
en

ta
ne

, b
en

ze
ne

, T
H

F,
 E

t 2
O

, 

   
 –

75
° t

o 
0°

, 1
 h

; 0
°, 

1 
h

2.
 A

c 2
O

, 3
0 

m
in

n-
C

6H
13

N
N

A
c

N
SP

h
(4

1)
27

4

R
1 T
i

•
R

2

R
3

X
(i

-P
rO

) 2
R

4 O
2C

N
=

N
C

O
2R

4 , E
t 2

O
, –

78
° t

o 
rt

, 1
 h

b

R
1

R
2

R
3

R
4 O

2C
N

N
H

C
O

2R
4

36
0

R
1

T
M

S

n-
C

5H
11

T
M

S

T
M

S

M
e

n-
B

u

T
M

S

T
M

S

T
M

S

T
M

S

T
M

S

R
2

H H i-
B

u

i-
B

u

i-
B

u

M
e

M
e

M
e

M
e

n-
B

u

i-
B

u

R
3

H H H H H H (C
H

2)
3P

r-
i

(C
H

2)
3P

r-
i

H H H

R
4

t-
B

u

t-
B

u

t-
B

u

E
t

t-
B

u

t-
B

u

t-
B

u

E
t

t-
B

u 
(S

) 
 94

%
 e

e

t-
B

uc 
 9

6%
 e

e

t-
B

uc 
 96

%
 e

e

(4
9)

(5
1)

(7
5)

(5
2)

(6
2)

(6
1)

(6
1)

(5
0)

(7
7)

 8
1%

 e
e 

(S
)

(7
3)

 5
3%

 e
ea

(7
4)

 2
7%

 e
ea

X
 =

 O
C

O
2E

t o
r 

O
P(

O
)(

O
E

t)
2

C
7-

12

R
1

i-
Pr

i-
Pr

R
2

M
e

B
n

(6
0)

(5
6)

Ph
C

u(
C

N
)L

i
Ph

N
R

1 R
2

144



A
r

M
gB

r
A

r

A
r

C
20

A
r

N
=

N
N

H
Ph

A
r

A
r

Ph
N

3

(5
9)

 (
50

)d

(3
5)

d

28
7,

 2
88

28
8

A
r

Ph 4-
M

eO
C

6H
4

So
lv

en
t

E
t 2

O

T
H

F

a  T
he

 c
on

fi
gu

ra
tio

n 
w

as
 n

ot
 r

ep
or

te
d.

 
b  T

he
 s

ub
st

ra
te

 w
as

 p
re

pa
re

d 
by

 r
ea

ct
io

n 
of

   
   

   
   

   
   

   
   

   
   

 [
X

 =
 O

C
O

2E
t o

r 
O

P(
O

)(
O

E
t)

2]
 w

ith
 T

i(
O

Pr
-i

 )
4 

an
d 

tw
o 

eq
ui

va
le

nt
s 

of
 i-

Pr
M

gB
r.

 
c  T

he
 s

ub
st

ra
te

 w
as

 a
 s

in
gl

e 
en

an
tio

m
er

 o
f 

un
sp

ec
if

ie
d 

co
nf

ig
ur

at
io

n.
 

d  T
he

 s
ub

st
ra

te
 h

ad
 14

C
 in

 th
e 

2-
po

si
tio

n.

R
1 C

C
C

R
2 R

3 X

T
em

p

rt 0°

T
im

e

3 
h

1 
h

145



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 3

. E
T

H
Y

N
Y

L
  C

A
R

B
A

N
IO

N
S

C
2-

8

M
e 2

N
X

, E
t 2

O

R T
M

S

n-
Pr

n-
B

u

t-
B

u

c-
C

6H
11

Ph
c

Ph
S

X Ph
2P

(O
)O

Ph
2P

(O
)O

Ph
2P

(O
)O

Ph
2P

(O
)O

Ph
2P

(O
)O

M
sO

Ph
2P

(O
)O

(6
7)

(8
7)

b

(7
8)

(7
1)

(7
5)

(5
2)

(4
5)

Ph
N

3,
 E

t 2
O

, 1
0 

d
28

9,
 8

09
C

2

C
2-

8
1.

 T
sN

3,
 E

t 2
O

, 0
°

2.
 2

-C
10

H
7O

H
, r

t

3.
 H

+
N

N
N

H

R
N

=
NH

O

R H n-
B

u

Ph

(t
ra

ce
)

(3
1)

(1
0)

81
0

13
5

C
3

N
3

N
3
, E

t 2
O

(9
0)

27
2

C
8

C
lN

E
t 2

M L
i

M
gB

r

So
lv

en
t

di
ox

an
e

E
t 2

O

(2
.3

)e

(1
.7

)

71

Ph
2P

(O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
12

 h
13

9

Ph R
N

O
SO

2A
r, 

E
t 2

O
, 2

0°
, 2

0 
h

Ph
N

R M
e

Ph

A
r

Ph 4-
M

eC
6H

4

(3
9)

(4
5)

17
8

R

M
gB

r
B

rM
g

R
3

R
N

M
e 2

 a

N
H

N
=

N
Ph

d 
 (1

-2
)

Ph
N

=
N

H
N

L
i

R

M
gB

r
N

H
N

=
N

2

Ph
M

Ph
N

E
t 2

Ph
2

Ph
3

C
uL

i 2
Ph

a  T
he

 y
ie

ld
s 

of
 th

is
 p

ro
du

ct
 a

re
 b

as
ed

 o
n 

tw
o 

of
 th

e 
th

re
e 

ac
et

yl
en

ic
 g

ro
up

s 
re

ac
tin

g.
b  T

he
 y

ie
ld

 w
as

 d
et

er
m

in
ed

 b
y 

N
M

R
 s

pe
ct

ro
sc

op
y.

c  (
Ph

en
yl

et
hy

ny
l)

lit
hi

um
 u

nd
er

 th
es

e 
co

nd
iti

on
s 

pr
od

uc
ed

 n
o 

et
hy

ny
la

m
in

e;
 th

e 
co

rr
es

po
nd

in
g 

G
ri

gn
ar

d 
re

ag
en

t g
av

e 
on

ly
 tr

ac
es

.  
 

d  T
he

 p
ro

du
ct

 w
as

 a
 m

ix
tu

re
 o

f 
tw

o 
is

om
er

s.
e  T

he
 y

ie
ld

 r
ep

or
te

d 
is

 th
at

 o
f 

th
e 

cr
ud

e 
pr

od
uc

t.
f  2

-P
he

ny
le

th
yn

am
in

e 
w

as
 f

or
m

ed
 a

s 
an

 in
te

rm
ed

ia
te

.

C
uL

i 2

C
uL

i
Ph

C
N

 f
(3

8)

T
em

p

50
°;

 r
t

rt

T
im

e

—
; 3

 d

12
 h

146



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S

Ph
M

gC
l

Ph
N

H
2

58
, 5

6
(2

7)

A
rL

i (
3 

eq
)

C
lN

H
2,

 E
t 2

O
A

rN
H

2
58

Ph
C

u(
C

N
)Z

nC
l

1.
 R

1 R
2 N

L
i, 

T
H

F,
 –

78
° t

o 
–9

0°
, 4

0 
m

in

2.
 1

,2
-(

O
2N

) 2
C

6H
4,

 T
H

F,
 –

78
°

3.
 O

2,
 –

78
°, 

30
 m

in

Ph
N

R
1 R

2
55

R
1

H i-
Pr

Ph Ph

R
2

Ph i-
Pr

Ph B
n

(6
9)

(7
0)

(7
6)

(6
8)

O
E

t

L
i

O
E

t

Ph
2C

uL
i

1.
 R

1 R
2 N

H
, s

ol
ve

nt
, r

ef
lu

x,
 6

 h

2.
 O

2,
 –

78
°

Ph
N

R
1 R

2
52

R
1

M
e

n-
B

u

Ph

R
2

Ph n-
C

7H
15

Ph

(7
2)

(6
4)

(9
4)

1.
   

   
   

   
   

   
 (

5 
eq

),
 T

H
F,

 h
ex

an
e,

 r
ef

lu
x,

 2
 h

2.
 O

2

O
E

t

N O
E

t

(5
1)

52

C
6

N
C

u

C
lN

H
2,

 p
et

ro
l e

th
er

, 0
°;

 r
t, 

ov
er

ni
gh

t

So
lv

en
t

T
H

F

E
t 2

O

E
t 2

O

A
rC

u(
C

N
)L

i

N
H

L
i

R

1.
   

   
   

   
   

   
   

   
 , 

T
H

F,
 –

40
°, 

15
 m

in

2.
 O

2,
 –

78
°, 

20
 m

in
; t

o 
rt

N
H

A
r

A
r

Ph 2-
M

eO
C

6H
4

2-
B

nO
C

6H
4

(4
8)

(5
5)

(4
6)

54

A
r

Ph 4-
M

eC
6H

4

T
em

p

–5
0° 0°

(3
3)

(1
6)

147



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

A
r1 M

gC
l•

L
iC

l
, T

H
F,

 –
45

°, 
15

 m
in

73
C

l
N

A
r2

R
1

R
2

A
r1

N
A

r2

R
1

R
2

A
r1

Ph 4-
IC

6H
4

3-
N

C
C

6H
4

3-
N

C
C

6H
4

4-
N

C
C

6H
4

2-
E

tO
2C

C
6H

4

2-
E

tO
2C

C
6H

4

4-
M

eO
2C

C
6H

4

4-
M

eO
2C

C
6H

4

4-
M

eO
2C

C
6H

4

1-
na

ph
th

yl

A
r2

Ph Ph 4-
B

rC
6H

4

1-
na

ph
th

yl

Ph Ph Ph Ph 4-
B

rC
6H

4

Ph Ph

R
1

H H H M
e

M
e 

(R
)

H M
e 

(R
)

H H M
e 

(S
)

H

R
2

M
e

E
t

M
e

M
e

M
e

E
t

M
e

M
e

M
e

n-
C

6H
13

M
e

(5
7)

(3
3)

(7
0)

(6
5)

(7
0)

 9
9%

 e
e

(6
7)

(6
7)

 9
9%

 e
e

(6
4)

(7
3)

(3
4)

 9
8%

 e
e

(5
6)

C
6-

7

Ph
M

gB
r

R
1 R

2 N
C

l, 
E

t 2
O

, 0
°;

 r
t, 

12
 h

 

  R
1 , R

2  =
 M

e,
 M

e;
 E

t, 
E

t; 
—

(C
H

2)
5—

Ph
N

R
1 R

2   (
0)

69

Ph
M

gB
r

H
2N

O
H

, E
t 2

O
, 0

°, 
30

 m
in

; r
t, 

15
 m

in
Ph

N
H

2 
 (

4)
81

1

M
 =

 M
gB

r,
 (

C
uM

gB
r)

0.
5,

 Z
n 0

.5
C

uC
N

A
r 

=
 P

h,
 3

-B
rC

6H
4,

 4
-B

rC
6H

4,
 3

-M
eC

6H
4,

 

  4
-M

eC
6H

4,
 3

-M
eO

C
6H

4,
 4

-M
eO

C
6H

4H
2N

O
M

e 
(2

 e
q)

, T
H

F,
 –

15
°

A
rN

H
2 

 (
—

)a
91

Ph
M

gC
l (

4 
eq

)
N

C
l 3

, E
t 2

O
Ph

N
H

2 
(4

) 
 +

 P
h 2

N
H

 (
1)

77

C
6

A
rM

148



C
6-

10

A
rM

R
O

N
H

2
A

rN
H

2

M L
i

L
i

M
gB

r

M
gI

M
gB

r

M
gI

Z
n 0

.5

Z
nC

l

Ph
2Z

nL
i

M
gB

r

M
gB

r

Z
nC

l

Z
n(

C
6H

4O
M

e-
4)

M
gB

r

R M
e

B
n

M
e

M
e

B
n

B
n

M
e

M
e

M
e

M
e

B
n

M
e

M
e

B
n

A
dd

en
d

— — — — — — — C
uC

N

C
uC

N

— — C
uC

N

C
uC

N

—

So
lv

en
t

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

T
H

F

T
H

F

T
H

F

E
t 2

O

E
t 2

O

T
H

F

T
H

F

E
t 2

O

T
em

p

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

rt rt rt

–1
0°

 to
 –

15
°

–1
0°

 to
 –

15
°

rt rt

–1
0°

 to
 –

15
°

A
r

Ph Ph Ph Ph Ph Ph Ph Ph Ph 4-
B

rC
6H

4

4-
B

rC
6H

4

4-
M

eC
6H

4

4-
M

eO
C

6H
4

1-
na

ph
th

yl

79
2

80 79
2

79
2

80 80 17
7

17
6

17
6

79
2

80 17
6

17
6

80

(6
3)

b

(7
2)

b

(6
7)

b

(0
.3

)b

(5
7)

b

(7
)b

(4
1)

c

(7
0)

(9
2)

(7
3)

b

(5
8)

b

(6
5)

c

(6
5)

c

(2
5)

b

T
im

e

— — — — — — 3 
h

3 
h

3 
h

— — 3 
h

3 
h

—

C
6-

8

A
rL

i

1.
 M

eO
N

H
L

i (
2 

eq
, i

a)
, E

t 2
O

, h
ex

an
e,

 

   
–7

8°
 to

 –
15

°, 
2 

h

2.
 B

zC
l

A
rN

H
B

z
(9

0)
d

(4
6)

(9
8)

(7
3)

(2
8)

(9
6)

(9
3)

(1
4)

e

(7
8)

82
, 8

3,
 

17
7,

 7
86

83 83
, 7

86

83 83 82 83 82 83

A
r

Ph 3-
C

lC
6H

4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

4-
M

eC
6H

4

2-
(i

-P
r)

2N
C

O
C

6H
4

2-
E

tC
6H

4

149



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

A
r1 L

i
1.

 R
1 N

(L
i)

O
R

2  (
ia

),
 s

ol
ve

nt
(s

),
 te

m
p,

 ti
m

e

2.
 A

r2 C
O

C
l

A
r1 N

R
1 C

O
A

r2

A
r1

Ph Ph Ph Ph 2-
(i

-P
r)

2N
C

O
C

6H
4

R
1

M
e

n-
C

5H
11

f

B
nf

Ph
C

H
M

e

M
e

So
lv

en
t(

s)

E
t 2

O
, h

ex
an

e

T
H

F

T
H

F

E
t 2

O
, h

ex
an

e

E
t 2

O
, h

ex
an

e

T
em

p,
 T

im
e

–7
8°

 to
 –

15
°, 

3 
h

0°
 to

 4
0°

, 1
-3

 h

0°
 to

 4
0°

, 1
-3

 h

78
° t

o 
–1

5°
, 3

 h
; t

o 
40

°
78

° t
o 

–1
5°

, 3
 h

A
r2

Ph 4-
Ph

C
6H

4

4-
M

eO
C

6H
4

Ph Ph

(6
7)

(4
7)

(3
7)

(4
4)

(0
)

97
, 8

2

98 98 97 97

R
2

M
e

B
n

B
n

M
e

M
e

C
6

A
r

Ph Ph Ph Ph 4-
FC

6H
4

4-
FC

6H
4

3-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

R T
M

S

M
e

i-
Pr

t-
B

u

i-
Pr

t-
B

u

M
e

t-
B

u

T
M

S

M
e

i-
Pr

M
e

i-
Pr

t-
B

u

10
0

10
1

10
1

10
1

10
1

10
1

10
1

10
1

10
0

10
1

10
1

10
1

10
1

10
1

C
6-

7

T
em

p

–5
0°

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

A
r 2

C
u(

C
N

)L
i 2

1.
 R

N
H

O
T

M
S,

 T
H

F,
 te

m
p,

 ti
m

e

2.
 H

C
l, 

th
en

 b
as

e

A
rN

H
R

(9
0)

 R
 =

 H
b

(5
8)

(6
4)

(5
3)

(4
5)

(4
5)

(5
9)

(7
3)

(7
0)

 R
 =

 H
b

(8
8)

(7
3)

(5
7)

(6
7)

(6
5)

T
im

e

1 
h

2 
h

2 
h

2 
h

2 
h

2 
h

2 
h

2 
h

1 
h

2 
h

2 
h

2 
h

2 
h

2 
h

150



C
6

Ph
M

gB
r

1.
 M

e 2
N

O
T

s,
 E

t 2
O

, r
t, 

10
 m

in

2.
 H

C
l

Ph
N

H
M

e 2
+
 C

l–   (
50

)
13

2

A
rC

u
C

H
2=

C
H

C
H

2O
2C

N
(L

i)
O

R
, 

  T
H

F,
 –

78
°

13
0

A
r

Ph Ph 3-
FC

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

1-
na

ph
th

yl

R M
s

T
s

T
s

M
s

T
s

T
s

T
im

e

1 
h

1 
h

3 
h

3 
h

3 
h

4 
h

(5
1)

(5
1)

(4
4)

(5
2)

(6
8)

(5
7)

C
6-

10

A
rM

t-
B

uO
2C

N
(L

i)
O

T
s,

 T
H

F

A
r

Ph Ph 4-
FC

6H
4

2-
M

eO
C

6H
4

M L
i

C
u

C
u

C
u

T
em

p

–7
8°

 to
 0

°
0° –7
8°

–7
8°

 to
 0

°

T
im

e

2 
h

2 
h

30
 m

in

2 
h

(1
0)

(5
1)

(5
0)

(7
3)

12
7

12
7,

 1
26

12
7

12
7

C
6

OO
1.

 n
-B

uL
i, 

T
H

F,
 E

t 2
O

, h
ex

an
e,

 0
°, 

2 
h;

 r
t, 

22
 h

2.
 C

uI
, 0

°, 
15

 m
in

 

3.
 t-

B
uO

2C
N

(L
i)

O
T

s,
 –

78
°, 

30
 m

in
; 0

°, 
2 

h
OO

N
H

C
O

2B
u-

t

(4
5)

12
8

Ph
M

gB
r

1.
 M

e 2
N

O
T

s,
 E

t 2
O

, r
t, 

10
 m

in

2.
 H

C
l

Ph
N

H
M

e 2
+
 C

l–   (
50

)
13

2

C
6-

10

2,
4,

6-
M

e 3
C

6H
2S

O
2O

N
R

2,
 E

t 2
O

 o
r 

E
t 2

O
/T

H
F,

  –
10

° t
o 

–1
5°

; t
o 

rt
, 1

5 
h

A
rM

gB
r

A
rN

R
2

13
3

A
r

Ph 1-
na

ph
th

yl

R E
t

M
e

(4
2)

(6
9)

O
H N

O

A
r

O
B

u-
t

H N

O

A
r

151



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
6-

7
A

rB
r

A
rN

M
e 2

80
1

M
g,

 M
e 2

N
O

SO
2C

6H
2M

e 3
-2

,4
,6

, 

  M
g,

 T
H

F,
 r

t, 
2 

h

A
r

Ph 2-
M

eC
6H

4

3-
M

eC
6H

4

4-
M

eC
6H

4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

(8
1)

(6
0)

(8
3)

(7
9)

(7
8)

(8
0)

C
6-

9

A
rM

gB
r

R
1 R

2 N
O

B
z 

+
 C

uC
l 2

 (
x 

m
ol

%
, i

a,
 s

lo
w

 a
dd

iti
on

),

   
T

H
F,

 r
t, 

15
 m

in

A
rN

R
1 R

2
11

3

A
r

Ph Ph Ph Ph Ph Ph Ph 4-
FC

6H
4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2,
4,

6-
M

e 3
C

6H
2

2,
4,

6-
M

e 3
C

6H
2

R
1

s-
B

u

  —
(C

H
2)

2O
(C

H
2)

2—

  —
(C

H
2)

2O
(C

H
2)

2—

   
   

   
—

(C
H

2)
5—

   
   

   
—

(C
H

2)
5—

B
n

B
n

B
n

E
t

  —
(C

H
2)

2O
(C

H
2)

2—

   
   

   
—

(C
H

2)
5—

E
t

E
t

E
t

E
t

E
t

   
   

   
—

(C
H

2)
5—

R
2

H B
n

B
n

B
n

E
t

E
t

E
t

E
t

E
t

E
t

E
t

x 5 2.
5

10 2.
5

10 5 10 10 2.
5

2.
5

2.
5 5 10 25 50 2.
5

2.
5

(t
ra

ce
)

(3
7)

(6
8)

(5
2)

(6
4)

(2
0)

(9
2)

(5
8)

(6
1)

(7
)

(7
5)

(6
5)

(7
5)

(2
6)

(8
)

(8
0)

(6
1)

152



Ph
M

gB
r 

  x
 e

q

E
t 2

N
O

C
O

R
 (

sl
ow

 ia
 d

ur
in

g 
7 

m
in

),
 

  C
uC

l 2
 (

3 
m

ol
%

),
 Z

nC
l 2

 (
y 

eq
),

 

  T
H

F,
 r

t; 
rt

, 1
5 

m
in

Ph
N

E
t 2

R E
tO

t-
B

u

Ph Ph Ph 4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

e 2
N

C
6H

4

4-
M

e 2
N

C
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2,
4,

6-
M

e 3
C

6H
2

2,
4,

6-
M

e 3
C

6H
2

(2
7)

(8
3)

(8
9)

(8
7)

(8
4)

(7
9)

(6
2)

(7
9)

(8
1)

(8
9)

(7
4)

(8
2)

(7
5)

x 2.
2

2.
2

1.
1

2.
2

2.
2

2.
2

2.
2

2.
2

2.
2

2.
2

2.
2

2.
2

2.
2

y 0 0 0 0 0.
1 0 0.
1 0 0.
1 0 0.
1 0 0.
1

11
3

N O
B

z
N Ph

(i
a)

, C
uC

l 2
 (

2.
5 

m
ol

%
),

 T
H

F,
 r

t
(0

)
11

3

A
rZ

nC
l

R
1 R

2 N
O

B
z,

 (
Ph

3P
) 2

N
iC

l 2
 (

ca
t)

, 

  T
H

F,
 r

t, 
10

 m
in

 to
 6

 h

A
rN

R
1 R

2
10

8

A
r

Ph Ph Ph 4-
C

lC
6H

4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

4-
C

F 3
C

6H
4

4-
N

C
C

6H
4

4-
E

tO
2C

C
6H

4

R
1

E
t  

   
 

   
   

  —
(C

H
2)

5—

—
(C

H
2)

2O
(C

H
2)

2—

—
(C

H
2)

2O
(C

H
2)

2—

E
t 

   
   

  —
(C

H
2)

5—

—
(C

H
2)

2O
(C

H
2)

2—

—
(C

H
2)

2O
(C

H
2)

2—

—
(C

H
2)

2O
(C

H
2)

2—

—
(C

H
2)

2O
(C

H
2)

2—

—
(C

H
2)

2O
(C

H
2)

2—R
2

E
t

E
t

(7
1)

(7
7)

(8
9)

(8
4)

(9
2)

(9
2)

(8
9)

(7
3)

(8
2)

(5
6)

(5
9)

C
6-

7

153



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

Ph
2Z

n
1.

(6
7)

11
1

2.
 S

ub
st

ra
te

, T
H

F,
 0

-5
°, 

1.
5 

h
O

N
Ph

C
6

N
O

B
z,

 C
uC

l 2
 (

2.
5 

m
ol

%
),

 T
H

F,
 0

-5
°

O

Ph
M

 

  x
 e

q

N
O

B
z,

 C
u 

so
ur

ce
 (

y 
eq

),
 T

H
F

N
Ph

11
3

M L
i

L
i

L
i

M
gB

r

M
gB

r

Z
nB

r

Z
nB

r

Z
nP

h

x 1 2 2 1 1 2 2 1.
1

y 1 1 1 1 1 1 1

0.
05

C
u 

so
ur

ce

C
uB

r•
M

e 2
S

C
uB

r•
M

e 2
S

L
i 2

C
uC

l 3

C
uB

r•
M

e 2
S

L
i 2

C
uC

l 3

C
uB

r•
M

e 2
S

L
i 2

C
uC

l 3

C
uC

l

(5
5)

(6
8)

(7
2)

(5
6)

(6
8)

(6
8)

(7
8)

(8
8)

E
t 2

N
O

C
O

R
, T

H
F

Ph
N

E
t 2

11
3

M M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

L
i

L
i

L
i

x 2.
2

2.
2

2.
2

2.
2

1.
1

1.
1

1.
1

1.
1

1.
1

2.
2

2.
2

2.
2

R E
tO

t-
B

u

t-
B

u

t-
B

u

Ph 2-
M

eC
6H

4

4-
M

eO
C

6H
4

4-
M

e 2
N

C
6H

4

2,
4,

6-
M

e 3
C

6H
2

2,
4,

6-
M

e 3
C

6H
2

2,
4,

6-
M

e 3
C

6H
2

2,
4,

6-
M

e 3
C

6H
2

T
em

p

rt 0° rt 44
°

rt rt rt rt rt

–3
0° 0° rt

(1
4)

(3
7)

(5
4)

(5
7)

(9
)

(1
8)

(1
7)

(2
1)

(8
5)

(5
0)

(4
6)

(3
6)

154



A
r 2

Z
n 

  1
.1

 e
qg

R
1 R

2 N
O

B
z 

(i
a)

, (
C

uO
T

f)
2•

Ph
H

 (
ca

t)
, 

  T
H

F,
 r

t, 
15

 to
 6

0 
m

in

A
rN

R
1 R

2

A
r

Ph Ph Ph Ph Ph Ph Ph Ph Ph 2-
M

eO
C

H
2O

C
6H

4h

2-
E

t 2
N

C
O

C
6H

4h

3-
FC

6H
4

4-
FC

6H
4

4-
C

lC
6H

4

4-
C

lC
6H

4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
A

cO
C

6H
4

4-
T

fO
C

6H
4

2-
O

2N
C

6H
4

2-
O

2N
C

6H
4

2,
4-

(O
2N

) 2
C

6H
3

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

3-
C

F 3
C

6H
4

R
1

s-
B

u

i-
B

u

E
t

 —
(C

H
2)

2O
(C

H
2)

2—

   
   

   
—

(C
H

2)
5—

i-
Pr

C
H

2C
H

=
C

H
2

t-
B

uC
H

2C
M

e 2

B
n

 —
(C

H
2)

2O
(C

H
2)

2—

 —
(C

H
2)

2O
(C

H
2)

2—

 —
(C

H
2)

2O
(C

H
2)

2—

 —
(C

H
2)

2O
(C

H
2)

2—

 —
(C

H
2)

2O
(C

H
2)

2—

B
n

 —
(C

H
2)

2O
(C

H
2)

2—

   
   

   
—

(C
H

2)
5—

B
n

 —
(C

H
2)

2O
(C

H
2)

2—

 —
(C

H
2)

2O
(C

H
2)

2—

 —
(C

H
2)

2O
(C

H
2)

2—

B
n

 —
(C

H
2)

2O
(C

H
2)

2—

E
t

 —
(C

H
2)

2O
(C

H
2)

2—

   
   

   
—

(C
H

2)
5—

i-
Pr

 —
(C

H
2)

2O
(C

H
2)

2—R
2

H H E
t

i-
Pr

C
H

2C
H

=
C

H
2

H B
n

B
n

B
n

B
n

E
t

i-
Pr

(8
0)

(7
1)

(6
9)

(9
1)

(9
1)

(7
2)

(9
6)

(7
4)

(9
4)

(9
5)

(6
2)

(7
4)

(7
1)

 (
74

)i

(9
3)

(8
8)

(9
3)

 (
71

)i

(9
5)

(8
7)

(7
6)

(9
5)

 (
83

)i

(8
3)

(9
7)

(5
9)

(7
0)

(9
4)

(8
6)

i

(6
2)

(7
4)

C
6-

10

11
2,

 1
09

,

11
1

155



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

A
r 2

Z
n 

  1
.1

 e
qg

  (
T

ab
le

 c
on

ti
nu

ed
 fr

om
 p

re
vi

ou
s 

pa
ge

.)

A
rN

R
1 R

2

A
r

2-
(4

,4
-d

im
et

hy
l-

 4
,5

-d
ih

yd
ro

ox
az

ol
-2

-y
l)

]p
he

ny
lh

4-
N

C
C

6H
4

4-
N

C
C

6H
4

4-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

4-
(i

-P
r)

2N
C

O
C

6H
4h

4-
(2

-m
et

hy
l-

 1
,3

-d
io

xo
la

n-
2-

yl
)p

he
ny

l

2,
4,

6-
M

e 3
C

6H
2

1-
na

ph
th

yl

R
1

 —
(C

H
2)

2O
(C

H
2)

2—

—
(C

H
2)

2O
(C

H
2)

2—

B
n

—
(C

H
2)

2O
(C

H
2)

2—

B
n

—
(C

H
2)

2O
(C

H
2)

2—

—
(C

H
2)

2O
(C

H
2)

2—

i-
Pr

—
(C

H
2)

2O
(C

H
2)

2—

R
2

B
n

B
n

i-
Pr

(5
5)

(7
6)

 (
74

)i

(9
5)

(7
7)

(9
9)

(8
8)

(7
9)

(7
6)

(9
0)

C
6-

10

11
2,

 1
09

,

11
1

X C
l

B
r

B
r

(3
5)

(2
2)

(3
1)

A
rM

gX
Ph

2P
(O

)O
N

H
2,

 T
H

F,
 –

20
°;

 r
t, 

12
 h

A
rN

H
2

13
9

A
r

Ph Ph 1-
na

ph
th

yl

Ph
M

gB
r

4-
M

eO
C

6H
4N

=
C

(C
O

2E
t)

2 
(i

a)
, 

  T
H

F,
 –

95
°, 

30
 m

in

16
7,

 1
66

Ph
N

C
H

(C
O

2E
t)

2

4-
M

eO
C

6H
4

(5
9)

Ph
M

gB
r 

   
2 

eq

1.
 P

hC
H

=
N

O
R

, E
t 2

O
,  

he
at

2.
 H

C
l

17
5

R H M
e

B
n

(—
)

(—
)

(6
8)

Ph
M

gB
r 

 

   
3 

eq
N

HO
O

O
, –

78
° t

o 
0°

, 1
 h

N
H

Ph

O
H

O

O
(~

10
0)

C
6

10
4

Ph
N H

Ph

Ph •H
C

l

156



C
6-

7

A
rM

gX
j  

   
x 

eq
M

e 2
C

=
N

O
R

, t
ol

ue
ne

A
rN

H
2

17
4a

A
r

Ph Ph 4-
C

lC
6H

4

2-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eC
6H

4

4-
M

eC
6H

4

x 1 2 2 2 2 1 2

(6
2)

(3
5)

(2
0)

(1
8)

(1
2)

(7
0)

(3
1)

C
6

Ph
L

i 

   
3 

eq

M
e 2

C
=

N
O

H
I 

   
 +

   
  P

hN
H

2 
 I

I

I 
+

 I
I 

(—
),

 I
:I

I 
=

 4
:1

17
4a

A
rL

i

N
O

1.
 Z

nC
l 2

, T
H

F,
 0

°;
 to

 r
t

2.
   

   
   

   
   

   
   

 , 
N

i(
ac

ac
) 2

 (
ca

t)
, 2

 h

C
H

O

N
H

A
r

A
r

Ph 2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

(8
6)

(6
1)

(7
0)

(7
9)

17
0

R M
gB

r

H H H H M
gB

r

H

Ph
N

H
Ph

A
rM

gB
r

N
M

e
M

eN

N
O

T
s

(i
a)

, t
ol

ue
ne

, E
t 2

O

N
M

e
M

eN

N
A

r
18

1

A
r

Ph 2-
M

eO
C

6H
4

2,
4-

(M
eO

) 2
C

6H
3

2-
M

eC
6H

4

4-
C

F 3
C

6H
4

2,
6-

M
e 2

C
6H

3

1-
na

ph
th

yl

T
em

p

0°
0°

 to
 r

t

0°
 to

 r
t

0° 0°
0°

 to
 r

t

0°

T
im

e

15
 m

in

30
 m

in

30
 m

in

15
 m

in

15
 m

in

30
 m

in

30
 m

in

(9
8)

k

(9
9)

k

(9
6)

k

(9
6)

k

(8
8)

l

(8
5)

m

(>
99

)k

C
6-

10

157



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

Ph
M

gB
r

18
1

R
1

   
 —

O
(C

H
2)

2O
—

E
tO

  —
N

M
e(

C
H

2)
2O

—

  —
O

(C
H

2)
2N

M
e—

—
N

M
e(

C
H

2)
2N

M
e—R
2

E
tO

So
lv

en
t

to
lu

en
e

to
lu

en
e

to
lu

en
e

C
H

2C
l 2

to
lu

en
e

(6
6)

(<
10

)

(9
7)

(0
)n

(9
8)

R
1

R
2

N
O

T
s

R
1

R
2

N
Ph

(i
a)

T
em

p

0°
–3

0°
 to

 r
t

rt 0° 0°

A
rM

gB
r

R
2C

=
N

O
SO

2C
6H

2M
e 3

-2
,4

,6
 (

0.
6-

0.
8  

eq
),

 

  c
at

al
ys

t, 
E

t 2
O

, t
ol

ue
ne

, 6
0°

A
rN

H
2p

80
3

A
r

Ph Ph Ph Ph 4-
M

eC
6H

4

4-
M

eC
6H

4

1-
na

ph
th

yl

(5
8)

(5
9)

(5
6)

(5
9)

(3
6)

(5
8)

(0
)

R M
e

M
e

M
e

Ph M
e

M
e

M
e

C
at

al
ys

t

— C
uI

M
gC

l 2

C
uI

— M
gC

l 2

—

T
im

e

40
 h

11
 h

22
h

2.
5 

h

46
 h

20
 h

—

C
6

T
im

e

1 
h

12
 h

30
 m

in

30
 m

in

15
 m

in

C
6-

10

A
rN

H
3+

 C
l–

18
2

O
O

N
O

SO
2R

1.
   

   
   

   
   

   
(i

a)
, E

t 2
O

, c
os

ol
ve

nt
, t

em
p,

 ti
m

e 
1

2.
 M

et
ho

d 
A

: H
C

l, 
M

eO
H

, E
t 2

O
, r

t, 
tim

e 
2 

or

   
 M

et
ho

d 
B

: H
C

l, 
E

tO
H

, H
2O

, r
ef

lu
x,

 ti
m

e 
2

158



A
r

Ph 4-
FC

6H
4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2,
4-

(M
eO

) 2
C

6H
3

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
C

F 3
C

6H
4

2,
6-

M
e 2

C
6H

3

1-
na

ph
th

yl

R Ph Ph Ph Ph Ph Ph M
eo

Ph 4-
M

eC
6H

4

2,
4,

6-
M

e 3
C

6H
2

Ph Ph Ph

C
os

ol
ve

nt

Ph
C

l

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

Ph
C

l

C
H

2C
l 2

C
H

2C
l 2

Ph
C

l

C
H

2C
l 2

C
H

2C
l 2

Ph
C

l

Ph
C

l

C
H

2C
l 2

T
em

p

0° rt rt rt 0° rt — 0° — — 0° 0° rt

T
im

e 
1

0.
5 

h

1 
h

0.
5 

h

0.
5 

h

0.
5 

h

1 
h

— 0.
5 

h

— — 1 
h

1 
h

0.
5 

h

M
et

ho
d

A A A A A A A A A A A B A

T
im

e 
2

1.
5 

h

1.
5 

h

2 
h

2.
5 

h

2.
5 

h

6.
5 

h

— 1.
5 

h

— — 0.
5 

h

3 
h

1 
h

(9
3)

(9
0)

(9
6)

(9
0)

(9
6)

(9
1)

(8
6)

(9
7)

(9
0)

(8
0)

(9
4)

(9
0)

(9
3)

A
rZ

nC
l

1.
 M

e 2
C

=
N

O
SO

2C
6H

2M
e 3

-2
,4

,6
 (

2 
eq

),
 

   
C

uC
N

 (
10

 m
ol

%
),

 D
M

PU
 (

2 
eq

),
 r

t, 
3 

h

2.
 c

on
c.

 H
C

l, 
th

en
 b

as
e

3.
 B

zC
l

A
rN

H
B

z
81

2

A
r

Ph 3-
B

rC
6H

4

4-
M

eO
C

6H
4

4-
M

eC
6H

4

1-
na

ph
th

yl

(7
8)

(7
0)

(7
5)

(7
2)

(7
9)

159



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

A
rM

M
e 2

C
=

N
O

SO
2C

6H
2M

e 3
-2

,4
,6

, 

  C
uC

N
 (

ca
t)

, T
H

F

A
rN

H
2

R Ph Ph Ph Ph Ph Ph 4-
B

rC
6H

4

4-
M

eO
C

6H
4

4-
M

eC
6H

4

4-
E

tO
2C

C
6H

4

M Z
nC

l

Ph
2Z

nL
i

Ph
Z

n

C
u(

C
N

)L
i

C
u(

C
N

)Z
nC

l

Ph
2Z

nM
gB

r

Z
nC

l

Z
nC

l

Z
nC

l

Z
nC

l

T
em

p

rt rt rt rt 0° rt rt rt rt rt

T
im

e

3 
h

3 
h

3 
h 

3 
h

1 
h

3 
h

3 
h

3 
h

3 
h

3 
h

(7
0)

(7
9)

(4
4)

(7
6)

c

(5
7)

(8
5)

(3
3)

(5
4)

c

(4
9)

c

(5
1)

17
6,

 1
77

17
6

17
6

17
7

17
6

17
7

17
7

17
6,

 1
77

17
6,

 1
77

17
7

C
6-

7

M
e 2

C
=

N
O

SO
2C

6H
2M

e 3
-2

,4
,6

, 

  T
H

F,
 r

ef
lu

x,
 1

-2
 h

A
rN

H
2 

(—
)a

18
3

A
rB

r

1.
 M

g,
 M

e 2
C

=
N

O
SO

2C
6H

4M
e 3

-2
,4

,6
, 

   
T

H
F,

 r
ef

lu
x,

 3
 h

2.
 B

zC
l

A
rN

H
B

z
80

2

A
r

Ph 4-
M

eO
C

6H
4

4-
M

eC
6H

4

1-
na

ph
th

yl

(5
2)

(4
0)

(5
3)

(4
0)

A
rM

gB
r

1.
 [

3,
5-

(C
F 3

) 2
C

6H
3]

2C
=

N
O

T
s 

(i
a)

, 

   
E

t 2
O

, t
ol

ue
ne

, r
t, 

30
 m

in

2.
 B

zC
l, 

E
t 3

N

A
rN

H
B

z
17

9

A
r

Ph 4-
FC

6H
4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
C

F 3
C

6H
4

2,
4-

M
e 2

C
6H

3

1-
na

ph
th

yl

(9
6)

(8
6)

(7
2)

(9
4)

(9
8)

(7
1)

b

(9
8)

(9
1)

C
6-

10

A
rM A

r 
=

 P
h,

 3
-B

rC
6H

4,
 4

-B
rC

6H
4,

 

  4
-M

eO
C

6H
4,

 3
-M

eC
6H

4,
 4

-M
eC

6H
4;

 

M
 =

 M
gB

r 
or

 C
u(

C
N

)Z
nC

l

160



C
6-

14

A
rM

gB
r

N
O

T
s

Ph

Ph
Ph

Ph
(i

a)
, T

H
F,

 –
78

°, 
45

-9
0 

m
in

N
A

r

Ph

Ph
Ph

Ph
18

0

A
r

Ph 2,
3,

5,
6-

M
e 4

C
6H

1-
na

ph
th

yl

2-
na

ph
th

yl

9-
ph

en
an

th
ry

l

(9
5)

(6
5-

68
)

(7
0)

(7
8)

(8
3)

Ph
M

gB
r

N
2

Ph
L

i
, F

eC
l 3

(—
)

78
7

C
H

2=
N

2,
 E

t 2
O

, 0
°

(8
)

20
0

C
H

2=
N

2,
 E

t 2
O

, r
t

(4
8)

b
20

2

E
tO

2C
C

H
=

N
2,

 E
t 2

O
, c

oo
lin

g
(—

)
19

9

(N
C

) 2
C

=
N

2,
 E

t 2
O

, c
oo

lin
g

(6
6)

20
3

Ph
C

u(
C

N
)L

i
1.

 M
e 2

N
N

H
L

i, 
T

H
F,

 –
40

°, 
40

 m
in

2.
 O

2,
 –

78
°, 

30
 m

in

(4
0)

54

C
6

Ph
2C

=
N

2,
 E

t 2
O

, r
t, 

30
 m

in
(7

0)
20

2

(P
hS

O
2)

2C
=

N
2 

(i
a)

, E
t 2

O
, 3

0 
m

in
(5

4)
20

4

Ph
M

gB
r

O

N
2

O

N
N

H
Ph

, E
t 2

O
, c

oo
lin

g
20

1
(—

)

Ph

H N
N

M
e 2

N
N

H
Ph

Ph

H N
N

H
Ph

Ph

N
N

H
Ph

Ph Ph

O
H

N
C

N
N

H
Ph

C
N

Fe

N
N

Ph

N
N

Ph

N
N

H
Ph

Ph

Ph

N
N

H
Ph

Ph
SO

2 Ph
SO

2

161



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
6-

7

A
r 3

Z
nM

gB
r

Ph
N

2+
 B

F 4
– , T

H
F,

 0
°, 

1 
h

19
0

A
r

Ph 4-
B

rC
6H

4

4-
M

eO
C

6H
4

4-
M

eC
6H

4

(8
7)

(7
4)

(7
2)

(8
8)

A
rM

1.
 P

hN
2+

 B
F 4

– , T
H

F,
 a

dd
en

d,
 te

m
p,

 ti
m

e

2.
 H

C
l

3.
 N

aB
H

4,
 N

iC
l 3

•6
 H

2O
, M

eO
H

, 0
°, 

1 
h

A
rN

H
2

19
0

A
r

Ph Ph (4
-M

eC
6H

4)
3

M M
gB

r

M
gB

r

Z
nB

r

A
dd

en
d

— T
M

E
D

A
 (

0.
3 

eq
)

—

T
em

p

–7
8°

–1
5°

–1
5°

T
im

e

3 
h

3 
h

1 
h

(5
3)

p

(5
7)

p

(6
7)

p

A
r1 M

gB
r

A
r2 N

2+
 Z

nC
l 3

– 
(i

a)
, E

t 2
O

, r
ef

lu
x;

 r
t, 

60
 m

in
C

6-
10

A
r1

Ph Ph Ph Ph Ph 2-
B

rC
6H

4

2-
B

rC
6H

4

3-
B

rC
6H

4

3-
B

rC
6H

4

3-
B

rC
6H

4

4-
B

rC
6H

4

4-
B

rC
6H

4

A
r2

2-
E

tO
2C

C
6H

4

3-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

1-
na

ph
th

yl

2-
na

ph
th

yl

1-
na

ph
th

yl

2-
na

ph
th

yl

3-
M

eO
C

6H
4

1-
na

ph
th

yl

2-
na

ph
th

yl

1-
na

ph
th

yl

2-
na

ph
th

yl

(p
oo

r)

(4
3)

(4
2)

(2
2)

(1
1)

(3
.5

)

(1
2)

(1
7)

(4
)

(1
2)

(1
1)

(1
3)

18
7

18
7

18
7

18
8

18
8

18
8

18
8

18
9

18
8

18
8

18
8

18
8

A
r

N
N

Ph

A
r1

N
N

A
r2

162



2-
M

eO
C

6H
4

2-
M

eO
C

6H
4

2-
M

eO
C

6H
4

2-
M

eO
C

6H
4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

3-
M

eO
C

6H
4

3-
M

eO
C

6H
4

3-
M

eO
C

6H
4

3-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

2-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

4-
B

rC
6H

4

2-
M

eO
C

6H
4

3-
B

rC
6H

4

1-
na

ph
th

yl

2-
na

ph
th

yl

4-
B

rC
6H

4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

1-
na

ph
th

yl

2-
na

ph
th

yl

3-
B

rC
6H

4

4-
B

rC
6H

4

2-
M

eO
C

6H
4

4-
M

eO
C

6H
4

1-
na

ph
th

yl

2-
na

ph
th

yl

2-
B

rC
6H

4

3-
B

rC
6H

4

4-
B

rC
6H

4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
E

tO
2C

C
6H

4

3-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

1-
na

ph
th

yl

2-
na

ph
th

yl

2-
B

rC
6H

4

3-
B

rC
6H

4

4-
B

rC
6H

4

2-
M

eO
C

6H
4

(2
)

(1
.4

)

(9
)

(1
2)

(1
1)

(1
)

(1
1)

(8
)

(3
4)

(1
2)

(6
)

(1
0)

(1
4)

(7
)

(7
)

(9
)

(1
1)

(6
4)

(6
1)

(4
2)

(1
8)

(2
9)

(9
)

(3
6)

(5
6)

(6
3)

(7
)

(1
2)

(4
0)

(5
2)

(6
8)

(1
1)

18
9

18
9

18
9

18
8

18
8

18
9

18
9

18
9

18
9

18
8

18
8

18
9

18
9

18
9

18
9

18
8

18
8

18
6

18
6

18
6

18
9

18
9

18
9

18
7

18
7

18
7

18
8

18
8

18
6

18
6

18
6

18
9

163



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

A
r1

3-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

3-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

1-
na

ph
th

yl

1-
na

ph
th

yl

1-
na

ph
th

yl

2-
na

ph
th

yl

2-
na

ph
th

yl

2-
na

ph
th

yl

A
r2

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
E

tO
2C

C
6H

4

3-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

1-
na

ph
th

yl

2-
na

ph
th

yl

2-
B

rC
6H

4

3-
B

rC
6H

4

4-
B

rC
6H

4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
E

tO
2C

C
6H

4

3-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

1-
na

ph
th

yl

2-
na

ph
th

yl

2-
E

tO
2C

C
6H

4

3-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

2-
E

tO
2C

C
6H

4

3-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

(2
0)

(4
)

(4
5)

(5
3)

(4
2)

(2
3)

(6
)

(6
0)

(6
8)

(6
8)

(1
1)

(1
4)

(1
3)

(4
9)

(4
8)

(4
5)

(2
0)

(7
)

(t
ra

ce
)

(2
5)

(4
)

(1
)

(1
)

(t
ra

ce
)

18
9

18
9

18
7

18
7

18
7

18
8

18
8

18
6

18
6

18
6

18
9

18
9

18
9

18
7

18
7

18
7

18
8

18
8

18
8

18
8

18
8

18
8

18
8

18
8

A
r1 M

gB
r

  (
T

ab
le

 c
on

ti
nu

ed
 fr

om
 p

re
vi

ou
s 

pa
ge

.)

C
6-

10

A
r1

N
N

A
r2

164



A
r1 Z

nC
l

A
r2 N

2+
 B

F 4
– , E

t 2
O

, –
10

°
19

2

A
r1

Ph Ph Ph 4-
C

lC
6H

4

4-
M

eO
C

6H
4

2,
4,

6-
M

e 3
C

6H
2

A
r2

4-
C

lC
6H

4

4-
M

eO
C

6H
4

2,
4,

6-
M

e 3
C

6H
2

Ph Ph Ph

T
im

e

18
 h

22
 h

24
 h

6 
h

18
 h

22
 h

(1
0)

(2
)

(0
)

(3
5)

(2
0)

(8
)

C
6-

9

A
r1

N
N

A
r2

165



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

A
r1 M

gX
1

A
r2 N

2+
 (

X
2 )–  (

ia
)

A
r1

Ph Ph Ph Ph Ph Ph Ph Ph Ph 4-
C

lC
6H

4

4-
C

lC
6H

4

4-
C

lC
6H

4

4-
C

lC
6H

4

4-
C

lC
6H

4

4-
C

lC
6H

4

4-
C

lC
6H

4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

X
1

— B
r

— — — — — — B
r

— — — — — — — B
r

B
r

— — — — — — —

A
r2

Ph Ph 2-
C

lC
6H

4

4-
C

lC
6H

4

3-
B

rC
6H

4

4-
B

rC
6H

4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

1-
na

ph
th

yl

Ph 2-
C

lC
6H

4

4-
C

lC
6H

4

3-
B

rC
6H

4

4-
B

rC
6H

4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

Ph Ph Ph 2-
C

lC
6H

4

4-
C

lC
6H

4

3-
B

rC
6H

4

4-
B

rC
6H

4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

X
2

q B
F 4

q q q q q q C
l

q q q q q q q B
F 4

B
F 4

q q q q q q q

So
lv

en
t

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

E
t 2

O

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

(7
1)

(6
6)

(5
2)

(8
0)

(8
2)

(8
5)

(8
1)

(9
1)

(5
)

(6
9)

(4
5)

(7
9)

(8
0)

(8
6)

(8
6)

(8
5)

(7
4)

(8
7)

(6
6)

(4
5)

(8
4)

(8
9)

(8
3)

(8
4)

(8
4)

19
1

18
5,

 1
84

19
1

19
1

19
1

19
1

19
1

19
1

18
4

19
1

19
1

19
1

19
1

19
1

19
1

19
1

18
5

18
5

19
1

19
1

19
1

19
1

19
1

19
1

19
1

C
on

di
tio

ns

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

Z
nC

l 2
, r

ef
lu

x,
 1

5 
m

in

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

–7
8°

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

–7
8°

, 1
 h

; 7
0°

, 1
 h

r

C
6-

7

A
r1

N
N

A
r2

166



C
6

Ph
2Z

n
A

rN
2+

 B
F 4

– , D
M

F,
 0

°
19

3

A
r

Ph 4-
C

lC
6H

4

4-
O

2N
C

6H
4

4-
M

eO
C

6H
4

T
im

e

2.
5 

h

15
 m

in

15
 m

in

15
 m

in

(9
5)

(9
6)

(5
7)

(7
2)

A
rS

n(
R

1 ) 3
(i

a)
, M

eC
N

, r
t

N
2+

  B
F 4

–

O
2N

R
2

N
=

N
A

r

O
2N

R
2

81
3

A
r

Ph 4-
C

lC
6H

4

2-
M

eO
C

6H
4

2-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

3-
C

H
2O

C
H

2-
4-

C
6H

3

4-
T

M
SC

6H
4

2-
M

eC
6H

4

3-
M

eC
6H

4

4-
M

eC
6H

4

4-
E

tC
6H

4

2,
4,

6-
M

e 3
C

6H
2

R
2

N
O

2

N
O

2

H N
O

2

H N
O

2

N
O

2

N
O

2

N
O

2

N
O

2

N
O

2

N
O

2

N
O

2

R
1

n-
B

u

M
e

M
e

n-
B

u

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

n-
B

u

T
im

e

18
 h

18
 h

27
 h

1.
5 

h

7 
h

2 
m

in

2 
m

in

20
 h

16
 h

16
 h

16
 h

18
 h

6 
h

(3
1)

(1
4)

(1
6)

(6
6)

(5
7)

(8
3)

(7
8)

(3
6)

(5
3)

(6
7)

(6
2)

(5
4)

(6
5)

C
6-

9

C
6

Ph
M

gB
r

Ph
N

H
N

(6
2)

s
20

8
, E

t 2
O

, 0
°;

 to
 r

t, 
1 

h

Ph
L

i
N

N

4-
O

2N
C

6H
4NPh

N
(3

4)
21

0
1.

   
   

   
   

   
  ,

 D
M

E
, E

t 2
O

, –
35

° t
o 

–2
0°

 

2.
 F

C
6H

4N
O

2-
4,

 –
20

° t
o 

rt

N N

Ph
N

N
A

r

167



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

Ph
M

Ph
N

=
N

Ph

N
N

, E
t 2

O
, 1

5 
m

in

Ph
N

N
H

(—
)

21
4

Ph
L

i

M L
i

K C
aI

So
lv

en
t(

s)

he
xa

ne
 o

r 
cy

cl
oh

ex
an

e,
 T

H
F

Ph
H

E
t 2

O

T
em

p

–7
8°

; r
t

0°
re

fl
ux

(9
0)

(3
8)

(1
8)

21
1,

 2
14

,

50
6,

 8
14

81
5

81
5

C
6

A
rM

gB
r

C
6-

9

N
N

T
s

R
1.

   
   

   
   

   
   

   
   

   
   

  ,
 T

H
F,

 –
20

°, 
1 

h

N
H

A
r

R
25

5

A
r

4-
IC

6H
4

3-
T

fO
C

6H
4

3-
T

fO
C

6H
4

3-
T

fO
C

6H
4

R 4-
E

tO
2C

t

4-
B

r

4-
M

eO

3-
T

fO

(6
3)

(7
0)

(8
1)

(7
6)

3-
T

fO
C

6H
4

2-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

4-
E

tO
2C

C
6H

4

2,
4,

6-
M

e 2
C

6H
2

2,
4,

6-
M

e 2
C

6H
2

4-
E

tO
2C

t

4-
B

r

2-
B

r

4-
B

r

4-
I

4-
N

C

4-
B

r

4-
M

eO

(8
0)

(8
0)

(6
5)

(8
3)

(7
1)

(6
4)

(6
9)

(8
3)

Ph

H N
N

Ph
2

2.
 C

H
2=

C
H

C
H

2I
, N

-m
et

hy
lp

yr
ro

lid
in

on
e,

 r
t, 

3 
h

3.
 Z

n,
 A

cO
H

, T
FA

, 7
5°

, 2
.5

 h

T
im

e

2 
h;

 1
0 

h

8 
h

12
 h

168



A
rM

R
1 O

C
N

=
N

R
2

C
6-

10

A
r

Ph Ph Ph Ph Ph Ph 4-
M

eO
C

6H
4

4-
M

eS
C

6H
4

3,
4-

(M
eO

) 2
C

6H
3

4-
(n

-C
5H

11
O

)C
6H

4

4-
(C

F 3
C

H
2O

)C
6H

4

2-
C

F 3
C

6H
4

4-
N

C
C

6H
4

4-
E

tO
2C

C
6H

4

6-
M

eO
-2

-n
ap

ht
hy

l

R
1

E
tO

t-
B

uO

M
eO

E
tO

Ph Ph t-
B

uO

t-
B

uO

E
t

t-
B

uO

t-
B

uO

t-
B

uO

t-
B

uO

t-
B

uO

t-
B

uO

M L
i

L
i

M
gB

r

M
gB

r

M
gB

r

M
gB

r

Z
nI

M
gB

r

M
gB

r

M
gB

r

L
i

M
gB

r

Z
nB

r

Z
nB

r

M
gB

r

R
2

C
O

2E
t

C
O

2B
u-

t

C
O

2M
e

C
O

2E
t

Ph C
O

Ph

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2E
t

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2B
u-

t

C
O

2B
u-

t

So
lv

en
t

T
H

F

T
H

F

— T
H

F

E
t 2

O

E
t 2

O

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
em

p

–7
8°

–7
8° — –7
8° rt rt rt

–7
8°

–7
8°

–7
8°

–7
8°

–7
8°

70
°

70
°

–7
8°

(1
00

)

(6
0)

(p
oo

r)

(1
00

)

(5
0)

(3
0)

(5
5)

u

(>
75

)

(9
6)

(>
60

)

(6
1)

(8
1)

(6
6)

(4
0)

(4
7)

81
6

81
6

79
4

81
6

79
4

79
4

35
8

81
6

81
6

81
6

81
6

81
6

35
8

35
8

81
6

A
rM

T
M

SC
H

2N
3

A
rN

H
2

A
r

Ph 4-
C

lC
6H

4

2-
M

eO
C

6H
4

2-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

e 2
N

C
H

2C
6H

4

2,
3-

(M
eO

) 2
C

6H
3

2,
6-

M
e 2

C
6H

3

M M
gB

r

M
gB

r

L
i

M
gB

r

M
gB

r

L
i

L
i

M
gB

r

So
lv

en
t

E
t 2

O

E
t 2

O

— E
t 2

O

E
t 2

O

— E
t 2

O

E
t 2

O

C
on

di
tio

ns

rt
, 3

 h
, t

he
n 

H
2O

rt
, 3

 h
, t

he
n 

H
2O

—

rt
, 3

 h
, t

he
n 

H
2O

rt
, 3

 h
, t

he
n 

H
2O

—

0°
 to

 r
t, 

th
en

 H
C

l, 
N

aO
H

rt
, 3

 h
, t

he
n 

H
2O

(7
2)

(9
2)

(3
5)

(7
3)

(6
9)

(4
1)

(7
8)

(7
9)

26
4

26
4

26
4

26
4

26
4

26
4

26
5

26
4

C
6-

7

C
6

Ph
M

gB
r 

   
2 

eq

N
3(

C
H

2)
nN

3,
 E

t 2
O

n 2 5

(7
2)

(—
)

27
1

29
0

T
im

e

— — — — — — 3 
h

31
0 

m
in

— — — — 3 
h

3 
h

—

Ph
N

N

H N
H N

N
N

Ph
n

T
em

p

rt —

T
im

e

10
 m

in

—

N
N

H
R

2

O

R
1

A
r

169



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
6-

10
A

rM
C

H
2=

C
H

C
H

2N
3,

 s
ol

ve
nt

, –
78

° t
o 

rt
; t

he
n 

H
3O

+
A

rN
H

2
26

3

A
r

Ph Ph 3-
C

lC
6H

4

4-
C

lC
6H

4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

e-
5 -

FC
6H

3

2-
na

ph
th

yl

M L
i

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

M
gB

r

So
lv

en
t

n-
he

xa
ne

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

(6
1)

(7
6)

(6
8)

(5
2)

(7
1)

(5
5)

(7
5)

(6
6)

(7
7)

A
rL

i
1.

 C
H

2=
C

(N
3)

R
1 , T

H
F,

 –
78

°;
 to

 r
t, 

2 
h

2.
 K

O
H

A
rN

H
2

27
8

A
r

Ph 2,
3-

(M
eO

) 2
C

6H
3

2,
6-

(M
eO

) 2
C

6H
3

2-
R

2 N
H

C
O

C
6H

4w

(6
8)

(6
0)

(7
0)

(5
2)

R
1

—
v

Ph —
v

—
v

C
6-

7

A
r1 M

gB
r

A
r2 N

3,
 E

t 2
O

A
r1

Ph Ph Ph Ph Ph 4-
E

tO
C

6H
4

4-
M

eC
6H

4

1-
na

ph
th

yl

A
r2

Ph 4-
E

tO
C

6H
4

4-
M

eC
6H

4

B
n

1-
na

ph
th

yl

Ph Ph Ph

T
em

p

0°
re

fl
ux

re
fl

ux

re
fl

ux

re
fl

ux

re
fl

ux

re
fl

ux

re
fl

ux

(7
1)

(—
)

(—
)

("
go

od
")

(6
4)

(—
)

(—
)

(—
)

28
5,

 2
84

28
0

28
0

27
0

28
1,

 2
80

28
0

28
0

28
0

C
6-

10

A
r1

H N
N

N
A

r2 
 x

T
im

e

—

30
 m

in

30
 m

in

30
 m

in

25
 m

in

30
 m

in

30
 m

in

30
 m

in

170



1.
 P

hS
C

H
2N

3,
 T

H
F,

 h
ex

an
e,

 te
m

p,
 ti

m
e 

1

2.
 N

H
4C

l, 
H

2O

3.
 5

0%
 K

O
H

 in
 H

2O
, M

eO
H

, T
H

F,
 r

t, 
tim

e 
2

27
5,

 2
74

R H 2-
M

eO

4-
M

eO

2,
6-

(M
eO

) 2

2-
M

e 2
N

C
H

2

2-
(t

-B
uO

2C
N

H
)-

5

-5

-5

-C
l

2-
(E

t 2
N

C
O

)
-(

O
C

H
2)

-6

2-
M

eO
-P

h

M
gB

r

R

M
e

N N M
e

2-
C

H
2

T
em

p,
 T

im
e 

1

–7
8°

, 3
 h

; r
t, 

2 
h

–7
8°

, 1
.5

 h
; 0

°, 
2 

h

–7
8°

, 2
 h

; 0
°, 

1 
h

–7
8°

, 4
5 

m
in

; t
o 

0°
, 3

 h

–7
8°

, 1
5 

m
in

; 0
°, 

3 
h

–7
8°

, 1
.5

 h
; 0

°, 
2 

h

–7
8°

 to
 0

°;
 0

°, 
1 

h

–7
8°

, 1
.5

 h
; t

o 
0°

, 1
.5

 h

0°
, 2

 h

T
im

e 
2

3 
h

2 
h

24
 h

3 
h

2 
h

19
 m

in

ov
er

ni
gh

t

36
 h

24
 h

(6
6)

(7
8)

(5
0)

(6
7)

y

(8
5)

(6
6)

(7
1)

(6
0)

z

(8
4)

C
6-

12
N

H
2

R

Ph
M

gB
r

R
C

O
C

H
2N

3,
 E

t 2
O

, c
oo

lin
g;

 r
t, 

ov
er

ni
gh

t
81

7

R M
e

Ph

(4
0)

(5
0)

C
6

C
6-

7

A
rM

gB
r

Ph
C

O
C

H
2N

3,
 E

t 2
O

78
9

A
r

4-
M

eO
C

6H
4

4-
M

eC
6H

4

(7
1)

(3
5)

Ph
M

gB
r

4-
N

3C
6H

4C
O

M
e,

 E
t 2

O
(8

4)
28

3

A
rN

=
N

C
6H

4N
3-

4,
 E

t 2
O

A
r

Ph 4-
M

eC
6H

4

(9
1)

(—
)

29
0

C
6

Ph

H N
N

N
Ph

R
O

H

Ph

H N
N

N
A

r
A

r
O

H

N
A

rN

N
N

N
H

Ph

N H

N

Ph

Ph
N

O
H

171



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

Ph
M

gX
j 

   
2 

eq

, E
t 2

O
, 1

0-
12

 h
79

0
(7

8)
x

NS
N

3

NS
Ph

N
H

N
=

N
C

6

Ph
M

80
0

NS
N

3

C
l

(i
a)

NS
N

H
N

=
N

Ph
x

C
l

M L
i

M
gB

r

So
lv

en
t

— E
t 2

O

T
em

p

–1
0°

 to
 r

t

rt

(6
3)

(1
00

)

Ph
M

gB
r

NS

N
NN

, t
ol

ue
ne

, 1
00

°, 
30

 m
in

NS
N

=
N

N
H

Ph
 x

(7
0)

81
8

, E
t 2

O
, 0

°
28

9
N

3
N

3
Ph

N
H

N
=

N
N

=
N

N
H

Ph
 x

(6
5)

N

Y
N

N
3

N
3

N
3

, E
t 2

O
, 1

 h

N

Y
N

Ph
N

H
N

=
N

N
=

N
N

H
Ph

N
=

N
N

H
Ph

78
8

Y C
H

N

(4
7)

(9
0)

Ph
M

gX
(i

a)
NS

N
NN

NS
N

H
N

=
N

Ph
 x

X B
r

C
l

B
r

B
r

B
r

So
lv

en
t

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

E
t 2

O

R
R

R H 6-
C

l

6-
M

eO

6-
M

e

4-
Ph

(8
0)

(—
)

(8
5)

(—
)

(6
5)

81
8

81
9

81
8

81
8

80
0

4

6

x

T
im

e

1 
h

10
 h

T
em

p

10
0°

10
0°

10
0°

10
0°

rt
; r

ef
lu

x

T
im

e

30
 m

in

30
 m

in

30
 m

in

30
 m

in

30
 m

in
; 3

0 
m

in

172



(C
H

2)
n

N
3

N
3
, E

t 2
O

(C
H

2)
n

R
R

R
 =

 P
hN

H
N

=
N

—
 x

n 0 1

Ph
M

gB
r

(7
9)

(—
)

27
2

29
0

R
C

O
N

3,
 E

t 2
O

, c
oo

lin
g;

 r
ef

lu
x,

 1
5 

m
in

R H
2N

M
eO

E
tO

Ph Ph
N

H

(1
4-

18
)

(1
1-

14
)

(—
)

(8
)

(0
)

N
3C

O
N

3,
 E

t 2
O

, c
oo

lin
g

28
4

82
0

82
0,

 2
84

82
0

82
0

82
0

(1
8)

 a
a

A
rM

gB
r

1.
 P

h 3
Si

N
3,

 s
ol

ve
nt

, t
em

p,
 ti

m
e

2.
 H

C
l, 

re
fl

ux

A
rN

H
2

82
1

A
r

Ph 2,
4,

6-
M

e 3
C

6H
2

So
lv

en
t

E
t 2

O

to
lu

en
e

T
im

e

6 
h

4 
h

(5
6)

(2
6)

Ph
M

Ph
3S

iN
3,

 E
t 2

O
, 1

00
°, 

24
 h

82
1

M M
gB

r

M
gP

h

(6
1)

(—
)

A
rM

gB
r

1.
 (

Ph
O

) 2
P(

O
)N

3 
(i

a)
, E

t 2
O

, –
73

° t
o 

–6
9°

, 2
 h

2.
 1

0%
 H

C
l, 

M
eO

H
, r

t, 
20

0 
m

in

A
rN

H
3+

 C
l–

33
4

A
r

Ph 4-
C

lC
6H

4

2-
M

eC
6H

4

4-
M

eC
6H

4

1-
na

ph
th

yl

(5
1)

(6
3)

(3
3)

(3
3)

(2
8)

e

C
6-

9

C
6

C
6-

10

R
N

N
N

H
Ph

O

N
H

2
N H

N
Ph

N

O

Ph
Si

NPh
Ph

M

Ph

T
em

p

10
0°

12
0°

173



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

A
rM

1.
 (

Ph
O

) 2
P(

O
)N

3 
(i

a)
, s

ol
ve

nt
, –

73
° t

o 
–6

9°
, 2

 h

2.
 N

aA
lH

2(
O

C
H

2C
H

2O
M

e)
2,

 to
lu

en
e,

 

   
–7

0°
; t

o 
0°

, 1
 h

A
rN

H
2

A
r

Ph 4-
C

lC
6H

4

4-
M

eO
C

6H
4

2,
6-

(M
eO

) 2
C

6H
3

2,
5-

(M
eO

C
H

2O
) 2

C
6H

3

4-
M

eC
6H

4

2,
4,

6-
M

e 3
C

6H
2

1-
na

ph
th

yl

M M
gB

r

M
gB

r

L
i

L
i

L
i

M
gB

r

M
gB

r

M
gB

r

So
lv

en
t

E
t 2

O

E
t 2

O

T
H

F

T
H

F

T
H

F

E
t 2

O

E
t 2

O

E
t 2

O

(7
3)

b

(7
9)

b

(8
4)

(7
2)

(4
7)

(8
8)

b

(6
7)

(8
9)

33
3,

 3
34

C
6-

10

Ph
M

gB
r

1.
 T

sN
3 

(i
a)

, E
t 2

O
, –

18
° t

o 
–1

5°
, 3

0 
m

in

2.
 I

so
la

te
 P

hN
=

N
N

(M
gB

r)
T

s

3.
 1

20
-1

30
° (

0.
1-

3.
0 

m
m

H
g)

Ph
N

3
30

8
(8

2)

A
rM

gB
r

1.
 T

sN
3,

 T
H

F,
 0

°
2.

 R
ea

ge
nt

s

A
rN

3
30

5

A
r

Ph 4-
C

lC
6H

4

4-
M

eO
C

6H
4

4-
M

eC
6H

4

2,
4,

6-
M

e 3
C

6H
2

2-
t-

B
uC

6H
4

4-
Ph

C
6H

4

2-
B

nC
6H

4

R
ea

ge
nt

s

N
aO

H
, H

2O

N
a 4

P 2
O

7,
 K

O
H

, H
2O

N
a 4

P 2
O

7,
 H

2O

N
a 4

P 2
O

7,
 K

O
H

, H
2O

N
a 4

P 2
O

7,
 H

2O

N
a 4

P 2
O

7,
 H

2O

N
H

4C
l, 

H
2O

N
a 4

P 2
O

7,
 H

2O

(5
0)

(7
0)

(5
5)

(7
3)

(6
3)

(4
2)

(6
8-

79
)

(4
9)

C
6-

13

174



A
rM

gB
r

1.
 T

sN
3,

 T
H

F,
 0

°
2.

 R
aN

i, 
N

aO
H

3.
 H

C
l

A
rN

H
3+

 C
l–

30
5

(4
1)

(4
9)

(6
3)

(5
1)

(8
2)

(7
9)

(6
6)

(7
6)

(1
9)

(6
2)

e

(7
1)

C
6-

13

R
1

L
i

R
2

R
1

N
H

2

R
2

1.
 T

sN
3,

 E
t 2

O
, 0

°
2.

 R
aN

i, 
50

%
 K

O
H

, 0
° t

o 
rt

, 2
 h

31
0

R
1

H M
eO

C
H

2N
M

e 2

C
O

N
H

M
e

C
O

N
H

M
e

R
2

H H H H M
eO

(8
0-

85
)

(7
5-

80
)

(5
2-

55
)

(3
7-

40
)

(3
4-

38
)

C
6-

7

A
r

3-
C

lC
6H

4

4-
C

lC
6H

4

2-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

3-
M

eC
6H

4

4-
M

eC
6H

4

2,
4-

M
e 2

C
6H

3

2-
t-

B
uC

6H
4

4-
Ph

C
6H

4

2-
B

nC
6H

4

175



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

O
M

e

C
O

N
M

e 2

L
i

O
M

e

C
O

N
M

e 2

N

N
C

u(
C

N
)L

i
1.

   
   

   
   

   
   

   
   

   
  (

5 
eq

),
 T

H
F,

 7
8°

, 2
 h

2.
 O

2,
 –

78
°

(3
3)

53

C
7

R
1

L
i

R
2

R
1

N
H

2

R
2

1.
 T

sN
3 

(i
a)

, E
t 2

O
, –

70
°;

 –
70

°, 
5 

h;
 to

 –
10

°
2.

 N
aB

H
4,

 B
n 4

N
+

 H
SO

4– , H
2O

C
6-

8

3

R
1

O
C

H
2O

M
e

O
C

H
2O

M
e

O
C

O
N

E
t 2

C
O

N
E

t 2

C
O

N
E

t 2

C
O

N
E

t 2

C
O

N
E

t 2

C
O

N
E

t 2

C
O

N
E

t 2

C
O

N
E

t 2

C
O

N
E

t 2

C
O

N
E

t 2

ON

R
2

H 3-
M

e

H H H 3-
C

l

3-
M

eO

4-
M

eO

6-
M

eO

5-
M

eO
-6

-T
M

S

5-
M

eO
-6

-C
H

(T
M

S)
2

4-
M

e

3-
M

eO
-4

-M
e

(6
7)

(7
2)

bb

(9
4)

(5
0)

(4
0)

(3
1)

(5
5)

(3
4)

(6
6)

(6
9)

(4
7)

(8
2)

(6
9)

31
1

31
2

31
1

31
1

31
1

31
1

31
1

31
1

31
1

31
1

31
1

31
1

31
1

176



C
O

N
(R

2 ) 2

L
i

R
1

N
R

4 C
u(

X
)L

i
R

3
1.

   
   

   
   

   
   

   
   

   
   

   
   

   
(5

 e
q)

, T
H

F,
 –

78
°, 

2 
h

2.
 O

2,
 –

78
°

C
O

N
(R

2 ) 2

N

R
1

R
4

R
3

53

C
7-

11

R
1

H H 3-
M

eO

3-
M

eO

3-
M

eO

3-
M

eO

6-
M

eO

3,
5-

(M
eO

) 2

3-
M

eO
-4

-O
C

H
2O

-5

3-
(C

H
=

C
H

) 2
-4

3

R
2

E
t

E
t

E
t

M
e

E
t

M
e

M
e

M
e

M
e

E
t

R
3

H 2-
M

eO

H H H 3-
M

eO

H H H H

R
4

M
e

H H M
e

T
M

S

H M
e

M
e

M
e

M
e

X C
l

C
N

C
N

C
N

C
N

C
N

C
N

C
l

C
l

C
N

(4
6)

(5
0)

(6
3)

(3
3)

(5
4)

 (
R

4  =
 H

)

(3
6)

(2
6)

(4
3)

(4
8)

(6
1)

1.
 M

eL
i, 

t-
B

uL
i

2.
 A

cC
l

C
7-

9

O
N

H
M

e

L
i

n

O
A

c

N
M

eA
c

n

n 1 2 3

(1
3)

cc

(7
)cc

(1
2)

cc

81 82 83

C
7

M
gC

l

C
O

2M
e

N
B

n 2

C
O

2M
e

1.
 Z

nC
l 2

, T
H

F,
 –

78
°, 

15
 m

in

2.
 B

n 2
N

O
B

z,
 C

uC
l 2

 (
ca

t)
, T

H
F,

 –
35

° t
o 

rt
, 1

 h

(8
1)

11
3

C
O

2N
(C

H
2A

r)
2

M
gC

l

C
O

2M
e

N
(C

H
2A

r)
2

1:
1 

m
ix

tu
re

 o
f 

A
r 

=
 P

h,
 R

 =
 H

 a
nd

 a
nd

 A
r 

=
 C

6D
5,

 R
 =

 D

1.
 Z

nC
l 2

 (
1 

eq
),

 T
H

F,
 –

78
°,

   
–3

5°
, 4

0 
m

in

2.
 C

uC
l 2

 (
0.

00
15

 m
ol

%
),

 –
35

° t
o 

rt

3.
 T

M
SC

H
N

2,
 M

eO
H

, E
t 2

O

(5
0)

 d
0:

d 4
:d

10
:d

14
 =

 1
00

:1
00

:9
7:

94
cc

R R

R

R

11
3

177



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

1.
 T

M
SC

H
2N

3

2.
 H

3O
+

(3
9)

26
7

C
10

R
O

N
H

2,
 E

t 2
O

R M
e

B
n

C
on

di
tio

ns

–2
0°

 to
 r

t, 
4 

h

–1
8°

 to
 –

20
°, 

15
 m

in
; t

o 
rt

, 3
0 

m
in

(8
)

(2
1)

82
2

82
3,

 6
84

,

82
2

R
R

RL
i

R
R

RN
H

2

R
 =

 C
H

(T
M

S)
2

C
9

R
1

R
2

C
10

-1
1

R
1

R
2

1.
   

   
   

   
   

   
   

  ,
 t-

B
uO

K
, D

M
SO

, r
t, 

4 
h

2.
 A

c 2
O

, p
yr

id
in

e

N
N

N
H

2N
N

H
A

c

R
1

H H C
l

R
2

H C
N

C
l

(3
8)

(6
4)

(6
0)

82
4

C
10

M
gB

r
N

H
2

Ph
C

H
=

N
O

H
 o

r 
Ph

C
H

=
N

O
M

e,
 E

t 2
O

, r
ef

lu
x

(1
5)

17
5

(2
 e

q)

A
rM

gB
r 

  A
r 

=
 1

-n
ap

ht
hy

l
B

zC
H

=
N

2,
 E

t 2
O

, r
t, 

se
ve

ra
l h

A
r

N H

N
O

H

A
r

Ph

A
r

N H

N
Ph

O

+
82

5

(7
)

(8
-1

6)

Fe

L
i

Fe

N
H

2

178



Sn
R

3
N

=
N

C
6H

3(
N

O
2)

2-
2,

4

2,
4-

(O
2N

) 2
C

6H
3N

2+
 B

F 4
– , M

eC
N

, r
t

R M
e

n-
B

u

T
im

e

6 
h

1 
h

(5
5)

(7
1)

81
3

2,
4-

(O
2N

) 2
C

6H
3N

2+
 B

F 4
– , M

eC
N

, r
t

Sn
M

e 3
N

=
N

C
6H

3(
N

O
2)

2-
2,

4

(7
6)

81
3

1.
 4

-B
rC

6H
4N

=
N

T
s,

 T
H

F,
 –

20
°, 

1 
h

2.
 C

H
2=

C
H

C
H

2I
, N

-m
et

hy
lp

yr
ro

lid
in

on
e,

 r
t, 

3 
h

3.
 Z

n,
 A

cO
H

, T
FA

, 7
5°

, 1
5 

m
in

(5
8)

25
5

R
1

R
2

R
2

O
H

R
1

R
2

R
2

O
H

N
C

O
2B

u-
t

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

ca
ta

ly
st

 (
20

 m
ol

%
)

N

E
t

H
H

O
E

C
O

2B
u-

t

82
6

H
O

C
at

al
ys

t

IA IB IC

E H N
(C

O
2B

u-
t)

N
H

N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

I

N

E
t

H
H

O

H
O II

t-
B

uO
2C

N
H

Fe

M
gB

r

Fe

N
H

C
6H

4B
r-

4

179



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

R
1

R
2

R
2

O
H

(E
nt

ry
 c

on
ti

nu
ed

 fr
om

 p
re

vi
ou

s 
pa

ge
.)

C
10

1.
 n

-B
uL

i (
5.

4 
eq

),
 E

t 2
O

, r
t, 

5 
h

2.
 T

sN
3 

(i
a)

, r
t, 

30
 m

in
; r

t, 
ov

er
ni

gh
t

3.
 1

0%
 K

O
H

 in
 H

2O

+
(2

8)
(6

)
31

5

1.
 n

-B
uL

i (
1.

3 
eq

),
 T

H
F,

 p
en

ta
ne

, r
t, 

2 
h

2.
 T

sN
3,

 0
°;

 r
t, 

4 
h

3.
 N

aB
H

4,
 n

-B
u 4

+
  I

– , H
2O

, r
t, 

48
 h

(6
4)

,  
>

98
%

 d
e 

(R
,R

)
82

7

(8
5)

(9
0)

(8
5)

(8
7)

(9
1)

(9
5)

(9
1)

(9
4)

(9
8)

(9
5)

(9
8)

(9
8)

(9
8)

(8
0)

(9
6)

(8
5)

(9
5)

%
 e

edd

16 88 –6
1

87 –9
6

33 93 –9
6

78 94 –9
4

48 92 –9
8

80 98 –9
6

R
1

N
H

2

N
H

2

N
H

2

N
H

2

N
H

2

N
H

M
e

N
H

M
e

N
H

M
e

N
H

C
5H

11
-n

N
H

C
5H

11
-n

N
H

C
5H

11
-n

N
H

B
n

N
H

B
n

N
H

B
n

N
H

2

N
H

2

N
H

2

R
2

H H H H H H H H H H H H H H B
r

B
r

B
r

C
at

al
ys

t

qu
in

in
e

IA II IB IC IA IB IC IA IB IC IA IB IC IA IB IC

So
lv

en
t

to
lu

en
e

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

C
lC

H
2C

H
2C

l

T
em

p

rt

–2
0° rt

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

Fe Fe

S
R

O

t-
B

u

Fe

N
3

N
3

Fe

N
3

Fe

S
O

t-
B

u

N
H

2

180



C
10

S
S Y

Y
B

rM
g

S
S Y

Y
H

2N

1.
 P

hS
C

H
2N

3,
 E

t 2
O

, T
H

F,
 h

ex
an

e,
 –

78
° t

o 
0°

, 1
 h

2.
 5

0%
 K

O
H

 in
 H

2O
, M

eO
H

, T
H

F,
 3

0 
m

in

Y O N
M

e

(8
8)

(—
)ee

27
4

C
11

M
eO

L
i

O
L

i

M
eO

N
H

2
O

H

1.
 P

hS
C

H
2N

3,
 T

H
F,

 p
en

ta
ne

, –
78

° t
o 

rt
, 1

.5
 h

2.
 K

O
H

, D
M

SO
, r

t, 
1 

h

("
po

or
")

27
4

1.
 L

D
A

, T
H

F,
 –

78
°, 

40
 m

in

2.
 T

sN
3,

 –
78

°, 
4 

h;
 to

 r
t

3.
 N

aB
H

4,
 n

-B
u 4

+
  I

– , H
2O

, r
t, 

48
 h

(6
7)

 >
99

%
 d

e 
(S

,S
)

82
7

O
M

e

M
gB

r

O
M

e

O
M

e

M
O

M
O

37
5

1.
 P

hS
C

H
2N

3 
(i

a)
, T

H
F,

 h
ex

an
e,

 

   
–7

8°
; t

o 
0°

; 0
°, 

1h
; r

t, 
1 

h

2.
 N

H
4C

l, 
H

2O

3.
 5

0%
 a

q.
 K

O
H

, M
eO

H
, T

H
F,

 r
t, 

2.
5 

h

O
M

e

N
H

2

O
M

e

O
M

e

M
O

M
O

(7
1)

T
M

SN
H

O
T

M
S,

 E
t 2

O
, T

H
F,

 –
50

°, 
1 

h;
 

  t
o 

rt
, o

ve
rn

ig
ht

R
 =

 2
-t

hi
en

yl

(5
6)

10
2

C
12

S
L

i
S

N
H

2

M
eO

N
H

L
i, 

E
t 2

O
, h

ex
an

e,
 –

15
°, 

  3
0 

m
in

; r
ef

lu
x 

1 
h

(5
5)

78
6

Fe

S
S

C
6H

4M
e-

2

O

Fe

S
C

6H
4M

e-
2

O

N
H

2

Fe

O

O

O
M

e

C
uR

L
i

Fe

O

O

O
M

e

N
H

2

181



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

Y
L

i
Y

N
H

2

N
H

2O
M

e,
 –

20
°, 

2 
h

Y O S

(7
8)

(2
8)

82
8,

 8
29

83
0

1.
 (

Ph
O

) 2
P(

O
)N

3,
 T

H
F,

 –
78

°, 
2 

h;
 to

 –
20

°, 
30

 m
in

2.
 N

aA
lH

2(
O

C
H

2C
H

2O
M

e)
2,

 to
lu

en
e,

 

   
–7

8°
; 0

°, 
1 

h;
 r

t, 
30

 m
in

I

I
33

3,
 3

34

Y O S

(5
8)

(6
2)

O S

(5
8)

(6
2)

O
O

O
M

e

N
H

2O
M

e,
 E

t 2
O

, 0
°, 

th
en

 H
C

l
(2

4)
83

1

B
rM

g
O

M
e

H
3N

C
l–

S
S

M
eO

N
H

L
i (

ia
),

 E
t 2

O
, –

78
° t

o 
–1

5°
, 2

 h
(5

5)
82

O
O

N
H

2O
M

e
(3

3)
82

8

O
O

L
i

N
H

2
1.

 (
Ph

O
) 2

P(
O

)N
3,

 T
H

F,
 –

78
°, 

2 
h;

 to
 –

20
°, 

30
 m

in

2.
 N

aA
lH

2(
O

C
H

2C
H

2O
M

e)
2,

 to
lu

en
e,

 

   
–7

8°
; 0

°, 
1 

h;
 r

t, 
30

 m
in

(7
1)

33
3,

 3
34

M
gB

r
N

H
2

L
i

N
H

2

YS

L
i

YS

N
H

2

N
H

2O
M

e,
 E

t 2
O

Y O S

83
2

83
3,

 8
34

(5
9)

(2
6)

T
em

p

–2
0°

; r
ef

lu
x

0-
5°

; r
t

T
im

e

—
; "

se
ve

ra
l"

 h

15
 m

in
; 1

 h

C
12

182



C
24

R
!

R
!

R
2

L
i

R
1

R
1

R
2

N
3

T
sN

3

R
1

2,
4,

6-
M

e 3
C

6H
2

2,
4,

6-
M

e 3
C

6H
2

R
2

H M
e

So
lv

en
t(

s)

E
t 2

O
, h

ex
an

es

T
H

F

(9
6)

(9
5)

31
4

83
5

C
n

Po
ly

su
lf

on
eff

1.
 n

-B
uL

i, 
T

H
F,

 h
ex

an
e,

 –
70

°
2.

 M
eO

N
H

2

A
m

in
at

ed
 p

ol
ys

ul
fo

ne
(—

)
83

6

O
O

2
S

O
n

1.
 n

-B
uL

i (
2.

15
 e

q)
, T

H
F,

 –
78

°
   

 1
5 

m
in

2.
 T

sN
3 

(3
 e

q)
, t

o 
–5

0°
, 1

 h

33
5

O
O

2
S

O
n

N
3

N
3

(9
5)

gg

O
O

2
S

O

n

1.
 n

-B
uL

i (
1.

2 
eq

),
 T

H
F,

 –
78

°
2.

 M
eO

N
H

L
i, 

–7
8°

O
O

2
S

O

n

N
H

2

(1
7)

83
7

O
O

2
S

O

n

N
3

1.
 n

-B
uL

i (
2.

5 
eq

),
 T

H
F,

 –
78

°
2.

 T
sN

3 
(3

 e
q)

, –
78

°, 
15

 m
in

;

   
  t

o 
–5

0°
, 9

0 
m

in

33
5

T
em

p

0° —

T
im

e

2 
h

—

(9
5)

N
3

183



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 4

. A
R

Y
L

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

O
O

2
S

Y
O

n

1.
 n

-B
uL

i (
2.

1 
eq

),
 T

H
F,

 –
65

°
2.

 4
-A

cN
H

C
6H

4S
O

2N
3,

 to
 –

50
°, 

15
 m

in

3.
 H

2O
, E

tO
H

O
O

2
S

Y
O

n

(—
)

83
7

N
3

N
3

Y
 =

 b
on

d 
or

 C
M

e 2

a  T
hi

s 
is

 a
 c

om
pe

tit
iv

e 
ki

ne
tic

 s
tu

dy
. N

o 
yi

el
ds

 w
er

e 
re

po
rt

ed
.

b  T
he

 p
ro

du
ct

 w
as

 is
ol

at
ed

 a
s 

th
e 

hy
dr

oc
hl

or
id

e.
c  T

he
 p

ro
du

ct
 w

as
 is

ol
at

ed
 a

s 
th

e 
N

-b
en

zo
yl

 d
er

iv
at

iv
e.

d  W
ith

 P
hM

gB
r 

at
 r

ef
lu

x 
th

e 
yi

el
d 

w
as

 3
7%

 a
nd

 w
ith

 P
hC

uL
i t

he
 y

ie
ld

 w
as

 8
3%

.
e  T

he
 y

ie
ld

 is
 th

at
 o

f 
th

e 
am

in
e.

f  T
he

 r
ea

ge
nt

 w
as

 p
re

pa
re

d 
in

 s
itu

 b
y 

ad
di

tio
n 

of
 n

-B
uL

i o
r 

Ph
L

i, 
re

sp
ec

tiv
el

y,
 to

 C
H

2=
N

O
B

n.
g  U

nl
es

s 
ot

he
rw

is
e 

no
te

d,
 th

e 
su

bs
tr

at
es

 w
er

e 
pr

ep
ar

ed
 f

ro
m

 th
e 

G
ri

gn
ar

d 
re

ag
en

ts
 a

nd
 Z

nC
l 2

.
h  T

he
 s

ub
st

ra
te

 w
as

 p
re

pa
re

d 
by

 o
rt

ho
lit

hi
at

io
n 

fo
llo

w
ed

 b
y 

re
ac

tio
n 

w
ith

 Z
nC

l 2
. T

he
 c

at
al

ys
t i

n 
th

e 
su

bs
eq

ue
nt

 a
m

in
at

io
n 

w
as

 C
uC

l 2
.

i  T
hi

s 
w

as
 th

e 
yi

el
d 

w
he

n 
0.

6 
eq

ui
va

le
nt

s 
of

 A
r 2

Z
n 

w
er

e 
us

ed
.

j  X
 w

as
 n

ot
 s

pe
ci

fi
ed

.
k  T

he
 p

ro
du

ct
 w

as
 c

on
ve

rt
ed

 in
to

 th
e 

ar
yl

am
in

e 
w

ith
 C

sO
H

 in
 e

th
yl

en
e 

gl
yc

ol
 a

t 1
50

° o
r 

in
to

 th
e 

 N
-m

et
hy

la
ry

la
m

in
e 

w
ith

 L
iA

lH
4.

l  H
yd

ro
ly

si
s 

w
ith

 C
sO

H
 in

 e
th

yl
en

e 
gl

yc
ol

 a
t 1

50
° g

av
e 

m
et

hy
l 4

-a
m

in
ob

en
zo

at
e;

 w
ith

 L
iA

lH
4,

 p
ar

tia
l l

os
s 

of
 th

e 
fl

uo
ri

ne
 a

nd
 th

e 
m

et
hy

l g
ro

up
 w

as
 o

bs
er

ve
d.

m
 N

o 
re

ac
tio

n 
oc

cu
rr

ed
 u

nd
er

 th
e 

co
nd

iti
on

s 
of

 f
oo

tn
ot

e 
k.

n  P
hC

(=
N

T
s)

N
M

e(
C

H
2)

2O
H

 w
as

 f
or

m
ed

 in
 7

0%
 y

ie
ld

.
o  T

hi
s 

re
ag

en
t i

s 
hy

gr
os

co
pi

c 
an

d 
re

pr
od

uc
ib

le
 r

es
ul

ts
 w

er
e 

ob
ta

in
ed

 o
nl

y 
w

ith
 f

re
sh

ly
 p

re
pa

re
d 

m
at

er
ia

l.
p  T

he
 y

ie
ld

s 
w

er
e 

de
te

rm
in

ed
 b

y 
ga

s 
ch

ro
m

at
og

ra
ph

y.

q  X
2  w

as
   

   
   

   
   

   
   

   
  .

S O
2N

O
2

S

C
n

184



r  H
ea

tin
g 

to
 7

0°
 f

or
 o

ne
 h

ou
r 

co
nv

er
te

d 
an

y 
Z

-a
zo

 c
om

po
un

d 
in

to
 th

e 
E

 is
om

er
.

s  T
he

 y
ie

ld
 w

as
 d

et
er

m
in

ed
 b

y 
io

do
m

et
ry

.
t  T

he
se

 a
re

 c
or

re
ct

ed
 e

nt
ri

es
; K

no
ch

el
, P

.; 
K

of
in

k,
 C

. U
ni

ve
rs

ity
 o

f 
M

un
ic

h,
 G

er
m

an
y.

 P
er

so
na

l c
om

m
un

ic
at

io
n,

 2
00

5.
u  T

he
 y

ie
ld

 w
as

 d
et

er
m

in
ed

 b
y 

N
M

R
 s

pe
ct

ro
sc

op
y.

v  R
1  w

as
 n

ot
 s

pe
ci

fi
ed

 b
ut

 it
 w

as
 e

ith
er

 P
h 

or
 t-

B
u.

w
 R

2  w
as

 n
ot

 s
pe

ci
fi

ed
.

x 
So

m
e 

of
 th

e 
tr

ia
ze

ne
s 

ar
e 

is
ol

at
ed

 a
s 

m
ix

tu
re

s 
of

 d
ou

bl
e-

bo
nd

 is
om

er
s.

y  2
,6

-D
im

et
ho

xy
-4

-(
ph

en
yl

th
io

m
et

hy
l)

an
ili

ne
 w

as
 a

ls
o 

fo
rm

ed
 in

 1
6%

 y
ie

ld
.

z   T
he

 p
ro

du
ct

 w
as

 in
do

le
 a

ft
er

 tr
ea

tm
en

t o
f 

th
e 

am
in

e 
w

ith
 o

xa
lic

 a
ci

d.
aa

 A
 la

te
r 

pu
bl

ic
at

io
n 

(r
ef

. 8
20

) 
re

po
rt

ed
 a

 0
%

 y
ie

ld
 f

or
 th

is
 r

ea
ct

io
n.

bb
 T

he
 p

ro
du

ct
 w

as
 is

ol
at

ed
 a

s 
th

e 
N

-t
er

t-
bu

to
xy

ca
rb

on
yl

 d
er

iv
at

iv
e.

cc
 D

eu
te

ri
um

 la
be

lin
g 

in
di

ca
te

s 
th

at
 th

e 
re

ac
tio

n 
is

 in
te

rm
ol

ec
ul

ar
.

dd
 C

at
al

ys
ts

 I
A

, I
B

, a
nd

 I
C

, I
I 

ga
ve

 a
tr

op
is

om
er

s 
w

ith
 th

e 
op

po
si

te
 a

bs
ol

ut
e 

co
nf

ig
ur

at
io

ns
.

ee
 A

 m
ix

tu
re

 o
f 

tr
ia

ze
ne

s 
w

as
 o

bt
ai

ne
d 

in
 lo

w
 y

ie
ld

.
ff
 T

he
 ty

pe
 o

f 
po

ly
su

lf
on

e 
w

as
 n

ot
 s

pe
ci

fi
ed

.
gg

 A
 m

on
o-

az
id

e 
w

as
 o

bt
ai

ne
d 

in
 9

5%
 y

ie
ld

 w
ith

 1
.1

 e
q 

of
 n

-B
uL

i a
nd

 1
.5

 e
q 

of
 T

sN
3.

 T
he

 c
or

re
sp

on
di

ng
 r

ea
ct

io
ns

 w
ith

 (
Ph

O
) 2

P(
O

)N
3 

w
er

e 
no

t a
s 

cl
ea

n.

185



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 5

. H
E

T
E

R
O

C
Y

C
L

IC
 C

A
R

B
A

N
IO

N
S

C
3

N

N M
e

L
i

N

N M
e

N
H

2
C

lN
H

2 
or

 M
eO

N
H

2
(0

)
66

PhN
3

1.
   

   
   

   
 o

r 
   

   
   

 , 
T

H
F,

 –
78

° t
o 

rt
, 2

 h

2.
 H

C
l, 

th
en

 b
as

e

I 
 (

45
)

27
8

N
3

B
u-

t

N

N R

L
i

N

N R

N
H

3+
 C

l–

1.
 P

hN
3,

 r
t, 

1.
5 

h

2.
 H

O
A

c,
 H

2O

3.
 H

C
l, 

80
-9

0°

R M
e

Ph B
n

(7
0)

(4
3)

(6
4)

66

C
4

N
N B

n
O

H
O

N
N B

n
O

H
O

N
H

2

N
N B

n
O

H
O

H N

(9
0)

+

(4
)

14
9

O

H N
, t

ol
ue

ne
, N

aO
H

, H
2O

, 0
°, 

10
 m

in

1.
 P

hS
C

H
2N

3 
(i

a)
, T

H
F,

 –
75

° t
o 

0°
2.

 C
uI

, 0
°, 

1 
h

3.
 K

O
H

 (
50

%
 a

q.
),

 M
eO

H
, T

H
F,

 r
t, 

3 
h

N R
L

i
N R

N
H

2
R

 =
 M

e 
or

 S
O

2P
h

(0
)

27
4

N
N Ph

O
N

N Ph

O
C

(C
N

) 2
, p

yr
id

in
e,

 0
°, 

1 
h

T
sO

N

N
C

(C
N

) 2

Py
H

+
(5

0)
83

8

N

N

H
O

O
H

O
H

N

N

H
O

O
H

O

C
(C

N
) 2

, p
yr

id
in

e,
 –

30
° t

o 
rt

T
sO

N
N

C
(C

N
) 2

Py
H

+
(5

0)
83

8

I

N

186



O
O

M
gB

r
N

Ph
Ph Ph

Ph
N

O
T

s

Ph
Ph

Ph
Ph

18
0

(i
a)

, T
H

F,
 –

78
°, 

10
 m

in
(8

1)

1.
 P

hS
C

H
2N

3 
(i

a)
, T

H
F,

 –
75

° t
o 

0°
2.

 C
uI

, 0
°, 

1 
h

3.
 K

O
H

 (
50

%
 a

q.
),

 M
eO

H
, T

H
F,

 r
t, 

3 
h

O
M

O
N

H
2

M
 =

 L
i o

r 
M

gB
r

(0
)

27
4

C
4

O

O
N

O
T

s

Ph
Ph

Ph
Ph

18
0

(i
a)

, T
H

F,
 –

78
°, 

10
 m

in
(7

8)

M
gB

r

N
Ph Ph

Ph

Ph

S
C

u(
C

N
)M

S
N

Ph
R

1.
 P

hR
N

L
i, 

T
H

F,
 te

m
p 

1,
 ti

m
e 

1

2.
 A

dd
en

d,
 T

H
F,

 –
78

°
3.

 O
2,

 te
m

p 
2,

 ti
m

e 
2

M L
i

L
i

Z
nC

l

R M
e

M
e

B
n

A
dd

en
d

— C
u(

N
O

3)
2

1,
2-

(O
2N

) 2
C

6H
4

(5
2)

(7
0)

(7
5)

54 55 55

O
O

t-
B

uO
2C

N
(L

i)
O

T
s,

 T
H

F,
 

  –
78

° t
o 

–4
0°

, 2
 h

(4
8)

12
7

C
u

N
H

C
O

2B
u-

t

S
L

i
S

N
H

M
e

M
eN

(L
i)

O
M

e,
 E

t 2
O

, h
ex

an
e,

 

  –
78

° t
o 

–1
5°

, 3
 h

(0
)

97

O
O

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

1.
 C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

 

   
i-

Pr
O

H
, r

t t
o 

0°
2.

 A
dd

 s
ub

st
ra

te
, t

he
n 

Ph
Si

H
3,

 0
°

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
0°

, 4
 h

(8
1)

21
5

T
em

p 
1

–4
0°

–4
0°

–7
8°

 to
 –

40
°

T
em

p 
2

–7
8°

; t
o 

rt

–7
8°

–7
8°

T
im

e 
1

15
 m

in

20
 m

in

40
 m

in

T
im

e 
2

—

30
 m

in

30
 m

in

187



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 5

. H
E

T
E

R
O

C
Y

C
L

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

S
C

u(
C

N
)L

i 2
S

N
H

R
R

N
H

O
T

M
S,

 T
H

F
2

R T
M

S

M
e

i-
Pr

T
im

e

1 
h;

 —

2 
h

2 
h

(7
2)

(6
0)

(6
5)

10
0

10
1

10
1

S
M

gB
r

S
N

N M
e

M
eN

N
M

e
M

eN

N
O

T
s

(i
a)

, t
ol

ue
ne

, E
t 2

O
,

(8
4)

a
18

1

S
L

i

N
O

1.
 Z

nC
l 2

, T
H

F,
 0

°;
 to

 r
t

2.
   

   
   

   
   

   
   

  (
ia

),
 N

i(
ac

ac
) 2

 (
ca

t)
, T

H
F,

 2
 h

S
N H

O
H

C

(4
-1

5)
17

0

S
Z

nB
r

(8
0)

35
8

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

T
H

F,
 r

t, 
30

 m
in

1.
 T

sN
3,

 E
t 2

O
, –

70
°

2.
 N

a 4
P 2

O
7,

 H
2O

, r
t, 

ov
er

ni
gh

t
S

L
i

S
N

3

31
6

R H 1,
3-

di
ox

ol
an

-2
-y

l

C
4-

5

(1
0)

(0
)

S

R

S

R
1.

 T
sN

3,
 E

t 2
O

, –
70

°
2.

 N
a 4

P 2
O

7,
 H

2O
, r

t, 
ov

er
ni

gh
t

L
i

N
3

31
6

R H 2-
M

e

4-
M

e

2-
(1

,3
-d

io
xo

la
n-

2-
yl

)

4-
(1

,3
-d

io
xo

la
n-

2-
yl

)

(8
5)

(6
8)

(7
0)

(6
5)

(7
0)

R
R

S
C

u
S

N
H

C
O

2B
u-

t
t-

B
uO

2C
N

(L
i)

T
s,

 T
H

F,
 –

78
° t

o 
–4

0°
, 2

 h
12

7
(5

2)

C
4

0°
, 1

5 
m

in

T
em

p

–5
0°

; t
o 

rt

–5
0°

 to
 r

t

–5
0°

 to
 r

t

S
N

H N

C
O

2B
u-

t

C
O

2B
u-

t

188



SS

L
i

N
3

Ph
1.

   
   

   
   

   
, T

H
F,

 –
78

°;
 r

t, 
2 

h

2.
 H

C
l

SS

N
H

2
(6

4)
27

8

N
Z

n
2

N
N

O

O
N

O
B

z 
(i

a)
, (

C
uO

T
f)

2•
Ph

H
 (

ca
t)

,
(7

1)
11

2,
 1

09

N

C
4

C
5

C
u

N
N

H
C

O
2B

u-
t

t-
B

uO
2C

N
(L

i)
O

T
s,

 T
H

F,
 0

°, 
2.

5 
h

(5
3)

12
7

R
N

H
O

T
M

S,
 T

H
F

N
C

u(
C

N
)L

i 2
2

N
N

H
R

R T
M

S

M
e

i-
Pr

t-
B

u

T
im

e

— 2 
h

2 
h

2 
h

(6
0)

 R
 =

 H
 b

(6
5)

(6
8)

(7
0)

10
0

10
1

10
1

10
1

N
C

u
N

N H

T
sO

N
(L

i)
C

O
2C

H
2C

H
=

C
H

2,
 T

H
F,

 –
78

°, 
3 

h
(2

6)
13

0

N
L

i
N

N
H

2

N
3

Ph
B

u-
t

N
3

   
   

   
   

   
  o

r 
   

   
   

   
   

 , 
T

H
F,

 –
78

°;
 

  t
o 

rt
, 2

 h
, t

he
n 

H
C

l, 
or

 K
O

H

(4
5)

27
8

1.
 P

hN
3,

 E
t 2

O

2.
 H

O
A

c,
 H

2O

3.
 H

C
l, 

80
-9

0°
N

N
H

3+
 C

l–
(3

8)
66

1.
 P

hS
C

H
2N

3 
(i

a)
, T

H
F,

 –
75

° t
o 

0°
2.

 C
uI

, 0
°, 

1 
h

3.
 K

O
H

 (
50

%
 a

q.
),

 M
eO

H
, T

H
F,

 r
t, 

3 
h

S
L

i
S

N
H

2
(0

)
27

4

T
H

F,
 r

t, 
15

-6
0 

m
in

T
em

p

–6
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

–5
0°

 to
 r

t

O

O

189



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 5

. H
E

T
E

R
O

C
Y

C
L

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

NN

N RN

NN

N RN
N

3

NN

N RN

2

1.
 L

D
A

, t
ol

ue
ne

, T
H

F,
 –

78
°, 

20
 m

in

2.
 A

rS
O

2N
3,

 –
78

°;
 to

 r
t, 

1-
2 

h

3.
 N

aH
C

O
3,

 H
2O

R M
eO

C
H

2

B
nO

C
H

2

—

A
r

4-
M

eC
6H

4

4-
M

eC
6H

4

2,
4,

6-
M

e 2
C

6H
2

(5
7)

(6
9)

(0
)

(1
6)

c

(1
1)

(—
)

31
3

S
N

H
2

S
L

i
(5

8)
27

8

N

N M
e

N
H

C
O

2B
u-

t

N

N M
e

N
H

C
O

2B
u-

t

C
5

N
3

1.
 n

-B
uL

i (
2.

1 
eq

),
 T

H
F,

 –
75

°
2.

 T
sN

3,
 1

0 
m

in

(6
0)

84
0

SN
M

gB
r

SN
N

H
2

1.
 P

hS
C

H
2N

3 
(i

a)
, T

H
F,

 –
75

° t
o 

0°
2.

 C
uI

, 0
°, 

1 
h

3.
 K

O
H

 (
50

%
 a

q.
),

 M
eO

H
, T

H
F,

 r
t, 

3 
h

(5
9)

27
4

SN
L

i
SN

N
H

2
(5

3)
27

8

1.
 P

hN
3,

 E
t 2

O

2.
 H

O
A

c,
 H

2O

3.
 H

C
l, 

80
-9

0°
SN

N
H

3+
 C

l–
66

(5
2)

C
7

B
oc

N
S

M
eO

2C
N

=
N

C
O

2M
e,

 1
05

°, 
2 

d
83

9

M
eO

2C

B
oc

N
S

M
eO

2C
N

(C
O

2M
e)

N
H

C
O

2M
e

(—
)

1.
 T

M
SN

H
O

T
M

S,
 T

H
F,

 –
60

° t
o 

rt

2.
 "

H
yd

ro
ly

tic
 w

or
ku

p"
 b

N
2

N

C
u(

C
N

)L
i 2

N
H

2

(5
8)

10
0

N
3

Ph
B

u-
t

N
3

   
   

   
   

   
  o

r 
   

   
   

   
   

 , 
T

H
F,

 –
78

°;
 to

 r
t, 

2 
h

N
3

Ph
B

u-
t

N
3

   
   

   
   

   
  o

r 
   

   
   

   
   

 , 
T

H
F,

 –
78

°;
 to

 r
t, 

2 
h

C
6

190



N H
N H

N H

N
E

75
0

4-
R

C
6H

4S
O

2N
3

R O
2N

M
eO

M
e

So
lv

en
t

E
tO

H

di
ox

an
e

di
ox

an
e

T
em

p

re
fl

ux

80
°

75
-8

0°

I 
+

 I
I

(6
1)

(2
2)

(4
6)N

H
E

E
 =

 S
O

2C
6H

4R
-4

N M
e

N M
e

N M
e

N
E

N
H

E
R

C
6H

4S
O

2N
3,

  d
io

xa
ne

, 7
5-

80
°, 

18
-2

4 
h

75
0

+

I
II

R H 4-
C

l

4-
B

r

3,
4-

C
l 2

4-
A

cN
H

2-
O

2N

3-
O

2N

4-
O

2N

3-
O

2N
,4

-C
l

4-
M

eO

4-
M

e

2,
4,

6-
M

e 3

2,
4,

6-
(i

-P
r)

3

I

(5
4)

(6
0)

(4
9)

(6
3)

(6
7)

(7
5)

(7
4)

(7
2)

(8
2)

(4
4)

(4
7)

(3
4)

(3
2)

II (2
2)

(1
6)

(1
2)

(1
4)

(5
)

(1
4)

(6
)

(2
1)

(8
)

(2
2)

(2
4)

(1
5)

(2
4)

E
 =

 S
O

2C
6H

4R

N
N

E
t

L
i

N
N

E
t

N
H

N
=

N
Ph

Ph
N

3,
 E

t 2
O

, –
20

°, 
1 

h
(6

1)
84

1

C
8

+

I
II T
im

e

6 
h

26
 h

48
 h

d

191



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 5

. H
E

T
E

R
O

C
Y

C
L

IC
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

O
2

C
u(

C
N

)L
i 2

O
N

T
M

S
1.

 T
M

SN
H

O
T

M
S,

 T
H

F,
 –

30
° t

o 
rt

, 1
8 

h

2.
 T

M
SC

l

(7
0)

10
0

S
2

C
u(

C
N

)L
i 2

S
T

M
SN

H
O

T
M

S,
 T

H
F,

 –
50

°, 
1 

h;
 to

 r
t

(5
8)

10
0

N
H

2

O
C

u(
C

N
)L

i
O

N
M

eP
h

1.
 P

hM
eN

L
i, 

T
H

F,
 –

40
°, 

20
 m

in

2.
 C

u(
N

O
3)

2,
 T

H
F,

 –
78

°
3.

 O
2,

 –
78

°, 
30

 m
in

(7
6)

55
, 5

4

S
L

i
S

N
3

1.
 T

sN
3,

 E
t 2

O
, –

70
°, 

5 
h

2.
 N

a 4
P 2

O
7,

 H
2O

(7
)

31
6

S
S

1.
 T

sN
3,

 E
t 2

O
, –

70
°, 

5 
h

2.
 N

a 4
P 2

O
7,

 H
2O

(8
3)

31
6

L
i

N
3

S
L

i

R

S
N

3

R

T
sN

3,
 E

t 2
O

, h
ex

an
e,

 –
70

°, 
5 

h;
 to

 –
10

°
R 2-

th
ie

ny
l

3-
th

ie
ny

l

(3
3)

(4
1)

77
9

S
R

L
i

S
R

N
3

T
sN

3,
 E

t 2
O

, h
ex

an
e,

 –
70

°, 
5 

h;
 to

 –
10

°
R 2-

th
ie

ny
l

3-
th

ie
ny

l

(7
2)

(7
3)

77
9

S

L
i

S

N
3

T
sN

3,
 E

t 2
O

, h
ex

an
e,

 –
70

°, 
5 

h;
 to

 –
10

°
R 2-

th
ie

ny
l

3-
th

ie
ny

l

(7
5)

(7
7)

77
9

R
R

N R

M
gB

r
N R

N
H

2

1.
 P

hS
C

H
2N

3 
(i

a)
, T

H
F,

 –
75

° t
o 

0°
2.

 C
uI

, 0
°, 

1 
h

3.
 K

O
H

 (
50

%
 a

q.
),

 M
eO

H
, T

H
F,

 r
t, 

3 
h

(0
)

27
4

R
 =

 M
e,

 P
hS

O
2

C
8

192



O PhO

1.
 K

N
H

2,
 N

H
3 

(l
iq

),
 E

t 2
O

2.
 P

hN
=

N
Ph

OO

Ph
N

(P
h)

N
H

Ph

(3
0)

21
2

C
14

a  T
he

 p
ro

du
ct

 w
as

 c
on

ve
rt

ed
 in

to
 N

-m
et

hy
l-

2-
th

ie
ny

la
m

in
e 

w
ith

 L
iA

lH
4 

bu
t i

t c
ou

ld
 n

ot
 b

e 
hy

dr
ol

yz
ed

 to
 th

e 
am

in
e.

b 
A

 h
yd

ro
ly

tic
 w

or
ku

p 
w

as
 m

en
tio

ne
d 

in
 th

e 
te

xt
 b

ut
 n

o 
de

ta
ils

 w
er

e 
gi

ve
n 

in
 th

e 
E

xp
er

im
en

ta
l S

ec
tio

n.
 

c  W
ith

 K
H

M
D

S,
 o

nl
y 

th
e 

di
m

er
 I

I 
w

as
 o

bt
ai

ne
d 

in
 7

0%
 y

ie
ld

.
d  I

so
m

er
s 

I 
an

d 
II

 e
xi

st
 in

 e
qu

ili
br

iu
m

.

C
9

N B
n

C
O

2E
t

M
gC

l

N B
n

C
O

2E
t

N
H

C
6H

4R
-4

1.
 4

-R
C

6H
4N

=
N

T
s,

 T
H

F,
 –

20
°, 

1 
h

2.
 C

H
2=

C
H

C
H

2I
, N

-m
et

hy
lp

yr
ro

ld
in

on
e,

 

   
rt

, 3
 h

3.
 Z

n,
 A

cO
H

, T
FA

, 7
5°

, 2
.5

 h

R B
r

C
O

2E
t

(5
8)

(7
1)

25
5

193



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
  6

. A
L

D
E

H
Y

D
E

 E
N

O
L

A
T

E
S

C
2

O
E

t
1.

 C
lN

H
C

O
2B

n,
 C

H
C

l 3
, M

eO
H

, –
78

°
2.

 C
rC

l 2

3.
 M

eO
N

a
B

nO
2C

N
H

O
E

t

O
M

e
(8

1)
34

3

4-
O

2N
C

6H
4N

2+
 C

l– , H
2O

, 0
-1

0°
(—

)
84

2

O
R

1.
 M

eO
2C

N
=

N
C

O
2M

e,
 r

t

2.
 H

C
l (

3%
 in

 M
eO

H
),

 r
t

M
eO

2C
N

H
N

O
M

e

O
M

e
M

eO
2C

(—
)

84
3

R
 =

 E
t, 

i-
B

u,
 n

-C
18

H
37

SR

R
 =

 E
t, 

Ph
, 4

-C
lC

6H
4

1.
 E

tO
2C

N
=

N
C

O
2E

t, 
Ph

H
, r

t

2.
 M

eO
H

E
tO

2C
N

H
N

SR

O
M

e
E

tO
2C

(—
)

84
4

O
B

u-
n

1.
 4

-O
2N

C
6H

4N
3,

 C
H

C
l 3

, 4
0°

, 7
 h

2.
 A

cO
H

, P
hH

, 5
0°

, 1
0 

m
in

4-
O

2N
C

6H
4N

H
O

A
c

O
B

u-
n

(8
4)

38
7

N
1.

 M
eO

2C
N

=
N

C
O

2M
e,

 E
t 2

O
,  

rt

2.
 H

C
l (

3%
 in

 M
eO

H
),

 r
t

M
eO

2C
N

H
N

N

O
M

e
M

eO
2C

(—
)

84
3

O
O

O
Ph

1.
 R

C
O

N
=

N
C

O
R

, r
t

2.
 H

C
l, 

M
eO

H

R
C

O
N

H
N

O
Ph

O
M

e
(—

)
R

C
O

24
0

O
A

r
1.

 M
eO

2C
N

=
N

C
O

2M
e,

 r
t

2.
 H

C
l, 

M
eO

H

M
eO

2C
N

H
N

O
A

r

O
M

e
M

eO
2C

24
0

A
r

4-
C

lC
6H

4

4-
M

eO
C

6H
4

4-
M

eC
6H

4

(5
6)

(8
2)

(8
5)

4-
O

2N
C

6H
4N

2+
 C

l– , H
2O

, 0
-1

0°
84

2
O

E
t

(—
)

C
3

N H

N
C

H
O

O
2N

N H

N
C

H
O

O
2N

R
 =

 M
eO

, E
tO

, C
l 3

C
C

H
2O

, P
h

194



1.
 R

2 O
2C

N
=

N
C

O
2R

2 , 

   
L

-p
ro

lin
e 

(0
.1

 e
q)

, M
eC

N

2.
 N

aB
H

4,
 E

tO
H

22
1

C
O

2R
2

N
O

H

R
1

R
2 O

2C
N

H

R
1

M
e

n-
Pr

i-
Pr

i-
Pr

n-
B

u

B
n

(9
7)

(9
3)

(9
7)

(9
9)

(9
4)

(9
5)

R
2

B
n

B
n

t-
B

u

B
n

B
n

B
n

T
em

p

0°
 to

 r
t

0°
 to

 r
t

20
°

0°
 to

 r
t

0°
 to

 r
t

0°
 to

 r
t

T
im

e

3 
h

3 
h

— 3 
h

3 
h

3 
h

%
 e

e

>
95

>
95 92 96 97 >
95

1.
 E

tO
2C

N
=

N
C

O
2E

t, 
D

-p
ro

lin
e 

, 5
°

2.
 N

aB
H

4

O
E

tO
2C

N
H

N

C
3

O

22
4

(—
) 

92
-9

3%
 e

e

C
3-

9

C
3-

7

R
2 O

2C
N

=
N

C
O

2R
2 , c

at
al

ys
t (

x 
eq

),
 r

t

C
O

2R
2

N
C

H
O

R
2 O

2C
N

H

R
1

M
e

M
e

M
e

M
e

M
e

M
e

M
e

E
t

i-
Pr

n-
C

5H
11

n-
C

5H
11

R
2

E
t

— E
t

i-
Pr

t-
B

u

B
n

t-
B

u

E
t

B
n

B
n

B
n

x 0.
5

— 0.
02 0.
1

0.
1

0.
2

0.
2

0,
1

0.
1

0.
2

0.
2

So
lv

en
t

C
H

2C
l 2

ne
at

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

T
im

e

45
 m

in

2 
m

in

5 
h

10
5 

m
in

20
5 

m
in

3.
5 

h

22
 h

2 
 h

4 
h

1.
25

 h

15
 h

(9
3)

(1
00

)

(9
2)

(9
1)

(9
9)

(6
2)

(6
0)

(7
7)

(>
90

)

(6
2)

(6
9)

%
 e

e

92 77 84 88 89 54 74 90 >
90 91 72

R
1

C
at

al
ys

t

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-a

ze
tid

in
ec

ar
bo

xy
lic

 a
ci

d

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-a

ze
tid

in
ec

ar
bo

xy
lic

 a
ci

d

22
2

22
2

22
2

22
2

22
2

22
9

22
9

22
2

22
9

22
9

22
9

H
R

1

O

1.
5 

eq H

O

195



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
  6

. A
L

D
E

H
Y

D
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

1.
 R

2 O
2C

N
=

N
C

O
2R

2 , 

   
L

-p
ro

lin
e 

(0
.1

 e
q)

, C
H

2C
l 2

, r
t

2.
 N

aB
H

4,
 M

eO
H

, t
he

n 
0.

5 
N

 N
aO

H
O

R
2 O

2C
N

H
N

O

R
1

R
1

M
e

E
t

C
H

2=
C

H
C

H
2

i-
Pr

i-
Pr

t-
B

u

B
n

R
2

E
t

E
t

E
t

E
t

B
n

E
t

E
t

(6
7)

(7
7)

(9
2)

(8
3)

(7
0)

(5
7)

(6
8)

%
 e

e

93 95 93 93 91 91 89
C

4

22
2,

 2
24

,

84
5

22
2

22
2

22
2

22
2

22
2

22
2

C
3-

9

N
R

1 R
2

N
R

3 R
4

C
H

O

N
R

1 R
2

C
H

O
+

R
3 R

4 N
C

l, 
O

2,
 d

io
xa

ne
,  

0°
, 2

 h
; 

  r
t, 

ov
er

ni
gh

t; 
re

fl
ux

, 5
 h

74

R
1

M
e

M
e

E
t

   
   

 —
(C

H
2)

4—

—
(C

H
2)

2O
(C

H
2)

2—

   
   

 —
(C

H
2)

5—

   
   

 —
(C

H
2)

5—

t-
B

u

R
2

M
e

M
e

E
t

M
gB

r

R
3

M
e

M
e

E
t

M
e

M
e

M
e

—
(C

H
2)

5—

M
e

R
4

M
e

M
e

E
t

M
e

M
e

M
e

M
e

R
1

C
H

O

R
2

R
1

R
2

C
H

O

N
H

T
s

4-
M

eC
6H

4S
O

2N
(C

l)
N

a•
x 

H
2O

, 

  L
-p

ro
lin

e 
(2

 m
ol

%
),

 M
eC

N
, r

t

78

R
1

M
e

M
e

E
t

H  —
(C

H
2)

5—R
2

M
e

E
t

E
t

i-
Pr

T
im

e

1 
d

1 
d

1 
d

1 
d

2 
d

(8
3)

(8
1)

(7
8)

(8
6)

(8
6)

%
 e

e

0 0 0 0 0

C
4-

7

R
1

C
H

O

I
II

I

(—
)

(7
)

(3
2)

(5
3)

(4
2)

(5
3)

(—
)

(8
8)

I 
+

 I
I

(6
1)

(—
)

(—
)

(—
)

(—
)

(—
)

(4
2)

(—
)

II (—
)

(3
2)

(7
)

(3
6)

(1
5)

(2
4)

(—
)

(0
)

196



C
4

1.
 [

B
nO

2C
N

=
N

C
O

2B
n,

 D
-p

ro
lin

e,
 M

eC
N

] 
(i

a)
, 

   
0°

, 2
 h

; t
o 

rt
, 1

 h
; r

t

2.
 N

aB
H

4,
 E

tO
H

, 0
°, 

5 
m

in

C
O

2B
n

N
O

H
B

nO
2C

N
H

E
t

(9
2)

, 9
6%

 e
e

22
7

O
T

M
S

C
H

O

N
H

T
s

Ph
I=

N
T

s,
 M

eC
N

17
2

(5
2)

4-
O

2N
C

6H
4N

2+
 C

l– , H
2O

, 0
-1

0°
84

2
(—

)
O

A
rN

H
N

R
1

C
H

O

A
rN

2+
 C

l– , H
2O

, N
aO

A
c,

 p
H

 5
-6

19
5

R
1

E
t

E
t

E
t

Ph Ph Ph Ph

C
4-

8

R
2

—
(C

H
2)

5—

—
(C

H
2)

5—

—
(C

H
2)

5—

E
t

E
t

E
t

E
t

R
3

E
t

E
t

E
t

E
t

A
r

4-
C

lC
6H

4

4-
O

2N
C

6H
4

4-
H

O
2C

C
6H

4

4-
C

lC
6H

4

4-
O

2N
C

6H
4

4-
M

eO
C

6H
4

4-
H

O
2C

C
6H

4

(6
5)

(4
1)

(5
3)

(9
0)

(9
4)

(7
6)

(8
9)

C
4

S

S

i-
Pr

4-
O

2N
C

6H
4N

2+
 B

F 4
– , C

H
2C

l 2
, r

t, 
1 

h
(8

5)
84

6

C
4-

6

1.
   

   
   

   
   

   
   

   
   

(1
0 

m
ol

%
),

 

   
R

2 O
2C

N
=

N
C

O
2R

2 , C
H

2C
l 2

, r
t, 

15
 m

in
O

N

O

N
H

C
O

2R
2

R
1

R
1

E
t

i-
Pr

i-
Pr

al
ly

l

t-
B

u

R
2

E
t

E
t

i-
Pr

E
t

E
t

(7
9)

(8
8)

(7
3)

(8
1)

(8
3)

%
 e

e

90 97 92 92 97

38
6

C
H

O

A
r 

=
 3

,5
-(

C
F 3

) 2
C

6H
3

S

S

i-
Pr

N
N

O
2N

R
1

N
R

2 R
3

H
O

C
H

O

N

H N

N
O

2

N H

A
r A

r
O

T
M

S

2.
 N

aB
H

4,
 M

eO
H

, 0
°

O

R
1

H

197



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
  6

. A
L

D
E

H
Y

D
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
4-

15
Fo

r 
I:

1.
 C

at
al

ys
t (

0.
5 

eq
),

 s
ol

ve
nt

, r
t, 

30
 m

in

2.
 S

ub
st

ra
te

, 0
°;

 r
t, 

1 
h

3.
 R

3 O
2C

N
=

N
C

O
2R

3 , r
t, 

tim
e

Fo
r 

II
 f

ro
m

 I
:

N
aB

H
4,

 C
H

2C
l 2

, E
tO

H
, 0

°, 
30

 m
in

C
H

O

R
2

R
1

R
2

R
1

N N
H

C
O

2R
3

O

O
R

2

R
1

C
H

O

E

R
1

M
e

M
e

M
e

M
e

M
e

M
e

E
t

E
t

—
(C

H
2)

5—

E
t

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

R
2

M
e

M
e

E
t

E
t

n-
Pr

n-
Pr

E
t

E
t

n-
B

u

2-
th

ie
ny

l

Ph Ph Ph Ph Ph 4-
FC

6H
4

4-
FC

6H
4

4-
C

lC
6H

4

4-
B

rC
6H

4

4-
O

2N
C

6H
4

C
at

al
ys

t

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-2

-a
ze

tid
in

ec
ar

bo
xy

lic
 a

ci
d

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-2

-a
ze

tid
in

ec
ar

bo
xy

lic
 a

ci
d

L
-p

ro
lin

e

L
-2

-a
ze

tid
in

ec
ar

bo
xy

lic
 a

ci
d

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

R
3

E
t

B
n

E
t

E
t

E
t

B
n

E
t

B
n

E
t

E
t

B
n

E
t

E
t

E
t

B
n

B
n

E
t

B
n

B
n

B
n

E
t

T
im

e

3 
d

3 
d

— — 3 
d

3d 4 
d

4 
d

4 
d

9 
d

3 
d

3 
d

3 
d

— 3 
d

— 5 
d

5 
d

3 
d

3 
d

2 
d

I

(8
3)

(8
5)

(—
)

(—
)

(6
0)

(6
0)

(5
5)

(5
1)

(—
)

(—
)

(6
0)

(6
2)

(—
)

(—
)

(—
)

(—
)

(2
6)

(2
9)

(8
6)

(7
0)

(8
5)

22
3

22
3

84
7,

 2
23

84
7

22
3

22
3

22
3

22
3

84
7,

 2
23

84
7,

 2
23

22
3

22
3,

 8
47

84
7

84
7

84
7,

 2
23

84
7

22
3

22
3

22
3

22
3

22
3

%
 e

e

— — 28 6 — — — — — 4 — — 81 51 81 52 — — — — —

II (—
)

(—
)

(5
2)

(—
)

(—
)

(—
)

(—
)

(—
)

(2
6)

(3
5)

(—
)

(—
)

(1
7)

(—
)

(8
3)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

%
 e

e

— — — — — 39 — — — — 70 80 — — — — 68 35 61 79 36

I
II

E
: N

(C
O

2R
3 )N

H
C

O
2R

3

198



M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

E
t

E
t

M
e

M
e

4-
O

2N
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

3,
5-

(M
eO

) 2
C

6H
3

3,
4-

(B
nO

) 2
C

6H
3

4-
N

C
C

6H
4

4-
C

F 3
C

6H
4

4-
C

F 3
C

6H
4

4-
M

eO
2C

C
6H

4

4-
Ph

C
6H

4

Ph Ph 2-
na

ph
th

yl

2-
na

ph
th

yl

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-2

-a
ze

tid
in

ec
ar

bo
xy

lic
 a

ci
d

L
-p

ro
lin

e

L
-2

-a
ze

tid
in

ec
ar

bo
xy

lic
 a

ci
d

B
n

E
t

E
t

E
t

B
n

B
n

E
t

B
n

E
t

B
n

E
t

E
t

E
t

E
t

2 
d

3 
d

5 
d

6 
d

7 
d

3 
d

5 
d

3 
d

6 
d

3 
d

3 
d

— 2.
5 

d

—

(9
9)

(6
2)

(8
7)

(6
3)

(5
8)

(6
2)

(1
9)

(4
0)

(5
0)

(5
3)

(5
9)

(—
)

(5
4)

(—
)

22
3

22
3

22
3,

 8
47

22
3,

 8
47

22
3

22
3

22
3

22
3

22
3,

 8
47

22
3

22
3,

 8
47

84
7

22
3,

 8
47

84
7

— — — — — — — — — — — — — —

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

56 83 76 85 73 53 — — 82 84 80 49 86 56

R
1

C
H

O
R

2 S
O

R
3 O

2C
N

H
N

R
1

O

22
5

1.
5 

eq

C
4-

5

R
1

M
e

M
e

M
e

E
t

E
t

R
2

E
t

B
n

B
n

B
n

E
t

R
3

B
n

E
t

B
n

E
t

B
n

T
im

e

16
 h

3.
5 

h

16
 h

16
 h

16
 h

(5
1)

(5
7)

(4
4)

(4
2)

(3
8)

dr

88
:1

2

95
:5

89
:1

1

96
:4

95
:5

ee
 %

>
99

>
99

a

>
99

>
99 97

1.
   

   
   

   
   

   
   

   
   

(c
at

),
 R

2 SH
 (

1 
eq

),

   
to

lu
en

e

A
r 

=
 3

,5
-(

C
F 3

) 2
C

6H
3

N H

A
r A

r
O

T
M

S

2.
 R

3 O
2C

N
=

N
C

O
2R

3  (
1.

3 
eq

),
 ti

m
e

3.
 N

aB
H

4

4.
 N

aO
H

199



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
  6

. A
L

D
E

H
Y

D
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
H

O

R
1

R
2

C
H

O

N
H

SO
2R

3

R
1

R
2

R
3 SO

2N
3,

   
   

   
   

   
   

  (
1 

eq
),

 r
t

N H

R
4

38
6a

C
4-

14

R
2

Ph M
e

E
t

n-
Pr

E
t

n-
B

u

Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph

R
3

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
O

2N
C

6H
4

M
e

n-
C

4F
9

5-
ch

lo
ro

-3
-t

hi
en

yl

2,
5-

di
ch

lo
ro

-3
-t

hi
en

yl

6-
ch

lo
ro

-5
-b

ro
m

o-
2-

py
ri

dy
l

2-
O

2N
C

6H
4

4-
O

2N
C

6H
4

2,
4-

(O
2N

) 2
C

6H
3

3,
4-

(M
eO

) 2
C

6H
3

4-
M

eC
6H

4

2-
M

eO
2C

C
6H

4

1-
na

ph
th

yl

2-
na

ph
th

yl

2,
4,

6-
(i

-P
r)

3C
6H

2

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

R
4

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

H te
tr

az
ol

yl

C
O

N
H

T
s

So
lv

en
t

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

D
M

SO

T
im

e

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

(2
6)

(4
2)

(4
9)

(5
1)

(4
7)

(5
2)

(5
4)

(3
3)

(2
4)

(3
6)

(2
7)

(2
4)

(4
4)

(5
2)

(2
7)

(4
3)

(3
5)

(3
9)

(3
6)

(4
2)

(3
3)

(3
6)

(2
4)

(2
5)

%
 e

e

— — 5 12 — — 28 71 29 54 47 46 56 82 45 67 59 8 65 63 50 — 66 66

R
1

H M
e

M
e

M
e

E
t

—
(C

H
2)

5—

E
t

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

200



Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph 2-
M

eO
C

6H
4

2-
M

eO
C

6H
4

3-
M

eO
C

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2,
4-

(M
eO

) 2
C

6H
3

2,
5-

(M
eO

) 2
)C

6H
3

3,
5-

(B
nO

) 2
C

6H
3

4-
(t

-B
u)

C
6H

4

Ph

4-
M

eC
6H

4

2-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
O

2N
C

6H
4

2-
O

2N
C

6H
4

2-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

2-
O

2N
C

6H
4

4-
M

eC
6H

4

2-
O

2N
C

6H
4

4-
O

2N
C

6H
4

2-
O

2N
C

6H
4

4-
O

2N
C

6H
4

2-
O

2N
C

6H
4

4-
O

2N
C

6H
4

2-
O

2N
C

6H
4

2-
O

2N
C

6H
4

2-
O

2N
C

6H
4

2-
O

2N
C

6H
4

4-
M

eC
6H

4

(1
-p

yr
ro

lid
in

yl
)m

et
hy

l•
C

F 3
C

O
2H

(1
-p

yr
ro

lid
in

yl
)m

et
hy

l•
C

F 3
C

O
2H

C
H

2O
H

C
(P

h)
2O

H

C
(P

h)
2O

T
M

S

C
(C

10
H

7)
2O

T
M

S

C
(P

h)
2C

M
e

C
O

2H
c

C
O

2H
c

C
O

2H
c

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

C
O

2H

D
M

SO

D
M

SO

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

T
H

F

M
eC

N

C
H

2C
l 2

t-
B

uO
H

D
M

SO

[b
m

im
][

B
F 4

]

[b
m

im
][

B
F 4

] 

[c
ap

em
im

][
B

F 4
]

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

E
tO

H

70
 m

in

1 
d

4 
d

1 
d

1 
d

1 
d

1 
d

7d 4d 4d 1 
d

2 
h

 1
 d

 1
 d

 1
 d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

1 
d

(2
3)

(2
6)

(<
10

)

(0
)

(2
6)

b

(3
8)

b

(5
2)

(2
1)

(1
4)

(0
)

(2
5)

(2
8)

(3
8)

(5
5)

(5
3)

(2
1)

(2
1)

(4
7)

(4
9)

(5
3)

(4
4)

(3
4)

(3
2)

(3
1)

(5
5)

(3
6)

45 57 — — — 64 55 53 54 — 54 60 72 66 20 72 59 84 69 86 76 45 54 72 61 —

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

Ph

C
5

O
O

O
M

e

N
H

C
O

2E
t

1.
 C

lN
H

C
O

2E
t, 

C
H

C
l 3

, M
eO

H
, –

78
°

2.
 C

rC
l 3

3.
 H

2S
O

4

(7
7)

34
3

201



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
  6

. A
L

D
E

H
Y

D
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
5-

6

O

R
1 R
2

E
tO

2C
N

3,
 R

3 O
H

, h
ν

O

R
1 R
2

N
H

C
O

2E
t

O
R

3
O

R
1 R
2

N
H

C
O

2E
t

O
R

3

O

R
1 R
2

N
H

C
O

2E
t

O
R

3
O

R
1 R
2

N
H

C
O

2E
t

O
R

3

I
II

II
I

IV

R
1

H H A
cO

C
H

2

A
cO

C
H

2

H

R
2

H H H H M
eO

R
3

M
e

t-
B

u

M
e

t-
B

u

t-
B

u

I (0
)

(0
)

(3
1)

(3
6)

(5
1)

II (5
3)

(6
9)

(2
5)

(2
0)

(0
)

II
I

(0
)

(0
)

(0
)

(0
)

(1
8)

IV (1
0)

(7
)

(1
1)

(t
ra

ce
)

(1
1)

29
5

1.
 (

Sa
ltm

en
)M

n(
N

) 
(2

 e
q)

, 

   
2,

6-
(t

-B
u)

2,
4-

M
e-

py
ri

di
ne

, C
H

2C
l 2

2.
 T

FF
A

, –
78

°;
 to

 r
t, 

5-
6 

h

(8
0)

, C
2 

de
 8

6%
35

4

1.
 (

Sa
ltm

en
)M

n(
N

) 
(2

 e
q)

, 

   
2,

6-
(t

-B
u)

2,
4-

M
e-

py
ri

di
ne

, C
H

2C
l 2

2.
 T

FF
A

, –
78

°;
 to

 r
t, 

5-
6 

h

(8
0)

, C
2 

de
 8

2%
35

4

O

B
nO

O
B

n

O
H

N
H

C
O

C
F 3

O

B
nO

O
B

n
2

O
O

D
PT

PS

O
O

O
O

D
PT

PS

O
O

N
H

C
O

C
F 3

O
H

2

C
5

202



C
6

O
O

A
c

A
cO R

1 R
2

O
O

A
c

A
cO R

1 R
2

O
M

e

N
H

C
O

2E
t

O
O

A
c

A
cO R

1 R
2

N
H

C
O

2E
t

O
M

e

O
O

A
c

A
cO R

1

I
II

II
I

R
1

H A
cO

R
2

A
cO

H

I (5
)

(4
)

II (2
6)

(4
)

II
I

(1
1)

(3
4)

N
3C

O
2E

t, 
M

eO
H

, h
ν

29
5

R
2

O
M

e
N

H
C

O
2E

t

O
O

A
c

A
cO

A
cO

N
aN

3,
 C

e(
N

H
4)

2(
N

O
3)

6,

  M
eC

N
, c

oo
lin

g,
 8

-1
0 

h

O
O

A
c

A
cO

A
cO

N
3

O
N

O
2

O
O

A
c

A
cO

A
cO

N
3

O
O

A
c

A
cO

A
cO

O
O

A
c

A
cO

A
cO

O
N

O
2

O
N

O
2

N
3

N
H

A
c

(5
3)

(2
2)

(8
)

(1
0)

33
2

N
3

O

O

O
A

c

O
O

O

O
A

c

O
O

M
e

N
H

C
O

2E
t(1

2)
34

3

1.
 C

lN
H

C
O

2E
t, 

C
H

C
l 3

, 

   
M

eO
H

, –
78

°
2.

 C
rC

l 2

3.
 M

eO
H

, A
gN

O
3

O

A
cO

O
A

c
O

A
cO

O
A

c N
H

C
O

2C
H

2C
H

2C
l

O
M

e

A
cO

A
cO

1.
 C

lN
H

C
O

2C
H

2C
H

2C
l, 

   
C

H
C

l 3
, M

eO
H

, –
78

°
2.

 C
rC

l 2

3.
 M

eO
H

, A
gN

O
3

(5
5)

34
3

Ph
Ph

203



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
  6

. A
L

D
E

H
Y

D
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

O

OO

O

A
cO

1.
 C

lN
H

C
O

2C
H

2C
C

l 3
, 

   
C

H
C

l 3
, M

eO
H

, –
78

°
2.

 C
rC

l 2

3.
 M

eO
H

, A
gN

O
3

4.
 A

cO
H

, t
he

n 
A

c 2
O

(6
5)

34
3

O
A

c
O

A
c

N
H

C
O

2C
H

2C
C

l 3

A
cO

O
M

e

Ph

1.
 T

FA
A

, C
H

2C
l 2

2.
 (

Sa
ltm

en
)M

n(
N

) 
(1

 e
q)

, C
H

2C
l 2

; 

   
ad

di
tio

n 
ov

er
 7

 h

O

OO

Ph
O

OO

Ph
O

H

N
H

C
O

C
F 3

2
(7

0)
, C

2 
de

 0
%

35
4

1.
 T

FA
A

, C
H

2C
l 2

2.
 (

Sa
ltm

en
)M

n(
N

) 
(1

 e
q)

, C
H

2C
l 2

; 

   
ad

di
tio

n 
ov

er
 7

 h

O

O

O
R

O

R
 =

 T
B

S

O

O

O
R

O

Ph
O

H

N
H

C
O

C
F 3

2
(7

5)
, C

2 
de

 7
5%

35
4

Ph

O

PM
B

O

PM
B

O
1.

 T
FA

A
, C

H
2C

l 2

2.
 (

Sa
ltm

en
)M

n(
N

) 
(1

 e
q)

, C
H

2C
l 2

; 

   
ad

di
tio

n 
ov

er
 7

 h

O

PM
B

O

PM
B

O
N

H
C

O
C

F 3
O

H
(6

0)
, C

2 
de

 7
5%

35
4

2

O

OO

O
PM

B

1.
 T

FA
A

, C
H

2C
l 2

2.
 (

Sa
ltm

en
)M

n(
N

) 
(1

 e
q)

, C
H

2C
l 2

; 

   
ad

di
tio

n 
ov

er
 7

 h

O

OO

O
PM

B

N
H

C
O

C
F 3

O
H

2
35

4
Ph

Ph
R PM

B

T
B

S

(6
6)

(6
8)C

2 
%

 d
e

71
 

75

C
6

1.
 T

FA
A

, C
H

2C
l 2

2.
 (

Sa
ltm

en
)M

n(
N

) 
(1

 e
q)

, C
H

2C
l 2

; 

   
ad

di
tio

n 
ov

er
 7

 h

35
4

R B
n

T
B

D
PS

(6
2)

(6
4)

C
2 

de
 %

87
.5

87
.5

O

O
O

R
O

O

O
O

R
O

N
H

C
O

C
F 3

H
O

(S
al

tm
en

)M
n(

N
),

 T
FA

A
, 

   
2,

6-
(t

-B
u)

2,
4-

M
e-

py
ri

di
ne

, –
78

° t
o 

rt

O

O
O

O

O
O

N
H

C
O

C
F 3

H
O

(6
9)

35
1

2

2

204



SS
H H

Ph
SS

H H

N Ph

SS
H H

N Ph

4-
O

2N
C

6H
4N

2+
 B

F 4
– , C

H
2C

l 2
, r

t

E
tO

2C
N

=
N

C
O

2E
t, 

C
H

2C
l 2

, r
t, 

6 
h

(7
9)(5

8)
84

6

84
6

Ph
N

Ph
C

H
O

N
1.

 M
eO

2C
N

=
N

C
O

2M
e

2.
 H

3O
+
, H

2O
(—

)
24

7

C
8

Ph
C

H
O

Ph

N
H

T
s

C
H

O

4-
M

eC
6H

4S
O

2N
(C

l)
N

a•
x 

H
2O

,

  p
yr

ro
lid

in
e 

(1
0 

m
ol

%
),

  P
hN

M
e 3

+
 B

r 3
–  (

10
 m

ol
%

),
 M

eC
N

, r
t, 

1 
d

(7
0)

78

C
9

N
C

6H
4N

O
2-

4

N
H C

O
2E

t

C
O

2E
t

N
H

C
O

2M
e

M
eO

2C

R
1

C
H

O

R
2

R
1

R
2

C
H

O

N
H

T
s

4-
M

eC
6H

4S
O

2N
(C

l)
N

a•
x 

H
2O

, 

  L
-p

ro
lin

e 
(2

 m
ol

%
),

  M
eC

N
, m

ic
ro

w
av

e 
ir

ra
di

at
io

n 
(y

 W
)

0%
 e

e
78

R
2

Ph Ph Ph Ph 4-
FC

6H
4

4-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
C

F 3
C

6H
4

4-
N

C
C

6H
4

Ph na
ph

th
yl

4-
(i

-P
r)

C
6H

4C
H

2

R
1

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

Ph M
e

M
e

T
em

p

90
°

50
°

50
°

60
°

60
°

60
°

60
°

60
°

60
°

60
°

60
°

rt

T
im

e

30
 m

in

30
 m

in

40
 m

in

30
 m

in

30
 m

in

30
 m

in

30
 m

in

30
 m

in

30
 m

in

30
 m

in

30
 m

in

1 
d

(5
0)

(6
6)

(9
0)

(9
0)

(8
5)

(8
9)

(7
3)

(7
9)

(8
6)

(8
8)

(9
1)

(8
3)

C
9-

13

y 10
0

15
0

20
0

20
0

20
0

20
0

20
0

20
0

20
0

20
0

20
0

20
0

205



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
  6

. A
L

D
E

H
Y

D
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
H

O

R

O
H

C
N

B
nO

2C
N

=
N

C
O

2B
n,

 L
-p

ro
lin

e 
(3

0 
m

ol
%

),

  M
eC

N
, r

t, 
1 

h

22
6

(9
9%

),
  >

99
%

 e
e

B
r

C
10

N H
H

N
NN

N
1.

   
   

   
   

   
   

   
   

   
  (

15
 m

ol
%

),
 M

eC
N

2.
 A

dd
 B

nO
2C

N
=

N
C

O
2B

n,
 

   
th

en
 s

ub
st

ra
te

, r
t, 

3 
h

(9
5)

,  
80

%
 e

e
38

5

O
H

C

B
r

O
H

C
N

C
H

O

R

C
10

-1
1

R

E
C

H
O

R B
r

C
O

2M
e

(7
5)

(9
6)

%
 e

e

>
99

>
99

1.
 D

-P
ro

lin
e 

(1
5 

m
ol

%
),

 M
eC

N
, 

   
B

nO
2C

N
=

N
C

O
2B

n

2.
 A

dd
 s

ub
st

ra
te

, r
t, 

4 
h

22
6

E
 =

 N
(C

O
2B

n)
N

H
C

O
2B

n

a  W
ith

 L
-p

ro
lin

e 
as

 th
e 

ca
ta

ly
st

, b
ot

h 
dr

 a
nd

 e
e 

va
lu

es
 w

er
e 

co
ns

id
er

ab
ly

 lo
w

er
.

b  T
he

 p
ro

du
ct

 w
as

 r
ed

uc
ed

 w
ith

 N
aB

H
4 

pr
io

r 
to

 is
ol

at
io

n.
c  T

he
 c

at
al

ys
t l

oa
di

ng
 w

as
 4

0 
m

ol
%

.

N
H

C
O

2B
n

C
O

2B
nN

H
C

O
2B

n

C
O

2B
n

206



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

A
. A

C
Y

C
L

IC
 K

E
T

O
N

E
 E

N
O

L
A

T
E

S

C
3

O
E

t
4-

O
2N

C
6H

4N
2+

 C
l– , H

2O
, 0

–1
0°

(—
)

84
2

N

N Ph

N

O
O

, r
ef

lu
x

H
N

N Ph

N
C

H
2C

O
M

e

O
O

(~
10

0)
25

4

C
4-

14

R
2

O

R
3

R
1

R
2

O

R
3

R
1

R
2

O

R
3

R
1

1.
 P

hR
4 N

M
nM

e•
4 

L
iB

r 
(i

a)
, T

H
F,

 r
t, 

1 
h

2.
 R

5 O
2C

N
=

N
C

O
2R

5 , –
30

°;
 r

t, 
2.

5 
h

N
I

II
R

1

H M
e

E
t

n-
Pr

n-
Pr

n-
C

5H
11

E
t

E
t

R
2

H M
e

H H H M
e

E
t

E
t

R
3

M
e

M
e

E
t

n-
Pr

n-
Pr

M
e

B
n

B
n

R
4

n-
B

u

n-
B

u

M
e

M
e

M
e

n-
B

u

n-
B

u

n-
B

u

R
5

E
t

E
t

t-
B

u

E
t

t-
B

u

t-
B

u

E
t

t-
B

u

I 
+

 I
I

(5
0)

(7
2)

(6
0)

(9
0)

(6
0)

(6
0)

(9
3)

(7
5)

I:
II

50
:5

0

90
:1

0

— — — 98
:2

98
:2

90
:1

0

I 
dr

— — — — — — 3:
1

3:
1

38
8

R
1

O
40

3
R

2 O
2C

N
=

N
C

O
2R

2 , D
A

B
C

O
 (

ca
t)

, T
H

F

R
1

M
e

M
e

E
t

E
t

n-
C

6H
13

n-
C

7H
15

Ph
C

H
=

C
H

Ph
C

H
=

C
H

C
4-

11

R
2

E
t

t-
B

u

E
t

t-
B

u

E
t

E
t

E
t

t-
B

u

T
em

p

rt 40
°

rt 40
°

rt rt rt 40
°

T
im

e

8 
h

24
 h

24
 h

24
 h

24
 h

8 
h

8 
h

24
 h

(8
3)

(6
3)

(7
8)

(3
4)

(7
9)

(6
1)

(9
0)

(5
2)

O

H N
N

A
c

O
2N

E
 =

 C
O

2R
5

N
N H

E
E

E

N
H

E

+

R
1

O

N
R

2 O
2C

N
H

C
O

2R
2

207



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

A
. A

C
Y

C
L

IC
 K

E
T

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

C
4-

10
O

R
1

R
2

O

R
1

R
3 O

2C
N

=
N

C
O

2R
3 , c

at
al

ys
t (

x 
eq

),
 r

t

O

R
1

N

R
2

R
2

I

R
1

H H H H H M
e

H H H

R
2

M
e

M
e

M
e

M
e

M
e

M
e

E
t

i-
Pr

B
n

R
3

E
t

E
t

E
t

t-
B

u

t-
B

u

E
t

E
t

E
t

E
t

x 0.
2

0.
05 0.
1

0.
2

0.
1

0.
1

0.
1

0.
1

0.
1

T
im

e

52
 h

65
 h

10
 h

11
4 

h

11
4 

h

60
 h

20
 h

96
 h

24
 h

I

(—
)

(—
)

(7
3)

(4
9)

(5
4)

(7
9)

(6
2)

(5
2)

(7
5)

I 
%

 e
ea

96 93 95 94 90 94 98 99 98

II

(<
10

)

(<
10

)

(7
)

— — — (1
5)

(1
7)

(1
7)

C
at

al
ys

t

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-a

ze
tid

in
ec

ar
bo

xy
lic

 a
ci

d

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

22
8

22
8

22
8

22
9

22
9

22
8

22
8

22
8

22
8

So
lv

en
t

M
eC

N

ne
at

M
eC

N

C
H

2C
l 2

C
H

2C
l 2

M
eC

N

M
eC

N

M
eC

N

M
eC

N

R
1

C
O

2E
t

O

N

O
O

NR
3

R
3

R
4

R
5

R
4

R
5

C
u

(O
T

f)
2

1.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  (

10
 m

ol
%

),
 s

ol
ve

nt
N

O
O

N
H

C
O

2R
2

M
eO

2C

R
1

40
4

R
1

M
e

M
e

i-
Pr

i-
Pr

C
H

2C
H

=
C

H
2

C
H

2C
H

=
C

H
2

i-
B

u

i-
B

u

(C
H

2)
2C

H
=

C
H

2

(C
H

2)
2C

H
=

C
H

2

R
2

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

R
3

H M
e

H H H H H H H H

R
4

Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph

R
5

Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph

So
lv

en
t

C
H

2C
l 2

T
H

F

C
H

2C
l 2

T
H

F

C
H

2C
l 2

T
H

F

C
H

2C
l 2

T
H

F

C
H

2C
l 2

T
H

F

(4
5)

(4
4)

(7
8)

(6
0)

(6
2)

(3
8)

(5
3)

(5
1)

(5
2)

(3
6)

%
 e

e

90 92 95 95 93 90 96 95 92 94

E
 =

 C
O

2R
3

N
H

E

E

II

+

N
E

E
H

N

2.
 A

dd
 s

ub
st

ra
te

, t
he

n 
R

2 O
2C

N
=

N
C

O
2R

2 , 

   
rt

, 1
6 

h

3.
 L

-S
el

ec
tr

id
e,

 T
H

F,
 –

78
°, 

1 
h;

 to
 r

t

4.
 N

aO
H

, H
2O

, r
t, 

2 
h

5.
 T

M
SC

H
N

2,
 M

eO
H

, t
ol

ue
ne

, h
ex

an
e,

 1
5 

m
in

208



n-
C

5H
11

n-
C

5H
11

c-
C

6H
11

C
H

2

c-
C

6H
11

C
H

2

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

E
t

E
t

B
n

B
n

B
n

B
n

B
n

H H H H M
e

M
e

M
e

M
e

M
e

H M
e

Ph Ph Ph Ph H H H H H Ph Ph

Ph Ph Ph Ph Ph Ph Ph Ph t-
B

u

Ph Ph

C
H

2C
l 2

T
H

F

C
H

2C
l 2

T
H

F

C
H

2C
l 2

T
H

F

C
H

2C
l 2

T
H

F

T
H

F

T
H

F

T
H

F

(6
3)

(4
8)

(5
4)

(7
2)

(5
5)

(4
7)

(3
9)

(6
0)

(3
1)

(5
7)

(5
8)

93 97 96 96 68 35 90 82 7 89 88

O
T

M
S

O

N
H

T
s

Ph
I=

N
T

s,
 M

eC
N

(5
3)

17
2

C
5

R
1

R
2

R
3 M

e 2
Si

R
1

R
2

R
3 M

e 2
Si

N
H

C
O

2B
u-

t

1.
 L

D
A

, T
H

F,
 0

°
2.

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

, t
em

p;
 to

 r
t

R
1

M
e

E
t

n-
Pr

M
e

B
n

R
2

M
e

E
t

n-
Pr

B
n

M
e

R
3

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
C

6H
13

T
em

p

–1
00

°
–1

00
°

–1
00

°
–7

8°
–7

8°

(2
7)

(3
7)

(2
9)

(1
9)

(2
0)

%
 d

e 

80 87 88 41 83

15
6

O
O

O
N

4-
O

2N
C

6H
4

C
O

2B
u-

t

C
5-

11

209



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

A
. A

C
Y

C
L

IC
 K

E
T

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

S

S
R

1

R
2

O
C

5-
12

O
S

S
R

1

R
2

O
O

S

S
R

1

R
2

O
O

N
C

O
2B

u-
t

N
C

O
2B

u-
t

N
H

C
O

2B
u-

t
N

H
C

O
2B

u-
t

I
II

R
1

M
e

E
t

E
t

E
t

E
t

Ph E
t

E
t

R
2

M
e

H M
e

i-
Pr

t-
B

u

M
e

Ph B
n

E
na

nt
io

m
er

+
/–

+
/–

+
/– + + +
/– + +

1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

5 
m

in

3.
 H

O
A

c,
 –

78
° b

I 
+

 I
I

(6
9)

(7
2)

(4
8)

(8
9)

(9
1)

(3
7)

(8
5)

(9
3)

I:
II

2:
1

—

>
99

:1

— — 2:
1

— —

%
 d

e

— — — 72
c

— — — 69
c

84
8

S

S
R

1

R
2

O

C
5-

6

O
S

S
R

1

R
2

O
O

S

S
R

1

R
2

O
O

N
C

O
2B

u-
t

N
C

O
2B

u-
t

N
H

C
O

2B
u-

t
N

H
C

O
2B

u-
t

I
II

1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

5 
m

in

3.
 H

O
A

c,
 –

78
° b

84
8

(+
/–

)

R
1

M
e

E
t

E
t

R
2

M
e

H M
e

I 
+

 I
I

(7
6)

(8
9)

(4
2)

I:
II

3:
1

— 12
:1

C
5

O
Si

(P
r-

i)
3

O

N
3

N
aN

3,
 C

e(
N

H
4)

2(
N

O
3)

6,
 M

eC
N

, –
20

°
(3

0)
33

1

+ +

210



C
6-

9

R
1

R
2

O
T

M
S

R
1

N
H

T
s

O

R
2

Ph
I=

N
T

s 
(0

.6
7 

eq
),

 

  C
uC

lO
4 

(3
-6

 m
ol

 %
),

 M
eC

N

17
3

R
1

n-
B

u

Ph Ph

R
2

H H M
e

T
em

p

0° –2
0° 0°

T
im

e

1.
5 

h

3 
h

15
 m

in

(5
3)

(7
6)

(5
8)

O
O

T
M

S

C
6

E
tO

2C
N

=
N

C
O

2E
t, 

Ph
H

, 8
0°

, 8
 h

(7
3)

24
3,

 2
42

R
1

O
T

M
S

R
1

N
H

C
O

2E
t

O

R
2

1.
 E

tO
2N

3,
 1

00
°

2.
 S

iO
2

29
6

R
2

R
1

t-
B

u

n-
Pr

Ph

C
6-

8

R
2

H E
t

H

(6
5)

(5
6)

(3
5)

C
7

O
L

i
O

N
=

N
Ph

Ph
N

2+
 B

F 4
–  (

ia
),

 T
H

F,
 –

78
°

(7
2)

18
5

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
   

   
   

   
   

   
   

   
   

   
   

   
 , 

–7
8°

, 2
0 

h;
 to

 r
t

O
N

C
O

2B
u-

t
E

tO
2C

E
tO

2C

R H M
e

Ph

(2
1)

(3
1)

(1
5)

15
5

C
8-

14

C
8-

9

C
8

O
M

e
N

H
C

O
2E

t

O
1.

 C
lN

H
C

O
2E

t, 
C

H
C

l 3
, M

eO
H

, –
78

°
2.

 C
rC

l 2

3.
 H

2S
O

4

(5
9)

34
3

O
N

C
O

2R
2

4-
N

C
C

6H
4

i-
Pr

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
1 

h

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
, –

78
°;

 to
 r

t, 
2-

3 
h

N
H

O

O
R

2
Ph

O

15
4

R
1

R
1

H M
e

(5
9)

(6
2)

%
 d

e

— 5

R
2  =

O
O

N
N

H
C

O
2E

t

C
O

2E
t

Ph

H N
C

O
2B

u-
t

R

O

Ph

R

O

Ph

R
1

O

211



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

A
. A

C
Y

C
L

IC
 K

E
T

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

C
8-

9

A
r

O
T

M
S

A
r

O

Ph
I=

N
T

s,
 M

eC
N

, r
t

17
2

A
r

Ph 4-
C

lC
6H

4

4-
O

2N
C

6H
4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

3-
M

eC
6H

4

4-
M

eC
6H

4

Ph

T
im

e

4.
5 

h

>
24

 h

6 
h

3.
5 

h

18
 h

11
 h

1 
h

—

(9
5)

(9
9)

(8
5)

(9
7)

(5
1)

(9
6)

(9
7)

(9
4)

Ph

O
T

M
S

C
8

O
N

C
O

N
E

t 2
,

4-
C

lC
6H

4

15
5

T
sN

H

H N
Ph

O

E
t 2

N

O
Ph

O

H
O

I
II

+
I 

+
 I

I 
(—

),
 I

:I
I 

=
 1

:5

R
R

R H H H H H H H M
e

R
Ph

O
T

M
S

C
8-

9

R
Ph

O

N

1.
 B

nO
2C

N
=

N
C

O
2B

n 
+

 A
gO

T
f 

(i
a)

,

   
 C

H
2C

l 2
, –

45
°, 

30
 m

in

2.
 H

F,
 T

H
F

24
4

R H M
e

(9
1)

(8
4)

Ph

O
1.

 B
nO

2C
N

=
N

C
O

2B
n 

+
 A

gO
T

f 
+

 (
R

)-
B

IN
A

P 
(i

a)
,

   
T

H
F,

 c
os

ol
ve

nt
, –

45
°, 

tim
e

2.
 H

F,
 T

H
F

24
4

N

B
nO

2C
R M

e

E
t

C
os

ol
ve

nt

2,
4,

6-
M

e 3
C

6H
3

—

(9
5)

(9
3)

%
 e

e

86 59
R

Ph

O
T

M
S

Ph

O

N

E
tO

2C

N H

1.
 E

tO
2C

N
=

N
C

O
2E

t, 
C

H
2C

l 2
, 

   
0-

5°
, 3

 h
; r

t, 
2 

h

2.
 H

2O
, r

t, 
2 

h

(5
6)

24
5

C
8

T
im

e

18
 h

3 
h

1.
   

   
   

   
   

   
   

   
, C

H
2C

l 2
, 

   
0-

5°
, 3

 h
; r

t, 
2 

h

N

N Ph

N

O
O

H
N

N Ph

N

O
O

PhO

(5
0)

24
5

E
tO

H
, H

2O
 (

3:
1)

, r
t, 

44
 h

2.
 H

2O
, r

t, 
2 

h

E
tO

2C

N
H

C
O

2B
n

B
nO

2C

B
nO

2C
H

N

212



Ph

O
T

M
S

C
8

(S
al

tm
en

)M
n(

N
),

 C
H

2C
l 2

, p
yr

id
in

e,
 

  T
FF

A
, –

78
° t

o 
rt

, 3
-4

 h
Ph

O

C
F 3

C
O

N
H

(6
9)

47
1

1.
 L

i b
as

e,
 E

t 2
O

 o
r 

T
H

F

2.
 M

e 2
N

O
M

s,
 –

30
° t

o 
0°

(5
2)

13
4

C
9

Ph

O
R

Ph

O

Ph
I=

N
T

s,
 C

uP
F 6

, l
ig

an
d 

(5
.5

-6
 m

ol
%

),

   
 C

H
2C

l 2
, –

40
°

N
N

2,
6-

C
l 2

C
6H

4
C

6H
3C

l 2
-2

,6

R M
e

M
e

A
c

A
c

T
M

S

T
M

S

T
B

D
M

S

T
B

D
M

S

T
im

e

3 
h

3 
h

5 
h

5 
h

5 
h

4 
h

3 
h

16
 h

(8
7)

(7
6)

(>
95

)

(6
1)

(>
95

)

(9
0)

(>
95

)

(9
2)

%
 e

e

9 
(R

)

10
 (

S)

28
 (

R
)

52
 (

R
)

18
 (

S)

16
 (

S)

12
 (

S)

13
 (

S)

17
4

L
ig

an
d

1 2 1 2 1 2 1 2
N

O
O

N

Ph
Ph

1 2

N
H

T
s

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
1 

h

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  ,

O
N

C
O

N
E

t 2
2-

N
C

C
6H

4
15

8

1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in
 

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

, –
78

°, 
30

 m
in

15
3,

 1
57

O
N

C
O

2B
u-

t
4-

N
C

C
6H

4
Ph

O

Ph

O

N
H

C
O

2B
u-

t
Ph

O
O

H

C
6H

4C
N

-4
+

(3
6)

(2
5)

Ph

O

N
H

C
O

N
E

t 2

(6
0)

A
r

O

A
r

O

N
H

T
s

4-
M

eC
6H

4S
O

2N
(C

l)
N

a•
x 

H
2O

, 

  L
-p

ro
lin

e 
(2

 m
ol

%
),

 M
eC

N
, r

t

0%
 e

e

A
r

Ph 4-
FC

6H
4

3-
M

eO
C

6H
4

4-
M

eO
C

6H
4

3-
C

F 3
C

6H
4

T
im

e

1 
d

2 
d

1 
d

1 
d

2 
d

(8
3)

(8
2)

(7
4)

(7
1)

(8
3)

78

Ph

O
Ph

O

N
M

e 2

–7
8°

, 3
 h

; t
o 

rt
, 1

.5
 h

213



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

A
. A

C
Y

C
L

IC
 K

E
T

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

(4
3)

84
9

E
tO

2C
N

=
N

C
O

2E
t, 

A
lC

l 3
, d

io
xa

ne
, r

t, 
48

 h
Ph

O

Ph
N

O
C

O
2E

t

N
H

C
O

2E
t

Ph

O
R

Ph

O

N
H

T
s

Ph
I=

N
T

s,
 C

uP
F 6

, 1
 o

r 
2 

(s
tr

uc
tu

re
s 

on
 

  p
re

vi
ou

s 
pa

ge
, 6

 m
ol

%
),

  C
H

2C
l 2

, –
40

°, 
4 

h

R T
M

S

T
B

D
M

S

T
M

S

T
B

D
M

S

(8
9)

(9
1)

(9
2)

(>
95

)

17
4

L
ig

an
d

1 1 2 2

%
 e

e

20
 (

R
)

27
 (

R
)

19
 (

S)

21
 (

S)

A
r

R

O
T

M
S

A
r

R

O

C
l 3

C
C

H
2O

2C
N

N H
N

OO
O

25
2

A
r

Ph 4-
M

eO
C

6H
4

Ph Ph Ph Ph 4-
M

eO
C

6H
4

6-
M

eO
-2

-n
ap

ht
hy

l

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

R M
e

M
e

E
t

C
H

2C
H

=
C

H
2

i-
Pr

i-
B

u

t-
B

u

M
e

Ph B
n

T
em

p

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–2
0°

–5
0°

–7
8°

(9
5)

(9
6)

(9
3)

(9
2)

(8
6)

(9
2)

(8
4)

(9
6)

(9
4)

(9
4)

%
 e

e

99 99 98 97 99 98 98 99 97
 

99

T
im

e

2 
m

in

<
1 

m
in

30
 m

in

2 
h

3 
h

2 
h

6 
h

1 
m

in

13
 h

12
 h

Ph

O
T

M
S

T
sN

(C
l)

N
a 

+
 O

sO
4 

(0
.0

04
 e

q)
 +

 

  (
D

H
Q

D
) 2

PY
R

 (
0.

00
8 

eq
) 

(i
a)

,

  t
-B

uO
H

/H
2O

 (
1:

1)
, r

t, 
2 

h
Ph

O

N
H

T
s

(4
5)

, 8
5%

 e
e

34
2

C
9-

13

C
9

C
9

O
N

C
l 3

C
C

H
2O

2C
N

=
N

O
O

C
F 3

C
H

2O
H

 (
1 

eq
),

 3
 (

5 
m

ol
%

),
 T

H
F

,

N
C

u
(O

T
f)

2

N

O
O

t-
B

u
B

u-
t

3

214



a  T
he

 e
e 

va
lu

es
 a

re
 th

os
e 

of
 th

e 
cr

ud
e 

pr
od

uc
ts

; s
om

e 
ra

ce
m

iz
at

io
n 

oc
cu

rr
ed

 o
n 

si
lic

a 
ch

ro
m

at
og

ra
ph

y.
b  S

om
e 

eq
ui

lib
ra

tio
n 

ap
pe

ar
s 

to
 o

cc
ur

 e
ve

n 
at

 –
78

°.
c  T

he
 e

e 
va

lu
e 

w
as

 d
et

er
m

in
ed

 in
 a

 d
eg

ra
da

tio
n 

pr
od

uc
t.

O
T

M
S

Ph
I=

N
T

s,
 M

eC
N

O

N
H

T
s

(7
0)

17
2

C
15

215



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S

C
5

N
N

N
C

O
2E

t
N N

H
C

O
2E

t
(1

2)

(1
0)

(8
)

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t, 

  E
t 3

N
, C

H
2C

l 2
, r

t, 
2 

h

39
9

C
5-

10
O

Si
(P

r-
i)

3

R
1

R
2

R
1

R
2

O
Si

(P
r-

i)
3

N
3

N
3

n
n

Ph
IO

 (
1.

5 
eq

),
 T

M
SN

3 
(3

 e
q)

, 

  T
E

M
PO

a  (
0.

1 
eq

),
 s

ol
ve

nt
, –

45
°, 

16
 h

R
1

H H    
—

O
C

H
2O

—

t-
B

u

R
2

H H H

n 0 1 1 1 1

So
lv

en
t

to
lu

en
e

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

(6
0)

 s
in

gl
e 

is
om

er

(9
1)

 s
in

gl
e 

is
om

er

(8
2)

 3
:1

 m
ix

tu
re

 o
f 

is
om

er
s

(7
1)

 s
in

gl
e 

is
om

er

(6
7)

 4
:2

:1
 m

ix
tu

re
 o

f 
is

om
er

s

85
0

C
5

NO

O

N
N

H
C

H
2C

O
2M

e
1.

 M
eO

2C
C

H
=

N
2,

 r
t, 

7 
d

2.
 S

iO
2,

 H
2O

(—
)

20
7

(M
eO

2C
) 2

C
=

N
2,

 E
t 2

O
, –

30
°

20
7

NO

N
N

H
C

H
(C

O
2M

e)
2

(6
5)

O
O

E
tO

2C
C

O
2E

t

O

N
H

C
O

2E
t

+
+

216



O
T

M
S n

O

N
1.

 E
tO

2C
N

=
N

C
O

2E
t, 

E
t 2

O
, 0

-5
°, 

3 
h;

 r
t, 

2 
h

2.
 H

2O
, r

t, 
2 

h

24
5

n 0 1

(6
8)

(>
72

)

C
5-

6
C

O
2E

t

N
H

C
O

2E
t

NY
C

5

O

N
H

Ph
NY

N
Ph

N
H

C
O

2M
e

1.
 P

hN
=

N
C

O
2M

e,
 E

t 2
O

, d
ar

k,
 

   
rt

, 9
6 

h 
(f

or
m

s 
I)

2.
 H

C
l (

5%
 in

 M
e 2

C
O

),
 5

°, 
48

 h
 (

fo
rm

s 
II

)

I
II

40
1

Y — C
H

2

N
Ph

O

I

(—
)

(—
)

(—
)

(4
6)

II (7
0)

(7
1)

(4
0)

(7
1)

1.
 B

zN
=

N
C

O
2M

e 
(1

 e
q)

, E
t 2

O
, 

   
–3

0°
, 3

 h
 (

fo
rm

s 
I,

 I
I,

 a
nd

 I
II

)

2.
 H

C
l (

10
%

 in
 M

e 2
C

O
),

 5
°, 

48
 h

 

   
(f

or
m

s 
IV

 f
ro

m
 I

 a
nd

 I
I;

 V
 f

ro
m

 I
II

)

NY

NY

E
E

NY

E
E

I
II

O

E

O

E
E

E
 =

 N
(C

O
2M

e)
N

H
B

z

IV
V

Y — C
H

2

N
Ph

O

I

(—
)

(—
)

(—
)

(—
)

II (—
)

(—
)

(—
)

(4
0)

II
I

(—
)

(—
)

(—
)

(—
)

IV (2
0)

(3
0)

(3
2)

(4
0)

V (2
6)

(2
3)

(8
)

(2
3)

40
1

N

N Ph

N

O
, C

H
2C

l 2
, 0

-5
°, 

4 
h;

O

O

nN
N

Ph
H

N

O

n 0 1

(6
2)

(6
0)

24
5

n

  r
t, 

ov
er

ni
gh

t

II
I

+
+

+

O

217



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

NO

NO

N
N

PhN
H

H
N

N

O

O

+
Ph

N
=

N
C

O
N

H
2,

 M
eO

H
, 0

°;
 5

°, 
2 

h
85

1

N
H

C
O

N
H

2

Ph

C
5

(2
5)

(2
5-

35
)

1.
 A

r1 N
=

N
C

O
A

r2 , s
ol

ve
nt

, 0
°, 

tim
e 

1

2.
 1

0%
 H

C
l, 

M
e 2

C
O

, t
em

p,
 ti

m
e 

2

40
0

A
r1

Ph 4-
O

2N
C

6H
4

Ph

A
r2

Ph Ph C
6H

4N
O

2-
4

So
lv

en
t

E
t 2

O

Ph
H

Ph
H

T
im

e 
1

10
-1

5 
m

in

2 
d

2 
d

T
em

p

0° rt rt

T
im

e 
2

fe
w

 m
in

24
-4

8 
h

24
-4

8 
h

(5
5)

(6
4)

(6
3)

O
2S

NO

1.
 E

tO
2C

N
=

N
C

O
2E

t, 
Ph

H
, r

t, 
72

 h

2.
 H

C
l, 

E
tO

H
, H

2O
, r

t, 
24

h

(8
6)

24
8

O
2S

N
H

B
u-

n

O
2S

n-
B

uH
N

N
E

tO
2C

N
=

N
C

O
R

, M
eC

N
, r

ef
lu

x,
 3

 h
25

0

R O
E

t

Ph

(6
5)

(6
5)

YO
T

M
S

n
1.

 E
tO

2C
N

3,
 1

00
°, 

15
 h

2.
 S

iO
2

29
6

Y C
H

2

C
H

2

C
H

B
u-

t

n 0 1 1

(4
0)

(4
9)

(3
6)

C
5-

9

YO n
N

H
C

O
2E

t

O

N
N

H
C

O
A

r2

A
r1

O
2S

O

N
N

H
C

O
2E

t

C
O

2E
t

N
H

C
O

R

C
O

2E
t

218



YO
T

M
S

YO

N
3

N
aN

3,
 C

e(
N

H
4)

2(
N

O
3)

6,
 M

eC
N

, –
20

°
Y — O

(6
5)

(4
7)

33
1

C
5

N
M

eO
O

N
H

C
O

2E
t

1.
 E

tO
2C

N
3,

 C
H

2C
l 2

, r
ef

lu
x

2.
 h

ν,
 rt

, 4
 h

(1
8)

, 2
4%

 e
e

30
3

O
H N

   
   

   
   

   
   

  ,
 C

H
2C

l 2
, r

t, 
30

 m
in

(2
5)

, 1
8%

 e
e

30
3

M
sN E
tO

N
3

N
M

s

O
E

t

N
M

eO
O

M
e

   
   

   
   

   
   

   
, C

H
2C

l 2
, r

t, 
30

 m
in

M
sN E
tO

N
3

N
M

eO
O

M
e

H N
N

M
s

O
E

t

O
H N

N
M

e

O
E

t

I 
 (

18
),

  >
95

%
 d

e
II

  2
0%

 e
e

30
3

N
O

N
H

C
O

R

N
SO

2

R
C

O
N

3,
 C

H
2C

l 2
, 3

0 
m

in

R
 =

N
C

O
R

N
(5

),
 4

5%
 d

e
(2

2)
, >

95
%

 d
e

30
4

1. 2.
 r

t ;
 I

 c
on

ve
rt

s 
sl

ow
ly

 in
to

 I
I

+

C
6

O
M

e
O

N
H

C
O

2C
H

2C
C

l 3
1.

 C
lN

H
C

O
2C

H
2C

C
l 3

, C
H

C
l 3

, M
eO

H
, –

78
°

2.
 C

rC
l 2

3.
 M

eO
N

a

(8
6)

34
3

O
R

1
O

N
H

C
O

2E
t

4-
R

2 C
6H

4S
O

2O
N

H
C

O
2E

t, 
ad

de
nd

, 

   
  C

H
2C

l 2
, r

t

R
1

T
M

S

T
M

S

O
(C

H
2)

2O
T

M
S

T
im

e

24
 h

3.
5 

h

2 
h

(5
1)

(6
7)

(3
3)

R
2

M
e

O
2N

O
2N

A
dd

en
d

C
s 2

C
O

3

C
aO

C
aO

11
9

12
2

12
2

219



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

N
R

O

N
H

C
O

2E
t

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t, 

E
t 3

N
, 

   
C

H
2C

l 2
, r

t, 
3 

h
N N

H
C

O
2E

t

R

I
II

 (—
)

R C
O

2B
u-

t (
S)

C
H

2O
T

M
S 

(S
)

C
H

2O
M

e 
(S

)

C
H

2O
M

e 
(R

)

I

(1
4)

(1
2)

(1
8)

(2
1)

%
 e

e

5 52 77 50

12
1

C
6

N
R

1
R

1
O

N
H

C
O

2E
t

N N
H

C
O

2E
t

I
II

A
rS

O
2O

N
H

C
O

2E
t, 

ad
de

nd
, 

   
C

H
2C

l 2
, r

t

R
2

R
2

R
1

H H H M
e

H H

R
2

H H H H M
e

t-
B

u

A
dd

en
d

— C
s 2

C
O

3

C
s 2

C
O

3

E
t 3

N

E
t 3

N

E
t 3

N

T
im

e

2 
h

24
 h

24
 h

3 
h

3 
h

3 
h

I

(—
)

(3
8)

(3
5)

(1
5)

(1
9)

(2
4)

II (—
)

(0
)

(3
4)

(0
)

(0
)

(0
)

I:
II

49
:5

1

— — — — —

39
9

11
8

11
8

12
0

12
0

12
0

O
O

T
M

S

R
R

O

N
H

C
H

O
2E

t
4-

O
2N

C
6H

4S
O

2O
N

H
C

O
2E

t, 
E

t 3
N

, 

   
C

H
2C

l 2
, r

t, 
3 

h

O
N

C
O

2E
t

O
T

M
S

R

R

I
II

R M
e 

(R
,R

)

M
eO

C
H

2 
(R

,R
)

Ph
 (

S,
S)

B
nO

C
H

2 
(S

,S
)

I

(2
4)

(2
7)

(3
6)

(2
8)

%
 e

e

68 63 75 60

II (0
)

(0
)

(1
9)

(0
)

%
 d

e

— — >
95 —

39
7

A
r

4-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
O

2N
C

6H
4

4-
O

2N
C

6H
4

4-
O

2N
C

6H
4

4-
O

2N
C

6H
4

N
N

C
O

2E
t

II
I

II
I

(0
)

(t
ra

ce
)

(3
1)

(0
)

(0
)

(0
)

+

+

+
+

220



O
R

O

N
H

T
s

Ph
I=

N
T

s 
(0

.6
7 

eq
),

 M
eC

N
, –

20
°, 

1.
5 

h
(6

4-
65

)
R

 =
 T

M
S,

 T
B

S
17

2,
 1

73

N
N

2,
6-

C
l 2

C
6H

4
C

6H
3C

l 2
-2

,6

O
T

M
S

Ph
I=

N
T

s,
 C

uP
F 6

, 1
 (

ca
t)

, 

  C
H

2C
l 2

, –
40

°, 
5 

h

O

N
H

T
s

(4
5)

, 1
9%

 e
e

17
4

O
L

i

Ph
N

2+
 B

F 4
–  (

ia
),

 T
H

F,
 –

78
°

O

N
=

N
Ph

(1
0-

30
) 

  c
om

pl
ex

 m
ix

tu
re

18
5

N

O

N
-N

H
A

r
1.

 A
rN

2+
 C

l– , c
on

c.
 H

C
l, 

H
2O

, –
3°

 to
 0

°
2.

 N
aO

A
c 

to
 p

H
 5

-6

85
2

A
r

Ph 2-
O

2N
C

6H
4

4-
O

2N
C

6H
4

2-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

4-
M

eC
6H

4

(7
5)

(7
4)

(7
7)

(6
1)

(5
5)

(8
2)

(8
5)

C
6-

10

RNY

RO

N
1.

 A
rN

=
N

C
O

2E
t, 

0°
2.

 H
C

l, 
H

2O
, E

tO
H

R H H H H t-
B

u

Y — — O O —

A
r

Ph 4-
O

2N
C

6H
4

Ph 4-
O

2N
C

6H
4

Ph

(4
5)

(5
0)

(1
0)

(4
5)

(3
9)

85
3

N
H

C
O

2E
t

A
r

1

221



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
6-

10

RNY

RO

N

1.
 E

tO
2C

N
=

N
C

O
A

r,
 E

t 2
O

, 0
°, 

48
 h

2.
 H

C
l, 

M
e 2

C
O

, H
2O

, 4
8 

h

R H H t-
B

u

t-
B

u

t-
B

u

t-
B

u

Y O O O O — —

A
r

Ph 4-
O

2N
C

6H
4

Ph 4-
O

2N
C

6H
4

Ph 4-
O

2N
C

6H
4

(8
4)

b

(3
6)

b

(4
1)

b

(5
5)

b

(5
0)

b

(3
7)

b

85
3

R
1

NO

R
1

NO

N

R
1

H H H t-
B

u

t-
B

u

t-
B

u

R
2

H H O
2N

H H O
2N

R
3

H O
2N

H H O
2N

H

So
lv

en
t

E
t 2

O

Ph
H

Ph
H

E
t 2

O

Ph
H

Ph
H

(2
3)

(2
0)

(8
0)

(4
1)

(2
1)

(7
4)

4-
(R

2 )C
6H

4N
=

N
C

O
C

6H
4(

R
3 )-

4,
 

  s
ol

ve
nt

, 0
°, 

48
 h

85
4

N
C

O
C

6H
4(

R
3 )-

4

C
6H

4(
R

2 )-
4

RO

RO

N

B
zN

=
N

B
z,

 1
00

-1
10

°, 
20

 h
R

 =
 H

, t
-B

u
(2

0-
25

)
38

9

RNY

Y — C
H

2

O O O

R H H H H t-
B

u

A
r

Ph Ph Ph 4-
M

eC
6H

4

Ph

(7
9)

(8
7)

(8
0)

(8
1)

(7
4)

38
9,

 8
55

A
rC

O
N

=
N

C
O

A
r,

 P
hH

, 7
-8

°;
 r

t, 
24

 h

N
H

C
O

A
r

C
O

2E
t

N
H

B
z

B
z

RO

N
N

H
C

O
A

r

C
O

A
r

222



O

E
tO

2C
N

=
N

C
O

2E
t, 

  K
2C

O
3 

or
 K

O
A

c,
 1

00
°, 

4 
h

(2
8-

32
)

39
0

R
O

2C
N

=
N

C
O

2R
, 1

00
°, 

24
 h

R M
e

E
t

(2
0)

(4
8)

24
6

39
0,

 2
46

O
T

M
S

1.
 B

nO
2C

N
=

N
C

O
2B

n 
+

 A
gO

T
f 

(i
a)

,

   
 C

H
2C

l 2
, 0

°, 
30

 m
in

2.
 H

F,
 T

H
F

(9
1)

24
4

C
6

O

N
N

H
C

O
2E

t

C
O

2E
t

O

N
N

H
C

O
2R

C
O

2R

O

N
N

H
C

O
2B

n

C
O

2B
n

R
O

2C
N

=
N

C
O

2R
, c

at
al

ys
t (

x 
eq

)

O

E

R E
t

E
t

E
t

i-
Pr

t-
B

u

B
n

B
n

B
n

B
n

x 0.
1

0.
2

0.
2

0.
2

0.
2

0.
2

0.
2

0.
2

0.
2

So
lv

en
t

C
l(

C
H

2)
2C

l

C
l(

C
H

2)
2C

l

C
H

2C
l 2

M
eC

N

M
eC

N

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

T
im

e

23
 h

44
 h

— 6 
h

52
 h

24
 h

24
 h

— 24
 h

I

(6
7)

(—
)

(4
6)

(—
)

(—
)

(—
)

(5
6)

(—
)

60
)

%
 e

ec

84 84 — 59 59 — 61 6 90

O

E
E

II (0
)

(0
)

— (1
0)

(1
0)

(—
)

(—
)

(—
)

(—
)

E
 =

 N
(C

O
2R

)N
H

C
O

2R

22
8

22
8

22
9

22
8

22
8

22
9

22
9

22
9

22
9

C
at

al
ys

t

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

L
-p

ro
lin

e

D
L

-p
ro

lin
e

L
-p

ro
lin

e

L
-a

ze
tid

in
ec

ar
bo

xy
lic

 a
ci

d

L
-a

ze
tid

in
ec

ar
bo

xy
lic

 a
ci

d

T
em

p

rt rt rt rt rt rt rt 40
°

rt

I
II

O

+

223



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

NY

R
1

NY

R
1

E

O

R
1

E
NY

E
E

E
E

O

I
II

II
I

IV

1.
 R

2 O
2C

N
=

N
C

O
2R

2  (
1 

eq
),

 s
ol

ve
nt

, 

   
te

m
p,

 ti
m

e

2.
 H

C
l R

1

H H H H M
e

H H

R
2

M
e

E
t

M
e

E
t

E
t

M
e

E
t

Y — — O O O C
H

2

C
H

2

So
lv

en
t

E
t 2

O

E
t 2

O

E
t 2

O

E
t 2

O

Ph
H

E
t 2

O

E
t 2

O

T
em

p,
 T

im
e

rt
, 2

0 
h

rt
, 1

5 
h

rt
, 4

8 
h

ic
e 

ba
th

, t
he

n 
rt

, 2
4 

h

re
fl

ux
, 4

 h

ic
e 

ba
th

, t
he

n 
rt

, 1
5 

h

ic
e 

ba
th

, t
he

n 
rt

, 1
5 

h

I (0
)

(0
)

(0
)

(4
5)

(0
)

(5
6)

(0
)

II (5
3)

(3
8)

(6
7)

(1
8)

(7
9)

(3
5)

(8
6)

e

d
d

II
I

(1
2)

(4
8)

(0
)

(0
)

(0
)

(0
)

(0
)

IV (1
6)

(0
)

(1
9)

(2
8)

(0
)

(0
)

(0
)

E
 =

 N
(C

O
2R

2 )N
H

C
O

2R
2

24
6

C
6-

7

+
+

+

1.
 P

hR
2 N

M
nM

e 
(i

a)
, T

H
F,

 r
t, 

tim
e

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t

O

R
1

O

E

O

E

R
1

E

R
1

H M
e

M
e

M
e

M
ee

R
2

M
e

M
e

n-
B

u

n-
B

u

—

T
im

e

1 
h

1 
h

0.
5 

h

1 
h

—

I 
+

 I
I

(2
5)

(5
2)

(9
6)

(8
4)

(5
2)

I:
II —

40
:6

0

88
:1

2

91
:9

12
:8

8

I

38
8

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

II

I 
dr — 3:
1

3:
1

3:
1

3:
1

O

N
t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
Ph

H
, r

t, 
24

 h
(6

6)
,  

38
%

 e
e 

(S
)

N
M

eO

+

N
H

C
O

2B
u-

t

C
O

2B
u-

t

224



O

N
H

R
1

O

N
H

R
1

N

O

N

N

O
N

N
H

C
O

R
2

R
1 N

O

I
II

II
I

E
tO

2C
N

=
N

C
O

R
2 , E

t 2
O

, –
20

°

R
1

n-
B

u

n-
B

u

t-
B

u

t-
B

u

Ph Ph

R
2

E
tO

Ph E
tO

Ph E
tO

Ph

T
im

e

2 
h

2 
h

2 
h

48
 h

2 
h

15
 m

in

I

(—
)

(—
)

(9
0)

(—
)

(9
0)

(2
5)

II (3
5)

(3
5)

(0
)

(6
0)

(—
)

(—
)

II
I

(3
0)

(3
5)

(0
)

(—
)

(—
)

(—
)

85
6

N
H

C
O

R
2

C
O

2E
t

C
O

2E
t

R
1

C
O

2E
t

N
H

C
O

R
2

+

+

C
6

O

NY

O

NY

N
R

1 N
=

N
C

O
R

2 , P
hH

Y — — O O O O

(1
00

)f

(5
8)

f

(1
00

)f

(1
00

)f

(1
00

)f

(9
5)

R
2

O
E

t

Ph O
E

t

Ph C
6H

4N
O

2-
4

C
6H

4N
O

2-
4

R
1

E
tO

2C

E
tO

2C

E
tO

2C

E
tO

2C

E
tO

2C

4-
O

2N
C

6H
4

24
9

24
9

24
9

24
9

24
9

85
7

T
em

p,
 T

im
e

0°
, 4

8-
72

 h
; t

o 
rt

0°
, 4

8-
72

 h
; t

o 
rt

0°
, 4

8-
72

 h
; t

o 
rt

0°
, 4

8-
72

 h
; t

o 
rt

0°
, 4

8-
72

 h
; t

o 
rt

re
fl

ux

N
H

C
O

R
2

R
1

225



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

R
4

R
5

R
2

O
R

1

R
3

R
4

R
5

R
2

O
R

3 N
3

R
1

Si
M

e 3

Si
(P

r-
i)

3

Si
(P

r-
i)

3

Si
(P

r-
i)

3

Si
(P

r-
i)

3

Si
(P

r-
i)

3

Si
(P

r-
i)

3

R
2

H H M
e

H H H H

R
3

H H H M
e

H H t-
B

u

R
4

H H H H M
e

—
O

(C
H

2)
2O

—

H

R
5

H H H H H H

(3
8)

(7
2)

(5
6)

g

(4
9)

(8
1)

g

(5
9)

(6
5)

g

N
aN

3,
 C

e(
N

H
4)

2(
N

O
3)

6,
 M

eC
N

, –
20

°
33

1

O
O

O
O

T
B

S

C
6-

10

C
6

O
O

O
O

N
3

N
aN

3,
 C

e(
N

H
4)

2(
N

O
3)

6,
 

  M
eC

N
, –

15
°, 

2 
h;

 to
 r

t

(7
0)

29
7

H

N
R

O

N
H

C
O

2E
t

1.
 E

tO
2C

N
3,

 C
H

2C
l 2

, r
ef

lu
x

2.
 h

ν
3.

 S
iO

2

R C
O

2B
u-

t

C
H

2O
T

M
S

C
H

2O
M

e

(4
8)

(5
1)

(4
0)

%
 e

e

3 
(S

)

35
 (

S)

18
 (

S)

30
2

30
2

30
2,

 3
03

O
O

O

O
O

O

1.
 t-

B
uO

2C
N

3,
 6

0°
, 3

6 
h 

(f
or

m
s 

I)

Fo
r 

II
 f

ro
m

 I
:

1.
 h

ν,
 M

eC
N

, 0
°, 

30
 m

in

2.
 A

cO
H

, t
he

n 
n-

B
u 4

N
+
 F

–

29
7

N N C
O

2B
u-

t

N

O
T

B
S

O
T

B
S

O
O

O

O

N
H

C
O

2B
u-

t

I 
 (

85
)

II
  (

88
)

O
O

T
M

S

R
R

O

N
H

C
O

2E
t

E
tO

2C
N

3,
 C

H
2C

l 2
, 1

20
°, 

4 
h

I
II

39
7

O
O

N
H

C
O

2E
t

R
R

+

226



R M
e 

(R
,R

)

C
H

2O
M

e 
(R

,R
)

C
H

2O
B

n 
(S

,S
)

Ph
 (

S,
S)

I

(—
)

(—
)

(1
0)

(—
)

%
 e

e

— — 76 —

II (1
4)

(1
4)

(—
)

(1
3)

%
 d

e

69 63 — 62

O
R

N
C

O
N

3

S O
2

, C
H

2C
l 2

, h
ν,

 7
 h

N
C

O
N

S O
2

H
O

R T
M

S

M
e

(6
1)

(5
3)

%
 d

e

60 60

30
4

O
T

M
S

C
6-

10

R

O R

N
H

T
s

[T
sN

(C
l)

N
a 

+
 O

sO
4 

(0
.0

04
 e

q)
 +

 

  c
at

al
ys

t (
0.

00
8 

eq
)]

(i
a)

,

  t
-B

uO
H

/H
2O

 (
1:

1)
, r

t, 
15

 m
in

34
2

R H M
e

t-
B

u

C
at

al
ys

t

(D
H

Q
D

) 2
C

L
B

(D
H

Q
D

) 2
PY

R

(D
H

Q
D

) 2
C

L
B

(3
5)

(4
0)

(3
4)

%
 e

e

92 86 76

O
Si

(P
r-

i)
3 

h

R

O
R N

H
T

s
"T

sN
=

Se
=

N
T

s"
(i

a)
, C

H
2C

l 2
, 0

° t
o 

rt
, 3

 h

n
n

n 0 1 1

R M
e

M
e

Ph

(2
3)

(3
9)

(3
6)

34
8,

 3
47

C
6-

8
O

Si
(P

r-
i)

3 
h

R
1

R
2

R
3

O
Si

(P
r-

i)
3

R
1

R
3

R
4

"T
sN

=
Se

=
N

T
s"

(i
a)

, C
H

2C
l 2

, 0
° t

o 
rt

, 3
 h

n

R
1

M
e

H M
e

H H

n 0 1 1 1 1

R
2

H H H H M
e

R
3

H H H M
e

M
e

N
H

T
s

O
Si

(P
r-

i)
3

T
sN

H I

(3
8)

(3
9)

(4
9)

(5
1)

(3
7)

II (0
)

(1
1)

(0
)

(0
)

(0
)

34
8,

 3
47

I
II

n
+

C
6-

12

227



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
7

O
T

M
S

O

N
H

C
O

2B
n

1.
 C

lN
H

C
O

2B
n,

 M
eO

H
, C

H
C

l 3
, –

78
°

2.
 C

rC
l 2

3.
 M

eO
H

(1
9)

34
3

O
T

M
S

O
N

=
N

Ph
Ph

N
2+

B
F 4

–  (
ia

),
 T

H
F,

 –
78

°
(6

1)
18

5

M
e

N

O

M
e

N

O

1.
 L

D
A

, T
H

F,
 –

78
°, 

45
 m

in

2.
 E

tO
2C

N
=

N
C

O
2E

t, 
–7

8°
, 3

0 
m

in

(8
0)

39
1

N H

O

O

O

O

O

O

O

O

N
1.

 L
D

A
, T

H
F,

 h
ex

an
e,

 –
78

°, 
1 

h

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 

   
C

H
2C

l 2
, –

78
°, 

30
 m

in

(6
6)

34
9

H

O
O

O

O

O

O

O

N
H

T
s

"T
sN

=
Se

=
N

T
s"

, C
H

2C
l 2

, r
t, 

2 
h

(8
1)

34
9

O
Si

(P
r-

i)
3

H

N
H

C
O

2E
t

C
O

2E
t

N
H

C
O

2B
u-

t

C
O

2B
u-

t

O

T
B

SO

O

O
B

u-
t

O

T
B

SO

O

O
B

u-
t

N
B

nO
2C

N H
C

O
2B

n

1.
 L

D
A

, T
H

F,
 –

78
°

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°

(7
4)

21
7

O

T
B

SO

O

O
B

u-
t

O

T
B

SO

O

O
B

u-
t

N
B

nO
2C

N H
C

O
2B

n

1.
 L

D
A

, T
H

F,
 –

78
°

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°

(—
)

21
7

O

T
B

SO

O

O
B

u-
t

("
su

bs
ta

nt
ia

l a
m

ou
nt

s"
)

+

228



O

T
B

SO

O
B

u-
t

O

O

T
B

SO

O
B

u-
t

O

E
1.

 t-
B

uO
K

,i  T
H

F,
 –

78
° t

o 
0°

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°, 

10
 m

in

(9
4)

  E
 =

 N
(C

O
2B

n)
N

H
C

O
2B

n
85

8,
 2

17

Pi
vO

Pi
vO

O
N R

NN

H
O

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
1 

h

2.
 R

N
3,

 –
78

°, 
30

 m
in

; t
o 

rt

85
9

R n-
C

6H
11

c-
C

6H
11

B
n

(9
3)

(6
9)

(6
7)

j

O
Si

(P
r-

i)
3

R
1

R
2

R
3

O
Si

(P
r-

i)
3

R
1

R
2

R
3

T
sN

H

"T
sN

=
Se

=
N

T
s"

34
5

R
1

H M
e

R
2

H C
H

2=
C

(M
e)

R
3

M
e

H

So
lv

en
t

— C
H

2C
l 2

T
em

p

rt 0°

C
7-

10

(5
1)

(6
2)

C
8-

10

C
lN

H
2,

 2
,6

-(
R

1 ) 2
-4

-R
2 C

6H
2O

H
, 1

00
-1

40
°;

   
rt

, o
ve

rn
ig

ht

R
1

M
e

M
e

E
t

R
2

H M
e

H

(5
5)

(5
1)

(3
3)

65

O
–  N

a+ R
1

R
1

R
2

N
H

O
R

1

R
2

R
1

C
9

OO
T

M
S

OO

N
H

T
s

N
N

2,
6-

C
l 2

C
6H

3
C

6H
3C

l 2
-2

,6

Ph
I=

N
T

s,
 C

uP
F 6

, 1
 (

ca
t)

, C
H

2C
l 2

, –
40

°, 
3 

h
(1

6)
, 6

%
 e

e
17

4

1

k

229



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

n

R

O
T

M
S

C
9-

11

nO

N

R H M
e

H H

n 1 1 2 3

T
em

p

–7
8°

–7
8°

–2
0°

–7
8°

(9
0)

(8
8)

(5
1)

(9
4)

%
 e

e

21 96 90 99

C
O

2C
H

2C
C

l 3

H N

O N

O

O

O
N

C
l 3

C
C

H
2O

2C
N

=
N

O
O

C
F 3

C
H

2O
H

 (
1 

eq
),

 2
 (

10
 m

ol
%

),
 T

H
F

25
2

C
10

O
O

N
H

C
O

N
E

t 2

O

N
C

O
N

E
t 2

2-
N

C
C

6H
4

1.
 n

-B
uL

i, 
he

xa
ne

, T
H

F,
 0

°, 
30

 m
in

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

, –
78

°, 
3 

h;

   
 to

 r
t, 

1.
5 

h

(5
9)

15
8

O
T

M
S

O

N
H

T
s

Ph
I=

N
T

s 
(0

.6
7 

eq
),

 C
uC

lO
4 

(3
-6

 m
ol

%
),

   
M

eC
N

, 0
°, 

90
 m

in

(5
3)

17
3

R

O

R

O

R
1.

 L
D

A
, T

H
F,

 h
ex

an
e,

 –
78

°
2.

 B
nO

2C
N

=
N

C
O

2B
n,

 –
78

°, 
3 

m
in

39
3,

 3
92

R H M
eO

(8
7)

(5
7)

N

,

N
H

C
O

2B
n

C
O

2B
n

O

N
B

n 2

O

N
B

n 2

E
O

H

E
1.

 L
D

A
, T

H
F,

 H
M

PA
, –

78
°, 

30
 m

in

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°, 

1 
h;

 r
t, 

24
 h

(4
5-

60
)

(1
1-

28
)

86
0

E
 =

 N
(C

O
2B

n)
N

H
C

O
2B

n

+

N
C

u
(O

T
f)

2

N

O
O

t-
B

u
B

u-
t

2

T
im

e

12
 h

6 
h

0.
5 

h

ov
er

ni
gh

t

230



O
T

M
S

O

N
1.

 B
nO

2C
N

=
N

C
O

2B
n 

+
 A

gC
lO

4 
+

  

   
(R

) -
B

IN
A

P 
+

 T
H

F 
(i

a)
, –

45
°, 

5 
h

2.
 H

F,
 T

H
F

(8
2)

, 6
5%

 e
e

24
4

N
N

O

N
N

O

N

1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°, 

3 
m

in

(5
2)

39
5,

 3
96

O
Si

(P
r-

i)
3

N
3

N
3

Si
(P

r-
i)

3

Ph
IO

 (
1.

5 
eq

),
 T

M
SN

3 
(3

 e
q)

, T
E

M
PO

a ,

  C
H

2C
l 2

, –
45

°, 
16

 h

(4
1)

, 4
:1

 m
ix

tu
re

 o
f 

is
om

er
s

85
0

O
T

M
S

O

N
H

T
s

T
sN

(C
l)

N
a,

 (
D

H
Q

D
) 2

C
L

B
 (

0.
00

8 
eq

),

  O
sO

4 
(0

.0
04

 e
q)

, t
-B

uO
H

/H
2O

 (
1:

1)
, 1

0 
m

in

(2
8)

, 7
6%

 e
e

34
2

O
Si

(P
r-

i) 3

R

C
10

-1
3

O
Si

(P
r-

i)
3

R

N
H

T
s

T
sN

=
Se

=
N

T
s,

 C
H

2C
l 2

, 0
° t

o 
rt

, 4
0 

h
34

8,
 3

46

R H C
H

2=
C

H
C

H
2

(7
1)

(5
9)

O
T

M
S

C
10

(S
al

tm
en

)M
n(

N
),

 C
H

2C
l 2

, p
yr

id
in

e,
 T

FF
A

, 

  –
78

° t
o 

rt
, 3

-4
 h

O

N
H

C
O

C
F 3

(7
8)

47
1

O
M

e
O

M
e

N
H

C
O

2B
n

C
O

2B
n

B
nO

2C
N

H
C

O
2B

n

231



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
10

O
T

M
S

R
1

R
1

O

N
H

C
O

C
F 3

2
35

3

R
1

H H M
eO

M
eO

R
2

—
(C

H
2)

4—

Ph —
(C

H
2)

4—

Ph

M
n

N
N

O
O

N

R
3

Ph Ph

(R
,R

)

(S
,S

)

(R
,R

)

(S
,S

)

R
4

H t-
B

u

H H

(8
3)

(7
4)

(5
8)

(5
5)

%
 e

e 
C

2

75
 (

R
)

65
 (

S)

62
 (

R
)

41
 (

S)

O
T

M
S

H

4 
(y

 e
q)

, R
2O

, p
yr

id
in

e,
 C

H
2C

l 2
, a

dd
en

d

x 
eq

O

N
H

R

x 10 1

y 1 2

R T
s

C
F 3

C
O

A
dd

en
d

py
ri

di
ne

 N
-o

xi
de

—

T
im

e

6 
h

3 
h

(7
6)

(5
8)

%
 e

e

48 79

35
2

M
n

N
N

O
O

N
O

T
M

S

1.
 5

 (
2 

eq
) 

+
 p

yr
id

in
e 

(i
a)

, C
H

2C
l 2

, –
78

°
2.

 T
FF

A
, –

78
° t

o 
rt

, 3
-4

 h
O

N
H

C
O

C
F 3

H
(5

5)
47

1

C
11

O

O
H

O
Si

(P
r-

i)
3

O

O
H

O

N
3

N
aN

3,
 C

e(
N

H
4)

2(
N

O
3)

6,
 M

eC
N

, –
20

°
(6

0)
33

1

H

M
n

N
N

O
O

N
R

2
R

3

 R
4

R
4

1.
 3

 (
2.

2 
eq

),
 p

yr
id

in
e,

 C
H

2C
l 2

, –
78

°
2.

 T
FF

A
, –

78
°, 

6 
h;

 to
 r

t

3 4

T
em

p

0°
–7

8°
 to

 r
t

5

232



C
12

O

Ph

O
Ph N

M
e 2

1.
 L

i b
as

e,
 E

t 2
O

 o
r 

T
H

F

2.
 M

e 2
N

O
SO

2M
e,

 –
30

° t
o 

0°
(5

0)
13

4

O
Si

(P
r-

i)
3

Ph
(i

-P
r)

3S
iO

N
3

N
3

Ph
Ph

IO
, T

M
SN

3 
(3

 e
q)

, T
E

M
PO

a , 

  C
H

2C
l 2

, –
45

°, 
16

 h

(5
9)

, 6
7%

 d
e

85
0

N

O

O

C
H

(O
E

t)
2

C
H

(O
E

t)
2

N

O

O

C
H

(O
E

t)
2

C
H

(O
E

t)
2

N
(C

O
2B

n)
N

H
C

O
2B

n

1.
 L

D
A

, T
H

F,
 –

78
°

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°, 

3 
m

in

(7
5)

39
4,

 3
92

O

O
A

cO
O

R
1

O
H

O
A

c
H

O
B

zO

C
20

O

O
A

cO
O

R
1

O
H

O
A

c
H

O
B

zO

1.
 K

O
B

u-
t (

ia
),

 T
H

F,
 D

M
PU

, –
72

°, 
tim

e 
1

2.
 R

2 O
2C

N
=

N
C

O
2R

2 , t
em

p,
 ti

m
e 

2

32
5

R
1

Si
E

t 3

C
O

2B
u-

t

C
O

2B
u-

t

R
2

B
n

B
n

t-
B

u

T
im

e 
1

45
 m

in

15
 m

in

15
 m

in

T
em

p

–6
5°

–6
8°

 to
 –

50
°

–6
8°

T
im

e 
2

3 
h

3 
h

1 
h

(7
6)

(6
5)

(7
2)

R
2 O

2C
N

H
N C

O
2R

2

O

O
A

cO
O

R

O
H

O
A

c
H

O
B

zO

O

O
A

cO
O

R

O
H

O
A

c
H

O
B

zO

1.
 K

O
B

u-
t (

ia
),

 T
H

F,
 D

M
PU

, –
72

°, 
10

 m
in

2.
 T

sN
3,

 –
72

° t
o 

–5
0°

, 2
 h

3.
 N

H
4C

l, 
H

2O
l

32
5

N
3

R Si
E

t 3

C
O

2B
u-

t

(9
2)

(8
5)

233



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 7

B
. C

Y
C

L
IC

 K
E

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

O
A

cO
O

Si
E

t 3 O
H

O
A

c
H

O
B

zO

O

O
A

cO
O

Si
E

t 3 O
H

O
A

c
H

O
B

zO

N
aN

3,
 C

e(
N

H
4)

2(
N

O
3)

6,
 M

eC
N

, 0
°

N
3

R
O

32
5

R M
e 3

Si

(i
-P

r)
3S

i

(9
5)

(5
5)

a  T
E

M
PO

 w
as

 a
dd

ed
 to

 s
up

pr
es

s 
fo

rm
at

io
n 

of
 th

e 
β-

az
id

o 
en

ol
 e

th
er

 b
y 

a 
ra

di
ca

l m
ec

ha
ni

sm
.

b 
T

he
 y

ie
ld

 is
 th

at
 o

f 
th

e 
pr

od
uc

t b
ef

or
e 

ac
id

 h
yd

ro
ly

si
s;

 th
e 

la
tte

r 
is

 r
ep

or
te

d 
to

 p
ro

ce
ed

 in
 a

lm
os

t q
ua

nt
ita

tiv
e 

yi
el

d.
c 

T
he

 e
e 

va
lu

es
 a

re
 th

os
e 

of
 th

e 
cr

ud
e 

pr
od

uc
ts

; s
om

e 
ra

ce
m

iz
at

io
n 

oc
cu

rr
ed

 d
ur

in
g 

ch
ro

m
at

og
ra

ph
y 

on
 s

ili
ca

.
d 

T
hi

s 
pr

od
uc

t w
as

 is
ol

at
ed

 b
ef

or
e 

ac
id

 tr
ea

tm
en

t. 
e 

T
he

 s
ub

st
ra

te
 w

as
 th

e 
lit

hi
um

 e
no

la
te

 p
re

pa
re

d 
w

ith
 L

D
A

 a
t 0

°  
to

 r
oo

m
 te

m
pe

ra
tu

re
 f

or
 o

ne
 h

ou
r.

f  T
he

 p
ro

du
ct

 is
 v

er
y 

re
si

st
an

t t
o 

ac
id

 h
yd

ro
ly

si
s.

g  T
he

 p
ro

du
ct

 is
 a

 m
ix

tu
re

 o
f 

ci
s 

an
d 

tr
an

s 
is

om
er

s.
h  T

M
S 

an
d 

T
B

D
M

S 
en

ol
 e

th
er

s 
ga

ve
 n

eg
lig

ib
le

 a
m

ou
nt

s 
of

 p
ro

du
ct

s.
i  W

ith
 L

D
A

, l
ith

iu
m

 te
tr

am
et

hy
lp

ip
er

id
id

e,
 o

r 
L

iH
M

D
S,

 r
ed

uc
tio

n 
of

 th
e 

ke
to

ne
 o

cc
ur

re
d.

j  W
ith

 d
ie

th
yl

 k
et

on
e,

 c
yc

lo
he

xa
no

ne
, a

nd
 v

ar
io

us
 c

yc
lo

he
xe

no
ne

s,
 e

lim
in

at
io

n 
of

 w
at

er
 o

cc
ur

re
d 

to
 g

iv
e 

th
e 

tr
ia

zo
le

 d
er

iv
at

iv
es

.
k  T

he
 in

te
rm

ed
ia

te
 a

m
in

at
io

n 
pr

od
uc

t r
in

g 
ex

pa
nd

s 
to

 th
e 

tr
op

ol
on

e 
pr

od
uc

t u
nd

er
 th

e 
re

ac
tio

n 
co

nd
iti

on
s.

l T
he

 d
ia

zo
 c

om
po

un
ds

 w
er

e 
fo

rm
ed

 w
he

n 
th

e 
re

ac
tio

ns
 w

er
e 

qu
en

ch
ed

 w
ith

 a
ce

tic
 a

ci
d.

T
im

e

1 
h

1 
d

C
20

234



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 8

. I
M

IN
E

 A
N

D
 H

Y
D

R
A

Z
O

N
E

 A
N

IO
N

S

C
5-

15

R
1

R
2

N
R

1
R

2

N

N

1.
 L

D
A

, T
H

F,
 0

°, 
4-

6 
h

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 2

-5
 m

in

R
1

E
t

n-
Pr

—
(C

H
2)

4—

Ph B
n

R
2

M
e

E
t

M
e

Ph

(8
5)

(7
5)

(7
8)

(6
6)

(6
3)

32
7

R
1

R
2

N

N
H

SO
2C

6H
2(

Pr
-i

) 3
-2

,4
,6

1.
 L

D
A

, T
H

F,
 0

°, 
4-

6 
h

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

   
 –

78
°, 

2-
5 

m
in

3.
 N

H
4C

l, 
H

2O

R
1

E
t

n-
Pr

—
(C

H
2)

4—

Ph B
n

R
2

M
e

E
t

M
e

Ph

(8
4)

(7
8)

(6
6)

(6
9)

(6
5)

32
7

C
6

NR
1

H
  a

R
2

O
1.

 U
ns

pe
ci

fi
ed

 K
 b

as
e,

 D
M

E
, 

   
C

H
2C

l 2
, r

t, 
1.

5 
h

2.
 4

-O
2N

C
6H

4S
O

2O
N

H
C

O
2E

t (
3 

eq
),

 

   
L

iO
H

 (
10

 e
q)

, –
70

°, 
3 

h;
 to

 r
t

3.
 H

3O
+

N
H

C
O

2E
t

O

NC
O

2E
t

12
3

R
1

Ph M
e

M
eO

C
H

2

I

(3
2)

(2
5)

(1
0)

%
 e

e

— 34 36

II — (1
0)

(5
)

%
 e

e

— 8 9

I
II

R
2

H Ph B
n

1.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
to

lu
en

e,
 

   
re

fl
ux

,  
2-

5 
h

2.
 H

O
2C

C
O

2H

O

N
R

1

Ph M
e

M
eO

C
H

2

R
2

H Ph B
n

(4
5)

(3
0)

(—
)

%
 e

e

— — 5

12
3

M
e 2

N
M

e 2
N

M
e 2

N

+

N
H

C
O

2B
u-

t
t-

B
uO

2C

N
H

C
O

2B
u-

t

C
O

2B
u-

t

N
H

C
O

2E
t

235



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 8

. I
M

IN
E

 A
N

D
 H

Y
D

R
A

Z
O

N
E

 A
N

IO
N

S 
(C

on
ti

nu
ed

)

C
6-

13

R
1

R
3

R
2

N
t-

B
uS

(O
)

R
1

R
3

R
2

O

N

R
1

R
3

R
2

O

N

1.
 P

hM
eN

M
nM

e•
4 

L
iB

r,
 T

H
F,

 r
t, 

1 
h

2.
 R

4 O
2C

N
=

N
C

O
2R

4 , –
30

°;
 r

t, 
2.

5 
h

3.
 H

C
l

38
8

R
1

M
e

n-
Pr

n-
C

5H
11

n-
C

5H
11

E
t

R
2

M
e

H M
e

M
e

E
t

R
3

M
e

n-
Pr

M
e

M
e

B
n

R
4

E
t

E
t

t-
B

u

t-
B

u

t-
B

u

* R R R
,S

R R
,S

*

I
II

I

(5
0)

(5
0)

(6
5)

(6
5)

(5
0)

I:
II

90
:1

0

— 98
:2

98
:2

99
:1

I 
%

 e
e

40 65 — 68 —

C
6

NR
1

H
  a

R
2

O
1.

 L
D

A
, H

M
PA

, T
H

F,
 0

°, 
90

 m
in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
0°

; t
o 

rt
, t

im
e

3.
 H

O
2C

C
O

2H

N
12

3

R
1

Ph M
e

M
eO

C
H

2

R
2

H Ph B
n

T
im

e

3 
h

4 
h

8 
h

(2
3)

(1
9)

(2
8)

%
 d

e

— 29 33

C
9-

10

Ph
R

1

N
R

2

Ph
R

1

N
R

2 N

E
tO

2C
N

=
N

C
O

2E
t, 

he
xa

ne
, r

t, 
2 

h
84

9

R
1

M
e

M
e

E
t

E
t

E
t

R
2

Ph 4-
M

eC
6H

4

Ph 2-
M

eC
6H

4

4-
M

eC
6H

4

(5
9)

(—
)

(—
)

(—
)

(—
)

N
H

C
O

2B
u-

t

C
O

2B
u-

t

R
4 O

2C

N
H

C
O

2R
4

N
H

C
O

2R
4

R
4 O

2C

+

N
H

C
O

2E
t

E
tO

2C

236



C
10

N

M
eO

R
2

H
R

1

N

M
eO

R
2

H
R

1
E

N

M
eO

R
2

H
R

1
E

I
II

E
 =

 N
(C

O
2R

3 )N
H

C
O

2R
3

R
1

H H M
eO

H

R
2

B
n

i-
B

u

i-
Pr

B
n

1.
 L

D
A

, T
H

F,
 h

ex
an

e,
 –

45
°, 

1.
25

 h

2.
 R

3 O
2C

N
=

N
C

O
2R

3 , –
78

°, 
3 

m
in

R
3

t-
B

u

t-
B

u

t-
B

u

B
n

I 
+

 I
I

(8
6)

(8
2)

(—
)

(6
5)

I 
%

 d
e

72 76 38 40

40
5

 R
3 O

2C
N

=
N

C
O

2R
3 , T

H
F

I 
+

 I
I

R
1

H H H H M
eO

H

R
2

B
n

i-
B

u

i-
Pr

t-
B

u

i-
Pr

B
n

R
3

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

B
n

T
em

p

rt rt rt rt rt 0°

T
im

e

24
 h

24
 h

24
 h

48
 h

20
 h

 

1 
h

I 
+

 I
I

(8
4)

(8
5)

(8
5)

(8
5)

(7
7)

(7
2)

I 
%

 d
e

74 64 58 74 — 40

40
5

a  T
hi

s 
is

 a
 c

or
re

ct
ed

 s
tr

uc
tu

re
; p

er
so

na
l c

om
m

un
ic

at
io

n 
fr

om
 L

. P
el

la
ca

ni
, D

ip
ar

tim
en

to
 d

i C
hi

m
ic

a,
 U

ni
ve

rs
itá

 "
L

a 
Sa

pi
en

za
",

 R
om

e,
 I

ta
ly

.

+

237



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 9

. C
A

R
B

O
X

Y
L

IC
 A

C
ID

 D
IA

N
IO

N
S

C
4-

10
1.

 L
D

A
 (

2.
2 

eq
),

 T
H

F,
 0

°
2.

 R
2 N

H
2,

 –
10

° t
o 

rt
, 1

 h
; r

t t
o 

30
°, 

2-
5 

h

R
1

M
eS

C
H

2C
H

2

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
B

u

Ph Ph
(C

H
2)

2

R
2

M
eO

C
l

H
O

SO
2O

M
eO

E
tO

i-
Pr

O

t-
B

uO

B
nO

2,
4,

6-
M

e 3
C

6H
2C

O
2

2,
4,

6-
M

e 3
-3

,5
-(

O
2N

)C
6C

O
2

M
eO

M
eO

M
eO

(—
)

(8
)

(t
ra

ce
)

(3
4)

(2
2)

(2
5)

(1
3)

(t
ra

ce
)

(4
)

(5
)

(—
)

(5
6)

(2
4)

86
1

79 79 79 79 79 79 79 79 79 86
1

79
, 8

61

86
1

1.
 L

D
A

 (
2.

2 
eq

),
 T

H
F,

 H
M

PA
, –

15
°, 

15
 m

in

2.
 M

eO
N

H
2a 

(3
 e

q)
, t

em
p,

 ti
m

e

R
1

M
eS

C
H

2C
H

2

i-
Pr

C
H

2P
r-

i

Ph B
n

40
7

T
im

e

2 
h;

 o
ve

rn
ig

ht

2 
h;

 o
ve

rn
ig

ht

2 
h;

 o
ve

rn
ig

ht

2 
h

2 
h;

 o
ve

rn
ig

ht

(9
)b

(2
7)

(1
1)

b

(5
5)

(7
0b

C
4-

11

R
1

C
O

2H
R

1
C

O
2H

N
H

2

R
1

C
O

2H

N
H

2

T
em

p

–1
5°

 to
 –

10
°;

 r
t

–1
5°

 to
 –

10
°;

 r
t

–1
5°

 to
 –

10
°;

 r
t

–1
5°

 to
 –

10
°

–1
5°

 to
 –

10
°;

 r
t

238



H
O

2C
C

O
2H

R

H
O

2C
C

O
2H

R

1.
 n

-B
uL

i (
3 

eq
),

 T
H

F,
 h

ex
an

e,
 te

m
p 

1,
 ti

m
e 

1

2.
 C

lN
H

2,
 E

t 2
O

, t
em

p 
2,

 ti
m

e 
2

66
8

R H Ph
S

T
im

e 
2

—
; 1

 h

—
; 4

5 
m

in

(8
)

(3
.7

)

N
H

2

C
6

a  O
th

er
 a

m
in

at
in

g 
ag

en
ts

 g
av

e 
lo

w
er

 y
ie

ld
s.

b  T
he

 y
ie

ld
 w

as
 d

et
er

m
in

ed
 b

y 
an

 a
m

in
o 

ac
id

 a
na

ly
ze

r.

C
7

1.
 L

D
A

 (
2.

4 
eq

),
 T

H
F,

 –
10

°, 
30

 m
in

2.
 H

M
PA

, –
5°

, 3
0 

m
in

3.
 2

,4
,6

-M
e 3

C
6H

2S
O

2O
N

H
2,

 –
5°

; 0
°, 

3 
h

(2
7)

66
8

1.
 n

-B
uL

i (
3.

3 
eq

),
 T

H
F,

 h
ex

an
e,

 

   
–5

0°
 to

 0
°, 

1 
h

2.
 C

lN
H

2,
 E

t 2
O

, –
50

° t
o 

–1
0°

; 0
°, 

45
 m

in

+
66

8

I
II

I 
+

 I
I 

(1
9)

, I
:I

I 
=

 1
:3

N
O

M
eO

C
O

2H
N

O

M
eO

C
O

2H

H
2N

(1
9)

11
5

1.
 n

-B
uL

i (
3.

3 
eq

),
 T

H
F,

 h
ex

an
e,

 

   
–5

0°
 to

 0
°, 

1 
h

2.
 C

lN
H

2,
 E

t 2
O

, –
50

° t
o 

–1
0°

; 0
°, 

45
 m

in

H
O

2C
C

O
2H

H
O

2C
C

O
2H

H
O

2C
C

O
2H

N
H

2

H
O

2C
N

H
2

C
O

2H
H

O
2C

N
H

2

C
O

2H

T
em

p 
1

–5
0°

; –
40

°;
 0

°
–5

0°
 to

 0
°

T
im

e 
1

—
; 0

.5
 h

; 1
.5

 h

1 
h

T
em

p 
2

–5
0°

; t
o 

rt

–5
0°

 to
 –

10
°;

 0
°

239



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S

C
2

(0
)

93
2,

4-
(O

2N
) 2

C
6H

3O
N

H
2,

 T
H

F

15
3,

 1
57

1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

,  
–7

8°
, 3

0 
m

in

O

N
C

O
2B

u-
t

4-
N

C
C

6H
4

1.
 B

as
e 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
   

   
   

   
   

   
  ,

  –
78

°, 
3 

h;
 to

 r
t, 

1.
5 

h

O

N
C

O
N

E
t 2

A
r

A
r

2-
C

lC
6H

4

4-
C

lC
6H

4

4-
C

lC
6H

4

2,
6-

C
l 2

C
6H

3

2-
N

C
C

6H
4

2-
N

C
C

6H
4

4-
N

C
C

6H
4

I (0
)

(3
1)

(3
0)

(0
)

(5
5)

(3
3)

(3
9)

B
as

e

L
D

A

L
D

A

N
aH

M
D

Sa

L
D

A

L
D

A

N
aH

M
D

S

L
D

A

II (0
)

(1
0)

(0
)

(0
)

(7
)

(2
3)

(2
0)

15
8

15
8

15
5

15
8

15
8

15
5

15
8

R
1

C
O

2R
2

R
1

C
O

2R
2

H
N

O
i-

Pr

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
1 

h

2.
 1

, –
78

° t
o 

rt
, 2

-3
 h

C
2-

5

O
N

4-
N

C
C

6H
4

O

O

i-
Pr

R
1

H M
e

M
e

M
e

i-
Pr

R
2

B
u-

t

M
e

E
t

t-
B

u

E
t

(6
0)

(5
7)

(5
2)

(5
1)

(4
9)

%
 d

e

— 5 8 7 17

15
4

O

O
B

u-
t

O

O
B

u-
t

O
H N

t-
B

uO
2C

(3
5)

O
B

u-
t

O
H N

E
t 2

N
C

O
O

B
u-

t

O

A
r

O
H

+

I
II

B
rZ

n
C

O
2E

t
H

2N
C

O
2E

t

1

240



C
2-

8
1.

 L
iH

M
D

S,
 T

H
F,

 –
78

°

2.
   

   
   

   
   

, –
78

°, 
3-

7 
h;

 to
 r

t

O
N

H

R
C

O
2E

t

N
C

O
2E

t

R
H

N
C

O
2E

t

R
H

R H n-
Pr

Ph
I

II

15
1

I (0
)

(0
)

(2
5)

II (0
)

(0
)

(2
5)

+

O
Ph

O
T

M
S

Ph
I=

N
T

s,
 M

eC
N

(0
)

17
2

O
M

e

O
M

e
R

O
2C

N
=

N
C

O
2R

, P
hH

, r
t

25
1

C
2

R M
e

E
t

T
im

e

2 
d

sh
or

t

(7
4)

(5
2)

C
3-

4

O
T

M
S

O
R

3

R
1

R
2

C
O

2R
3

N
H

C
O

2E
t

R
2

R
1

E
tO

2C
N

(O
T

M
S)

(T
M

S)
, 9

0°
, 5

 d

R
1

M
e

H H

R
2

M
e

M
e

E
t

R
3

M
e

E
t

E
t

(2
5)

(7
0)

(4
8)

10
5

C
3

C
O

2E
t

C
O

2E
t

N
H

C
O

N
E

t 2
O

N
C

O
N

E
t 2

A
r

1.
 L

D
A

2.
(<

10
)

15
5

R
2C

H
C

O
2E

t

R
2C

H
C

O
2E

t

H
N

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°
2.

 2
,  

–7
8°

, 4
 h

; t
o 

rt

15
5

C
3-

5

R H M
e

(l
ow

)

(<
10

)

dr —

5:
1 

(S
:R

)

T
sH

N
C

O
2P

h

R
O

2C
N

C
O

2M
e

N
H

C
O

2R
+

  t
w

o 
2:

1 
ad

du
ct

s 
(—

)

N
a

C
O

2E
t

N
C

O
2E

t

Pn

E
tO

2C
N

H

Ph
N

=
N

C
O

2E
t

(—
)

15
9

A
r 

=
 2

-N
C

C
6H

4 
or

 4
-N

C
C

6H
4

O
N

4-
C

lC
6H

4

O

N
M

e

O
T

B
D

PS

Ph

2

O

M
e

N

Ph

O
T

B
D

PS

241



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

C
3

O
L

i

O
B

u-
t

Ph
N

2+
 B

F 4
–  (

ia
),

 T
H

F,
 –

78
°

Ph
N

=
N

C
O

2B
u-

t
(1

0-
30

) 
co

m
pl

ex
 m

ix
tu

re
18

5

O
M

e

O
T

M
S

R
R

C
O

2M
e

N
Ph

N
H

R
C

O
2M

e

N
N

H
Ph

Ph
N

2+
 B

F 4
–  , 

py
ri

di
ne

, 0
°, 

2 
h

R M
e

2-
th

ie
ny

l

Ph B
n

I 
+

 I
I

(5
9)

(7
2)

(8
3)

(7
6)

I:
II

10
0:

0

90
:1

0

88
:1

2

10
0:

0

19
7,

 1
96

C
3-

9

C
3

C
O

2M
e

C
O

2M
e

E
tO

2C
N

N
H

C
O

2E
t

E
tO

2C
N

=
N

C
O

2E
t, 

D
A

B
C

O
, T

H
F,

 r
t, 

12
0 

h
40

3

R
1

R
2

O
R

3

O
M

e

1.
 B

nO
2C

N
=

N
C

O
2B

n 
+

 A
gO

T
f 

(i
a)

,

   
C

H
2C

l 2
, –

45
°, 

0.
5 

h

2.
 H

F,
 T

H
F

R
1

H M
e

M
e

R
2

M
eb

M
e

M
e

R
3

T
M

S

T
M

S

T
B

D
M

S

(9
1)

(9
7)

(9
5)

24
4

C
3-

4

O
T

M
S

O
Ph

N
C

O
2P

h

C
O

2B
n

1.
 B

nO
2C

N
=

N
C

O
2B

n 
+

 A
gC

lO
4 

+

   
 (

R
)-

B
IN

A
P 

(c
at

) 
(i

a)
, t

ol
ue

ne
, T

H
F,

 

   
 –

45
°, 

3 
h

2.
 H

F,
 T

H
F

(7
3)

, 5
1%

 e
e

24
4

C
3

C
3-

9

O
R

2
R

1

O
T

M
S

R
2  =

Ph

N
M

e 2

H
H

R
1

M
e

E
t

i-
Pr

n-
B

u

i-
B

u

B
n

(7
0)

(6
5)

(3
5)

(4
5)

(7
0)

(4
5)

%
 d

e

90 84 — 78 81 91

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

T
iC

l 4
, C

H
2C

l 2
, –

80
°

41
1

(0
)

+

R
2

N
N

H
C

O
2B

n
R

1
C

O
2M

e

C
O

2B
n

B
nO

2C
H

N

t-
B

uO
2C

H
N

N
C

O
2R

2

C
O

2B
u-

t

H
R

1

242



O

O
T

M
S

SO
2N

(C
6H

11
-c

) 2

C
3-

13

O

O
SO

2N
(C

6H
11

-c
) 2

R
E

H

R
1.

 T
i(

O
Pr

-i
) 4

, C
H

2C
l 2

, –
78

°
2.

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

–7
8°

, 5
 m

in

3.
 T

iC
l 4

4.
 S

ub
st

ra
te

, –
78

°, 
1 

h

R M
e

E
t

n-
Pr

i-
Pr

n-
B

uc

i-
B

u

n-
C

6H
11

B
n

1-
ad

am
an

ty
lm

et
hy

l

(8
1)

(8
4)

(7
2)

(7
3)

(8
5)

(7
1)

(6
9)

(7
6)

(6
5)

%
 d

ed

93
.8

96
.2

96
.4

95
.2

92
.6

93
.2

96
.0

96
.4

64
.0

41
2,

 4
09

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

C
3

R
1

R
2

O
T

M
S

O
R

3

C
3-

4

E
tO

2C
N

3
R

2
C

O
2R

3

R
1

N
H

C
O

2E
t

R
2

C
O

2R
3

R
1

O

N
T

M
S

O
E

t
R

2
C

O
N

H
C

O
2E

t

R
1

O
R

3

I
II

II
I

R
1

H H M
e

M
e

H H H

R
2

M
e

M
e

M
e

M
e

E
t

E
t

E
t

R
3

E
t

E
t

M
e

M
e

E
t

E
t

E
t

C
on

di
tio

ns

11
0°

, 3
0 

m
in

hν
, 0

°, 
5 

h

11
0°

, 3
0 

m
in

hν
, r

t, 
5 

h

11
0°

, 3
0 

m
in

hν
, 0

°, 
5 

h

C
H

2C
l 2

, h
ν,

 0
°, 

5 
h

I (1
)

(2
1)

(7
)

(3
0)

(4
)

(3
8)

(8
2)

II (4
2)

(1
)

(9
)

(1
)

(4
2)

(2
)

(—
)

II
I

(4
)

(4
)

(3
5)

(7
)

(1
3)

(4
)

(—
)

29
9

29
9

29
9

29
9

29
9

29
9

30
0

O

O
Si

M
e 2

R
SO

2N
(C

6H
11

-c
) 2

O

O
SO

2N
(C

6H
11

-c
) 2

N
H

C
O

2E
t

H
E

tO
2C

N
3,

 p
en

ta
ne

, h
ν,

 A
r

R M
e 

(1
S,

2R
)

M
e 

(1
R

,2
S)

t-
B

u 
(1

S,
2R

)

(1
4)

(3
8)

(7
7)

%
 d

e

50
 (

S)

53
 (

R
)

70
 (

S)

30
0

+
+

243



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

O
E

t

O
T

M
S

T
M

SO
C

O
2E

t

T
M

SO

N
=

N
Ph

Ph
N

2+
 B

F 4
– , p

yr
id

in
e,

 –
35

°, 
18

 h
(2

2)
, d

r 
>

95
:5

41
5

O
M

e

O
T

M
S

N
=

N
PhC
O

2M
e

Ph
N

2+
 B

F 4
– , p

yr
id

in
e,

 0
°, 

2 
h

(9
0)

19
6

C
4-

10

O
R

3

O
T

M
S

R
1

R
2

R
1

N
=

N
A

r

R
2

C
O

2R
3

A
rN

2+
 B

F 4
– , p

yr
id

in
e,

 0
°, 

2 
h

19
7

R
1

M
e

M
e

M
e

E
t

Ph

R
2

M
e

M
e

M
e

Ph E
t

R
3

M
e

M
e

M
e

Ph M
e

A
r

Ph 4-
C

lC
6H

4

4-
M

eO
C

6H
4

Ph Ph

(9
0-

92
)

(7
2)

(8
4)

(9
0)

(9
0)

C
4

R
1

C
O

2R
2

R
1

C
O

2R
2

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

   
   

   
   

   
   

   
   

   
E

tO
H

, r
t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, 

   
   

   
   

   
   

   
   

  t
im

e

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

   
   

   
   

   
   

   
   

   
i-

Pr
O

H
, 0

°
   

   
   

   
   

   
   

  2
. S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3,
 0

°
   

   
   

   
   

   
   

  3
. t

-B
uO

2C
N

=
N

C
O

2B
u-

t, 
0°

, t
im

e

R
1

M
e

M
e

M
e

M
e

O
OR

2

E
t

E
t

C
on

di
tio

ns

1 2 1 2

T
im

e

12
 h

6 
h

20
 h

 

3 
h

(6
6)

(8
8)

(7
5)

(7
4)

dr — — 78
:2

61
:9

21
5

21
5

21
5

21
5

Ph
E

t
1

—
(8

7)
9:

1
79

6

C
4-

9

E
tO

2C
C

O
2E

t
E

tO
2C

C
O

2E
t

N
1.

 L
iH

M
D

S,
 T

H
F,

 –
78

°, 
15

 m
in

2.
 R

O
2C

N
=

N
C

O
2R

, –
78

°, 
7 

m
in

40
8

R (–
)-

m
en

th
yl

(–
)-

bo
rn

yl

(–
)-

is
ob

or
ny

l

(1
3)

(4
9)

(4
1)

2S
:2

R

1:
1

1:
1

1:
1

C
4

N
H

C
O

2R
R

O
2C

244



R
1

C
O

2R
2

O
H

R
1

C
O

2R
2

O
H

N

1.
 L

D
A

 (
x 

eq
),

 T
H

F,
 h

ex
an

e,
 te

m
p 

1,
 ti

m
e 

1

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
te

m
p 

2,
 ti

m
e 

2

x 4.
2

4.
2

2.
5

4.
2 3 4.
2

4.
2

T
im

e 
2

1 
h

10
 m

in

15
 m

in

3 
m

in

—

3 
m

in

3 
m

in

R
1

M
e

M
e

M
e

C
F 3

Ph
3C

O
C

H
2

n-
C

6H
13

c-
C

6H
11

R
1

C
O

2R
2

O
H

N

I
II

I 
+

 I
I

(5
6)

(7
5)

(6
2-

66
)

(6
2)

(4
8)

(7
4)

(8
1)

I:
II

94
:6

84
:1

6

—

87
:1

3

96
:4

90
:1

0

85
:1

5

41
5

41
5

76
9

41
5,

 8
62

76
9

41
5

41
5

R
2

E
t

E
t

t-
B

u

E
t

t-
B

u

E
t

E
t

C
4-

9

R
C

O
2M

e

N
B

n 2

R
C

O
2M

e

N
B

n 2

E

R
C

O
2M

e

N
B

n 2 E

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

+

I
II

R C
H

2O
B

n

Ph B
n

I 
+

 I
I

(9
0)

(9
2)

(9
0)

I:
II

94
:6

93
:7

97
:3

86
3

C
4-

10

1.
 K

H
M

D
S,

 T
H

F,
 to

lu
en

e,
 –

78
°, 

1 
h

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t (
so

lid
),

 –
78

°, 
1 

h

R
1

C
O

2M
e

O
H

R
1

C
O

2M
e

O
H

N

1.
 M

eZ
nB

r,
 T

H
F,

 0
°, 

tim
e 

1

2.
 L

D
A

 (
2 

eq
),

 –
78

°, 
1 

h

3.
 R

2 O
2C

N
=

N
C

O
2R

2   (2
 e

q)
, –

78
°, 

tim
e 

3

C
4-

8

R
1

C
H

(O
M

e)
2

E
t

n-
C

5H
11

T
im

e 
1

30
 m

in

1 
h

1 
h

R
2

B
n

t-
B

u

t-
B

u

T
im

e 
3

—

10
 m

in

10
 m

in

(6
6)

(6
0)

(6
3)

%
 d

e

>
95

>
90

>
90

42
1

41
6

41
6

T
em

p 
1

–6
0°

; –
20

°
–6

0°
; –

20
°

–6
0°

 to
 –

20
°

–6
0°

; –
20

°
–4

0°
; 0

°
–6

0°
; –

20
°

–6
0°

; –
20

°

T
im

e 
1

—
; 3

0 
m

in

—
; 3

0 
m

in

30
 m

in

—
; 3

0 
m

in

5 
m

in
; 3

0 
m

in

—
; 3

0 
m

in

—
; 3

0 
m

in

T
em

p 
2

–2
5°

–5
0°

–5
0°

–7
8°

–2
0°

 to
 0

°
–7

8°
–7

8°

+

N
H

C
O

2R
2

R
2 O

2C

N
H

C
O

2B
u-

t
t-

B
uO

2C
N

H
C

O
2B

u-
t

t-
B

uO
2C

245



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

R
1

M
e

(M
eO

) 2
C

H

(i
-P

r)
3S

iO
C

H
2

E
t

n-
C

5H
11

Ph

R
2

E
t

M
e

M
e

M
e

M
e

E
t

R
3

t-
B

u

B
n

B
n

t-
B

u

t-
B

u

t-
B

u

T
im

e 
1

1 
h

30
 m

in

1 
h

1 
h

1 
h

1 
h

T
im

e 
3

10
 m

in

30
 m

in

90
 m

in

10
 m

in

10
 m

in

10
 m

in

(6
3)

(6
6)

(5
2)

(5
8)

(6
6)

(6
9)

41
6

42
2

42
3

41
6

41
6

41
6

%
 d

e

>
90

>
95

>
95

>
90

>
90

>
90

C
4-

9

R
1

C
O

2R
2

O
H

R
1

C
O

2R
2

O
H

N

1.
 M

eZ
nB

r,
 T

H
F,

 0
°, 

tim
e 

1

2.
 L

D
A

 (
2 

eq
),

 –
78

°, 
1 

h

3.
 R

3 O
2C

N
=

N
C

O
2R

3 
(2

 e
q)

, –
78

°, 
tim

e 
3

R
1

C
O

2R
2

O
H

R
1

C
O

2R
2

O
H

N
1.

 L
D

A
 (

2 
eq

),
 T

H
F 

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 3

 m
in

R
1

H H

R
2

M
e

E
t

(5
8)

(5
7)

%
 d

e

(6
4)

(5
4)

86
4

C
4

N
H

C
O

2R
3

R
3 O

2C

N
H

C
O

2B
u-

t
t-

B
uO

2C

O
O

O
R

O
O

O
R

N

1.
 L

D
A

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°

R M
e

n-
C

5H
11

(7
4)

(6
6)

%
 d

e

>
90

>
90

41
6

N
H

C
O

2B
u-

t
t-

B
uO

2C

O
O

O

R
3

R
2 R
1

O
O

O

R
3

R
2 R
1

N

1.
 B

as
e,

 T
H

F,
 te

m
p 

1

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
te

m
p 

2,
 ti

m
e 

2

C
4-

14

N
H

C
O

2B
u-

t
t-

B
uO

2C

246



R
1

M
e

M
e

C
F 3

C
F 3

C
F 3

C
F 3

R
2

H H H M
e

n-
B

u

Ph

R
3

H (C
H

2)
2P

h

t-
B

u

t-
B

u

t-
B

u

t-
B

u

T
em

p 
1

— — –7
5°

–7
5°

–7
5°

–7
5°

T
em

p 
2

–7
8°

–7
8°

–7
5°

–7
5°

–7
5°

–7
5°

B
as

e

L
D

A

L
D

A

t-
B

uL
i

t-
B

uL
i

t-
B

uL
i

t-
B

uL
i

(9
0)

(9
5)

(9
7)

(8
6)

(8
0)

(7
1)

%
 d

e

90 99 >
96

>
96

>
96

>
96

41
6

86
4

86
5,

 8
66

86
5

86
5

86
5

C
4

N
H

O O
C

O
2E

t

N
H

O O
C

O
2E

t

N
i-

Pr
O

2C

N
H

C
O

2P
r-

i

1.
 U

ns
pe

ci
fi

ed
 b

as
e

2.
 i-

Pr
O

2C
N

=
N

C
O

2P
r-

i

(5
2)

 s
in

gl
e 

is
om

er
86

7

H
N

Ph

C
O

2E
t

E
tO

2C

H
N

Ph

C
O

2E
t

E
tO

2C
1.

 L
iH

M
D

S 
(1

.2
 e

q,
 ia

),
 T

H
F,

 H
M

PA
,

   
–7

8°
; –

55
°, 

1 
h

2.
 R

O
2C

N
=

N
C

O
2R

, –
78

°, 
4.

5 
m

in

H
N

Ph

C
O

2E
t

E
tO

2C

N

I
II

R t-
B

u

B
n

I 
+

 I
I

(8
0)

(7
5)

I:
II

e

30
:1

18
:1

N

42
6

T
im

e 
2

—

3 
m

in

40
 m

in

40
 m

in

40
 m

in

40
 m

in

+

O
M

e

O
M

e

R
1

R
2

C
4-

6

R
1

N
H

C
O

2E
t

R
2

C
O

2M
e

1.
 E

tO
2C

N
3 

(0
.5

 e
q)

, 3
5°

, t
im

e

2.
 H

C
l, 

M
e 2

C
O

, 3
0 

m
in

R
1

M
e

—
(C

H
2)

4—R
2

M
e

(1
0)

(3
4)

29
8

T
im

e

14
 d

4 
d

R
O

2C
N

H
C

O
2R

R
O

2C
N

H
C

O
2R

247



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

R
1

C
O

2M
e

R
2

N
NN

R
3

R
1

R
2

O

R
2

R
1

N
H

2C
O

N
H

R
3

Fo
r 

I:

  1
. L

D
A

, T
H

F,
 –

78
°

  2
. R

3 N
3 

(i
a)

, t
em

p,
 ti

m
e

Fo
r 

II
 f

ro
m

 I
:

  1
. N

H
4C

l, 
H

2O

  2
. N

H
4O

H
, T

H
F,

 r
t, 

12
-2

4 
h

R
1

M
e

M
e

   
   

   
—

(C
H

2)
5—

—
C

H
2C

H
=

C
H

(C
H

2)
2—R

2

M
e

M
e

R
3

Ph
SC

H
2

1-
ad

am
an

ty
l

Ph
SC

H
2

Ph
SC

H
2

T
em

p,
 T

im
e

–7
8°

, 2
0 

m
in

; t
o 

–1
0°

, 9
0 

m
in

–7
8°

; r
t, 

3 
h

–7
8°

 to
 –

20
°, 

45
 m

in

–7
8°

; r
t, 

3 
h

I

(8
5)

(7
0)

(—
)

(—
)

II (7
8)

(—
)

(7
9)

(8
3)

27
4,

 2
75

86
7a

27
4

27
4,

 2
75

C
4-

7

I
II

R
C

O
2E

t

Si
M

e 2
Ph

R
C

O
2E

t

Si
M

e 2
Ph

N
3

1.
 L

D
A

, –
78

°
2.

 2
,4

,6
-(

i-
Pr

)C
6H

2S
O

2N
3,

 –
78

°, 
2 

h

R M
e

Ph

(5
8)

(6
4)

%
 d

e

>
96

>
96

86
8

C
4-

9

C
4-

6

R
1

R
2

O
M

e

O
M

e

Ph
N

N
N

O
M

e O
M

e
R

1

R
2

R
1

N
H

Ph

R
2

C
O

2M
e

1.
 P

hN
3 

(0
.6

 e
q)

, 7
0°

, 4
 h

; 1
00

°, 
20

 h
 (

fo
rm

s 
I)

2.
 H

O
A

c,
 M

e 2
C

O
, r

t, 
24

 h
 (

fo
rm

s 
II

)

I
II

29
1

R
1

M
e

—
(C

H
2)

4—R
2

M
e

I

(4
4)

(3
8)

II (1
1)

f

(7
)f

C
O

2B
u-

t

N
B

n
Ph

C
O

2B
u-

t

N
B

n
Ph

N
3

C
O

2B
u-

t

N
B

n
Ph

N
2

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
1 

h

2.
 R

ea
ge

nt
, –

78
°, 

2 
m

in

R
ea

ge
nt

2,
4,

6-
(i

-P
r)

3C
6H

2S
O

2N
3

Ph
2P

(O
)N

3

I
II

I

(3
2)

(0
)

%
 d

e

>
95 —

II (9
)

(6
4)

33
8

+

C
4

248



N
H

O O
C

O
2E

t

N
H

O O
C

O
2E

t
N

3

N
H

O O
C

O
2E

t
N

3

1.
 M

H
M

D
S 

(2
 e

q)
, T

H
F,

 –
78

°
2.

 A
rS

O
2N

3

I
II

M L
i

L
i

N
a

N
a

K K

A
r

4-
M

eC
6H

4

2,
4,

6-
(i

-P
r)

3C
6H

2

4-
M

eC
6H

4

2,
4,

6-
(i

-P
r)

3C
6H

2

4-
M

eC
6H

4

2,
4,

6-
(i

-P
r)

3C
6H

2

I 
+

 I
I

(9
0)

(8
0)

(8
6)

(8
9)

(8
4)

(8
4)

I:
II

5:
1

3:
1

7:
1

7:
1

5:
1

4:
1

86
7

H
N

Ph

C
O

2E
t

E
tO

2C

H
N

Ph

C
O

2E
t

E
tO

2C

H
N

Ph

C
O

2E
t

E
tO

2C

N
3

N
3

+
1.

 K
H

M
D

S 
(1

.3
 e

q,
 ia

),
 T

H
F,

 –
78

°;
 –

55
°, 

1 
h

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
6 

m
in

(4
5)

42
6

(4
5)

C
O

2E
t

O
H

C
O

2E
t

O
H

1.
 L

D
A

 (
2.

2 
eq

),
 T

H
F,

 –
78

° t
o 

–2
0°

, 1
0 

m
in

2.
 H

M
PA

3.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
30

 s

31
8

N
3

(7
7)

, 6
4%

 d
e

C
O

2E
t

1.
 N

aH
M

D
S,

 T
H

F,
 –

80
°, 

5 
m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–8

0°
, 3

 m
in

86
9

O

O

C
O

2E
t

O

O

N

(8
7)

C
O

2E
t

O
H

M
eOM

eO

C
O

2E
t

O
H

M
eOM

eO
1.

 L
D

A
 (

4 
eq

),
 T

H
F,

 –
78

°
2.

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t

(5
5)

, 8
9%

 d
e

41
7

C
5

+

N
H

C
O

2B
u-

t
t-

B
uO

2C

249



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

C
O

2M
e

O
H

M
eOM

eO
C

O
2M

e

O
H

M
eOM

eO

N

1.
 L

D
A

, M
eZ

nB
r

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°

(6
6)

, >
98

%
 d

e
42

4

N H

H N

O

C
O

2B
u-

i

C
5

1.
 L

D
A

, T
H

F

2.
 B

nO
2C

N
=

N
C

O
2B

n,
 –

78
°

87
0

O

O

C
O

2B
u-

i

O

O

N

(6
1)

, 8
9%

 d
e

O
H

O
H

C
O

2E
t

3
N H

H N

O

C
O

2E
t

3N
3

1.
 L

D
A

, T
H

F,
 –

30
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 H
M

PA
, –

78
°

(7
0)

41
4

C
6

O
R

1

O
R

2
n-

B
u

Ph
I=

N
T

s 
(0

.8
 e

q)
, C

u(
M

eC
N

) 4
C

lO
4 

(c
at

)

R
1

T
M

S

T
M

S

T
B

D
M

S

Ph
M

e 2
Si

R
2

M
e

Ph Ph Ph

T
im

e

— — 1 
h

—

(2
7)

(5
0)

(5
0)

(0
)

17
3

O

SO
2N

(C
6H

11
-c

) 2

O

O
SO

2N
(C

6H
11

-c
) 2

E

B
u

1.
 L

D
A

, T
H

F,
 –

78
°, 

ad
de

nd

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t

40
9

O

B
u

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

tO

O
SO

2N
(C

6H
11

-c
) 2

E

B
u

+

I 
(—

)
II

 (
—

)
A

dd
en

d

— H
M

PA

I:
II

81
:1

9

27
:7

3

O
T

M
S

O
M

e
t-

B
u

t-
B

u
C

O
2M

e

–7
8;

 to
 r

t, 
12

.5
 h

N
N

H
C

O
2B

u-
t

C
O

N
(1

5)
41

0
N

C
O

N
=

N
C

O
2B

u-
t, 

T
iC

l 4
, C

H
2C

l 2
,

T
em

p

rt

–2
0°

–2
0° rt

n-
B

u
N

H
T

s

C
O

2R
2

B
nO

2C
N

H
C

O
2B

n

B
nO

2C
N

H
C

O
2B

n

250



Si
M

e 2
Ph

Si
M

e 2
PhC

O
2M

e
C

O
2M

e

N
3

1.
 L

D
A

, T
H

F,
 –

78
°

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2N
3,

 –
78

° t
o 

rt
, 1

0 
h

(7
3)

, 9
5%

 d
e

42
5

1.
 L

iH
M

D
S,

g 
T

H
F,

 –
78

°
2.

 2
,4

,6
-M

e 3
C

6H
2S

O
2N

3,
 –

78
°

R M
e

E
t

M
eO

C
H

2

B
nO

C
H

2

(6
6)

, (
71

)h

(7
4)

, (
85

)h

(8
3)

, (
65

h)
h

(8
4)

, (
61

)h

dr

>
19

:1

>
19

:1

>
19

:1

>
19

:1

78
4

T
B

D
PS

O
C

O
2M

e

O
B

O
M

T
B

D
PS

O
C

O
2M

e

B
O

M
O

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2N
3,

 –
78

°, 
20

 m
in

(7
0)

42
7

C
O

2M
e

N
O

C
O

2B
u-

t

C
O

2M
e

N
O

C
O

2B
u-

t

C
O

2M
e

N
O

C
O

2B
u-

t
N

3
N

3
+

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2N
3,

 –
78

°, 
20

 m
in

42
7

I
II

I 
+

 I
I 

(7
2)

, I
:I

I
=

 6
:1

C
6

C
6-

7

N
C

O
2M

e

O

O

Ph

Ph

R

N
3

N
C

O
2M

e

O

O

Ph

Ph

R

E
tO

2C
C

O
2E

t
E

tO
2C

C
O

2E
t

N
H

2

1.
 B

as
e

2.
 P

h 2
P(

O
)N

3

(0
)

66
8

C
7

i-
Pr

O
2C

C
O

2E
t

H
O

2C
C

O
2H

N
H

2

1.
 L

D
A

, T
H

F,
 –

40
° t

o 
–5

°
2.

 C
lN

H
2,

 E
t 2

O
, –

40
°;

 to
 r

t

3.
 H

C
l, 

H
O

A
c,

 r
ef

lu
x,

 2
.4

 h

H
O

2C
H

2
C

O
2H

N
H

2

+

I
II

I 
+

 I
I 

(2
7)

, I
:I

I 
=

 1
:2

66
8

O

O
O

M
eO

C
O

2M
e

O

O
O

M
eO

C
O

2M
e

R
1

R
1

R
2

R
2

R
1

O
H

H

R
2

H O
H

(5
6)

(5
9)

1.
 M

eZ
nB

r,
 T

H
F,

 0
°, 

30
 m

in

2.
 L

D
A

 (
2.

2 
eq

),
 –

78
°, 

1 
h

3.
 B

nO
2C

N
=

N
C

O
2B

n 
(2

 e
q)

, –
78

°
42

1
R

4
R

3

R
3

H E

R
4

E H

%
 d

e

>
95

>
95

E
 =

 N
(C

O
2B

n)
N

H
C

O
2B

n

251



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N R

T
B

SO

C
O

2M
e

N R

T
B

SO

N R

T
B

SO

1.
 K

H
M

D
S,

 to
lu

en
e,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

m
in

I
II

R C
bz

C
O

2M
e

I 
+

 I
I

(>
80

)

(9
1)

I:
II

90
:1

0

>
95

:5

87
2

87
3

N R
1

R
2

C
O

2M
e

N R
1

R
2

N R
1

R
2

1.
 K

H
M

D
S,

 to
lu

en
e,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2N
3,

 –
78

°, 
3-

5 
m

in

R
1

H C
bz

C
bz

R
2

H H T
B

S

I
II

I 
+

 I
I

(—
)

(>
80

)

(>
80

)

I:
II

90
:1

0

80
:2

0

95
:5

87
1

87
2,

 4
54

87
2

C
8

1.
 n

-B
uL

i, 
T

H
F,

 –
70

°
2.

 M
eO

N
H

2,
 –

20
° t

o 
–1

5°
, 2

 h
; r

t, 
ov

er
ni

gh
t

(0
)

87
4

Ph
C

O
2E

t

R
1.

 N
aH

, –
70

° t
o 

0°
, 2

5 
m

in

2.
 2

,4
-(

O
2N

) 2
C

6H
3O

N
H

2,
 0

°, 
35

 m
in

R H M
e

(8
)

(3
1)

93

M
e 2

N
O

SO
2M

e,
 E

t 2
O

  o
r 

T
H

F,
 –

30
° t

o 
0°

(4
8)

13
4

C
8-

9

Ph
O

T
M

S

O
E

t

C
8

2,
4-

(O
2N

) 2
C

6H
3O

N
H

2,
 T

H
F,

 r
ef

lu
x,

 4
 h

(0
)

93
H

2N
C

O
2E

t

PhN
H

2

C
O

2E
t

Ph

R

Ph
C

O
2E

t

N
M

e 2

Ph
C

O
2B

u-
t

N
H

2

Ph
C

O
2E

t

L
i

Ph
C

O
2B

u-
t

+

+

N
3

C
O

2M
e

C
O

2M
e

N
3

N
3

C
O

2M
e

C
O

2M
e

N
3

H
H

H
H

252



Ph
C

H
O

Z
nM

e

O
Pr

-i

Ph
C

O
2P

r-
i

N
H

C
O

2B
u-

t
T

sO
N

(L
i)

C
O

2B
u-

t, 
T

H
F,

 –
78

° t
o 

0°
, 3

 h
(3

5)
12

6

C
8

Ph
C

H
O

L
i

O
E

t

Ph
C

O
2E

t

N
H

2

Ph
2P

(O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
12

 h
 (

45
)

13
9

1.
 B

as
e,

 T
H

F,
 –

78
°, 

15
 m

in

2.
 (

4-
M

eO
C

6H
4)

2P
(O

)O
N

H
2,

 te
m

p,
 ti

m
e

3.
 A

c 2
O

, E
t 3

N

Ph
C

O
2E

t

N
H

A
c

10
6

Ph
C

O
2E

t

R

Ph
C

O
2E

t

R
N

M
e 2

1.
 L

i b
as

e

2.
   

   
   

   
   

   
   

  ,
 T

H
F,

 –
15

°

N M
eP

O
Ph

O
N

M
e 2

R H M
e

(5
0)

(5
6)

%
 e

e

23 21

14
7

Ph
C

O
2B

u-
t

N
H

C
O

N
E

t 2
O

N
C

O
N

E
t 2

4-
C

lC
6H

4

1.
 N

aH
M

D
S

2.
(t

ra
ce

)
15

5

C
8

C
8-

9

B
as

e

L
iH

M
D

S

L
D

A

N
aH

M
D

S

K
O

B
u-

t

K
O

B
u-

t

(2
2)

i

(3
1)

i

(4
6)

i

(6
7)

i

(7
6)

i

(2
5)

i

T
im

e

ov
er

ni
gh

t

ov
er

ni
gh

t

ov
er

ni
gh

t

ov
er

ni
gh

t

6 
h;

 —

ov
er

ni
gh

t

Ph
C

H
O

L
i

O
Pr

-i
T

sO
N

(L
i)

C
O

2B
u-

t, 
T

H
F,

 –
78

° t
o 

rt
, 1

6 
h

12
6

Ph
C

O
2P

r-
i

N
H

2

(0
) 

 +
   

t-
B

uO
2C

N
H

2 
(3

5)

O

Ph
C

O
2E

t

Ph
C

O
2B

u-
t

T
em

p

–7
8°

 to
 r

t

–7
8°

 to
 r

t

–7
8°

 to
 r

t

–7
8°

 to
 r

t

–7
8°

; t
o 

rt

–7
8°

 to
 r

t

M
eS

C
O

2M
e

M
eS

C
O

2M
e

N
H

2

1.
 L

D
A

 (
ia

),
 T

H
F,

 H
M

PA
, –

78
°, 

3 
h

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2O
N

H
2,

 –
78

°, 
2 

h;
 

   
 r

t, 
ov

er
ni

gh
t

(3
8)

11
7

(M
e 2

N
) 3

P
N P(

N
M

e 2
) 2

t-
B

uN

253



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

15
 m

in

2.
 R

O
2C

N
=

N
C

O
2R

, –
78

°, 
7 

m
in

Ph
C

O
2E

t

N

R (–
)-

m
en

th
yl

(–
)-

bo
rn

yl

(–
)-

is
ob

or
ny

l

(5
9)

(5
7)

(4
2)

2
2S

:2
R

2:
1

1:
1

1:
1

40
8

C
O

2M
e

O
H

E
t

C
O

2M
e

O
H

E
t

N

1.
 M

eZ
nB

r,
 T

H
F,

 0
°, 

1 
h

2.
 L

D
A

, T
H

F,
 –

78
°, 

1 
h

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

0 
m

in

(5
3)

, >
98

%
 d

e
41

8

Ph
O

R
1

O
R

2
R

3 O
2C

N
=

N
C

O
2R

3 , P
hH

, r
t

Ph
O

R
1

O
R

2
R

3 O
2C

N
H

N C
O

2R
3

R
1

M
e

M
e

—
(C

H
2)

2—R
1

M
e

M
e

R
3

M
e

E
t

E
t

(4
2)

(8
6)

(4
2)

25
1

C
9

Ph
C

O
2B

n
Ph

C
O

2B
n

N
1.

 L
D

A
, T

H
F,

 –
78

°, 
30

 m
in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
C

H
2C

l 2
, –

70
°

(6
0)

43
1,

 8
48

B
nOC

l
C

O
2M

e

O
H

42
0

1.
 M

eZ
nB

r,
 0

°
2.

 L
D

A
 (

2 
eq

),
 –

78
°

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t (
2 

eq
),

 –
78

°
B

nOC
l

C
O

2M
e

O
H

N
(6

5)
,  

>
98

%
 d

e

C
O

2B
n

1.
 M

eZ
nB

r

2.
 L

D
A

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t

87
5

M
eO

O
H

C
O

2B
n

M
eO

O
H

N
(5

0)
, >

95
%

 d
e

C
O

2M
e

O
H

C
O

2M
e

O
H

N

1.
 M

eZ
nB

r,
 T

H
F,

  0
°, 

1 
h

2.
 L

D
A

 (
2.

2 
eq

),
 –

78
°, 

1 
h

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 3

0 
m

in

(6
6)

, >
95

%
 d

e
87

6,
 4

19

C
8

Ph
C

O
2E

t

T
im

e

4 
d

6 
d

2 
d

t-
B

uO
2C

N
H

C
O

2B
u-

t

t-
B

uO
2C

N
H

C
O

2B
u-

t

t-
B

uO
2C

N
H

C
O

2B
u-

t

t-
B

uO
2C

N
H

C
O

2B
u-

t

t-
B

uO
2C

N
H

C
O

2B
u-

t

R
O

2C
N

H
C

O
2R

B
nO

B
nO

254



C
O

2M
e

O
H

C
O

2M
e

O
H

N

1.
 M

eZ
nB

r,
 0

°
2.

 L
D

A
 (

2 
eq

),
 –

78
°

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
(5

5)
, >

98
%

 d
e

41
9

Ph
C

O
2B

n
Ph

C
O

2B
n

Ph
C

O
2B

n
Ph

C
O

2B
n

N
3

N
3

N
3

N
2

1.
 B

as
e,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 A

rS
O

2N
3,

 T
H

F,
 –

78
°, 

tim
e

I
II

II
I

B
as

e 

L
D

A

L
D

A

L
D

A

K
H

M
D

S

K
H

M
D

S

A
r

2,
4,

6-
(i

-P
r)

3C
6H

2

4-
M

eC
6H

4

4-
O

2N
C

6H
4

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

T
im

e

2 
m

in

0.
5 

m
in

15
 m

in

1 
m

in

1 
m

in
 j

I

(7
3)

(4
8)

(5
)

(4
8)

(7
2)

II (—
)

(—
)

(—
)

(2
0)

(8
)

II
I

(1
)

(2
4)

(6
8)

(—
)

(—
)

31
8

+
+

R
1

R
2

C
O

2E
t

41
3

R
1

R
2

C
O

2E
t

N
3

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

° t
o 

–3
0°

, 1
 h

2.
 H

M
PA

, –
78

°
3.

 2
,4

,6
-(

i-
Pr

) 3
C

6H
2S

O
2N

3,
 –

78
°, 

1 
h

R
1

H H H —
C

H
2O

C
H

2—R
2

H M
eO

M
O

M
O

(6
0)

(5
8)

(5
1)

(5
2)

t-
B

uO
2C

N
H

C
O

2B
u-

t

Ph
C

O
2B

u-
t

N
B

n
Ph

Ph
C

O
2B

u-
t

N
B

n
Ph

Ph
C

O
2B

u-
t

N
B

n
Ph

N
3

1.
 B

as
e 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

I
II

33
8

B
as

e

L
D

A

K
N

(P
r-

i)
2

I

(5
7)

(6
4)

de 85 55

II (1
7)

(<
2)

N
2

+

255



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0A
. E

ST
E

R
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
B

oc
O

C
O

2M
e

O
R

N
B

oc
O

C
O

2M
e

O
R

N
3

R
 =

 M
O

M

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2N
3,

 –
78

°, 
20

 m
in

(6
5)

42
7

C
9

SO
2N

R
2

O

O

O
T

B
S

Ph

Ph

O
T

B
S

SO
2N

R
2

E
tO

2C
N

3,
 p

en
ta

ne
, h

ν,
 0

°, 
8 

h

SO
2N

R
2

O

O

N
H

C
O

2E
t

Ph

SO
2N

R
2

O

O

N
H

C
O

2E
t

Ph

I
II

30
1

I 
+

 I
I 

(8
4)

, I
:I

I 
=

 8
8:

12

E
tO

2C
N

3,
 p

en
ta

ne
, h

ν,
 0

°, 
8 

h
30

1
O

SO
2N

R
2

O

N
H

C
O

2E
t

Ph

O

SO
2N

R
2

O

N
H

C
O

2E
t

Ph

I
II

I 
+

 I
I 

(8
9)

, I
:I

I 
=

 7
7:

23

R
 =

 c
-C

6H
11

R
 =

 c
-C

6H
11

C
10

O
T

B
S

O
M

e

H
Ph

E
tO

2C
N

3,
 p

en
ta

ne
, h

ν,
 0

°, 
8 

h

I
II

I 
+

 I
I 

(6
1)

, I
:I

I 
=

 7
:3

30
1

C
12

F
C

O
2B

u-
t

B
n

F

F
C

O
2B

u-
t

B
n

N
H

2

F

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 P

h 2
P(

O
)O

N
H

2,
 –

78
°, 

30
 m

in

14
2

(2
0)

F
C

O
2B

u-
t

B
n

N

F

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 E

tO
2C

N
=

N
C

O
2E

, –
78

°, 
3 

m
in

14
2

(4
4)

C
O

2M
e

Ph

N
H

C
O

2E
t

C
O

2M
e

Ph

N
H

C
O

2E
t

+

+ +

E
tO

2C

N
H

C
O

2E
t

C
14

(3
4)

13
4

M
e 2

N
O

SO
2M

e,
 E

t 2
O

 o
r 

T
H

F,
 –

30
° t

o 
0°

Ph
C

O
2E

t

Ph
L

i

Ph
C

O
2E

t

Ph
N

M
e 2

256



C
O

2M
e

H
2N

C
O

2M
e

1.
 K

O
M

e,
 M

eO
H

, P
hH

2.
 2

,4
-(

O
2N

) 2
C

6H
3O

N
H

2,
 r

t, 
ov

er
ni

gh
t

 (
50

)

M
e 2

N
C

O
2M

e
N

a
C

O
2M

e

M
e 2

N
O

SO
2M

e,
 E

t 2
O

 o
r 

T
H

F,
 –

30
° t

o 
0°

(5
4)

13
4

94
,8

77

1.
 L

i b
as

e

2.
 P

h 2
P(

O
)O

N
H

2,
 T

H
F,

 –
20

°;
 r

t, 
ov

er
ni

gh
t

13
9

C
O

2R
H

2N
C

O
2R

R M
e

B
u-

t

(4
7)

(7
8)

1.
 N

aH
, g

ly
m

e,
 r

t

2.
 T

sN
3,

 r
t; 

35
-4

0°
, 1

 h

48
3

C
O

2M
e

N
3

C
O

2R

(5
7)

C
O

2M
e

O
H

11

C
O

2M
e

O
H

11

N

1.
 M

eZ
nB

r,
 0

°, 
1 

h

2.
 L

D
A

 (
2 

eq
),

 –
78

°, 
1 

h

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 2

 h

(7
2)

, >
95

%
 d

e
87

8

C
17

t-
B

uO
2C

N
H

C
O

2B
u-

t

a  A
m

on
g 

a 
ra

ng
e 

of
 b

as
es

 (
L

iH
M

D
S,

 N
aH

M
D

S,
 K

H
M

D
S,

 B
uL

i, 
N

aH
, a

nd
 N

aO
B

u-
t)

, N
aH

M
D

S 
ga

ve
 th

e 
hi

gh
es

t y
ie

ld
.

b  T
he

 s
ub

st
ra

te
 c

on
ta

in
ed

 6
%

 o
f 

th
e 

Z
 is

om
er

.
c  R

ea
ct

io
n 

of
 th

e 
ki

ne
tic

 li
th

iu
m

 e
no

la
te

 w
ith

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t g

av
e 

th
e 

pr
od

uc
t i

n 
62

%
 y

ie
ld

 a
nd

 6
2%

 d
e.

 
d  T

he
 v

al
ue

s 
ar

e 
fo

r 
th

e 
cr

ud
e 

pr
od

uc
ts

.
e 

U
se

 o
f 

L
iH

M
D

S 
w

ith
ou

t H
M

PA
, n

-B
uL

i-
L

iH
M

D
S,

 o
r 

K
H

M
D

S 
re

su
lte

d 
in

 I
:I

I 
ra

tio
s 

of
 1

:1
 to

 2
.5

:1
. 

f T
he

 n
um

be
r 

is
 th

e 
ov

er
-a

ll 
yi

el
d 

fr
om

 th
e 

su
bs

tr
at

e 
ke

te
ne

 a
ce

ta
l.

g  W
ith

 K
H

M
D

S 
as

 th
e 

ba
se

, t
he

 y
ie

ld
s 

w
er

e 
hi

gh
er

 b
ut

 th
e 

di
as

te
re

om
er

ic
 r

at
io

s 
w

er
e 

lo
w

er
.

h  T
he

 y
ie

ld
s 

ar
e 

fr
om

 th
e 

tw
o 

di
as

te
re

om
er

s 
of

 th
e 

su
bs

tr
at

e,
 r

es
pe

ct
iv

el
y.

i  T
he

 n
um

be
r 

is
 th

e 
pe

rc
en

t c
on

ve
rs

io
n.

j  T
he

 e
no

la
te

 w
as

 a
dd

ed
 to

 th
e 

az
id

e.

257



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

0B
. T

H
IO

E
ST

E
R

 E
N

O
L

A
T

E
S

O
T

M
S

SE
t

1.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t +
 A

gO
T

f 
(i

a)
,

   
C

H
2C

l 2
, 0

°, 
3 

h

2.
 H

F,
 T

H
F

(9
2)

24
4

R
1

Y
R

2

S

C
2-

8

R
1

Y
R

2

S

N

1.
 B

uL
i (

ia
),

 T
H

F,
 –

70
°, 

20
 m

in

2.
 R

3 O
2C

N
=

N
C

O
2R

3 , –7
0°

‚ 
to

 r
t

R
1

H H H H Ph

R
2

M
e

M
e

E
t

E
t

E
t

R
3

E
t

t-
B

u

E
t

E
t

E
t

Y S S O S S

(5
4)

(5
7)

(5
7)

(5
7)

(0
)

47
7

R
SE

t

SE
t

R
SE

t

SE
t

M
eO

2C
N

=
N

C
O

2M
e,

 P
hH

, r
t, 

tim
e

N N
H

C
O

2M
e

R H Ph

T
im

e

3 
d

2 
d

(5
6)

(9
0)

25
1

R
1

ST
M

S

SM
e

R
2

1.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
C

H
2C

l 2
, r

t, 
tim

e

2.
 H

O
A

c,
 H

2O

R
1

H M
e

M
e

n-
C

5H
11

Ph B
n

n-
C

8H
17

R
2

H H M
e

H H H H

T
im

e

3 
h

1 
h

3 
h

1 
h

2 
h

1 
h

1 
h

(3
7)

(7
2)

(9
0)

(7
5)

(6
9)

(7
6)

(8
0)

25
3

C
3

R
3 O

2C
N

H
C

O
2R

3

M
eO

2C

R
1

SM
e

S

R
2

N

t-
B

uO
2C

N
H

C
O

2B
u-

t

C
O

SE
t

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

258



O
T

M
S

SB
u-

t
25

2

O
N

O

N
N

C
l 3

C
C

H
2O

C
O

O

1,
 2

 (
0.

1 
m

ol
%

),
 T

H
F,

 C
F 3

C
H

2O
H

,

  –
78

°, 
ov

er
ni

gh
t

O
N

O

N H

O
(8

9)
, 8

4%
 e

e
N

C
O

SB
u-

t

C
l 3

C
C

H
2O

O

N
C

u
(O

T
f)

2

N

O
O

t-
B

u
B

u-
t

21

25
2

O
N

O

N H

O

(8
5)

, 9
6%

 e
e

N

C
O

SB
u-

t

C
l 3

C
C

H
2O

O

1,
 2

 (
0.

1 
m

ol
%

),
 T

H
F,

 C
F 3

C
H

2O
H

,

  –
20

°, 
20

 h

O
T

M
S

SB
u-

t

259



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

1.
 L

A
C

T
O

N
E

 E
N

O
L

A
T

E
S

O
O

O
R

O
O

O
R

N

1.
 L

D
A

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°

R M
e

n-
C

5H
11

(7
4)

(6
6)

%
 d

e

>
90

>
90

41
6

C
5

O
O

O

R
3

R
2 R
1

O
O

O

R
3

R
2 R
1

N

1.
 B

as
e,

 T
H

F,
 te

m
p 

1

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 

   
te

m
p 

2,
 ti

m
e 

2

R
1

M
e

M
e

C
F 3

C
F 3

C
F 3

C
F 3

R
2

H H H M
e

n-
B

u

Ph

R
3

H (C
H

2)
2P

h

t-
B

u

t-
B

u

t-
B

u

t-
B

u

T
em

p 
1

— — –7
5°

–7
5°

–7
5°

–7
5°

T
em

p 
2

–7
8°

–7
8°

–7
5°

–7
5°

–7
5°

–7
5°

B
as

e

L
D

A

L
D

A

t-
B

uL
i

t-
B

uL
i

t-
B

uL
i

t-
B

uL
i

(9
0)

(9
5)

(9
7)

(8
6)

(8
0)

(7
1)

%
 d

e

90 99 >
96

>
96

>
96

>
96

41
6

86
4

86
5,

 8
66

86
5

86
5

86
5

B
oc

N
H

O
O

B
oc

N
H

N
3

1.
 L

D
A

 (
2.

1 
eq

),
 T

H
F,

 

   
–7

8°
 to

 –
20

°, 
1 

h

2.
 T

sN
3,

 –
78

°, 
1 

h

3.
 T

M
SC

l, 
–7

8°
 to

 0
°

(5
8)

, 1
00

%
 d

e
87

9

O
O

R
N

H

O
O

R
N

H
N

3
1.

 L
iH

M
D

S 
(2

 e
q,

 ia
),

 T
H

F,
 

   
–7

8°
, 3

0 
m

in

2.
 T

sN
3,

 T
H

F,
 –

78
°, 

5 
m

in

(5
5)

a
88

0

R
 =

 B
oc

 o
r 

C
bz

O
O

C
4

O
O

T
M

S
E

tO
2C

N
(T

M
S)

O
T

M
S,

 9
0°

, 5
 d

(4
4)

O
O

N
H

C
O

2E
t

10
5

T
im

e 
2

—

3 
m

in

40
 m

in

40
 m

in

40
 m

in

40
 m

in

t-
B

uO
2C

N
H

C
O

2B
u-

t

t-
B

uO
2C

N
H

C
O

2B
u-

t

260



O

O

O
O

C
7

O

O

O
O

O

O

O
O

N
3

N
3 N

3
+

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

80
°;

 to
 r

t, 
50

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
80

°, 
10

 m
in

86
%

 e
e

(7
9)

(6
)

42
8

H

O
O

1.
 B

as
e,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

3S
O

2N
3

88
2

B
as

e

L
iH

M
D

S

N
aH

M
D

S

K
H

M
D

S

I

(4
5)

(2
0)

(2
6)

SM
e

O
O

SM
e

O
O

SM
e

O
O

SM
e

N
2

N
3

N
3

II (7
)

(4
)

(4
)

II
I

(0
)

(9
)

(2
8)

I
II

II
I

O
O

B
nO

R
1

R
2

O
B

n

C
6

O
O

B
nO

R
1

R
2

O
B

n
O

O

B
nO

R
1

R
2

O
B

n
N

3

N
3

I
II

1.
 K

H
M

D
S,

 to
lu

en
e,

 T
H

F,
 –

90
°, 

15
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

3S
O

2N
3,

 –
90

°, 
2 

m
in

R
1

B
nO

H

R
2

H B
nO

42
9,

 8
81

I (0
)

(5
0)

II (7
0)

(0
)

C
5

O
O

R
O

O
O

R
O

O
O

R
O

N
3

N
3

+

I
II

1.
 B

as
e,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
30

 m
in

3.
 Q

ue
nc

hi
ng

 a
ge

nt

32
0

R T
B

D
PS

T
B

D
PS

T
r

T
r

T
r

B
as

e

L
iH

M
D

S

L
iH

M
D

S

L
iH

M
D

S

N
aH

M
D

S

K
H

M
D

S

Q
ue

nc
hi

ng
 A

ge
nt

H
O

A
c

T
M

SC
l

H
O

A
c

H
O

A
c

H
O

A
c

I

(3
3)

(5
3)

(3
7)

(2
5)

(1
1)

II (1
3)

(2
8)

(1
2)

(t
ra

ce
)

(t
ra

ce
)

+

+
+

261



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

1.
 L

A
C

T
O

N
E

 E
N

O
L

A
T

E
S 

(C
on

ti
nu

ed
)

C
9

O

O O
T

B
S

O

O O
T

B
S

N
3

1.
 K

H
M

D
S 

(i
a)

, t
ol

ue
ne

, T
H

F,
 

   
–7

8°
, 3

0 
m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1-

2 
m

in

(6
3)

88
3

O
O

i-
B

u

O
O

i-
B

u

O
O

i-
B

u
N

3
N

3

+
(6

9)
(2

6)
1.

 L
iH

M
D

S 
(i

a)
, T

H
F,

 –
78

°, 
60

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
30

 m
in

88
4

T
B

D
PS

O
T

B
D

PS
O

T
B

D
PS

O

O
O

A
r

A
rC

H
2O

O
O

A
r

A
rC

H
2O

O
O

A
r

A
rC

H
2O

N
3

N
2

C
11

1.
 L

D
A

2.
 4

-O
2N

C
6H

4S
O

2N
3

3.
 p

H
 7

 b
uf

fe
r

1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°, 

45
 m

in

2.
 4

-O
2N

C
6H

4S
O

2N
3,

 –
78

°, 
10

 m
in

3.
 Q

ue
nc

h 
co

nd
iti

on
s

I
II

A
r

Ph 3,
4-

(O
C

H
2O

)C
6H

3

Q
ue

nc
h 

co
nd

iti
on

s

A
cO

H
, t

o 
rt

A
cC

l, 
to

 r
t; 

th
en

 D
M

A
P,

 T
H

F,
 r

t, 
16

 h

I

(5
8)

(2
7)

II (0
)

(4
0)

O
O

Ph

B
nO

O
O

Ph

B
nO

O
O

Ph

B
nO

N
3

N
2

32
6

(4
5)

(6
)

O

O

O
T

B
S

O

O

O
T

B
S

N
3

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
15

 m
in

(8
9)

88
5

32
6,

 8
86

32
6

++

262



1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°, 

45
 m

in

2.
 4

-O
2N

C
6H

4S
O

2N
3,

 –
78

°, 
10

 m
in

3.
 A

cC
l, 

–7
8°

; t
o 

rt

O
O

Ph

B
nO

N

O
O

Ph

B
nO

N
+

32
6

I
II

A
r 

=
 C

6H
4N

O
2-

4

I 
+

 I
I 

(1
00

)b

R
 =

 T
B

D
PS

1.
 n

-B
uL

i, 
T

H
F

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
(7

2)
88

7

C
18

O
O

B
nO

R

O
B

n
O

O

B
nO

R

O
B

n
O

O

B
nO

R

O
B

n
N

3

N
2

1.
 K

H
M

D
S,

 to
lu

en
e,

 T
H

F,
 –

78
°, 

15
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

42
9

(6
0)

(1
5)

O

B
nO B
nO

R
 =

C
12

O
B

n

a  T
he

 u
se

 o
f 

K
H

M
D

S 
or

 2
,4

,6
-(

i-
Pr

) 3
C

6H
2S

O
2N

3 
ga

ve
 lo

w
er

 y
ie

ld
s.

b  T
he

 r
at

io
 I

:I
I 

w
as

 n
ot

 r
ep

or
te

d.
 O

n 
tr

ea
tm

en
t w

ith
 D

M
A

P 
in

 T
H

F,
 th

e 
3-

R
 a

zi
de

 a
nd

 th
e 

di
az

o 
co

m
po

un
d 

w
er

e 
ob

ta
in

ed
 in

 4
8%

 a
nd

 5
1%

 y
ie

ld
s,

 r
es

pe
ct

iv
el

y.

C
22

N B
oc

O
Ph Ph

B
n

O
1.

 K
H

M
D

S,
 T

H
F,

 –
78

° t
o 

rt

2.
 B

nO
2C

N
=

N
C

O
2B

n 
or

 

   
2,

4,
6-

(i
-P

r)
3C

6H
2S

O
2N

3,
 –

78
°, 

30
 m

in
N B

oc

O
Ph Ph

O B
n

E
 =

 N
(C

O
2B

n)
N

H
C

O
2B

n 
or

 N
3

(0
)

88
8

E

+

N B
oc

HE
t

O
R

O

H

O
N B

oc
HE

t

O
R

O

H

ON
3

N

N

A
c

SO
2A

r
N

A
c

N
A

r

O
B

n

263



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

2.
 A

M
ID

E
 E

N
O

L
A

T
E

S

C
2

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
1 

h

2.
 1

, –
78

°;
 to

 r
t, 

2-
3 

h

O
N

4-
N

C
C

6H
4

O

O
i-

Pr

i-
Pr

O
N H

O
(5

6)
15

4,
 1

58

N N

Y Y

1.
 L

D
A

, T
H

F,
 h

ex
an

e,
 –

78
°, 

40
 m

in

2.
 R

2 O
2C

N
=

N
C

O
2R

2 , –
78

°, 
4 

m
in

Y C
H

2

O

R M
e

E
t

(4
1)

(1
8)

25
1

C
3-

9

R
N

O

O

R
N

O

O
t-

B
uO

2C
N

H

1.
 n

-B
uL

i, 
T

H
F,

 –
78

°
2.

 C
uC

N
, –

78
° t

o 
–5

°
3.

 T
sO

N
(L

i)
C

O
2B

u-
t, 

–7
8°

, 3
0 

m
in

88
9

R M
e

i-
Pr

n-
B

u

i-
B

u

t-
B

u

Ph B
n

(6
3)

(6
7)

(6
8)

(7
2)

(5
2)

(5
1)

(7
7)

%
 d

e

99 99 96 99 99 99 99

R
1

C
O

N
M

e 2

C
3-

5

R
1

C
O

N
M

e 2

N
40

8

R
1

M
e

i-
Pr

(7
2)

(8
7)

%
 d

e

(0
)

(0
)

R
C

O
N

M
eP

h
R

C
O

N
M

eP
h

N
H

C
O

2B
u-

t

1.
 L

D
A

, T
H

F,
 –

78
°, 

60
 m

in

2.
 (

Ph
O

) 2
P(

O
)N

3,
 –

78
°, 

5 
m

in

3.
 (

t-
B

uO
2C

) 2
O

, –
78

° t
o 

rt
, 6

 h

C
3-

8

33
6

R M
e

E
t

2-
th

ie
ny

l

Ph

(7
4)

(7
6)

(7
0)

(8
0)

R
O

2C
N

=
N

C
O

2R
, P

hH
, r

t, 
3 

d
N O

Y

N
R

O
2C

H
N

C
O

2R

1

N
M

e 2

O

N
M

e 2

O

N
H

C
O

2R
2

R
2 O

2C
 R

2  =
 is

ob
or

ny
l

264



R
1

O

R
2

R
1

O

R
2

N

1.
 T

ri
s(

di
pi

va
lo

yl
m

et
ha

na
to

)m
an

ga
ne

se
(I

II
)

   
 (

5 
m

ol
%

) 
+

 i-
Pr

O
H

 (
ia

),
 0

°
2.

 R
3 O

2C
N

=
N

C
O

2R
3 , i

-P
rO

H

3.
 P

h 3
Si

H
, 0

°, 
tim

e

89
0

R
1

H M
e

M
eS

(C
H

2)
2

n-
Pr

n-
Pr

n-
Pr

n-
Pr

n-
Pr

i-
Pr

n-
C

7H
15

Ph
(C

H
2)

2

R
2

II
I

II
I

II
I

I II II
I

II
I

II
I

II
I

II
I

II
I

R
3

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

E
t

i-
Pr

t-
B

u

t-
B

u

t-
B

u

t-
B

u

T
im

e

1 
h

1 
h

1 
h

1.
5 

h

1.
5 

h

1.
5 

h

1.
5 

h

1.
5 

h

1.
5 

h

1.
5 

h

1.
5 

h

(5
6)

(8
4)

(7
2)

(—
)a

(7
8)

(—
)a

(4
7)

(8
1)

(7
8)

(8
0)

(6
8)

dr 91
:1

98
:2

96
:4

—

89
:1

1

—

90
:1

0

96
:4

99
:1

96
:4

97
:3

I 
R

2  =
N

Ph

Ph

II
 R

2  =
N

Ph

Ph

N
S O

2

II
I 

R
2  =

C
3-

11

O
T

M
S

N
R

N

O

E

R
N

O E

R M
e

C
H

2=
C

H
-C

H
2

i-
Pr

t-
B

u

T
em

p

–7
8°

–2
0°

–2
0°

–2
0°

I

(9
6)

(7
3)

(6
5)

(0
)

%
 e

e

(9
9)

(9
8)

(9
9)

(—
)

II (0
)

(1
8)

(2
3)

(8
0)

I
II

25
2

C
3-

6

N
H

C
O

2R
3

R
3 O

2C

O
N

O

N
N

C
l 3

C
C

H
2O

C
O

O

1,
 2

 (
5 

m
ol

%
),

 T
H

F,
 C

F 3
C

H
2O

H

1

+

O
N

O

N H

N
C

l 3
C

C
H

2O
C

O

O
E

 =

T
im

e

30
 m

in

5 
m

in

5 
m

in

5 
m

in

N
C

u
(O

T
f)

2

N

O
O

t-
B

u
B

u-
t

2

C
5-

9

N
S O

2

R

O
t-

B
u

N
S O

2

R

O
t-

B
u

N
3

1.
 N

aH
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

89
1

R C
H

2C
H

=
C

H
2

B
n

(9
6)

(8
5)

%
 d

e

>
96 98

265



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

2.
 A

M
ID

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

C
7

N S O
2

O

R

R
 =

O

R

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1-

2 
m

in

(7
8)

77
6

B
n 2

N

O

B
n 2

N

O

Ph
N

R
1 R

2

O
Ph

N
R

1 R
2

O

N
H

2

1.
 B

as
e 

(x
 e

q)
, T

H
F,

 –
70

°
2.

 M
eO

N
H

2,
 te

m
p,

 2
 h

; 

   
rt

, o
ve

rn
ig

ht

87
4

R
1

H H E
t

R
2

H t-
B

u

E
t

B
as

e

n-
B

uL
i

L
D

A

L
D

A

x 2 2 1

(0
)

(4
9)

(1
5)

T
em

p

–2
0°

 to
 –

15
°

–2
0°

 to
 –

15
°

–2
0°

C
8

Ph
N

H
R

O
Ph

N
H

R

O

N

1.
 B

as
e 

(2
 e

q)
, T

H
F,

 1
 h

2.
 A

rN
=

N
A

r,
 –

78
°, 

5 
m

in

R H Ph Ph

A
r

Ph Ph 2-
C

lC
6H

4

B
as

e

N
aN

H
2

N
aN

H
2

L
D

A

(2
9)

(4
9)

(6
)

21
2

R
1

R
2

R
3

M
e

N

O

Ph

O
H

R
1

R
2

R
3

M
e

N

O

Ph

O
H

1.
 L

D
A

 (
2 

eq
),

 T
H

F,
 7

8°
, 1

 h
; 

   
0°

, 1
5 

m
in

; r
t, 

5 
m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–1

05
°, 

1 
h;

 to
 r

t

N
R

1

M
eO

 —
O

C
H

2O
—

M
eO

B
nO

R
2

M
eO

M
eO

M
eO

R
3

H H M
eO

B
nO

(8
9)

(9
1)

(9
0)

(8
6)

%
 d

e

>
90

>
90

>
90

>
90

76
4,

 8
92

,

76
5

N
H

A
r

A
r

t-
B

uO
2C

N
H

C
O

2B
u-

t

a  T
he

 r
ea

ct
io

n 
pr

od
uc

ts
 w

er
e 

a 
co

m
pl

ex
 m

ix
tu

re
.

C
8-

12

S O
2N

R

t-
B

u
O

S O
2N

R

t-
B

u
O

N
3

1.
 N

aH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2N
3,

 –
78

°, 
2 

m
in

R 3-
T

M
SO

C
6H

4

1-
na

ph
th

yl

(9
2)

(9
6)

89
3

266



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S

C
3-

9

N
O

O
O

R
1.

 L
D

A
, T

H
F,

 –
78

°, 
20

 m
in

2.
 1

 , 
C

H
2C

l 2
, –

78
°, 

7 
m

in

R M
e

B
n

(8
5)

a

(9
2)

a

21
9

H
N N

M
e

N N M
e

O O
R

N

O

O

O

N N

M
e

N N M
e

O O

N
O

O
O

R
1

i-
Pr

N
O

O
O

i-
Pr

1.
 L

D
A

, T
H

F,
 –

78
°, 

15
-4

0 
m

in

2.
 R

2 O
2C

N
=

N
C

O
2R

2 , –
78

°
3.

 H
C

l, 
tim

e 
(q

ue
nc

h;
 f

or

   
  R

2  =
 is

ob
or

ny
l: 

H
O

A
c)

R
1

M
e

M
e

M
e

t-
B

u

B
n

R
2

t-
B

u

B
n

(–
)-

is
ob

or
ny

l

B
n

B
n

T
im

e

0 
m

in

0 
m

in

4 
m

in

0 
m

in

0 
m

in

(9
2)

(9
1)

(5
6)

(8
5)

(9
0)

%
 d

e

— 80
b

10
0

94
b

88
b

43
2

43
2,

 4
08

40
8

43
2

43
2

N
O

O
O

i-
Pr

C
3

1.
 L

D
A

, T
H

F,
 –

78
°, 

40
 m

in

2.
 R

O
2C

N
=

N
C

O
2R

, –
78

°, 
4 

m
in

R B
n

(–
)-

is
ob

or
ny

l

(—
)

(8
8)

%
 d

e

80 10
0

40
8

1

E
 =

 N
(C

O
2R

2 )N
H

C
O

2R
2

R
1

E

N
O

O
O

i-
Pr

E

E
 =

 N
(C

O
2R

)N
H

C
O

2R

267



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
O

O
O

R

B
n

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
C

H
2C

l 2
,

   
 3

0-
18

0 
s

R M
e

i-
Pr

C
H

2C
H

=
C

H
2

t-
B

u

M
eO

2C
(C

H
2)

2c

Ph B
n

(9
2)

(9
5)

(9
4)

(9
6)

(5
1)

(9
6)

(9
1)

2S
:2

R

98
:2

98
:2

98
:2

>
99

:1

>
95

:5

97
:3

97
:3

43
1

C
3-

8

N
O

O
O

R

B
n N

O

O
O

R

B
n

1.
 B

as
e,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 A

rS
O

2N
3,

 –
78

°, 
tim

e 
2

3.
 A

ci
d,

 te
m

p 
3,

 ti
m

e 
3 

(q
ue

nc
h)

C
3-

9

N
3

N
O

O
O

R

B
n

N
2

+

I
II

R M
e

i-
Pr

C
H

2C
H

=
C

H
2

t-
B

u

Ph B
n

B
n

B
n

B
n

B
n

B
n

B
n

A
r

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

4-
O

2N
C

6H
4

4-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
M

eC
6H

4

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

B
as

e

K
H

M
D

S

K
H

M
D

S

K
H

M
D

S

K
H

M
D

S

K
H

M
D

S

N
aH

M
D

S

K
H

M
D

S

K
H

M
D

S

K
H

M
D

S

L
D

A

N
aH

M
D

S

K
H

M
D

S

T
im

e 
2

1-
2 

m
in

1-
2 

m
in

1-
2 

m
in

1-
2 

m
in

1-
2 

m
in

1 
h

— — —

1 
m

in

30
 s

1-
2 

m
in

I

(7
4)

d

(7
7)

d

(7
8)

d

(9
0)

d

(8
2)

d

(0
)

(1
5)

(5
1)

(0
)

(7
4)

(5
9)

(9
2)

I 
%

 d
e

94 96 94 >
98 82 — — — — — — 94

II (0
)

(0
)

(0
)

(0
)

(0
)

(8
5)

(7
0)

(2
6)

(5
7)

(0
)

(0
)

(0
)

31
8,

 4
33

A
ci

d

H
O

A
c

H
O

A
c

H
O

A
c

H
O

A
c

H
O

A
c

T
M

SC
l

H
O

A
c

H
O

A
c

T
FA

H
O

A
c

H
O

A
c

H
O

A
c

T
em

p 
3

— — — — — –7
8° — — —

–7
8°

 to
 r

t

–7
8°

 to
 r

t

–7
8°

 to
 r

t

T
im

e 
3

— — — — — 1 
h

— — — 12
 h

3 
h

3 
h

E

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

268



C
3-

4

N
O

O
O

(E
tO

) 2
P(

O
)

1.
 N

aH
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 

   
 T

H
F 

(p
re

co
ol

ed
),

 –
78

°, 
30

 m
in

89
4

n 1 2

(6
6)

(6
4)

de

>
98

%

—

n
N

O

O
O

(E
tO

) 2
P(

O
)

n N
3

N
O

O
O

B
n

Ph
2P

(S
)

N
O

O
O

B
n

Ph
2P

(S
)

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

45
8

(8
5)

, 9
4%

 d
e

C
3

1.
 N

aH
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 H

M
PA

, –
78

°, 
15

 m
in

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

 h

I 
 (

61
) 

   
  +

   
   

 I
I 

 (
21

)
89

5

C
4

N
O

O
O

B
n

N
O

O
O

B
n

N
O

O
O

B
n

N
O

O
O

B
n

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 H

M
PA

, –
78

°, 
15

 m
in

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

 h
E

E

E

I 
 (

44
)

+

+

II
  (

18
)

(7
)

(i
-P

r)
2N

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

89
5

269



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

C
4-

5

C
4

N

O
O

R
1

N

O
O

N

O
O

E
R

1
R

1
E

+

E
 =

 N
(C

O
2R

2 )N
H

C
O

2R
2

R
2 O

2C
N

=
N

C
O

2R
2 , c

at
al

ys
t (

10
 m

ol
%

),
 

  C
lC

H
2C

H
2C

l

89
6

R
1

H H H H H H M
e

R
2

E
t

E
t

B
n

B
n

B
n

B
n

E
t

C
at

al
ys

t

A B A B B B B

T
em

p

rt rt 0° rt 0° 50
°

50
°

T
im

e

18
 h

12
 h

4 
d

17
 h

72
 h

17
 h

—

I 
+

 I
I

(9
4)

(9
7)

(1
00

)

(1
00

)

(1
00

)

(1
00

)

(0
)

I:
II

73
:2

7

74
:2

6

89
:1

1

70
:3

0

69
:3

1

63
:2

7

—

O
N

i
O

O
O

O
N

i
O

O
O

C
at

al
ys

t A

I
II

O

O

B
n

O
O

O
O

B
n

B
n

N
O

O
O

B
n

R
O

N
O

O
O

B
n

R
O

R
 =

 T
B

D
M

S
E

(7
1)

, 8
0%

 d
e

1.
 N

aH
M

D
S,

 T
H

F.
 –

78
°, 

30
 m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

 h

89
5

C
at

al
ys

t B

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

N
O

O
O

B
n

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 A

dd
en

d

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

 h

N
O

O
O

B
n

E

N
O

O
O

B
n

E
+

I
II

A
dd

en
d

— H
M

PA
 (

1 
eq

)

H
M

PA
 (

5 
eq

)

I

(5
1)

(6
1)

(5
2)

II (3
3)

(2
1)

(1
1)

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

89
5

270



N
O

O
O

R
2

R
1

B
n

N
O

O
O

R
2

B
n

1.
 B

as
e,

 T
H

F,
 te

m
p 

1,
 ti

m
e 

1

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 

   
te

m
p 

2,
 ti

m
e 

2

R
1

M
eO

 —
O

(C
H

2)
2O

—R
2

M
eO

B
as

e

L
D

A

N
aH

M
D

S

(9
3)

(6
7)

89
7

89
6,

 8
98

N
O

O
O B

n

B
r

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
45

 m
in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
C

H
2C

l 2
, 

   
 –

78
°, 

15
 m

in

N
O

O
O

B
r

B
n

(8
4)

44
1

R
1

N
O

O
O

B
n

N
O

O
O

B
n

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 3

 m
in

E

(8
6)

, 9
8%

 d
e

89
5

C
5

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

N
O

O
O

B
r

Ph

N
O

O
O

Ph
N

B
oc

N B
oc

(7
0)

44
1

1.
 L

D
A

 (
ia

),
 T

H
F,

 h
ex

an
e,

 –
78

°, 
80

 m
in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

 h

3.
 D

M
PU

, –
78

° t
o 

rt

E E

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

T
em

p 
1

–7
8°

–8
0°

T
im

e 
1

—

30
 m

in

T
em

p 
2

–7
8°

–8
0°

T
im

e 
2

—

3 
m

in

N
O

O
O B

n

B
r

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
2 

h

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
C

H
2C

l 2
,

   
   

<
 –

70
°, 

15
 m

in

3.
 B

u 4
N

I 
(0

.1
5 

eq
),

e  –
78

°, 
15

 m
in

;

   
  –

20
°, 

18
 h

N
O

O
O B

n

(9
1)

, 9
4%

 d
e

44
2,

 4
41

N
B

oc
N B

oc

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3

N
O

O
O B

n

B
r

C
5-

7

N

O
O B

n

B
r

O

N
3

n 2 3 4

(6
0-

70
)

(4
0)

f

(6
0-

70
)

%
 d

e

95 95 95

44
3

n
n

271



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
O

O
O

N
3

B
n

R
1

R
2

N
O

O
O

N
3

B
n

R
1

R
2

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 T
H

F,

   
  –

78
°, 

1-
2 

m
in

(4
6)

, 8
2.

5%
 d

e
89

9

m
ix

tu
re

 o
f 

R
1  =

 T
; R

2  =
 H

 a
nd

  R
1  =

 H
 a

nd
 R

2  =
 T

C
5

Ph
Se

N
O

O
O B

n

Ph
Se

N
O

O
O B

n

1.
 K

H
M

D
S 

(i
a)

, t
ol

ue
ne

, T
H

F,
 

   
 –

78
°, 

40
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 T
H

F,

   
 –

78
°, 

4 
m

in

N
3

(8
0)

45
6

N
O

O
O B

n

O
T

B
D

PS

M
eN

C
O

2B
u-

t

N
O

O
O B

n

O
T

B
D

PS

M
eN

C
O

2B
u-

t
N

3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1 

m
in

(>
40

),
 9

3%
 d

e
44

7

1.
 T

ri
s(

di
pi

va
lo

yl
m

et
ha

na
to

)m
an

ga
ne

se
(I

II
)

   
 (

5 
m

ol
%

),
 i-

Pr
O

H
 (

ia
),

 0
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
i-

Pr
O

H

3.
 P

h 3
Si

H
, 0

°, 
90

 m
in

N
OO

R
R

O Ph

N
OO

R
R

O Ph
E

C
6

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

R H Ph

(7
5)

(5
1)

dr

68
:3

2

65
:3

5

89
0,

 9
00

N
O

O
O

R
2

N
O

O
O

R
2

N
3

1.
 B

as
e 

(x
 e

q)
, T

H
F,

 –
78

°
2.

 2
,4

,6
-(

i-
Pr

) 3
C

6H
2S

O
2N

3,
 –

78
°, 

tim
e

R
1

R
1

C
6-

7

N
O

O
O

R
1

N
2

+

I
II

272



R
1

T
B

D
PS

O

B
zO

M
e

M
e

R
2

Ph B
n

B
n

B
n

B
as

e

K
H

M
D

S

N
aH

M
D

S

K
H

M
D

S

K
H

M
D

S

x — 1.
2

1.
2

1.
5

I

(8
2)

(7
3)

(1
0)

(7
6)

II (—
)

(—
)

(2
0)

(—
)

90
1,

 9
02

90
3

43
7

43
7

C
6

T
im

e

2 
m

in

3 
m

in

— —

T
B

D
PS

O
N

O

O
O B

n

T
B

D
PS

O
N

O

O
O B

n

*
1.

 K
H

M
D

S,
 T

H
F,

 –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

* 
C

on
fi

g.

R S

(8
6)

(8
0)

90
4

N
O

O
O B

n

O

N
O

O
O B

n

O

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

(8
4)

90
5

N
O

O
O i-

Pr

R
N

O

O
O i-

Pr

R

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

45
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

m
in

R C
M

e 2
C

O
2B

n

1-
ad

am
an

ty
l

(5
5)

(2
7)

90
6

C
6-

12

C
7

N
O

O
O

B
n

N
O

O
O

B
n

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
(6

7)
90

7

N
3

N
O

O
O

B
n

N
O

O
O

B
n

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
(—

)
90

8

*

273



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
O

O
O

B
n

R
1

N
R

2 C
O

2B
u-

t

N
O

O
O

B
n

R
1

N
R

2 C
O

2B
u-

t

N
3

R
1 , R

2  =
 H

, H
; H

, M
e;

 M
e,

 H
; M

e,
M

e

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
(4

0-
50

),
 d

e 
>

95
%

45
1

N
O

O
O

Ph

N N B
n

N
O

O
O

Ph

N N B
n

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

50
°, 

45
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

° 2
 m

in
N

3

(7
2)

90
9

N
O

O
O

R
1

N C
bz

H

R
2

N
O

O
O

R
1

N C
bz

H

R
2

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

m
in

R
1

H M
e

R
2

H Ph

(—
)

(6
8)

th
re

o:
er

yt
hr

o

1:
2

10
0:

0

87
1

45
4

N
O

B
n

O

N

O

O

B
n

O
O

N
O

B
n

O

N

O

O

B
n

O
O

1.
 K

H
M

D
S 

(2
 e

q,
 ia

),
 T

H
F,

 –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3 

(2
 e

q)
,

   
 –

78
°, 

30
 m

in
N

3
N

3

O
O

N
3

N
3

+

(3
5)

(8
)

91
0

N
O

B
n

O

N

O

O

B
n

O
O

1.
 K

H
M

D
S 

(2
 e

q,
 ia

),
 T

H
F,

 –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3 

(2
 e

q)
,

   
 –

78
°, 

30
 m

in

N

O

O

B
n

O

2,
4,

6-
(i

-P
r)

3C
6H

2S
O

2N
H

O

(—
)

91
0

C
7-

8

C
7

H

274



N
O

O
O

A
r

C
8-

12

N
O

O
O

A
r

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

 T
sN

H
M

e 
(0

.2
 e

q)
, C

H
2C

l 2

R
N

M
gN

R

Ph
Ph

(0
.1

 e
q)

,

A
r

Ph 4-
FC

6H
4

4-
M

eO
C

6H
4

3,
4-

(O
C

H
2O

)C
6H

3

3-
C

l-
4 -

M
eO

C
6H

3

2-
na

ph
th

yl

T
em

p

–7
5°

–6
5°

–6
5°

–7
5°

–7
5°

–6
5°

T
im

e

48
 h

48
 h

48
 h

72
 h

60
 h

48
 h

(9
2)

d

(9
7)

d

(9
3)

d

(8
5)

d

(8
4)

d

(8
7)

d

%
 e

e

86 90 86 82 80 82

43
6

R
 =

 S
O

2C
6H

3M
e 2

-2
,5

E

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

N
O

O
O

B
n

Ph

C
8

1.
 B

as
e 

(x
 e

q)

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t
N

O

O
O

B
n

Ph
(—

)

B
as

e

L
iN

E
t 2

N
aO

B
u-

t

L
a(

O
B

u-
t)

3

1

x 1.
0

0.
05

0.
05

0.
05

43
6

2S
:2

R

97
:3

95
:5

97
:3

95
:5

N
O

O
O

A
r

B
n

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

tim
e 

1

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
tim

e 
2

N
O

O
O

A
r

B
n

N
3

A
r

3,
5-

(M
eO

) 2
C

6H
3

4-
(M

eO
)-3

,5
-(

i-
Pr

O
) 2

C
6H

2

4-
(M

eO
)-

3,
5-

(B
nO

) 2
C

6H
2

T
im

e 
1

—

30
 m

in

30
 m

in

T
im

e 
2

—

5 
m

in

2 
m

in

(—
)

(7
1)

(8
2)

%
 d

e

>
60

>
85 80

91
1

89
2,

 9
12

91
3

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t
E

E
 =

 N
(C

O
2B

u-
t)

N
C

O
2B

u-
t

N
O

O
O B

n

Ph

E

–N
a+

1

275



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
O

O
O

A
r

Ph

N
O

O
O

A
r

Ph
N

3

C
8-

9

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

tim
e 

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

A
r

3-
B

nO
C

6H
4

3-
B

nO
-4

-M
eO

C
6H

3

4-
C

lC
6H

4C
H

2

T
im

e 

30
 m

in

23
 m

in

30
 m

in

(3
0-

50
)

(9
0)

(6
8)

%
 d

e

— 92 >
98

91
4

91
5

91
4

C
8

N
O

O
O B

n

O

O

H

H
N

O

O
O B

n

O

O

H

H
N

O

O
O B

n

O

O

H

H
N

3
N

3

+
1.

 K
H

M
D

S,
 T

H
F,

 –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

(2
6)

(2
6)

91
6

N
O

O
O

A
r

B
n

N
O

O
O

A
r

B
n

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

tim
e 

1

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
tim

e 
2

A
r

Ph 4-
FC

6H
4

4-
C

lC
6H

4

3,
5-

(M
eO

) 2
C

6H
3

3-
T

B
SO

-4
-M

eO
C

6H
3

3,
5-

(B
nO

) 2
C

6H
3

3,
5-

(B
nO

) 2
-4

-M
eC

6H
2

3-
(C

H
2=

C
H

C
H

2O
)-

4-
M

e-
5-

B
nO

C
6H

2

3,
5-

(3
,4

-C
l 2

C
6H

3C
H

2)
2C

6H
3

T
im

e 
1

15
-4

5 
m

in

30
 m

in

20
 m

in

15
-4

5 
m

in

20
 m

in

—

15
-4

5 
m

in

15
-4

5 
m

in

15
-4

5 
m

in

T
im

e 
2

1-
2 

m
in

2 
m

in

5 
m

in

1-
2 

m
in

5 
m

in

—

1-
2 

m
in

1-
2 

m
in

1-
2 

m
in

(8
2)

(6
7)

(—
)

(7
8)

(7
5)

(8
1)

(8
1)

(7
5)

(7
6)

%
 d

e

82 — — 80 — — 76 80 76

45
0

91
7

91
8

45
0

91
8

91
9

45
0

45
0

45
0

C
8-

22

276



N
O

O
O B

n

N
R

C
O

2B
u-

t

N
O

O
O B

n

N
R

C
O

2B
u-

t

N
3

1.
 K

H
M

D
S 

(2
 e

q)
, T

H
F,

 –
78

°, 
20

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1 

m
in

R H M
e

(5
4)

(5
1)

45
2

N
O

O
O B

n

R

C
8-

11

N
O

O
O B

n

R

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1-

2 
m

in

R i-
Pr

 (
R

,S
)

Ph
 (

R
)

Ph
 (

S)

92
0

(6
3)

(6
8)

(6
8)

N
O

O
O B

n

N
O

O
O B

n

R

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

60
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
60

 m
in

R c-
C

5H
9

c-
C

6H
11

C
H

2

c-
C

8H
15

t-
B

u

(—
)

(6
1)

(—
)

(—
)

(—
)

R

C
8-

13

43
8

C
8

N
O

O
O B

n
O

N
B

oc

N
O

O
O B

n
O

N
B

oc
N

3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

80
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3

   
(m

od
e 

of
 a

dd
iti

on
),

 te
m

p,
 ti

m
e

M
od

e 
of

 A
dd

iti
on

az
id

e 
so

lu
tio

n 
pr

ec
oo

le
d 

to
 –

78
°

az
id

e 
so

lu
tio

n 
pr

ec
oo

le
d 

to
 –

95
°, 

  i
ns

ul
at

ed
 c

an
nu

la

az
id

e 
ad

de
d 

as
 a

 s
ol

id

T
em

p

–7
8°

–9
5°

 to
 –

10
0°

–7
8°

T
im

e

22
0 

se
c

22
0 

se
c

20
0 

se
c

(2
0-

40
)

(4
5-

82
)

(7
5-

95
)

44
0

277



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

C
9

N
O

O
O

B
n

N
O

O
O

B
n

1.
 L

i b
as

e,
 C

uI
, T

H
F

2.
 T

os
O

N
(L

i)
C

O
2B

u-
t, 

–5
0°

, 1
 h

N
H

2

(5
5)

12
6

O

N
C

O
2B

u-
t,

4-
N

C
C

6H
4

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

60
 m

in

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 

   
  –

78
°, 

30
 m

in

N
O

O
O

B
n

(3
3)

15
3,

 1
57

14
C

N
O

O
O B

n

B
n

14
C

N
O

O
O B

n

B
n

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
1.

5 
h

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
T

H
F,

 

   
 –

78
°, 

30
 m

in

(4
6)

92
1

N
O

O
O B

n
A

cN
H

N
O

O
O B

n
A

cN
H

1.
 K

H
M

D
S 

(1
.9

 e
q)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t (
ia

),

   
 C

H
2C

l 2
, –

78
°, 

3 
m

in

(5
3)

h
45

3

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

E

E
E

 =
 N

(C
O

2B
u-

t)
N

H
C

O
2B

u-
t

N
H

t-
B

uO
2C

N
O

O
O B

n

A
r

N
O

O
O B

n

A
r

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

tim
e 

1

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
tim

e 
2

A
r

Ph 3-
B

nO
C

6H
4

3-
(i

-P
rO

)-
4-

M
eO

C
6H

3

T
im

e 
1

15
 m

in

—

30
 m

in

T
im

e 
2

2 
m

in

—

2 
m

in

(—
)

(5
9)

(8
3)

dr — 95
:5

—

44
4

77
4,

 9
22

92
3

278



N
O

O
O i-

Pr

Ph

C
6H

4M
e-

4

C
6H

4M
e-

4

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

N
O

O
O i-

Pr

Ph

C
6H

4M
e-

4

C
6H

4M
e-

4

N
3

92
4

(6
5)

, 9
2%

 d
e

N
O

O
O

R
2

O

O
R

1
O

R
1

R
1 O

O
R

1
N

O

O
O

R
2

E

1.
 B

as
e,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t (
ia

),

   
 –

78
°, 

5 
m

in
*

R
1

M
e

B
n

B
n

B
n

B
n

* α β α β β

n 1 1 1 1 2

B
as

e

K
H

M
D

S

L
D

A

K
H

M
D

S

K
H

M
D

S

L
D

A

(6
1)

(7
0)

(7
2)

(6
8)

(6
5)

C
10

-1
1

%
 d

e

92 73
i

72 98 98

R
2

i-
Pr

H i-
Pr

i-
Pr

i-
Pr

43
9

45
9

43
9

43
9

45
9

N
O

O
O B

n

C
10

N

O

O

O

B
n

N
O

O
O B

n

N

O

O

O

B
n

N
3

N
3

1.
 K

H
M

D
S 

(2
.1

 e
q)

 (
ia

),
 T

H
F,

   
  –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3 

(2
.2

 e
q)

,

   
  –

78
°, 

10
 m

in

C
on

ne
ct

io
n

1,
3

1,
4

(7
3)

(6
5)

%
 d

e

>
95 60

92
5

N
O

O
O B

n

B
nN

N C
O

2B
n

N
H

C
O

2B
u-

t

N
O

O
O B

n

B
nN

N C
O

2B
n

N
H

C
O

2B
u-

tN
3

1.
 K

H
M

D
S 

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3

(>
62

),
 5

2%
 d

e
44

9

n
n

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

279



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
O

O
O B

n

OO

O
T

s

N
O

O
O B

n

OO

O
T

s

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

m
in

N
3

(7
3)

45
5

C
11

N
O

O
O

Ph
PM

B
O

T
M

S

N
O

O
O

Ph
PM

B
O

T
M

S N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

10
0°

, 3
0 

m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3 

(3
 e

q)
,

   
  –

78
°, 

5 
m

in

(5
0)

, 8
0%

 d
e

78
2

N
O

O
O Ph

N R

N
O

O
O Ph

N R

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

m
in

R C
O

2B
u-

t

2,
4,

6-
M

e 3
C

6H
2S

O
2

(4
0)

(5
9)

92
8

92
9,

 9
30

C
12

N
O

O
O Ph

N R

N
O

O
O Ph

N R

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3 

(i
a)

, –
78

°, 
5 

m
in

R
 =

 2
,4

,6
-M

e 3
C

6H
2S

O
2

(6
2)

92
9,

 9
30

C
10

C
11

-1
3

N
O

O
O Ph

1.
 K

H
M

D
S,

 T
H

F

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°

R

A
r

N
O

O
O Ph

R

A
r

A
r

2,
6-

M
e 2

-4
-M

eO
C

6H
2

2-
na

ph
th

yl

R i-
Pr

M
e

(8
0)

(9
4)

%
 d

e

>
95

>
95

N
3

92
6

92
7

280



N
O

O
O B

n

R
O

N
O

O
O Ph

R
O

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

40
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

N
3

R T
B

S

B
n

(9
5)

(7
3)

93
1

O

N
O

O

B
n

O

N
O

O

B
n

E
1.

 L
D

A
, T

H
F,

 –
78

°, 
30

 m
in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

 h

(8
2)

C
13

43
8

N
O

O
O i-

Pr
N M

e

N
O

O
O i-

Pr
N M

e

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1 

m
in

(7
0)

,  
>

98
%

 d
e

93
2

N
O

O
O B

n

T
B

SO

R

N
O

O
O B

n

T
B

SO

R

1.
 K

H
M

D
S 

(1
.2

 e
q,

 ia
),

 T
H

F,
 –

78
°, 

40
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

N
3

(3
5)

45
7

C
15

N
O

O
O

Ph

Ph

Ph

N
O

O
O

Ph

Ph

Ph

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
N

3

(9
4)

93
3

R
 =

 (
t-

B
uO

) 2
P(

O
)

N
O

O
O Ph

M
eO

i-
Pr

N
O

O
O Ph

M
eO

i-
Pr

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
15

 m
in

(8
5)

,  
>

90
 d

e
43

4

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

N
O

O
O

Ph

Ph

N
O

O
O

Ph

Ph

Ph
1.

 K
H

M
D

S,
 T

H
F,

 –
78

°
2.

 2
,4

,6
-(

i-
Pr

) 3
C

6H
2S

O
2N

3,
 –

78
°

N
3

(—
)

93
3

Ph

R
 =

 P
(O

)(
O

B
u-

t)
2

281



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
O

O
O i-

Pr

N

N

O
E

t

O
E

t

i-
Pr

N
O

O
O i-

Pr

N

N

O
E

t

O
E

t

i-
Pr

N
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

(8
4)

93
4

N
O

O
O

Ph

N
O

O
O

Ph

C
17

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
N

3

(8
5)

93
5

C
15

N
O

O
O

Ph

N
O

O
O

Ph

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
N

3

(—
)

93
5

N
O

O
O B

n

N
H N

N
O

O
O B

n

N
H N

N
3

O

N
3

N
H

2

1.
 K

H
M

D
S 

(2
.3

 e
q)

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

m
in

3.
 H

O
A

c,
 –

78
° t

o 
rt

, o
ve

rn
ig

ht

4.
 N

aH
C

O
3,

 H
2O

+
44

5,
 4

46

(3
4)

(2
4)

N
O

O
O B

n

R

C
l

R

R

N
O

O
O B

n

R

C
l

R

R

R
 =

 B
nO

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

15
-4

5 
m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1-

2 
m

in

(7
7)

, >
90

%
 d

e
45

0

5
5

5

5
5

282



C
17

N
O

O
O B

n
O

N
O

O
O B

n
O

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

(8
5)

44
8

OB
oc

N

OB
oc

N

N
O

B
n

(8
3-

86
),

d   9
5%

 d
eg

O
O

O

M
eO

C
O

2B
u-

t

C
18

N
O

B
n

O
O

O

M
eO

C
O

2B
u-

tN
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

15
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
2 

m
in

44
4

N
O

B
n

(8
5)

O
O

1.
 K

H
M

D
S 

(2
.2

 e
q)

, T
H

F,
 –

78
°, 

15
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1-

2 
m

in

43
3

M
eO

O

C
O

2B
n

N
H

B
oc

N
O

B
n

O
O

M
eO

O

C
O

2B
n

N
H

B
oc

N
3

N
O

B
n

O
O

B
nO

O
B

n

B
nO

R

N
H

B
oc

N
O

B
n

O
O

B
nO

O
B

n

B
nO

R

N
H

B
oc

R
 =

 T
M

S(
C

H
2)

2O
2C

1:
1 

m
ix

tu
re

 o
f 

2 
at

ro
pi

so
m

er
s

N
3

1.
 K

H
M

D
S 

(2
.2

 e
q)

, T
H

F,
 –

78
°, 

15
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1 

m
in

(6
0)

, 8
6%

 d
ej

45
0

283



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

3.
 N

-A
C

Y
L

O
X

A
Z

O
L

ID
IN

O
N

E
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N
O

PhO
O

R

1.
 K

H
M

D
S 

(1
 e

q)
, N

aH
 (

1 
eq

),
 T

H
F,

   
 –

78
°, 

30
 m

in
   

  

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
15

 m
in

N
O

PhO
O

R

R t-
B

u

Ph

(5
4)

(7
3)

43
5,

 9
36

N
O

PhO
O

R

1.
 K

H
M

D
S 

(1
 e

q)
, N

aH
 (

1 
eq

),
 T

H
F,

   
 –

78
°, 

30
 m

in
   

  

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
15

 m
in

N
O

PhO
O

R

R t-
B

u

Ph

(5
1)

(6
0)

43
5,

 9
36

N
3

N
3

M
E

M
O

M
E

M
O

M
E

M
O

M
E

M
O

C
19

-2
1

N
O

B
n

O
O

B
nO

O

O C
N

N
O

B
n

O
O

B
nO

O

O C
N

N
3

1.
 K

H
M

D
S 

(2
.2

 e
q)

, T
H

F,
 –

78
°, 

   
15

-4
5 

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1-

2 
m

in

(6
1)

, 8
4%

 d
e

45
0

C
24

284



a  T
he

 c
hi

ra
l a

ux
ili

ar
y 

co
ul

d 
no

t b
e 

cl
ea

ve
d 

to
 g

iv
e 

th
e 

hy
dr

az
in

e 
de

ri
va

tiv
e.

b  R
ea

ge
nt

s 
w

he
re

 R
1  =

 M
e 

or
 E

t g
av

e 
pr

od
uc

ts
 w

ith
 p

oo
re

r 
dr

 v
al

ue
s.

c  T
he

 tr
ea

tm
en

t t
im

e 
w

ith
 L

D
A

 w
as

 5
 m

in
ut

es
.

d  T
he

 n
um

be
r 

is
 th

e 
yi

el
d 

of
 p

ur
e 

m
aj

or
 p

ro
du

ct
.

e  A
dd

iti
on

 o
f 

B
u 4

N
I 

pr
ev

en
ts

 th
e 

re
ve

rs
e 

re
ac

tio
n 

of
 th

e 
in

iti
al

ly
 f

or
m

ed
 a

dd
uc

t; 
oc

cu
rr

en
ce

 o
f 

a 
re

ve
rs

e 
re

ac
tio

n 
ha

s 
be

en
 d

is
pu

te
d 

(R
ef

. 4
41

).
f  E

xc
es

s 
2,

4,
6-

(i
-P

r)
3C

6H
2S

O
2N

3 
w

as
 a

dd
ed

 e
ar

ly
 in

 th
e 

en
ol

iz
at

io
n 

st
ep

 to
 p

ar
tia

lly
 c

ou
nt

er
ac

t c
yc

liz
at

io
n 

of
 th

e 
en

ol
at

e.
g  T

he
 v

al
ue

s 
ar

e 
th

os
e 

of
 th

e 
cr

ud
e 

pr
od

uc
t.

h  T
he

 p
ro

du
ct

 e
pi

m
er

iz
ed

 o
n 

at
te

m
pt

ed
 r

em
ov

al
 o

f 
th

e 
ch

ir
al

 a
ux

ili
ar

y.
i  N

o 
co

nf
ig

ur
at

io
ns

 w
er

e 
as

si
gn

ed
 to

 th
e 

tw
o 

di
as

te
re

om
er

s.
j  T

he
 n

um
be

rs
 a

re
 th

e 
fo

r 
th

e 
tw

o 
at

ro
pi

so
m

er
s.

285



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

4.
 L

A
C

T
A

M
 E

N
O

L
A

T
E

S

C
3-

4

M
eN

O

R

M
eN

O

R
1.

 L
D

A
, E

t 2
O

, –
70

°
2.

 T
sN

3,
 –

78
° t

o 
–5

0°
, 1

 h

3.
 T

M
SC

l, 
re

fl
ux

, 6
 h

N
3

R E
tS

M
e

(5
2)

(3
9)

33
9

T
B

SN
O

Ph
S

H

T
B

SN
O

Ph
S

H

1.
 L

D
A

2.
 2

-C
10

H
7S

O
2N

3

(6
6)

78
0

T
B

SN
O

Ph
S

H

T
B

SN
O

Ph
S

H
N

3
1.

 L
D

A

2.
 2

-C
10

H
7S

O
2N

3

3.
 T

M
SC

l

(5
6)

78
0

N
3

C
4-

10

NN

O

R

M
e

B
n

NN

O
M

e

B
n

N R
1.

 L
D

A
, T

H
F,

 h
ex

an
e,

 –
78

°, 
2 

h

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 6

 h
; r

t, 
3-

6 
h

R M
e

E
t

B
n

(4
5)

(6
7)

(7
3)

%
 d

e

>
98

>
98

>
98

46
0

NN
O

R

M
e B
n

NN
O

M
e

B
n

N R
1.

 L
D

A
, T

H
F,

 h
ex

an
e,

 –
78

°, 
2 

h

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 6

 h
; r

t, 
3-

6 
h

R M
e

E
t

B
n

(4
1)

(3
7)

(2
5)

%
 d

e

>
98

>
98

>
98

46
0

R
N

O
R

N
ON

3
1.

 L
D

A
, T

H
F,

 –
78

°, 
2 

h

2.
 T

sN
3,

 –
78

°, 
1 

h

3.
 T

M
SC

l, 
rt

. 1
 h

R
 =

 C
(C

O
2M

e)
2C

6H
4O

B
n-

4

(7
6)

77
7

M
eN

O
M

eN
O

1.
 L

D
A

, E
t 2

O
, –

70
°

2.
 T

M
SN

3,
 –

78
° t

o 
–5

0°
, 1

 h

3.
 T

M
SC

l, 
re

fl
ux

, 6
 h

T
M

S

33
9

(6
4)

C
4

C
3

C
O

2B
u-

t

N
H

C
O

2B
u-

t

C
O

2B
u-

t

N
H

C
O

2B
u-

t

286



N
t-

B
uO

2C
O

H

C
7

1.
 L

iH
M

D
S,

 T
H

F,
 –

78
°

2.
 P

h 2
P(

O
)O

N
H

2

N
t-

B
uO

2C
O

H

N
H

2
(4

7)
14

3

C
9

N B
oc

O
N B

oc

ON
3

1.
 K

H
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

80
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3 

(p
re

co
ol

ed
 to

   
–9

5°
, i

ns
ul

at
ed

 c
an

nu
la

)

(3
6)

, 1
7%

 d
e

44
0

N

S

M
eO

2C
C

O
2M

eO
N

S

M
eO

2C
C

O
2M

eON
3

H
1.

 L
iH

M
D

S,
 T

H
F,

 –
70

°, 
4 

h

2.
 T

sN
3,

 –
70

°
3.

 T
M

SC
l, 

to
 r

t

(6
8)

33
9

N

O

H

T
B

D
PS

O

N

O

H

T
B

D
PS

O

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
20

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

h
N

3

(6
5)

, 7
2%

 d
e

46
2

NH

T
B

D
PS

O
O

NH

T
B

D
PS

O
O

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
20

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

a  –
78

°, 
10

 m
in

N
3

NH

T
B

D
PS

O
O

N
2

(2
0)

(6
4)

46
1

B
oc

O
B

oc
O

C
8

1.
 K

O
B

u-
t, 

T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 T
H

F,
 –

78
°, 

30
 m

in
N

R N

C
l

O

N

R N

C
l

O

N
3

R M
e

PM
B

(5
7)

(9
2)

93
8

+

C
5

C
bz

N
O

t-
B

uO
2C

C
bz

N
O

t-
B

uO
2C

C
bz

N
O

t-
B

uO
2C

E
E

1.
 L

iH
M

D
S,

 –
78

°
2.

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t

I
+

II

I 
+

 I
I 

(7
6)

, I
:I

I 
=

 1
0:

1

93
7

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

287



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

4.
 L

A
C

T
A

M
 E

N
O

L
A

T
E

S 
(C

on
ti

nu
ed

)

N

O

H

T
B

D
PS

O

N

O

H

T
B

D
PS

O

1.
 t-

B
uL

i, 
T

H
F,

 –
78

°, 
1 

h

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

h

(6
3)

94
0

O
M

e

N
3

O
M

e
C

10

C
9

N
M

e

N
Pr

-i

O

O

N
M

e

N
Pr

-i

O

O
N

3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
(—

)
93

9

C
10

N N

O

OH
N N

O

OH
N N

O

ON
3

R

H
N

3
N

3

R
R

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°

R H O
T

B
D

M
S

I

(4
2)

(2
2)

II (0
)

(2
2)

94
1

C
11

-2
1

N

N R
2

O
R

1

N

N R
2

O
R

1

N
3

R
1

M
e

M
e

M
e

M
e

M
e

C
H

2C
F 3

C
H

2C
F 3

C
H

2C
F 3

i-
Pr

4-
M

eO
C

6H
4C

H
2

4-
M

eO
C

6H
4C

H
2

R
2

E
t

n-
Pr

i-
Pr

M
eO

(C
H

2)
2O

C
M

e 2

Ph i-
Pr

i-
Pr

Ph Ph i-
Pr

Ph

(8
3)

(7
6)

(8
6)

(8
1)

(8
8)

(5
0)

(9
4)

b

(7
7)

(8
9)

(8
4)

(8
9)

94
2

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

5 
m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

m
in

I
II

+

288



N N

O

OH
N N

O

ON
3

M
eO

2C
M

eO
2C

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
94

1
(7

9)

C
11

C
12

N
O

ON
(B

n)
O

B
n

H

Ph

N
O

ON
(B

n)
O

B
n

H

Ph

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°, 
30

 m
in

2.
 R

O
2C

N
=

N
C

O
2R

, –
78

°, 
8 

h

N
R t-

B
u

B
n

(7
0)

(8
5)

94
3,

 9
44

C
15

-1
8

N

OO
M

e
H

T
B

D
PS

O

E
t

R
N

OO
M

e
H

T
B

D
PS

O

E
t

1.
 t-

B
uL

i, 
T

H
F

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°
88

7
N

3

R

R C
M

e=
C

H
2

1-
cy

cl
oh

ex
en

yl

Ph

(7
2)

(7
8)

(6
0)

N

O

H

B
n

T
B

D
PS

O

N

O

H

T
B

D
PS

O

N

O

H

T
B

D
PS

O

B
n

N
3

N
3

B
n

1.
 t-

B
uL

i, 
T

H
F,

 p
en

ta
ne

, –
78

°, 
50

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
6 

h

C
16

(2
7)

(1
5)

46
2

N
N

N

M
eO

O

Ph

N
N

N

M
eO

O

Ph

N
3

1.
 t-

B
uO

K
, T

H
F

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°

(2
6)

94
5

N

O
4-

M
eO

C
6H

4

R

T
B

SO

N

O
4-

M
eO

C
6H

4

R

T
B

SO

N
3

N

O
4-

M
eO

C
6H

4

R

T
B

SO

N
3

1.
 L

D
A

 (
ia

),
 T

H
F,

 –
78

°;
 to

 0
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

m
in

C
18

(5
9)

(2
4)

94
6

R
 =

 O
Si

E
t 3

a  N
o 

re
ac

tio
n 

oc
cu

rr
ed

 w
ith

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t.

b  T
he

 b
as

e 
w

as
 K

O
B

u-
t (

2 
eq

).

+ +

N
H

C
O

2R

C
O

2R

289



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

5.
 C

Y
A

N
O

-S
T

A
B

IL
IZ

E
D

 C
A

R
B

A
N

IO
N

S

C
3

N
C

N
C

N
a+

1.
 2

,4
,6

-M
e 3

C
6H

2S
O

2O
N

H
2,

 T
H

F,
 0

°, 
2.

5 
h

2.
 T

sO
H

N
C

N
C

N
H

3+
 T

sO
–

(5
5)

46
3

C
N

N
C

O
N

E
t 2

O

2-
N

C
C

6H
4

1.
 n

-B
uL

i, 
he

xa
ne

, T
H

F,
 0

°, 
30

 m
in

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 , 

–7
8°

, 3
 h

; t
o 

rt
, 1

.5
 h

C
N

N
H

C
O

N
E

t 2
(5

6)
15

8

N
C

N
C

H
N

O

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
   

   
   

(–
) 

, –
78

°, 
7 

h;
 to

 r
t

N

C
N C

O
N

H
2(5

7)
, 2

3%
 d

e
15

1

N

C
N C

O
N

H
2

(8
2)

, d
r 

1:
1

15
1

(N
C

) 2
C

=
N

O
T

s,
 p

yr
id

in
e,

 E
t 2

O
, 0

°
N

C

N
C

N
C

N

C
N

(5
5)

83
8

C
3-

4

R
C

N

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
  (

+
) 

, –
78

°, 
tim

e;
 to

 r
t

O
N

H

C
O

N
H

2

N

O
I

II

R M
e

E
t

T
im

e

4.
5 

h

6.
5 

h

I

(3
6)

(8
3)

II (0
)

(1
7)

15
1

C
3

H

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
  (

+
) 

, –
78

°, 
6 

h;
 to

 r
t

O
N

H

+

C
4

C
N

N
C

O
N

H
2

(4
5)

15
1

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
  (

+
) 

, –
78

°, 
26

.5
 h

; t
o 

rt

O
N

H

Py
H

+

290



C
on

di
tio

ns
 1

: 1
. C

at
al

ys
t A

 (
se

e 
C

ha
rt

 1
; 5

 m
ol

%
),

   
   

   
   

   
   

   
   

   
E

tO
H

, r
t

   
   

   
   

   
   

   
  2

. S
ub

st
ra

te
, t

he
n 

Ph
Si

H
3

   
   

   
   

   
   

   
  3

. t
-B

uO
2C

N
=

N
C

O
2B

u-
t, 

rt
, t

im
e

C
on

di
tio

ns
 2

: 1
. C

at
al

ys
t B

 (
se

e 
C

ha
rt

 1
; 2

 m
ol

%
),

   
   

   
   

   
   

   
   

   
i-

Pr
O

H
, 0

°
   

   
   

   
   

   
   

  2
. S

ub
st

ra
te

, t
he

n 
Ph

Si
H

3,
 0

°
   

   
   

   
   

   
   

  3
. t

-B
uO

2C
N

=
N

C
O

2B
u-

t, 
0°

, t
im

e

C
N

C
N

N
N

H
C

O
2B

u-
t

t-
B

uO
2C

C
on

di
tio

ns

1 2

T
im

e

18
 h

2.
5 

h

(4
6)

(4
5)

21
5

T
M

SO N
C

R
1.

 L
D

A

2.
 P

h 2
P(

O
)O

N
M

e 2
, –

78
° t

o 
20

°, 
5 

h

94
7

C
6-

15

R 2-
fu

ry
l

2-
th

ie
ny

l

2-
(1

-m
et

hy
lp

yr
ro

ly
l)

2-
py

ri
di

ny
l

Ph 2-
C

lC
6H

4

4-
C

lC
6H

4

4-
B

rC
6H

4

4-
M

eO
C

6H
4

4-
M

e 2
N

C
6H

4

2,
4-

(H
O

) 2
C

6H
3

E
-P

hC
H

=
C

H

1-
na

ph
th

yl
 

2-
na

ph
th

yl

4-
B

zC
6H

4

(7
7)

(8
0)

(6
8)

(9
6)

(7
6)

(9
2)

(9
5)

(9
1)

(7
5)

(9
8)

(6
7)

(3
5)

(8
0)

(9
0)

(5
1)

R
N

M
e 2

O

Ph N
C

1.
 n

-B
uL

i

2.
 2

,4
-(

O
2N

) 2
C

6H
4O

N
H

2

Ph N
C

N
H

2 
  (

7)
93

C
8

1.
 B

as
e,

 T
H

F,
 –

78
°, 

15
 m

in

2.
 (

4-
M

eO
C

6H
4)

2P
(O

)O
N

H
2,

 –
78

° t
o 

rt
; 

   
rt

, o
ve

rn
ig

ht

3.
 A

c 2
O

, E
t 3

N

Ph N
C

N
H

A
c

10
6

B
as

e

L
iH

M
D

S

N
aH

M
D

S

K
O

B
u-

t

(5
9)

(6
4)

(6
7)

291



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

5.
 C

Y
A

N
O

-S
T

A
B

IL
IZ

E
D

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

Ph N
C

C
8

1.
 L

i b
as

e,
 T

H
F 

or
 e

th
er

2.
 M

eS
O

2O
N

M
e 2

, –
30

° t
o 

0°

Ph N
C

N
M

e 2
   

 I
 (

69
)

13
4

L
D

A
, P

h 2
P(

O
18

)O
N

M
e 2

84

NP
O

Ph
O

N
M

e 2

M
e

I 
(6

5)

I 
(6

2)
, 8

%
 e

ea
14

7
O

N
C

O
N

H
2

15
1

A
r

N
C

O
N

H
2

A
r

+

C
O

N
H

2

I
II

II
I

+

A
r

Ph 4-
C

lC
6H

4

4-
O

2N
C

6H
4

4-
M

eO
C

6H
4

1-
na

ph
th

yl

2-
na

ph
th

yl

T
im

e

4.
5 

h

5 
h

6 
h

9 
h

4.
5 

h

4.
5 

h

I 
+

 I
I

(7
8)

b

(8
0)

(0
)

(7
5)

(8
0)

(7
3)

%
 d

e

25 16 — 5 33 33

II
I

(0
)

(0
)

(2
1)

(0
)

(0
)

(0
)

C
8-

12

A
r

N
C

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
  (

+
) 

, –
78

°, 
tim

e;
 to

 r
t

O
N

H

1.
 L

i b
as

e,
 T

H
F

2.
   

   
   

   
   

   
   

   
   

   
   

, –
15

°

N
A

r

C
O

N
H

2

A
r

Ph 1-
na

ph
th

yl

2-
na

ph
th

yl

(5
5)

(4
8)

(3
1)

%
 d

e

50 33 52

15
1

H
N

O

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
   

   
   

(–
) 

, –
78

°;
 to

 r
t

292



1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°

2.
   

   
   

   
   

   
   

   
   

   
   

   
 , 

–7
8°

, 2
0 

h;
 to

 r
t

O
N

C
O

2B
u-

t
E

tO
2C

E
tO

2C

A
r

N
C

N
H

C
O

2B
u-

t

A
r

Ph 4-
C

lC
6H

4

4-
M

eO
C

6H
4

(4
5)

(4
6)

(2
0)

15
5

N HN
C

N

N
H

O
, D

A
B

C
O

 (
ca

t)
, t

ol
ue

ne
, r

t
N HN

C
O

N
H

2

N
(—

)
15

0

C
14

Ph Ph
C

N
1.

 L
i b

as
e,

 T
H

F

2.
 P

h 2
P(

O
)O

N
H

2,
 –

20
°, 

rt
, 2

0 
h

Ph Ph

C
N

N
H

2

I 
 (

67
)

13
9

4-
O

2N
C

6H
4

N
C

4-
O

2N
C

6H
4

N
C

N

C
N

C
N

–
Py

H
+
  (

85
)

N
C

N
C

N
T

s,
 p

yr
id

in
e,

 r
t, 

1 
h

83
8

C
8

C
9

C
N

T
M

SO

C
10

O
T

M
S

N
C

M
e 2

N

N
M

e 2
O

O

1.
 L

D
A

2.
 P

h 2
P(

O
)N

M
e 2

, –
78

° t
o 

rt
, 5

 h

(3
6)

94
7

1.
 N

aH
, T

H
F,

 r
t, 

15
 m

in

2.
 R

ea
ge

nt
, r

t, 
ov

er
ni

gh
t

10
6

R
ea

ge
nt

Ph
2P

(O
)O

N
H

2c

(4
-M

eO
C

6H
4)

2P
(O

)O
N

H
2

4-
O

2N
C

6H
4C

O
2N

H
2

(6
7)

(8
5)

(6
6)

I

293



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

5.
 C

Y
A

N
O

-S
T

A
B

IL
IZ

E
D

 C
A

R
B

A
N

IO
N

S 
(C

on
ti

nu
ed

)

N H

H
N

Ph Ph

O

(8
2)

15
0

1.
 L

i b
as

e,
 E

t 2
O

 o
r 

T
H

F

2.
 M

eS
O

2O
N

M
e 2

, –
30

° t
o 

0°

Ph Ph

C
N

N
M

e 2
(6

7)
13

4

1.
 N

aH
, g

ly
m

e,
 r

t

2.
 T

sN
3,

 r
t; 

35
-4

0°
, 1

 h

Ph Ph

C
N

N
3

(1
8)

d
48

3

a 
R

ac
em

iz
at

io
n 

pr
ob

ab
ly

 o
cc

ur
re

d 
du

ri
ng

 is
ol

at
io

n 
by

 tr
ea

tm
en

t w
ith

 a
ci

d 
(p

H
 4

.5
).

b  I
 is

 th
e 

m
aj

or
 is

om
er

.
c  L

iH
M

D
S 

w
as

 u
se

d 
as

 th
e 

ba
se

.
d  T

he
 r

ep
or

te
d 

yi
el

d 
is

 th
at

 o
f 

th
e 

cr
ud

e 
pr

od
uc

t.

C
14

Ph Ph
C

N
N

H
O

, D
A

B
C

O
 (

ca
t)

, t
ol

ue
ne

, r
t

294



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

6.
 N

IT
R

O
N

A
T

E
S

C
1-

6

R
1

R
2

N
O

2

R
1

R
2

N
3

T
s

1.
 K

H
, T

H
F,

 r
t; 

40
°, 

15
 m

in

2.
 T

sN
3,

 –
10

° t
o 

0°
; 0

°, 
1 

h

46
4

R
1

H M
e

M
e

 —
(C

H
2)

5—

M
e

R
2

H H M
e

(0
)

(3
7)

(4
9)

(5
6)

(3
5)

O
O

(C
H

2)
2

295



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

7.
 S

U
L

FO
N

E
-S

T
A

B
IL

IZ
E

D
 C

A
R

B
A

N
IO

N
S

Ph
SO

2
C

uL
i

Ph
SO

2
N

M
e 2

M
e 2

N
O

SO
2R

, E
t 2

O
 o

r 
T

H
F,

 0
°

   
   

R
 =

 M
e,

 P
h,

 4
-M

eC
6H

4,
 o

r 
2,

4,
6-

M
e 3

C
6H

2

13
4

(2
2)

Ph
O

2S
C

uL
i

Ph
O

2S
13

4
(2

8)

C
7

Ph
Ph

Ph

N
M

e 2

Ph
O

2S
N

M
e 2

Ph
C

13

Ph
SO

2M
e

O
N

C
O

N
E

t 2
,

2-
N

C
C

6H
4

1.
 n

-B
uL

i, 
T

H
F,

 h
ex

an
e,

 0
°, 

30
 m

in

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  –

78
°, 

3 
h;

 to
 r

t, 
90

 m
in

(4
3)

15
8

C
15

S O
2

NH

O
T

B
D

PS
B

n
S O

2

NH

O
T

B
D

PS
S O

2

NH

O
T

B
D

PS

B
n

N
3

N
3

B
n

(4
0)

(3
3)

1.
 t-

B
uL

i, 
T

H
F,

 p
en

ta
ne

, –
78

°, 
55

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
6 

h

46
5

Ph
O

2S
C

uL
i

Ph

SO
2

N
H

B
u-

n

C
5

SO
2

N
H

B
u-

n

E
tO

2C
N

R
C

O
N

H

E
tO

2C
N

=
N

C
O

R
, M

eC
N

, r
ef

lu
x,

 3
 h

(6
0)

(6
0)

R O
E

t

Ph

25
0

1.
 M

e 2
N

O
SO

2R
, E

t 2
O

 o
r 

T
H

F,
 0

° (
fo

rm
s 

I 
as

 in
te

rm
.)

2.
   

   
   

   
   

   
   

   
   

  (
fo

rm
s 

II
)

 R
 =

 M
e,

 P
h,

 4
-M

eC
6H

4,
 o

r 
2,

4,
6-

M
e 3

C
6H

2
I

II

(—
)

+

H N
C

O
N

E
t 2

Ph
SO

2

296



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%)

T
A

B
L

E
 1

8.
 P

H
O

SP
H

O
R

U
S-

ST
A

B
IL

IZ
E

D
 C

A
R

B
A

N
IO

N
S

C
1

1.
 N

aH
, T

H
F,

 r
t, 

15
 m

in

2.
 S

ee
 ta

bl
e.

95

R
ea

ge
nt

2,
4-

(O
2N

) 2
C

6H
3O

N
H

2

Ph
2P

(O
)O

N
H

2

T
em

p

rt

–7
0°

; r
t

(1
5)

(5
0)

(5
1)

15
8

C
1-

8
R H M

e

i-
Pr

t-
B

u

Ph B
n

(5
3)

(6
5)

(6
5)

(7
1)

(7
5)

(5
0)

77
0

C
2

1.
 N

aH
, D

M
E

 

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2O
N

H
2,

 3
0°

, 3
0 

m
in

(4
7)

70
4

1.
 N

aH
, T

H
F,

 r
t, 

1 
h

2.
 P

h 2
P(

O
)O

N
H

2,
 T

H
F,

 –
78

°, 
2 

h

3.
 H

O
2C

C
O

2H

(6
0)

14
1

M
sO

N
(L

i)
C

O
2C

H
2C

H
=

C
H

2,
 T

H
F,

  –
78

° t
o 

–6
0°

, 1
.5

 h

(5
8)

13
0

1.
 n

-B
uL

i, 
T

H
F,

 –
78

°
2.

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

–7
8°

, f
ew

 m
in

E
tO

P
P

O

E
tO

O

O
E

t
O

E
t

E
tO

P
M

e

O

E
tO

E
tO

PO

E
tO

R

E
tO

PO

E
tO

C
O

2M
e

E
tO

PO

E
tO

C
O

2B
n

E
tO

PO

E
tO

–
C

u+

E
tO

P
P

O

E
tO

O

O
E

t
O

E
t

N
H

2

T
im

e

12
 h

2 
h;

 1
0 

h

O
N

C
O

N
E

t 2
,

2-
N

C
C

6H
4

1.
 n

-B
uL

i, 
T

H
F,

 h
ex

an
e,

 0
°, 

30
 m

in

2.
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  –

78
°, 

3 
h;

to
 r

t, 
1.

5 
h

E
tO

PO

E
tO

H N
C

O
N

E
t 2

E
tO

PO

E
tO

R

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

E
tO

PO

E
tO

C
O

2M
e

N
H

2

E
tO

PO

E
tO

C
O

2B
n

N
H

3+
 H

O
2C

C
O

2–

E
tO

PO

E
tO

H
N

O

O

297



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

8.
 P

H
O

SP
H

O
R

U
S-

ST
A

B
IL

IZ
E

D
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

T
sO

N
(L

i)
C

O
2B

u-
t

R M
e

Ph

(8
0)

(5
0)

12
6

E
tO

PO

E
tO

R
–

C
u+

C
2-

7

E
tO

PO

E
tO

R

N
H

C
O

2B
u-

t

M
e

N N M
eP

Ph Ph

C
2-

8
M

e
N N M

eP

Ph Ph
N

H
C

O
2B

u-
t

1.
 n

-B
uL

i, 
T

H
F,

 –
78

°
2.

 C
uB

r. M
e 2

S

3.
 T

sO
N

(L
i)

C
O

2B
u-

t, 
T

H
F,

 –
78

°

R M
e

Ph

(5
9)

(4
9)

%
 d

e

30 35

12
9

1.
 n

-B
uL

i, 
T

H
F,

 –
78

°
2.

 t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

–7
8°

, f
ew

 m
in

M
e

N N M
eP

M
e

N N M
e

(3
3)

  

m
ix

tu
re

 o
f 

tw
o 

di
as

te
re

om
er

s

77
0

M
e

N N M
eP

Ph B
n

M
e

N N M
eP

Ph B
n

N

1.
 L

D
A

, T
H

F,
 –

30
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–3

0°
, 5

 m
in

(4
1)

, 5
2%

 d
e

94
8

M
e

N N M
eP

Ph B
n

M
e

N N M
eP

Ph B
n

1.
 L

D
A

, T
H

F,
 –

30
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–3

0°
, 5

 m
in

(4
6)

, 8
3%

 d
e

94
8

R N O
P

R
2

R
1

C
2

1.
 L

D
A

, T
H

F,
 –

78
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 3

0 
m

in

R
1

H Ph Ph

R
2

Ph H H

R
3

M
e

M
e

i-
Pr

(5
5)

(5
8)

(6
5)

dr 2:
1

1.
5:

1

1:
4

94
9

O
O

O
O

O
O

O
O

O

R
R

P
N

N
H

C
O

2B
u-

t

C
O

2B
u-

t

t-
B

uO
2C

N
H

C
O

2B
u-

t

N
t-

B
uO

2C
N

H
C

O
2B

u-
t

3
R N O

P

R
2

R
1

O N
t-

B
uO

2C
N

H
C

O
2B

u-
t

3

298



N O
P

R
2

R
1

1.
 L

D
A

, T
H

F,
 –

78
°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 3

0 
m

in

R
1

H Ph Ph

R
2

Ph H H

R
3

R
3

M
e

M
e

i-
Pr

(5
0)

(5
4)

(6
2)

dr 1:
1

1.
5:

1

1:
3

94
9

O

R N O
P

R
2

R
1

O N
t-

B
uO

2C
N

H
C

O
2B

u-
t

3

C
2-

9

1.
 n

-B
uL

i, 
he

xa
ne

, c
os

ol
ve

nt
, 

   
–7

8°
, 3

0 
m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

h

3.
 A

c 2
O

, –
78

° t
o 

rt
R

1

H H H M
e

H H M
e

M
e

R
2

B
u-

t

B
u-

t

B
u-

t

B
u-

t

B
u-

t

C
E

t 3
Ph

C
H

M
e 

(S
)

is
ob

or
ny

l

R
3

M
e

Ph Ph Ph B
n

Ph Ph
c

Ph
d

(7
2)

(5
6-

79
)

(7
5)

(7
0-

93
)

(6
3)

(7
9)

(5
2)

(7
4)

dr
a

4:
1

11
:1

13
:1

b

>
20

:1

2:
1

3:
1

>
20

:1

5.
3:

1

31
7

N R
2P

O

R
1

R
3

N R
2P

O

R
1

R
3

N
N

N
SO

2C
6H

2(
Pr

-i
) 3

-2
,4

,6

A
c

O
O

C
os

ol
ve

nt

T
H

F

T
H

F

E
t 2

O

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F
C

3

PO

O
E

t
1.

 L
D

A
, T

H
F,

 –
78

°
2.

 2
,4

,6
-(

i-
Pr

) 3
C

6H
4S

O
2N

3,
 –

78
°

C
om

pl
ex

 m
ix

tu
re

89
5

C
4-

13

R
1

P(
O

)(
O

R
3 ) 2

O

R
2

R
1

P(
O

)(
O

R
3 ) 2

O R
2

N

1.
 1

 (
10

 m
ol

%
),

 C
H

2C
l 2

2.
 S

ub
st

ra
te

, 

   
th

en
 B

nO
2C

N
=

N
C

O
2B

n,
 r

t, 
tim

e

R
1

M
e

   
—

(C
H

2)
3—

   
—

(C
H

2)
4—

Ph Ph B
n

Ph 2-
na

ph
th

yl

R
2

M
e

M
e

M
e

M
e

C
H

2C
H

=
C

H
2

M
e

R
3

E
t

E
t

E
t

M
e

E
t

E
t

E
t

E
t

T
im

e

48
 h

48
 h

48
 h

48
 h

48
 h

48
 h

14
0 

h

48
 h

(7
5)

(9
8)

(9
8)

(9
7)

(8
5)

(6
0)

(8
5)

(9
3)

%
 e

e

85 95 94 94 92 95 98 92

46
8

N
Z

n
(O

T
f)

2

N

O
O

Ph
Ph

1

N
H

C
O

2B
n

C
O

2B
n

299



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

8.
 P

H
O

SP
H

O
R

U
S-

ST
A

B
IL

IZ
E

D
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

C
4-

6

1.
 n

-B
uL

i, 
T

H
F,

 –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
1 

h

n 1 1 2 2 3 3

R E
t

i-
Pr

E
t

i-
Pr

E
t

i-
Pr

(7
4)

(7
7)

(7
6)

(6
9)

(6
9)

(7
2)

77
3

C
7

N M
eP

M
e

N
Ph

N M
eP

M
e

N
Ph

N
H

C
O

2B
u-

t

1.
 n

-B
uL

i, 
T

H
F,

 –
78

°
2.

 C
uB

r•
M

e 2
S

3.
 T

sN
O

(L
i)

C
O

2B
u-

t, 
T

H
F,

 –
78

°
(4

9)
, 5

2%
 d

e
12

9

1.
 L

iN
(E

t)
2,

 P
hH

, r
t, 

1 
h

2.
 P

hN
3,

 r
t, 

18
 h

(2
6)

46
7

O
O

NP(
O

)(
O

Pr
-i

) 2
1.

 n
-B

uL
i o

r 
L

D
A

, T
H

F,
 –

78
°

2.
 E

tO
2C

N
=

N
C

O
2E

t

(3
5)

77
3

C
4

P(
O

)(
O

R
) 2

n
n

P(
O

)(
O

R
) 2

N
3

N M
eP

O
Ph

Ph
N M

eP
O

Ph

Ph

N
3

N M
eP

O
Ph

Ph

N
2

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 4

-O
2N

C
6H

4S
O

2N
3,

 –
78

°;
 to

 r
t

(—
)

(1
9)

63
2

+

O
O

O

N M
eP

M
e

N

Ph

O

N M
eP

M
e

N

Ph

O

N M
eP

M
e

N

Ph

O

N
3

+
(—

)
(3

3)
1.

 n
-B

uL
i, 

T
H

F,
 –

78
°, 

30
 m

in

2.
 4

-O
2N

C
6H

4S
O

2N
3,

 –
78

°, 
4 

h

63
2

N
H

C
O

2E
t

C
O

2E
t

P(
O

)(
O

Pr
-i

) 2

Ph
P

Ph
Ph

O
Ph

P
Ph

Ph
O

N
N

N
H

Ph

N
2

300



1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

h 

3.
 A

cO
H

(3
4-

53
),

 d
r 

>
20

:1
a

31
7

N B
u-

t

P
O

Ph

N B
u-

t

P
O

Ph
N

3
H

H

O
O

R
1

H M
e

M
e

R
2

B
u-

t

B
u-

t

Ph
C

H
M

e 
(S

)

(5
2-

70
)

(5
2-

68
)

(7
0)

 d
ra

1.
3:

1

>
20

:1

2:
1

31
7

1.
 n

-B
uL

i, 
he

xa
ne

, s
ol

ve
nt

, –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

h

3.
 A

c 2
O

, –
78

° t
o 

rt

R
1

H M
e

R
2

H M
e

(4
7-

60
)

(5
6)

dr
a

3:
1

>
20

:1

31
7

O
N

P
Ph

O
N

P
Ph

t-
B

u

N
3

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

h 

3.
 A

cO
H

(3
0)

, d
r 

>
20

:1
a

31
7

So
lv

en
t

T
H

F

E
t 2

O

N R
2P

O

R
1

1.
 K

H
M

D
S,

 T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

h 

3.
 A

cO
H

N B
u-

t

P
O

R
1

Ph

R
2

H

Ph
N R

2P
O

R
1

Ph

N
3

O

O
O

O

N B
u-

t

P
O

R
1

Ph

R
2

H

O

A
cNN

NSO
2C

6H
2(

Pr
-i

) 3
-2

,4
,6

1.
 n

-B
uL

i, 
he

xa
ne

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

h

3.
 A

c 2
O

, –
78

° t
o 

rt

O
N

P
Ph

N
(6

2)
, d

r 
2.

5:
1a

31
7

O

t-
B

u

t-
B

u

N
N

SO
2C

6H
2(

Pr
-i

) 3
-2

,4
,6

A
c

O
N

P

Ph

O
N

P

Ph

N

1.
 n

-B
uL

i, 
he

xa
ne

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

h

3.
 A

c 2
O

, –
78

° t
o 

rt

(8
1)

, d
r 

4.
3:

1a
31

7
O

O

N

A
c

N

SO
2C

6H
2(

Pr
-i

) 3
-2

,4
,6

t-
B

u

t-
B

u

301



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

8.
 P

H
O

SP
H

O
R

U
S-

ST
A

B
IL

IZ
E

D
 C

A
R

B
A

N
IO

N
S 

(C
on

ti
nu

ed
)

B
u-

t
N

P

R

Ph
B

u-
t

N
P

R

Ph

N
1.

 n
-B

uL
i, 

he
xa

ne
, T

H
F,

 –
78

°, 
30

 m
in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
5 

h

3.
 A

c 2
O

, –
78

° t
o 

rt

R H M
e

(7
0)

(8
5)

 d
ra

6:
1

9:
1

31
7

H
O

H
O

O
O

N
A

c
N

SO
2C

6H
2(

Pr
-i

) 3
-2

,4
,6

C
7

N Pr
-iP

Pr
-i

N
Ph Ph

Ph
N Pr

-iP

Pr
-i

N
Ph Ph

Ph

N
3

1.
 n

-B
uL

i, 
he

xa
ne

, T
H

F,
 –

78
°, 

30
 m

in

2.
 2

,4
,6

-(
i-

Pr
) 3

C
6H

2S
O

2N
3,

 –
78

°, 
3 

h 

3.
 H

2O

(1
00

)e , d
r 

2:
1a

31
7

C
9

O

P(
O

)(
O

R
) 2

O

N
(C

O
2E

t)
N

H
C

O
2E

t

P(
O

)(
O

R
) 2

H O
Pd

O H

Pd
P P

P P
=

P(
C

6H
3M

e 2
-3

,5
) 2

P(
C

6H
3M

e 2
-3

,5
) 2

E
tO

2C
N

=
N

C
O

2E
t, 

2 
(2

.5
 m

ol
%

),
 

  M
e 2

C
O

, r
t

R M
e

E
t

i-
Pr

T
im

e

35
 h

20
 h

60
 h

(8
1)

(9
2)

(6
8)

%
 e

e

99 99 99

23
8

2+

O
O

2

P P

2 
B

F 4
–

a  T
he

 v
al

ue
s 

ar
e 

fo
r 

th
e 

di
as

te
re

om
er

ic
 r

at
io

s 
in

 th
e 

cr
ud

e 
pr

od
uc

ts
.

b  C
le

av
ag

e 
of

 th
e 

pr
od

uc
t f

ol
lo

w
ed

 b
y 

hy
dr

ol
ys

is
 g

av
e 

(S
)-

ph
os

ph
on

o 
gl

yc
in

e.
c  T

he
 c

on
fi

gu
ra

tio
n 

on
 p

ho
sp

ho
ru

s 
w

as
 n

ot
 e

st
ab

lis
he

d.
d  T

he
 s

ub
st

ra
te

 w
as

 a
 m

ix
tu

re
 o

f 
ci

s 
an

d 
tr

an
s 

is
om

er
s.

e  T
he

 r
ep

or
te

d 
yi

el
d 

is
 th

at
 o

f 
cr

ud
e 

pr
od

uc
t.

302



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

9.
 E

N
O

L
A

T
E

S 
O

F 
α,

β-
U

N
SA

T
U

R
A

T
E

D
 C

A
R

B
O

N
Y

L
 C

O
M

PO
U

N
D

S

C
4-

10

R
3

C
O

2H

R
2

R
1

R
3

C
O

2H

R
2

R
1

N
H

2

1.
 L

iN
E

t 2
 (

2.
2 

eq
,a  ia

),
 

   
T

H
F,

 –
70

°;
 0

°, 
15

 m
in

2.
 P

h 2
P(

O
)O

N
H

2,
 –

70
°, 

25
 m

in
; r

t, 
2 

h

R
1

H M
e

M
e

H H

R
2

H H H t-
B

u

Ph

R
3

H H M
e

H H

(1
4)

(4
5)

(6
4)

(2
8)

(4
5)

14
4

1.
 L

iN
E

t 2
 (

2.
2 

eq
,a  ia

),
 

   
T

H
F,

 –
70

°, 
30

 m
in

2.
 E

tO
2C

N
=

N
C

O
2E

t, 
–7

0°
, 1

5 
m

in

R
3

C
O

2H

R
2

R
1

N

R
3

C
O

2H

R
2

R
1

N
N

H
C

O
2E

t
I

R
1

H M
e

H H M
e

H H

R
2

H H M
e

H H H Ph

R
3

H H H M
e

M
e

E
t

H

I

(6
9)

(6
5)

(6
8)

(5
1)

(5
0)

(6
2)

(7
4)

II

II

(0
)

(3
)

(0
)

(0
)

(0
)

(0
)

(0
)

14
4

C
4-

11

C
O

2R
3

R
1

R
2

C
O

2R
3 

   
  I

R
1

R
2

N

C
O

2R
3 

   
  II

R
1

R
2

N
1.

 L
D

A
, T

H
F,

 a
dd

en
d,

 –
78

°, 
70

 m
in

2.
 E

tO
2C

N
=

N
C

O
2E

t, 
–7

8°
‚ 

3 
m

in

3.
 M

eO
H

, –
78

°;
 to

 r
t

46
9,

 9
50

R
1

H H H H B
n

R
3

M
e

E
t

E
t

E
t

M
e

R
2

H M
e

M
e

M
e

H

A
dd

en
d

H
M

PA

H
M

PA

— Z
nC

l 2
b

H
M

PA

I

(6
4)

(6
3)

(7
1)

(6
1)

(7
1)

I 
E

:Z

>
99

:1

2:
1

1:
1

1:
1

>
99

:1

II (0
)

(1
2)

(7
)

(2
5)

(0
)

E
tO

2C
N

H
C

O
2E

t

N
H

C
O

2E
t

E
tO

2C
E

tO
2C

N
H

C
O

2E
t

E
tO

2C

+ +

303



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

9.
 E

N
O

L
A

T
E

S 
O

F 
α,

β-
U

N
SA

T
U

R
A

T
E

D
 C

A
R

B
O

N
Y

L
 C

O
M

PO
U

N
D

S 
(C

on
ti

nu
ed

)

O
M

e

O
T

M
S

C
O

2M
e

NN
H

C
O

2E
t

C
O

2M
e

N
(6

8)
(1

7)

1.
 E

tO
2C

N
=

N
C

O
2E

t, 
T

iC
l 4

, 

   
C

H
2C

l 2
, –

78
°

2.
 S

ub
st

ra
te

, –
78

°, 
30

 m
in

46
9,

 9
50

C
4-

5

R
C

O
2E

t c

C
l 3

Sn

C
O

2E
t

E

R
1.

 E
tO

2C
N

=
N

C
O

2E
t, 

T
H

F,
 

   
  –

10
°, 

tim
e;

 to
 –

78
°

2.
 M

eO
H

, –
78

° t
o 

rt

R
C

O
2E

t

E

R H M
e

II (5
)

(3
)

T
im

e

30
 m

in

10
0 

m
in

I

(5
3)

(2
6)

E
 =

 N
(C

O
2E

t)
N

H
C

O
2E

t

46
9

I
II

C
5

C
O

2E
t

B
u 3

Sn

C
O

2E
t

C
O

2E
t

N
N

(7
5)

(5
)

46
9,

 9
50

R
1

C
O

2R
3

G
eM

e 3
 d

R
2

1.
 E

tO
2C

N
=

N
C

O
2E

t, 
Z

nC
l 2

, 

   
C

H
2C

l 2
, –

78
°

2.
 S

ub
st

ra
te

, –
78

° t
o 

te
m

p,
 ti

m
e

R
1

C
O

2R
3

R
2

N

46
9

R
1

H  —
(C

H
2)

3—

 —
(C

H
2)

4—R
2

M
e

R
3

E
t

E
t

M
e

T
em

p

rt 5° 0°

(7
1)

(8
8)

(5
5)

E
:Z

3:
1

8:
1

6:
1

1.
 E

tO
2C

N
=

N
C

O
2E

t, 
Z

nC
l 2

, 

   
C

H
2C

l 2
, –

78
°

2.
 S

ub
st

ra
te

, –
78

° t
o 

0°
, 4

0 
m

in

N
O

O
O

B
n

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 A

dd
en

d

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
–7

8°
, 1

 h

N
O

O
O

B
n

E

N
O

O
O

B
n

E
+

I

A
dd

en
d

— H
M

PA
 (

1 
eq

)

H
M

PA
 (

5 
eq

)

I

I

(5
1)

(6
1)

(5
2)

II

II

(3
3)

(2
1)

(1
1)

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

89
5

C
4

T
im

e

2 
h

40
 m

in

30
 m

in

+

+

+

E
tO

2C
N

H
C

O
2E

t
E

tO
2C

E
tO

2C
N

H
C

O
2E

t

N
H

C
O

2E
t

C
O

2E
t

E
tO

2C
N

H
C

O
2E

t

304



O
N

O B
n

O

O
N

O B
n

O

E
O

N

O B
n

O
E

+

1.
 L

D
A

, T
H

F,
 –

78
°, 

30
 m

in

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
C

H
2C

l 2
, –

78
°‚

   
30

-1
80

 s

43
1

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t
(5

1)
, >

96
%

 d
e

(4
2)

, E
:Z

 =
 3

:2

1.
 N

aH
, E

t 2
O

, 0
°, 

3 
h

2.
 C

lN
H

2,
 –

78
°;

 to
 0

°

C
6

C
O

2E
t

C
O

2E
t

E
tO

2C
2

(7
4)

   
+

(1
.5

)
64

C
5-

11

R
C

H
O

R
C

H
O

N
E

tO
2C

N
H

C
O

2E
t

1.
   

   
   

   
   

   
   

   
   

  (
10

 m
ol

%
),

   
 s

ol
ve

nt
, r

t, 
15

 m
in

2.
 E

tO
2C

N
=

N
C

O
2E

t, 
tim

e

   
   

   
   

A
r 

=
 3

,5
-(

C
F 3

) 2
C

6H
3

N H

O
T

M
S

A
r

A
r

R M
e

M
e

E
t

M
eS

C
H

2

n-
Pr

i-
Pr

C
H

2C
H

=
C

H
E

t

n-
C

6H
13

B
n

%
 e

e

97 89 89 88 88 89 89 88 93

(4
6)

(5
6)

(5
8)

(4
3)

(5
6)

(4
0)

(5
4)

(4
9)

(5
2)

T
im

e

— 3 
h

6 
h

1.
5 

h

5 
h

56
 h

4.
5 

h

8 
h

4 
h

So
lv

en
t

C
H

2C
l 2

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

47
0

C
O

2H
1.

 L
iN

E
t 2

 (
2.

2 
eq

,a  ia
),

 T
H

F,
 –

70
°;

 

   
0°

, 1
5 

m
in

2.
 P

h 2
P(

O
)O

N
H

2,
 –

70
°, 

25
 m

in
; r

t, 
2 

h

C
O

2H

N
H

2

(5
0)

14
4

1.
 L

iN
E

t 2
 (

ia
),

 T
H

F,
 –

70
°, 

30
 m

in

2.
 E

tO
2C

N
=

N
C

O
2E

t, 
–7

0°
, 1

5 
m

in
C

O
2H

(8
1)

14
4

N
E

tO
2C

N
H

C
O

2E
t

E
tO

2C
N

H
2

E
tO

2C
C

O
2E

t

E
tO

2C
N

H

E
tO

2C
C

O
2E

t

305



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 1

9.
 E

N
O

L
A

T
E

S 
O

F 
α,

β-
U

N
SA

T
U

R
A

T
E

D
 C

A
R

B
O

N
Y

L
 C

O
M

PO
U

N
D

S 
(C

on
ti

nu
ed

)

C
O

2R
n

C
O

2R
n

C
O

2R
n

1.
 L

D
A

, H
M

PA
, T

H
F,

 –
78

°, 
70

 m
in

2.
 E

tO
2C

N
=

N
C

O
2E

t, 
–7

8°
, 3

 m
in

3.
 M

eO
H

, –
78

°

E
E

I
II

R E
t

M
e

M
e

n 1 2 2
E

 =
 N

(C
O

2E
t)

N
H

C
O

2E
t

I

(6
5)

(1
4)

(1
3)

E
:Z 1:
2

1:
1.

5

10
:1

II (2
2)

(5
5)

(3
8)

e

46
9

C
7-

8

N
OO

O B
n

N
OO

O B
n

E
1.

 L
iH

M
D

S,
 T

H
F,

 7
8°

2.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t

(0
)

45
3

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

C
8

O
T

M
S

O

N
H

C
O

C
F 3

(5
0)

47
1

R
R

R
 =

 N
H

A
c

(S
al

tm
en

)M
n(

N
),

 C
H

2C
l 2

, p
yr

id
in

e,
 

  T
FF

A
, –

78
° t

o 
rt

, 3
-4

 h

C
8-

10

C
lN

H
2,

 2
,6

-(
R

1 ) 2
-4

-R
2 C

6H
2O

H
, 

  1
00

-1
40

°;
 r

t, 
ov

er
ni

gh
t

R
1

M
e

M
e

E
t

R
2

H M
e

H

(5
5)

(5
1)

(3
3)

65

N
a+

O

R
1

R
1

R
2

N
H

O
R

1

R
2

R
1

+

a 
T

hi
s 

is
 a

 c
or

re
ct

ed
 v

al
ue

; p
er

so
na

l c
om

m
un

ic
at

io
n 

fr
om

 R
. M

es
tr

es
, D

ep
ar

tm
en

t o
f 

C
he

m
is

tr
y,

 U
ni

ve
rs

ity
 o

f 
V

al
en

ci
a,

 S
pa

in
, 2

00
6.

 
b 

T
he

 Z
nC

l 2
 w

as
 a

dd
ed

 a
ft

er
 th

e 
fo

rm
at

io
n 

of
 th

e 
lit

hi
um

 d
ie

no
la

te
.

c  T
he

 s
ub

st
ra

te
 w

as
 g

en
er

at
ed

 in
 s

itu
 f

ro
m

 th
e 

lit
hi

um
 d

ie
no

la
te

 a
nd

 S
nC

l 4
.

d  T
he

 s
ub

st
ra

te
 w

as
 g

en
er

at
ed

 in
 s

itu
 f

ro
m

 th
e 

lit
hi

um
 d

ie
no

la
te

 a
nd

 C
lG

eM
e 3

.
e  P

ro
to

na
tio

n 
w

as
 c

ar
ri

ed
 o

ut
 a

t 0
°.

f  T
he

 in
te

rm
ed

ia
te

 f
or

m
ed

 u
po

n 
am

in
at

io
n 

of
 th

e 
en

ol
at

e 
un

de
rg

oe
s 

su
bs

eq
ue

nt
 r

in
g 

ex
pa

ns
io

n 
to

 g
iv

e 
th

e 
pr

od
uc

t s
ho

w
n.

f

306



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S

C
3-

10

C
lN

H
2 

(i
a)

, E
t 2

O
, m

or
ph

ol
in

e,
 0

°, 
2 

h;

  r
t, 

ov
er

ni
gh

t; 
re

fl
ux

, 5
 h

62

R H M
e

E
t

i-
Pr

s-
B

u

Ph B
n

(9
2)

(8
5)

(8
9)

(7
1)

(8
3)

(7
0)

(7
2)

1.
 N

aH
, T

H
F,

 r
t, 

25
 m

in

2.
 2

,4
-(

O
2N

) 2
C

6H
3O

N
H

2,
 r

t, 
ov

er
ni

gh
t

3.
 6

 N
 H

C
l, 

re
fl

ux

4.
 E

t 3
N

R M
e

E
t

E
t 2

O
C

C
H

2

n-
B

u

B
n

(9
8)

(7
4)

(6
1)

(4
6-

57
)

(7
3)

93

1.
 N

aH
, T

H
F,

 r
t, 

25
 m

in

2.
 2

,4
-(

O
2N

) 2
C

6H
3O

N
H

2,
 r

t, 
ov

er
ni

gh
t

C
3-

10

C
3-

9
R H M

e

Ph

(5
5)

a

(3
1)

b

(6
5)

93

C
3-

9

1.
 N

aH
, T

H
F,

 r
t, 

15
 m

in

2.
 R

ea
ge

nt
, r

t, 
ov

er
ni

gh
t

R H H H Ph Ph Ph

R
ea

ge
nt

Ph
2P

(O
)O

N
H

2

(4
-M

eO
C

6H
4)

2P
(O

)O
N

H
2

4-
O

2N
C

6H
4C

O
2N

H
2

Ph
2P

(O
)O

N
H

2

(4
-M

eO
C

6H
4)

2P
(O

)O
N

H
2

4-
O

2N
C

6H
4C

O
2N

H
2

(5
7)

b

(4
1)

(5
2)

(3
1)

b

(9
2)

(9
9)

10
6

R
C

O
2E

t

C
O

2E
t

R
C

O
2E

t

C
O

2E
t

R
C

O
2E

t

C
O

2E
t

R

C
O

2E
t

E
tO

2C

N
H

2

R

C
O

2E
t

E
tO

2C

N
H

2

R
N

H
2

C
O

2H

C
O

2E
t

C
O

2E
t

R
N

a+

–

R

C
O

2E
t

E
tO

2C

N
H

2

307



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

C
3

N
H

H
N

Y

O
O

N
H

H
N

Y

O
O

N
H

2

15
0

Y O S

(7
8)

(8
2)

N
H

H
N

O

O
O

H
N

H
N

N

N
H

N
H

O O

O

O
O

O
–  N

H
4+

(8
8)

14
9

N
H

H
N

O
O

H
N

H
N

N

O O

(7
9)

14
9

N
C

N
R

1 R
2

O

N
R

1 R
2

O

N
H

2

N
H

O

, N
aO

H
, t

ol
ue

ne

N
H

O

, t
ol

ue
ne

, H
2O

,  
N

H
4O

H
, r

t, 
30

 m
in

N
H

O

, t
ol

ue
ne

, D
A

B
C

O
, r

t, 
12

 h

N
H

O

, t
ol

ue
ne

, N
aO

H
, H

2O
, 0

°, 
10

 m
in

O

H
2N

N
R

1 R
2

O
O

H
2N

H
2N

N
H

2
I

R
1

H M
e

H    
   

 —
(C

H
2)

4—

—
(C

H
2)

2O
(C

H
2)

2—

   
   

 —
(C

H
2)

5—

H

R
2

M
e

M
e

n-
Pr

B
n

I

I

(6
2)

(8
1)

(1
8)

(5
9)

(5
6)

(6
1)

(1
7)

II

II

I
II(0

)

(0
)

(0
)

(0
)

(0
)

(0
)

(7
4)

14
9

+

N
H

R

O

N
H

O

N
H

R

O
O

R
H

N H
2N

N
H

2

14
9

O

R
H

N
N

H
R

O
O

R
H

N

N
H I

1.
(2

 e
q)

, t
ol

ue
ne

, D
A

B
C

O
, r

t, 
12

 h
 (

fo
rm

s 
I)

2.
E

tO
H

, r
ef

lu
x,

 1
5 

m
in

; r
t, 

12
 h

 (
fo

rm
s 

II
)

308



R n-
Pr

Ph 3-
C

lC
6H

4

4-
B

rC
6H

4

2-
E

tO
2C

C
6H

4

B
n

n-
C

8H
17

I

(4
7)

(9
1)

(7
3)

(5
2)

(9
3)

(8
3)

(3
9)

II (—
)

(9
6)

(—
)

(7
3)

(9
0)

(—
)

(—
)

I

N
C

O
2E

t

R
2

N
C

O
2E

t

R
2

O
N

H

15
1

C
3-

9

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

30
 m

in

2.
   

   
   

   
   

   
   

   
   

   
   

   
 , 

78
°, 

20
 h

; t
o 

rt

R
1

E
tO

M
e

E
tO

E
tO

E
tO

R
2

H H M
e

B
u

Ph

I 
+

 I
I

(5
0)

(4
3)

(2
0)

(1
4)

(0
)

T
im

e

6 
h

48
 h

56
 h

49
 h

60
 h

N
C

O
2B

u-
t

E
tO

2C
R

1

H H Ph

R
2

E
t

B
u-

t

E
t

(3
3)

(2
0)

(5
0)

15
5

1.
 L

iH
M

D
S 

(1
.1

 e
q,

 ia
),

 T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
   

   
, –

78
° t

o 
rt

, 2
 h

; r
t, 

tim
e

O
E

tO
2C

R
1

C
O

2E
t

R
2

O

N
C

C
O

2R
2

R
1

C
3-

4

N
C

O
2E

t

R

N
C

O
2E

t

R

O
N

H
1.

 N
aO

E
t (

2.
9 

eq
),

   
   

   
   

   
   

 , 
E

tO
H

, r
t

2.
 S

ub
st

ra
te

, r
t, 

tim
e

R H M
e

T
im

e

3 
h

4 
h

I

I

(—
)

(4
5)

II (—
)

(4
5)

15
1

E
tO

2C
C

O
2E

t

R

N
C

N
H

C
O

2B
u-

t

R
1

C
O

2R
2

+ +

I 
+

 I
I

II

I
II(6

8)

(—
)

309



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

N
O

T
s

N
C

N
C

, p
yr

id
in

e,
 E

t 2
O

N
C

N
C

N

C
N

C
O

R

Py
H

+
R N

H
2

O
M

e

O
E

t

T
em

p

re
fl

ux

— —

(4
5)

(5
1)

(4
6)

83
8

C
3

N
C

C
O

R

T
im

e

10
 h

— —
C

3-
4

1.
 N

a 
ba

se

2.
 P

hN
H

N
=

C
(C

O
2E

t)
2

Ph
N

H
N

C
O

2E
t

R

C
H

(C
O

2E
t)

2

15
9

R
C

O
2E

t

C
3-

5

1.
 N

a 
ba

se

2.
 R

3 N
=

N
C

O
2E

t

R
1

N
C

N
C

A
c

A
c

R
2

E
tO

E
tO

E
tO

M
e

15
9

R
2 O

2C
N

=
N

C
O

2R
2 , K

O
A

c

R
1

N
C

E
tO

2C

E
tO

2C

R
2

E
t

M
e

E
t

T
em

p

60
°

rt rt

(2
5)

(>
90

)

(8
0-

90
)

47
8

C
3

R
3

E
tO

2C

Ph Ph Ph

R
1

C
O

R
2

R
1

C
O

R
2

N
R

3
N

H
C

O
2E

t

R
1

C
O

2E
t

N N
H

H
NN

R
2 O

2C
C

O
2R

2

R
1

C
O

2E
t

R
2 O

2C
C

O
2R

2

R
 =

 C
N

, C
O

2E
t, 

A
c

(—
)

("
ve

ry
 p

oo
r"

)

R
1

R
1

Y
Y

R
1

R
1

Y
Y

N

1.
 n

-B
uL

i (
ia

),
 T

H
F,

 –
70

°, 
20

 m
in

2.
 R

2 C
O

N
=

N
C

O
R

2 , –
78

°;
 to

 r
t

R
1

M
eO

M
eO

M
eO

M
eO

M
eO

M
e 2

N

M
e 2

N

M
e 2

N

M
e 2

N

M
e 2

N

Y O O O S S O O O O S

R
2

E
tO

i-
Pr

O

t-
B

uO

E
tO

t-
B

uO

E
tO

i-
Pr

O

t-
B

uO

N
-m

or
ph

ol
in

yl

t-
B

uO

(8
8)

(8
3)

(8
0)

(6
2)

(5
4)

(8
5)

(7
6)

(8
2)

(7
6)

(5
7)

b

47
7

R
2 O

C
N

H
C

O
R

2

310



M
e 2

N
N

M
e 2

S
S

M
e 2

N
N

M
e 2

S
S

1.
 L

D
A

, T
H

F,
 –

70
°, 

1 
h

2.
 E

tO
2C

N
=

N
C

O
2E

t, 
–7

8°
; t

o 
rt

, 2
 h

N
C

O
2E

t

(5
2)

47
7

R
2

E
tO

E
tO

N
E

t 2

M
e

T
em

p

rt rt rt 50
°

T
im

e

2 
h

2 
h

17
 h

1 
h

E
tO

2C
N

=
N

C
O

2E
t, 

N
i(

ac
ac

) 2
, C

H
2C

l 2
R

1
R

2

O

N
47

9

R
1

E
tO

M
e

M
e

M
e

(7
1)

(8
7)

(9
5)

(7
8)

R
1

R
2

O
O

C
3-

5

R M
eO

E
tO

M
e

(3
4)

(3
0)

(2
8)

C
3

O

R
N

3

R

R

R
 =

 B
nO

, K
O

H
, D

M
F,

 H
2O

, r
t

O

R
N

R

RN N

C
O

N
H

2

N
H

2

O

R

R

R

N
N

N
C

O
N

H
2

N
H

2
+

(5
)

O

R

R

R

R
 =

 B
nO

, K
O

H
, D

M
F,

 H
2O

, r
t

N
3

I 
 (

85
)

27
6

27
6

C
4-

5

1.
 H

2N
SO

3H
, K

2C
O

3,
 H

2O
, r

t, 
ov

er
ni

gh
t

2.
 A

cC
H

2C
O

R
N H

C
O

R

R
C

O
47

3

C
4-

9

1.
 L

i b
as

e

2.
 M

e 2
N

O
SO

2M
e,

 E
t 2

O
 o

r 
T

H
F,

 –
30

° t
o 

0°

R M
e

Ph

(5
0)

(5
2)

13
4

N
C

C
O

N
H

2

A
c

C
O

R

R
C

O
2E

t

C
O

2E
t

E
tO

2C
N

H
C

O
2E

t

I

(7
2)

R
N

M
e 2

E
tO

2C
C

O
2E

t

C
4-

5

N

S O
2

O
O

R

N

S O
2

O
O

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t, 

C
aO

, 

  C
H

2C
l 2

, r
t, 

6 
h

R
N

H
C

O
2E

t

12
4

R H M
e

(5
4)

(0
)

%
 d

e

40 —

O

c

311



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

C
4-

7

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t (

y 
eq

),
 C

aO
 (

z 
eq

),

  C
H

2C
l 2

, r
t

12
4

R H H M
e

i-
Pr

x — 5 5 1

y — 1 1 3

z 3 2 1 6d

I
II

II
I

I (2
)

(5
8)

(5
8)

(2
8)

II (4
1)

(8
)

(0
)

(0
)

II
I

(0
)

(0
)

(4
)

(5
)

T
im

e

3 
h

— 1 
h

5 
h

C
4-

6

N

C
O

2E
t

R
1

R
2

R
1

R
2

N
H

C
O

2E
t

C
O

2E
t

O

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t, 

C
H

2C
l 2

, r
t

R
1

H H C
H

2O
M

e

R
2

H M
e

H

T
im

e

45
 h

2 
h

2 
h

(4
0)

(3
3)

(3
6)

%
 d

e

—

—
 (

R
)

80
 (

S)

12
5

C
4-

10

R
1

C
O

2R
2

C
N

SO
2N

(C
6H

11
-c

) 2

O
R

2  =

1.
 L

iH
M

D
S,

 T
H

F,
 h

ex
an

e,
 –

78
°, 

1 
h

2.
 P

h 2
P(

O
)O

N
H

2,
 –

78
°;

 r
t, 

12
 h

C
N

H
2N

C
O

2R
2

R
1

R
1

M
e

n-
Pr

i-
Pr

i-
B

u

B
n

(8
7)

(8
4)

(7
8)

(8
4)

(9
1)

%
 d

e

56 52 40 44 60

47
5

N
N B

n
O

H
O

C
4

N
N B

n
O

H
O

N
H

2

N
N B

n
O

H
O

N
H

N

(9
0)

+
(4

)
14

9
O

H N
, t

ol
ue

ne
, N

aO
H

, H
2O

, 0
°, 

10
 m

in

R
O

2C
C

O
2R

R
O

2C
C

O
2R

N
H

C
O

2B
u-

t
1.

 L
iH

M
D

S 
(i

a)
, T

H
F,

 –
78

°, 
30

 m
in

2.
   

   
   

   
   

   
   

   
   

   
   

   
 , 

–7
8°

, 2
0 

h;
 to

 r
t

O
N

C
O

2B
u-

t
E

tO
2C

E
tO

2C

R M
e

E
t

(3
0)

(2
2)

15
5

A
c

C
O

2E
t

R

A
c

C
O

2E
t

R

N
H

C
O

2E
t

E
tO

2C
H

N

C
O

2E
t

A
c

N
H

C
O

2E
t

A
c

C
O

2E
t

R

N
C

O
2E

t

N
H

C
O

2E
t

+
+

x 
eq

312



N

O
H

N

O
H

E
t

E
tO

2C
C

O
2P

h
t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
1 

(5
 m

ol
%

),

  t
ol

ue
ne

, r
t, 

16
 h

E
tO

2C
C

O
2P

h

N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t
(9

9)
, 9

0%
 e

e 
(R

)
48

1

C
4

C
4-

6

R
3

O

R
1

O

R
2

R
3

O

R
1

O

N

A
r A
r

N
H

N
H

2

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

  2
 (

2 
m

ol
%

),
 T

H
F,

 –
60

°

2

B
u-

t

B
u-

t

95
1

R
1

H M
e

M
e

M
e

E
t

R
2

M
e

M
e

M
e

E
t

M
e

R
3

O
B

u-
t

O
E

t

O
B

u-
t

O
B

u-
t

O
B

u-
t

T
im

e

0.
5 

h

0.
5 

h

3 
h

24
 h

24
 h

(9
9)

(9
9)

(>
99

)

(5
4)

(9
0)

%
 e

e

83

85
 (

S)

88 62 86

R
2

N
C

O
2B

u-
t

N
H

C
O

2B
u-

t

A
r 

=

1

313



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

R
2

O
O

R
1

R
2

O
O

R
2

O
O

E
R

1
R

1
E

+

E
 =

 N
(C

O
2R

3 )N
H

C
O

2R
3

R
3 O

2C
N

=
N

C
O

2R
3 , c

at
al

ys
t (

10
 m

ol
%

),
 

  C
lC

H
2C

H
2C

l
89

6

R
1

H H H H H H M
e

M
e

M
e

N
O

B
n

O

R
2

Y Y Y Y Y Y M
e

O
E

t

Y

R
3

E
t

E
t

B
n

B
n

B
n

B
n

E
t

E
t

E
t

C
at

al
ys

t

A B A B B B B B B

T
em

p

rt rt 0° rt 0° 50
°

50
°

50
°

50
°

T
im

e

18
 h

12
 h

4 
d

17
 h

72
 h

17
 h

20
 h

23
 h

—

I 
+

 I
I

(9
4)

(9
7)

(1
00

)

(1
00

)

(1
00

)

(1
00

)

(9
6)

(7
3)

(0
)

I:
II

73
:2

7

74
:2

6

89
:1

1

70
:3

0

69
:3

1

63
:2

7

— — —

 Y
 =

O
N

i
O

O
O

O
N

i
O

O
O

C
at

al
ys

t A

I
II

C
at

al
ys

t B

C
4-

6

C
4-

13

N
C

C
O

2B
u-

t

R
1

N
C

C
O

2B
u-

t

R
1

N
48

1

N

O
H

N

O
H

E
t

R
2 O

2C
N

=
N

C
O

2R
2 , 1

 (
5 

m
ol

%
),

 to
lu

en
e

1

N
H

C
O

2R
2

R
2 O

2C

314



R
1

M
e

i-
B

u

2-
th

ie
ny

l

Ph Ph Ph Ph Ph 2-
FC

6H
4

4-
C

lC
6H

4

4-
O

2N
C

6H
4

4-
M

eO
C

6H
4

3-
M

eC
6H

4

2-
na

ph
th

yl

R
2

t-
B

u

t-
B

u

t-
B

u

E
t

C
l 3

C
C

H
2

t-
B

u

t-
B

u

B
n

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

T
em

p

— — –7
8°

–7
8°

–7
8°

–7
8° rt

–7
8°

–5
0°

–7
8°

–5
0°

–7
8°

–7
8°

–7
8°

T
im

e

— —

16
-2

0 
h

30
 s

30
 s

4 
h

45
 m

in

30
 s

16
-2

0 
h

16
-2

0 
h

16
-2

0 
h

16
-2

0 
h

16
-2

0 
h

16
-2

0 
h

("
ex

ce
lle

nt
")

("
ex

ce
lle

nt
")

(9
9)

(>
95

)

(>
95

)

(>
95

)

(>
95

)

(>
95

)

(9
9)

(9
9)

(9
9)

(9
5)

(9
9)

(9
9)

%
 e

e

("
lo

w
er

")

("
lo

w
er

")

97 84 7 >
98 90 64 98

98
 (

S)

91 89 97 98
C

4

B
nO

2C
N

=
N

C
O

2B
n,

 c
at

al
ys

t (
10

 m
ol

%
),

  t
ol

ue
ne

, –
78

°, 
30

 m
in N

NO
H

B
nO

N

O
B

n

NO
H

C
at

al
ys

t A
C

at
al

ys
t B

N
C

C
O

2E
t

N
C

C
O

2E
t

N
C

at
al

ys
t

A B

(7
5)

(7
4)

%
 e

e

35 23

23
2

N
H

C
O

2B
n

B
nO

2C

315



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

C
4-

9

R
1 C

O
C

O
R

2

F

R
1 C

O
C

O
R

2

F
N

1.
   

   
   

   
   

   
   

   
   

   
[S

,S
 (

A
) 

or
 R

,R
 (

B
),

 5
 m

ol
%

],
N

O
O

N

Ph
Ph

23
7

R
1

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

t-
B

u

t-
B

u

Ph Ph

R
2

O
M

e

O
M

e

O
M

e

O
E

t

O
E

t

O
E

t

O
E

t

O
E

t

O
E

t

(2
S,

3R
)-

m
en

th
yl

ox
y

(2
S,

3R
)-

m
en

th
yl

ox
y

(2
S,

3R
)-

m
en

th
yl

ox
y

N
Ph

2

O
E

t

O
E

t

O
E

t

O
E

t

R
3

E
t

E
t

B
n

E
t

E
t

E
t

E
t

B
n

B
n

B
n

B
n

B
n

B
n

E
t

B
n

E
t

B
n

So
lv

en
t

C
H

2C
l 2

he
xa

ne

C
H

2C
l 2

C
H

2C
l 2

he
xa

ne

to
lu

en
e

M
eC

N

C
H

2C
l 2

he
xa

ne

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

(9
4)

(9
0)

(9
5)

(9
0)

(8
4)

(9
5)

(8
2)

(7
3)

(—
)

(3
1)

(7
5)

(9
5)

(8
8)

(8
4)

(8
4)

(8
5)

(7
8)

%
 e

e 
or

 d
r

94 86 92 93 90 85 20 91 88

43
:5

7

87
.5

:1
2.

5

1.
5:

98
.5

92 93 93 87 81

C
at

al
ys

t o
r 

A
dd

en
d

A A A A A A A A A

T
M

E
D

A

A B A A A A A

C
O

2E
t

N
H

2
N

N
H

2C
O

2E
t

R
O

2C
N

=
N

C
O

2R
, s

ol
ve

nt
23

0

R M
e

E
t

(—
)

(9
6)

e

So
lv

en
t

E
t 2

O

M
eO

H

C
4

N
H

C
O

2R
3

C
O

2R
3

   
C

u(
O

T
f)

2 
(5

 m
ol

%
),

 s
ol

ve
nt

, r
t, 

3 
h

2.
 S

ub
st

ra
te

 a
nd

 R
3 O

2C
N

=
N

C
O

2R
3 , r

t, 
2 

d

C
O

2R

N
H

C
O

2R

316



C
4

N

S O
2

O
O

N

S O
2

O
O

N

S O
2

O
O

H
E

H
E

B
nO

2C
N

=
N

C
O

2B
n,

 c
at

al
ys

t (
0.

06
 e

q)
, M

eC
N

,

  r
ef

lu
x,

 2
4 

h

+

I 
 m

aj
or

 p
ro

du
ct

II

47
6

C
at

al
ys

t

R
uH

2(
PP

h 3
) 4

R
uC

l 2
(P

Ph
3)

3

PP
h 3

I 
+

 I
I

(1
00

)

(1
00

)

(8
6)

%
 d

e

81 79 22

C
5-

7

R
1

R
2

O
O

R
1

R
2

O
O

N
H

2

1.
 H

2N
SO

3H
, N

aO
H

, H
2O

, r
t, 

fe
w

 m
in

ut
es

   
(f

or
m

s 
I)

2.
 R

1 C
(O

)C
H

2C
(O

)R
2  (

fo
rm

s 
II

)

47
2

x 
eq

N H

R
2 O

C

C
O

R
2

R
1

R
1

I
II

I

(1
00

)

(—
)

(—
)

(—
)

(—
)

II (0
)

(—
)

(—
)

(3
0)

(4
7)

O
O

R

C
5-

6

O
O

R
N

1.
   

   
   

   
   

   
 (

ca
t)

, t
ol

ue
ne

, B
rC

8F
17

, 6
0°

2.
E

tO
2C

N
=

N
C

O
2E

t, 
re

fl
ux

, 3
 d

48
0

R H M
e

(9
6)

(4
0)

f

E
 =

 N
(C

O
2B

n)
N

H
C

O
2B

n

R
1

M
e

M
e

E
t

M
e

M
e

R
2

M
e

M
e

E
t

O
E

t

N
H

Ph

x 1 2 2 2 2

A
r 

=
 4

- (
n-

C
10

F 2
1)

C
6H

4

N
N

i/ 2
O

A
r

N
H

C
O

2E
t

C
O

2E
t

317



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

C
5-

15

R
1

R
2

O
O

R
1

R
2

O
O

N

R
3 N

H
C

O
N

=
N

C
O

2R
4 , Z

nC
l 2

, C
H

2C
l 2

  (
fo

rm
s 

I,
 th

en
 I

I)
N N

H
C

O
2R

4

N
R

3

O

R
1

R
2 C

O
I

95
2

R
1

M
e

M
e

M
e

M
e

M
e

M
e

M
e

M
e

Ph Ph Ph Ph Ph Ph Ph

R
2

M
e

M
e

M
e

O
E

t

Ph Ph Ph Ph O
E

t

O
E

t

O
E

t

Ph Ph Ph Ph

R
3

C
l(

C
H

2)
2

c-
C

6H
11

4-
M

eO
C

6H
4

C
l(

C
H

2)
2

C
l(

C
H

2)
2

Ph 2,
4-

F 2
C

6H
3

4-
FC

6H
4

C
l(

C
H

2)
2

4-
FC

6H
4

c-
C

6H
11

C
l(

C
H

2)
2

c-
C

6H
11

2,
4-

F 2
C

6H
3

3-
C

lC
6H

4

R
4

M
e

M
e

M
e

M
e

M
e

E
t

E
t

E
t

M
e

E
t

M
e

M
e

M
e

E
t

E
t

T
em

p

rt rt 0° rt rt 0° 0° 0° rt 0° rt rt rt 0° 0°

T
im

e

4 
h

4 
h

5 
h

4 
h

23
 h

2.
5 

h

5 
h

2 
h

3 
h

2 
h

2 
h

10
 h

4 
h

5 
h

2 
h

I

I

>
73

>
86

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(>
92

)

(—
)

(>
90

)

(—
)

(—
)

II

II

(—
)

(—
)

(4
7)

(6
9)

(6
8)

(7
7)

(9
0)

(8
6)

(6
5)

(8
8)

(—
)

(9
3)

(—
)

(5
7)

(7
2)

C
O

2E
t

O
C

5

C
O

2E
t

O
N

(5
7)

, 9
5%

 e
e 

(R
)

23
9

O
H

2
Pd

N
C

M
e

P P
=

PP
h 2

PP
h 2

2+

3

P P

2 
PF

6–

B
nO

2C
N

=
N

C
O

2B
n,

 3
 (

5 
m

ol
%

),
 

  M
eO

H
, r

t, 
62

 h

N
H

C
O

2R
4

R
3 H

N
O

C

N
H

C
O

2B
n

C
O

2B
n

318



C
O

2E
t

O

A
r

N H
N H

S

N
M

e 2

  t
ol

ue
ne

, r
t, 

"s
lo

w
"

(1
0 

m
ol

%
),

t-
B

uO
2C

N
=

N
C

O
2B

u-
t,

N
(7

6)
 1

5%
 e

e
23

3
C

O
2E

t

O

C
5

R
1

C
O

2R
3

O

R
2

C
5-

11

R
1

N

O R
2

C
O

2R
3

1.
   

   
   

   
   

   
   

   
   

  (
S,

S)
 (

x 
m

ol
%

),
N

O
O

N

Ph
Ph

23
5

R
1

M
e

M
e

M
e

 —
(C

H
2)

3—

 —
(C

H
2)

3—

E
t

 —
(C

H
2)

4—

M
e

i-
Pr

i-
Pr

 —
(C

H
2)

5—

Ph Ph B
n

B
n

R
2

M
e

M
e

M
e

M
e

C
H

2C
H

=
C

H
2

M
e

M
e

M
e

M
e

M
e

M
e

R
3

E
t

E
t

t-
B

u

E
t

E
t

E
t

E
t

t-
B

u

t-
B

u

t-
B

u

E
t

E
t

E
t

t-
B

u

t-
B

u

x 0.
2

10 10 0.
5

10 0.
5

0.
5

0.
5

0.
5

10 0.
5

0.
5

10 0.
5

10

(9
1)

(9
8)

(8
6)

(9
6)

(9
8)

(9
8)

(9
6)

(8
0)

(8
9)

(9
6)

(7
0)

(8
1)

(8
5)

(7
9)

(8
4)

%
 e

e

96 98 98 99 99 98 99 98 98 98 99 87 95 98 98

A
r 

=
 3

,5
-(

C
F 3

) 2
C

6H
3

t-
B

uO
2C

N
H

C
O

2B
u-

t

N
H

C
O

2B
n

C
O

2B
n

   
C

u(
O

T
f)

2,
 C

H
2C

l 2
  

2.
 S

ub
st

ra
te

, t
he

n 
B

nO
2C

N
=

N
C

O
2B

n,
 r

t, 
16

 h

319



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

O

O
O

O

O
O

O
O

O
O

O

O
O

O

E
O

O
O

E

+

I 
 m

aj
or

 is
om

er
II

E
 =

 N
(C

O
2R

)N
H

C
O

2R

R
O

2C
N

=
N

C
O

2R
, c

at
al

ys
t (

x 
eq

),
 

  M
eC

N
, r

t, 
24

 h

R E
t

E
t

E
t

i-
Pr

t-
B

u

t-
B

u

B
n

B
n

B
n

C
at

al
ys

t

R
uC

l 2
(P

Ph
3)

3

R
uH

2(
PP

h 3
) 4

PP
h 3

R
uH

2(
PP

h 3
) 4

R
uC

l 3
(P

Ph
3)

3

R
uH

2(
PP

h 3
) 4

R
uC

l 2
(P

Ph
3)

3

R
uH

2(
PP

h 3
) 4

PP
h 3

x

0.
03

0.
03

0.
09

0.
03

0.
09

0.
09

0.
03

0.
03

0.
09

I 
+

 I
I

(9
2)

(7
2)

(8
3)

(6
9)

(7
5)

(5
5)

(9
8)

(6
4)

(6
5)

%
 d

e

13 33 48 40 0 19 5 34 0

47
6

C
5

C
O

2E
t

E
tO

2C

C
O

2E
t

C
6

1.
 N

aH
, E

t 2
O

, 0
°, 

3 
h

2.
 N

H
2C

l, 
–7

8°
; t

o 
0°

(7
4)

+

(1
.5

)

C
O

2E
t

E
tO

2C

C
O

2E
t

1.
 N

aH
, E

t 2
O

, 0
°, 

3 
h

2.
 N

H
2C

l, 
–7

8°
; t

o 
0°

64
(—

)

64

C
O

2E
t

E
tO

2C

C
O

2E
t

1.
 N

aH
, P

hH
, 0

°;
 r

t, 
1 

h

2.
 A

dd
 s

us
pe

ns
io

n 
of

 N
a 

sa
lt 

in
 E

t 2
O

 to
 C

lN
H

2

   
at

 0
°;

 r
t, 

2 
h

I 
 (

65
)

63

E
tO

2C
N

H
2

E
tO

2C
C

O
2E

t

E
tO

2C
N

H
2

E
tO

2C
C

O
2E

t

I

E
tO

2C

H N

E
E

C
O

2E
t

E
E

E
 =

 C
O

2E
t

320



C
6-

10

N
C

N
H

R
2

O

R
1

N
H

H
N

O
R

1

C
O

N
H

R
2

N
R

2

N HO

R
1

H
2N

C
H

2O
N

H
, t

ol
ue

ne
, N

aO
H

, H
2O

, r
t, 

12
 h

O

14
9

R
1

i-
Pr

c-
C

6H
11

4-
C

lC
6H

4C
H

2

4-
O

2N
C

6H
4C

H
2

2-
M

eO
C

6H
4C

H
2

4-
M

eO
C

6H
4C

H
2

4-
M

eO
C

6H
4C

H
2

4-
M

eO
C

6H
4C

H
2

4-
M

e 2
N

C
6H

4C
H

2

R
2

2,
6-

M
e 2

C
6H

3

Ph
C

H
2C

H
2

M
e

3,
4-

(M
eO

) 2
C

6H
3(

C
H

2)
2

M
e

i-
Pr

Ph 2,
6-

M
e 2

C
6H

3

i-
Pr

I

(—
)

(6
2)   

(4
7)

(3
5)

(8
1)

(—
)

(—
)

(5
2)

II (8
1)

(—
)

(—
)

(—
)

(—
)

(5
8)

(9
8)

(—
)

C
O

2E
t

E
t

O
C

O
2E

t

O

B
nO

2C
N

=
N

C
O

2B
n,

 c
at

al
ys

t, 
C

H
2C

l 2
, –

25
°, 

7 
d

E
t

N

C
at

al
ys

t

ci
nc

ho
ni

ne

ci
nc

ho
ni

di
ne

(7
2)

(7
2)

%
 e

e

47
g

27
g

23
1

C
6

O

C
O

2E
t

O

C
O

2E
t

N
R i-

Pr

B
n

T
im

e

31
 h

1 
h

(8
9)

(7
3)

%
 e

e

97

93
 (

R
)

23
9

R
O

2C
N

=
N

C
O

2R
, 3

 (
5 

m
ol

%
),

 

  M
eO

H
, r

t

+

I 
+

 I
I 

(5
4)

N
H

C
O

2B
n

C
O

2B
n

C
O

2R N
H

C
O

2R

C
6-

7
O

C
O

2E
t

O

C
O

2E
t

O

C
O

2E
t

N
C

O
2E

t
N

H
C

O
2E

t
4-

O
2N

C
6H

4S
O

2O
N

H
C

O
2E

t (
1 

eq
),

 C
aO

 (
2 

eq
),

  C
H

2C
l 2

, r
t

5 
eq

n 1 2

T
im

e

1 
h

3 
h

I

(4
9)

(4
0)

II (4
)

(1
0)

+
12

4

n
n

n
I

I

II

II

O
H

2
Pd

N
C

M
e

P P
=

PP
h 2

PP
h 2

2+

3

P P

2 
PF

6–

321



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

O

C
O

2E
t

E
tO

2C
N

=
N

C
O

2E
t, 

4 
(c

at
),

 to
lu

en
e,

 r
t

O
C

u
O

OO
t-

B
u

B
u-

t

(9
5)

95
3

O

C
O

2E
t

N

C
6

O

C
O

2R
1

O

C
O

2R
1

N

1.
 5

 (
12

.5
 m

ol
%

),
 M

(O
T

f)
3 

(9
 m

ol
%

),
 4

 Å
 M

S,

   
so

lv
en

t, 
rt

, o
ve

rn
ig

ht

2.
 S

ub
st

ra
te

3.
 t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
te

m
p

N
N

O
O

N

R
2

R
2

95
4

4

5

C
O

2B
u-

t

N
H

C
O

2B
u-

t

C
O

2E
t

N
H

C
O

2E
t

322



R
1

E
t

E
t

E
t

E
t

E
t

E
t

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

1-
ad

am
an

ty
l

R
2

i-
Pr

1-
ad

am
an

ty
l

i-
Pr

1-
ad

am
an

ty
l

i-
Pr

1-
ad

am
an

ty
l

i-
Pr

i-
Pr

1-
ad

am
an

ty
l

i-
Pr

i-
Pr

1-
ad

am
an

ty
l

i-
Pr

1-
ad

am
an

ty
l

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

i-
Pr

M Y
b

Y
b

E
u

E
u

L
a

L
a

Sc Y
b

Y
b

E
u

E
u

E
u

L
a

L
a

Y
b

L
a

E
u

E
u

E
u

E
u

E
u

E
u

E
u

E
u

So
lv

en
t

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

C
H

2C
l 2

M
eC

N

M
eC

N

M
eC

N

M
eC

N

C
lC

H
2C

H
2C

l

C
H

2C
l 2

D
M

E

T
H

F

cy
cl

oh
ex

an
e

T
em

p

rt rt 0° 0° 0° 0° rt

–4
1°

 to
 0

°
rt rt

–4
1°

 to
 0

°
–4

1° 0° –4
1°

 

0° rt rt 0° –4
1° 0° 0° 0° 0° 0°

(8
5)

(7
4)

(8
2)

(8
8)

(8
4)

(7
9)

(0
)

(7
0)

(3
1)

(5
5)

(8
1)

(6
6)

(7
8)

(7
1)

(6
2)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

(—
)

%
 e

e

68 0 62 12 52 18 — 70 66 67 >
95 86 22 84 55 89 93 95 10
0

73 71 30 50 0

C
on

fi
g.

R — R S R R — R S R R S R S R R R R R R R R R —

323



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

n 1 1 1 1 1 1 1 2 2

R E
t

E
t

E
t

E
t

E
t

B
n

B
n

E
t

E
t

C
at

al
ys

t

K
O

A
c

qu
in

in
e

qu
in

id
in

e

ci
nc

ho
ni

ne

ci
nc

ho
ni

di
ne

ci
nc

ho
ni

ne

ci
nc

ho
ni

di
ne

ci
nc

ho
ni

ne

ci
nc

ho
ni

di
ne

T
im

e

15
 m

in

2 
m

in

1 
m

in

5 
m

in

5 
m

in

2 
m

in

10
 m

in

48
 h

24
 h

%
 e

e

— 26
h

38
h

88
 (

R
)

87
 (

S)

54
i

76
i

84
 (

R
)

77
 (

S)

C
6-

7
O

C
O

2R

O

C
O

R

N
B

nO
2C

N
=

N
C

O
2B

n,
 C

H
2C

l 2
, c

at
al

ys
t, 

–2
5°

23
1

n
n

(>
80

)

(—
)

(—
)

(9
5)

(9
5)

(9
9)

(9
9)

(9
2)

(8
1)

N
H

C
O

2B
n

C
O

2B
n

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

  2
 (

x 
m

ol
%

),
 T

H
F,

 –
60

°
95

1

n 1 1 2

x

0.
05 2 2

T
im

e

4 
h

5 
m

in

24
 h

(1
00

)

(1
00

)

(>
99

)

%
 e

e

97
 (

R
)

97
 (

R
)

98

O

C
O

2E
t

n

O

C
O

2E
t

n
N N

H
C

O
2B

u-
t

C
O

2B
u-

t

N

A
r A
r

N
H

N
H

2

2

B
u-

t

B
u-

t

A
r 

=

C
on

fi
g.

— — — R S — — R S

C
on

fi
g.

R R —

324



Y
O

C
O

M
e

Y
ON

C
O

2B
u-

t

N
H

C
O

2B
u-

t
t-

B
uO

2C
N

=
N

C
O

2B
u-

t, 
2 

(c
at

, 2
 m

ol
%

),
 T

H
F,

 –
60

°
Y O C

H
2

T
im

e

24
 h

5 
h

(>
99

)

(9
9)

%
 e

e

15 91

95
1

C
O

M
e

N

A
r A
r

N
H

N
H

2

2

B
u-

t

B
u-

t

A
r 

=

C
6-

7

C
6-

11

R O
B

u-
t

E
t

C
H

2B
u-

t

T
em

p

–5
2° rt

–5
0°

(9
9)

(8
6)

(9
0)

T
im

e

66
 h

14
3 

h

91
 h

%
 e

e

89 83 83

48
1

n 1 2 1

O

C
O

M
e

O

C
6

O

C
O

M
e

OE
(9

3)
, 9

3%
 e

e
23

9

O

C
O

R

n

O
C

O
R

n
N N

H
C

O
2B

u-
t

C
O

2B
u-

t

E
 =

 N
(C

O
2P

r-
i)

N
H

C
O

2P
r-

i

N

O
H

N

O
H

E
t

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

1 
(5

 m
ol

%
),

 to
lu

en
e

1

i-
Pr

O
2C

N
=

N
C

O
2P

r-
i, 

3 
(5

 m
ol

%
),

 

  M
eO

H
, r

t, 
9 

h

O
H

2
Pd

N
C

M
e

P P
=

PP
h 2

PP
h 2

2+

3

P P

2 
B

F 4
–

325



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

O

NY

O

NY

E

OE

O
H

1.
 E

tO
2C

N
=

N
C

O
A

r,
 P

hH
, 0

°, 
2-

3 
d 

(f
or

m
s 

I)

2.
 H

3O
+
, r

t, 
30

 d
 (

fo
rm

s 
II

)

24
9

I

(5
9)

(5
0)

(6
7)

(6
5)

II (4
0)

(4
5)

(—
)

(—
)

A
r

Ph 4-
O

2N
C

6H
4

Ph 4-
O

2N
C

6H
4

Y — — O O

I
II

E
 =

 N
(C

O
2E

t)
N

H
C

O
A

r

C
6

N
H

R
1

O

N
H

R
1

ON
R

2 C
O

N
=

N
C

O
R

2 , M
eC

N
, r

ef
lu

x,
 3

 h

R
1

n-
B

u

n-
B

u

t-
B

u

t-
B

u

Ph Ph

25
0

R
2

E
tO

Ph E
tO

Ph E
tO

Ph

(4
6)

(6
7)

(5
0)

(4
0)

(6
5)

(6
5)

C
O

R
2

N
H

C
O

R
2

O

C
O

R O
O

C
O

R

ON
B

nO
2C

N
=

N
C

O
2B

n,
 C

H
2C

l 2
, c

at
al

ys
t, 

–2
5°

C
at

al
ys

t

ci
nc

ho
ni

ne

ci
nc

ho
ni

di
ne

ci
nc

ho
ni

ne

ci
nc

ho
ni

di
ne

ci
nc

ho
ni

ne

ci
nc

ho
ni

di
ne

T
im

e

2 
m

in

2 
m

in

25
 m

in
 

40
 m

in
 

4 
d

4 
d

(9
1)

(9
6)

(9
1)

(9
1)

(6
8)

(5
1)

%
 e

ei

49 42 60 64 51 57

R M
e

M
e

i-
Pr

i-
Pr

t-
B

u

t-
B

u

23
1

NY

O
R

R

NY

O
R

R

N
95

5

R H H M
e

M
e

Y — O — O

(1
00

)

(1
00

)

(—
)

(—
)

E
tO

2C
N

=
N

C
O

2E
t

C
O

2B
n

N
H

C
O

2B
n

C
O

2E
t

N
H

C
O

2E
t

C
6-

9

C
6-

8

326



C
7

C
O

2E
t

N
H

O
N

H
C

O
2E

t

C
O

2E
t

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t, 

C
H

2C
l 2

, r
t

(4
9)

, 6
0%

 d
e

12
5

Ph

B
nO

2C
N

=
N

C
O

2B
n,

 C
H

2C
l 2

(1
00

)
23

6
•

A
c

C
O

2E
t

•
A

c

E
tO

2C
N

N
H

C
O

2B
n

C
O

2B
n

C
7-

8

C
O

R
1

O
O

N

C
O

R
1

R
2 O

2C
N

=
N

C
O

2R
2 , c

at
al

ys
t (

10
 m

ol
%

),
 to

lu
en

e

3,
5-

(C
F 3

) 2
C

6H
3

N H
N H

Y

N
M

e 2
ca

ta
ly

st
 A

: Y
 =

 S
  B

: Y
 =

 O

N
M

e 2

B
zN

H

ca
ta

ly
st

 C

23
3

R
1

O
M

e

O
M

e

O
M

e

O
M

e

O
M

e

O
M

e

O
Pr

-i

O
B

u-
t

M
e

O
M

e

O
B

u-
t

R
2

E
t

i-
Pr

t-
B

u

t-
B

u

t-
B

u

B
n

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

C
at

al
ys

t

B B A B C B B B B B B

T
em

p

–7
8°

–7
8° rt

–7
8°

–7
8°

–7
8°

–7
8°

–7
8°

–7
8° rt

–4
0°

T
im

e

2 
h

2.
5 

h

1 
h

3 
h

15
 h

2 
h

10
 h

15
 h

3 
h

96
 h

48
 h

n 1 1 1 1 1 1 1 1 1 2 3

(9
6)

(9
4)

(9
1)

(9
6)

(9
0)

(9
2)

(9
8)

(9
6)

(9
7)

(5
2)

(9
0)

%
 d

e

51 72 75 83 60 50 91 91 80 87 90

n
n

C
O

2R
2

N
H

C
O

2R
2

C
8-

11

C
N

H
2N

O

H
N

N
H

O

R

C
O

N
H

2

R
14

9

R c-
C

5H
9

2-
fu

ry
lm

et
hy

l

4-
(1

-b
en

zy
l)

pi
pe

ri
dy

l

c-
C

6H
11

n-
C

8H
17

(9
4)

(8
7)

(8
1)

(9
9)

(7
6)

N
H

, D
A

B
C

O
 (

ca
t)

, t
ol

ue
ne

, r
t, 

12
 h

O

327



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

NH
C

O
2E

t

O
NH

C
O

2E
t

N
3

O

1.
 L

D
A

, T
H

F

2.
 T

sN
3

3.
 T

M
SC

l

(—
)

48
2

C
9

(5
3)

1.
 N

aH
, D

M
F

2.
 2

,4
-(

O
2N

) 2
C

6H
3O

N
H

2
87

7

1.
 L

i b
as

e,
 T

H
F

2.
 P

h 2
P(

O
)O

N
H

2,
 –

20
°;

 r
t, 

12
 h

I 
 (

31
)

13
9

Ph

C
O

2E
t

C
O

2E
t

Ph

C
O

2E
t

C
O

2E
t

H
2N

I

C
8

O

C
O

R
1

n

O n
NC

O
R

2

N
H

C
O

2R
2

n 1 1 2 2 2 2 2 2 2 2 3 3

R
1

s-
B

u

s-
B

u

M
e

M
e

E
t

i-
Pr

s-
B

u

s-
B

u

Ph Ph s-
B

u

s-
B

u

R
2

B
n

B
n

B
n

B
n

B
n

B
n

B
n

B
n

E
t

B
n

B
n

B
n

x 10 10 1 10 10 10 1 10 10 10 10 10

T
em

p

rt

–2
4° rt rt rt rt rt rt rt rt rt

–2
4°

T
im

e 

18
 h

18
 h

18
 h

18
 h

18
 h

18
 h

18
 h

18
 h

40
 h

18
 h

18
 h

18
 h

(6
0)

(6
0)

(9
4)

(8
2)

(8
3)

(8
6)

(7
6)

(7
6)

(7
4)

(8
7)

(9
0)

(8
9)

%
 e

e

89 94 80 84 94 94 94 95 77 91 83 85

95
6

C
8-

13

1.
   

   
   

   
   

   
   

   
   

  (
S,

S)
 (

x 
m

ol
%

),
N

O
O

N

Ph
Ph

   
C

u(
O

T
f)

2 
(x

 m
ol

%
),

 C
H

2C
l 2

, r
t, 

2 
h

2.
 S

ub
st

ra
te

, t
he

n 
R

2 O
2C

N
=

N
C

O
2R

2 ,

   
te

m
p,

 ti
m

e

C
O

2R
2

328



1.
 N

aH
, T

H
F,

 r
t, 

15
 m

in

2.
 R

ea
ge

nt
, r

t, 
ov

er
ni

gh
t

R
ea

ge
nt

Ph
2P

(O
)O

N
H

2

(4
-M

eO
C

6H
4)

2P
(O

)O
N

H
2

4-
O

2N
C

6H
4C

O
2N

H
2

(9
6)

b

(7
5)

(8
5)

10
6

1.
 L

iH
M

D
S 

or
 N

aH
M

D
S

2.
(0

)
15

5

1.
 L

i b
as

e,
 T

H
F

2.
 P

h 2
P(

O
)O

N
H

2,
 –

20
°;

 r
t, 

12
 h

13
9

I 
 (

>
96

)

O

N
C

O
N

E
t 2

4-
C

lC
6H

4

C
O

N
H

Ph

C
O

N
H

Ph
N

H
, D

A
B

C
O

, t
ol

ue
ne

, r
t, 

12
 h

O
(7

2)
14

9
Ph

C
O

2E
t

C
N

1.
 L

iH
M

D
S 

(i
a)

, T
H

F,
 –

78
°, 

1 
h

2.
   

   
   

   
   

 (
+

),
  –

78
°, 

31
 h

; t
o 

rt

O
N

H
N

N
N

Ph
H

H
Ph

C
N

C
N

C
O

N
H

2

Ph

(3
4)

(3
4)

(9
)

15
1

Ph
+

+

1.
 L

i b
as

e

2.
 2

,4
,6

-M
e 3

C
6H

2S
O

2O
N

M
e 2

, E
t 2

O
 o

r 
T

H
F,

   
   

–1
0°

 to
 –

20
° ;

 r
t, 

15
 h

(9
5)

13
3

A
r

N H
N H

S

N
M

e 2(1
0 

m
ol

%
),

 to
lu

en
e,

 –
78

°

t-
B

uO
2C

N
=

N
C

O
2B

u-
t,

23
3

(9
3)

, 7
3%

 e
e

C
O

2E
t

C
N

Ph

Ph

C
NC
O

2E
t

M
e 2

N

A
r 

=
 3

,5
-(

C
F 3

) 2
C

6H
3

Ph

C
NC
O

2E
t

H
2N

I

Ph

N
H

C
O

N
E

t 2

C
O

2E
t

N
C

Ph

C
O

N
H

Ph

C
O

N
H

Ph

N
H

2

Ph

NC
O

2E
t

N
C

N
H

C
O

2B
u-

t

C
O

2B
u-

t

Ph
C

O
2E

t

C
N

1.
 N

aH
, T

H
F

2.
 2

,4
-(

O
2N

) 2
C

6H
3O

N
H

2

(5
4)

93
Ph

C
NC
O

2E
t

H
2N

329



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

C
9-

13
A

r
C

O
2E

t

C
N

R
O

2C
N

=
N

C
O

2R
, c

at
al

ys
t (

x 
m

ol
%

),
 

   
so

lv
en

t, 
–7

8°

N

NO
H

B
nO

N

O
B

n

NO
H

ca
ta

ly
st

 A

ca
ta

ly
st

 B

23
2

A
r

Ph Ph Ph Ph Ph Ph Ph Ph 4-
FC

6H
4

4-
FC

6H
4

4-
C

lC
6H

4

4-
C

lC
6H

4

4-
B

rC
6H

4

4-
B

rC
6H

4

4-
B

rC
6H

4

4-
B

rC
6H

4

4-
M

eO
C

6H
4

4-
M

eO
C

6H
4

2-
M

eC
6H

4

2-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

1-
na

ph
th

yl

1-
na

ph
th

yl

R E
t

i-
Pr

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

B
n

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

t-
B

u

B
n

B
n

t-
B

u

t-
B

u

B
n

B
n

t-
B

u

t-
B

u

t-
B

u

t-
B

u

C
at

al
ys

t

A A A A A A B A A B A B A B A B A B A B A B A B

x 10 10 10 10 10 5 5 10 5 5 5 5 5 5 5 5 10 10 5 5 5 5 10 10

So
lv

en
t

to
lu

en
e

to
lu

en
e

E
t 2

O

T
H

F

C
H

2C
l 2

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

to
lu

en
e

T
im

e

1 
m

in

45
 m

in

3 
h

12
 h

11
 h

2 
h

4 
h

1 
m

in

1 
h

2 
h

30
 m

in
 

30
 m

in

1 
h

2 
h

1 
m

in
 

1 
m

in

5 
m

in
 

10
 m

in

1 
h

3.
5 

h

8 
h

8 
h

8 
h

12
 h

(—
)

(—
)

(—
)

(—
)

(—
)

(9
2)

(9
2)

(—
)

(9
7)

(9
5)

(9
6)

(9
4)

(9
9)

(9
7)

(8
6)

(8
3)

(9
6)

(9
6)

(7
1)

(7
2)

(9
6)

(9
6)

(9
9)

(9
8)

%
 e

e

85 44 70 10 77 95 97 89 94 96

93
 (

S)

97 93 96 91 92 94 97 82 87 94 96 93 99

A
r

NC
O

2E
t

N
C

N
H

C
O

2R

C
O

2R

330



C
9-

10
R

C
O

2E
t

C
O

2E
t

1.
 N

aH
, g

ly
m

e,
 r

t

2.
 T

sN
3,

 r
t; 

35
° t

o 
40

°, 
1 

h

48
3

R Ph 7-
cy

cl
oh

ep
ta

tr
ie

ny
l

(7
1)

j

(6
5)

j

4-
B

nO
C

6H
4

C
O

2E
t

C
O

2E
t

1.
 N

aH
, T

H
F,

 H
M

PA
, r

t, 
2 

h

2.
 T

sN
3,

 5
0°

, 2
.5

 h

(7
6)

77
7,

 9
57

C
9

O C
O

2E
t

O C
O

2E
t

N
3

T
sN

H
C

O
2E

t

N
2

O

T
sN

3,
 E

t 3
N

, E
t 2

O
, r

t, 
14

0 
h

+

(7
4)

k
(2

0)

N
C

N
R

2 R
3

O

R
1

N
H

H
N

O
R

1 C
O

N
R

2 R
3

H
2N

C
H

2O
N

R
2 R

3

O

R
1

N

I
II

N
H

, N
aO

H
, t

ol
ue

ne
, H

2O
, r

t, 
12

 h
O

14
9

+

H
2N

O
C

N
R

2 R
3

O

R
1

H
2N

II
I

R
1

4-
M

eO
C

6H
4C

H
2

4-
C

lC
6H

4C
H

2

2-
M

eO
C

6H
4C

H
2

4-
M

eO
C

6H
4C

H
2

R
2

—
(C

H
2)

2O
(C

H
2)

2—

   
   

 —
(C

H
2)

5—

   
   

 —
(C

H
2)

5—

Ph

R
3

M
e

I

(4
8)

 +
 3

9%
 I

II

(6
2)

 I
 +

 I
II

(—
)

(—
)

II (—
)

(—
)

(3
2)

(4
3)

A
dd

en
d

— — H
C

l

H
C

l

II
I

(9
5)

(8
2)

(9
0)

a

(9
8)

a

C
10

O

C
O

2R

C
10

-1
1

O

C
O

2R

E
23

3

n 1 2

R t-
B

u

M
e

T
em

p

–7
8°

–4
0°

T
im

e

4 
h

5 
h

(9
3)

(9
9)

%
 e

e

90 97

E
 =

 N
(C

O
2B

u-
t)

N
H

C
O

2B
u-

t

31
9

n

(f
or

m
s 

I 
+

 I
I)

1. 2.
 I

 o
r 

II
, E

tO
H

, a
dd

en
d,

 r
ef

lu
x,

 5
 m

in

   
(f

or
m

s 
II

I)

R

C
O

2E
t

C
O

2E
t

N
3

4-
B

nO
C

6H
4

C
O

2E
t

C
O

2E
t

N
3

A
r

N H
N H

S

N
M

e 2(1
0 

m
ol

%
),

 to
lu

en
e

t-
B

uO
2C

N
=

N
C

O
2B

u-
t,

A
r 

=
 3

,5
-(

C
F 3

) 2
C

6H
3

n

331



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

O

C
O

2R
3

O

C
O

2R
3

E

R
1

R
2

n 1 1 1 1 2 2 2

R
1

H H H M
eO

H H H

R
2

H H H M
eO

H H M
eO

R
3

E
t

E
t

B
n

E
t

M
e

E
t

E
t

R
4

E
t

i-
Pr

i-
Pr

i-
Pr

t-
B

u

E
t

t-
B

u

X PF
6

PF
6

PF
6

PF
6

B
F 4

PF
6

Sb
F 6

So
lv

en
t

M
eO

H

M
eO

H

M
eO

H

M
e 2

C
O

M
eO

H

M
eO

H

M
eO

H

T
im

e

30
 m

in

30
 m

in

30
 m

in

17
0 

h

10
6 

h

1 
h

14
4 

h

(9
4)

(9
8)

(9
9)

(7
1)

(5
6)

(7
5)

(6
6)

%
 e

e

94 97 94 95 95 91 91

23
9

C
10

-1
1

O

C
O

2E
t

R
O

2C
N

=
N

C
O

2R
, 3

 (
5 

m
ol

%
),

 

  i
on

ic
 li

qu
id

 [
bm

im
]Y

, r
t

O

C
O

2E
t

E

23
9

C
10

R E
t

E
t

E
t

E
t

E
t

E
t

i-
Pr

i-
Pr

i-
Pr

X B
F 4

PF
6

Sb
F 6

PF
6

Sb
F 6

PF
6

Sb
F 6

PF
6

Sb
F 6

Y B
F 4

B
F 4

Sb
F 6

Sb
F 6

PF
6

PF
6

PF
6

PF
6

Sb
F 6

T
im

e

30
 m

in

1 
h

30
 m

in

1 
h

1 
h

1 
h

12
 h

18
 h

12
 h

(8
8)

(9
0)

(9
1)

(8
9)

(9
6)

(9
3)

(9
6)

(8
1)

(9
2)

%
 e

e

0 0 87 79 97 85 91 71 89

O
H

2
Pd

N
C

M
e

P P
=

PP
h 2

PP
h 2

2+

3

P P

2 
X

–

E
 =

 N
(C

O
2R

)N
H

C
O

2R

R
4 O

2C
N

=
N

C
O

2R
4 , 3

 (
as

 a
bo

ve
, 5

 m
ol

%
),

 

  s
ol

ve
nt

, r
t

E
 =

 N
(C

O
2R

4 )N
H

C
O

2R
4

n
n

332



C
10

S

N
OC

O
2M

e

E
tO

2C
C

O
2E

t

1.
 L

iH
M

D
S,

 T
H

F,
 –

70
°, 

5 
m

in

2.
 T

sN
3,

 –
70

°
3.

 T
M

SC
l, 

–7
0°

;  
to

 r
t, 

2 
h

S

N
O

E
tO

2C
C

O
2E

tN
3

C
O

2M
e

33
9

(4
3)

C
10

-1
2

O

C
O

2E
t

O

C
O

2E
t

N
3

R
SO

2N
3,

 E
t 3

N
, s

ol
ve

nt

+
   

pr
od

uc
ts

 o
f 

di
az

o 
tr

an
sf

er
 I

II

I

n 1 1 2 2 3 3 3 3 3 3 3 3 3

R 4-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
O

2N
C

6H
4

4-
M

eC
6H

4

4-
M

eC
6H

4

4-
M

eC
6H

4

M
e

M
e

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

2,
4,

6-
(i

-P
r)

3C
6H

2

So
lv

en
t

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

T
H

F

M
eC

N

D
M

F

T
H

F

M
eC

N

T
H

F

M
eC

N

C
H

2C
l 2

T
im

e

30
 m

in
; 2

 h

6 
d

20
 h

4 
d

6 
d

5 
d

1 
d

10
 h

3 
d

15
 h

10
 d

4 
d

1 
h

I (0
)

(1
6)

(2
1)

(7
5)

(3
1)

(3
1)

(2
0)

(3
2)

(2
4)

(1
9)

(7
2)

(8
0)

(0
)

II (0
)

(0
)

(4
7)

(0
)

(3
4)

(0
)

(5
6)

(1
8)

(3
0)

(6
0)

(0
)

(0
)

(7
1)

E
tO

2C
C

O
N

H
SO

2R

II

II
I

(9
4)

(8
0)

(0
)

(t
ra

ce
)

(1
4)

(6
6)

(1
8)

(1
0)

(2
8)

(8
)

(0
)

(0
)

(1
5)

32
1

32
1

32
1

32
1

31
9

32
1

31
9

31
9

31
9

31
9

31
9

31
9

31
9

T
sN

3,
 E

t 3
N

, E
t 2

O
, r

t, 
19

0 
h

O

C
O

2M
e

O

C
O

2M
e

C
O

N
H

T
s

N
2

C
O

2M
e

+
(2

0)
(5

6)
31

9

C
11

N
3

n
n

n−
1

+

T
em

p

0°
; r

t

rt rt rt rt rt rt rt rt rt rt rt 0°

333



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

0.
 E

N
O

L
A

T
E

S 
O

F 
α−

C
Y

A
N

O
 C

A
R

B
O

N
Y

L
 A

N
D

 β
−D

IC
A

R
B

O
N

Y
L

 C
O

M
PO

U
N

D
S 

(C
on

ti
nu

ed
)

C
17

Ph
C

O
2E

t

C
O

2E
t

Ph

C
O

2E
t

C
O

2E
t

N
H

2
1.

 N
aH

, T
H

F,
 r

t, 
25

 m
in

2.
 2

,4
-(

O
2N

) 2
C

6H
3O

N
H

2,
 r

t, 
20

 h
(6

2)
47

4

Ph
Ph

O
O

E
t

C
13

Ph
Ph

O
O

E
t

N
E

tO
2C

N
=

N
C

O
2E

t, 
ca

ta
ly

st
 (

x 
eq

),
 M

eC
N

, 

   
rt

, 2
4 

h

47
6

N C
O

2E
tC

O
2M

e

C
O

2M
e

i-
Pr

N C
O

2E
tC
O

2M
e

C
O

2M
e

i-
Pr

1.
 N

aH
, T

H
F,

 H
M

PA
, r

t, 
2 

h

2.
 T

sN
3,

 r
t; 

re
fl

ux
, 2

 h

(6
2)

95
8

N
3C
at

al
ys

t

Ph
3P

R
uC

l 2
(P

Ph
3)

3

x 1

0.
06

(1
00

)

(8
3)

C
11

O

C
O

2E
t

O
C

O
2E

t

N N
H

C
O

2B
u-

t

(>
99

),
 9

7%
 e

e
95

1

N

A
r A
r

N
H

N
H

2

t-
B

uO
2C

N
=

N
C

O
2B

u-
t, 

  2
 (

2 
m

ol
%

),
 T

H
F,

 –
60

°, 
1 

h

2

B
u-

t

B
u-

t

A
r 

=

C
O

2B
u-

t

N
H

C
O

2E
t

C
O

2E
t

334



C
19

(4
-M

eO
C

6H
4)

2P
(O

)O
N

H
2,

 N
aH

, T
H

F,
 r

t
14

5

C
O

2E
t

C
O

2E
t

n-
C

6H
13 N

O
2

C
O

2E
t

C
O

2E
t

n-
C

6H
13 N

O
2

+

N
H

2

C
O

2E
t

C
O

2E
t

n-
C

6H
13 N

O
2 O

H

(3
1)

(1
5)

a  T
he

 p
ro

du
ct

 w
as

 is
ol

at
ed

 a
s 

th
e 

hy
dr

oc
hl

or
id

e.
b 

T
he

 b
as

e 
us

ed
 w

as
 L

D
A

.
c  T

he
 a

m
in

at
ed

 p
ro

du
ct

 is
 f

or
m

ed
 a

s 
an

 in
te

rm
ed

ia
te

, w
hi

ch
 th

en
 r

ea
ct

s 
w

ith
 a

no
th

er
 m

ol
ec

ul
e 

of
 th

e 
st

ar
tin

g 
di

ke
to

ne
 to

 y
ie

ld
 th

e 
py

rr
ol

e 
de

ri
va

tiv
e.

d  L
ith

iu
m

 h
yd

ro
xi

de
 (

6 
eq

) 
w

as
 a

ls
o 

ad
de

d.
e  T

he
 n

um
be

r 
is

 th
e 

yi
el

d 
of

 c
ru

de
 p

ro
du

ct
.

f  W
ith

 c
at

al
ys

t r
ec

ov
er

ed
 f

ro
m

 th
e 

B
rC

8F
17

 p
ha

se
, t

he
 y

ie
ld

 w
as

 9
2%

.
g  T

he
 a

bs
ol

ut
e 

co
nf

ig
ur

at
io

n 
w

as
 n

ot
 d

et
er

m
in

ed
 b

ut
 it

 w
as

 o
pp

os
ite

 to
 th

at
 o

bt
ai

ne
d 

w
ith

 th
e 

ot
he

r 
ca

ta
ly

st
.

h  Q
ui

ni
ne

 a
nd

 q
ui

ni
di

ne
 g

av
e 

th
e 

op
po

si
te

 e
na

nt
io

m
er

s 
as

 th
e 

m
aj

or
 p

ro
du

ct
s.

i In
 e

ac
h 

ex
am

pl
e,

 c
in

ch
on

in
e 

an
d 

ci
nc

ho
ni

di
ne

 g
av

e 
th

e 
op

po
si

te
 e

na
nt

io
m

er
s 

as
 th

e 
m

aj
or

 p
ro

du
ct

s.
j  T

he
 n

um
be

r 
is

 th
e 

yi
el

d 
of

 u
np

ur
if

ie
d 

pr
od

uc
t.

k  W
ith

 th
e 

co
rr

es
po

nd
in

g 
5-

, 6
-,

 a
nd

 7
-m

em
be

re
d 

ke
to

 e
st

er
s,

 o
nl

y 
th

e 
ri

ng
-o

pe
ne

d 
di

az
o 

es
te

rs
 w

er
e 

ob
ta

in
ed

.
l  T

he
 is

om
er

ic
 1

-c
ar

be
th

ox
y-

2-
ke

to
 a

na
lo

gs
 (

n 
=

 1
, 2

) 
on

ly
 g

av
e 

th
e 

pr
od

uc
ts

 o
f 

di
az

o 
tr

an
sf

er
 a

nd
/o

r 
ri

ng
 c

on
tr

ac
tio

n.

335



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

1.
 I

N
T

R
A

M
O

L
E

C
U

L
A

R
 A

M
IN

A
T

IO
N

S

N
C

O
2M

e
Ph

O
C

O
B

u-
t

C
3

N
aH

, K
H

, o
r 

L
D

A
, T

H
F,

 –
80

° t
o 

 1
5°

(0
)

49
0

N
N

M
e

O
O

Ph

N
N

M
e

O
O

Ph

N
H

1.
 T

iC
l 4

, C
H

2C
l 2

, r
t, 

15
 m

in

2.
 A

dd
 to

 E
t 3

N
 (

2 
eq

),
 C

H
2C

l 2
, r

t, 
30

 m
in

48
8

N
N

M
e

O
O

Ph

N
H

+

N
N

M
e

O

R

O

Ph

N
N

M
e

O

R

O

Ph

N
H

1.
 M

X
, C

H
2C

l 2
2.

 A
dd

 to
 E

t 3
N

 (
2 

eq
),

 C
H

2C
l 2

, r
t, 

30
 m

in

48
7,

 4
88

B
nO

N
H

C
4-

6
R M

e

M
e

E
t

n-
Pr

M
X

T
iC

l 4

A
lM

e 2
C

l

A
lM

e 2
C

l

A
lM

e 2
C

l

(9
7)

(8
0)

(6
7)

(7
0)

C
4-

12

R
2

N
O

2

R
1

R
2N
O

2

R
1

N
O

2

R
2

R
1

C
O

2E
t

N
C

O
2E

t
N

+
4-

O
2N

C
6H

4S
O

2O
N

H
C

O
2E

t, 

  C
aO

, n
ea

t, 
rt

, 2
0 

m
in

I
II

95
9

R
1

M
e

E
t

i-
Pr

   
   

   
 —

(C
H

2)
4—

c-
C

6H
11

n-
C

6H
13

Z
-E

tC
H

=
C

H
(C

H
2)

2

Ph
(C

H
2)

2

Ph
(C

H
2)

2

R
2

M
e

M
e

M
e

M
e

(C
H

2)
2C

H
=

C
H

2

M
e

M
e

E
t

I

(3
8)

(5
8)

(6
3)

(8
9)

(7
0)

(7
1)

(7
0)

(7
0)

(7
2)

II (5
)

(6
)

(1
2)

(0
)

(8
)

(4
)

(7
)

(1
6)

(1
3)

N
Ph

C
O

2M
e

B
nO

N
H

(8
1)

(1
4)

336



C
4

F F

C
F 3

C
F 3

F F

C
F 3

C
F 3

NC
O

Ph

Y N
H

C
l

N
H

O
K

N
N

M
e 3

Py
ri

di
ne

, D
M

F,
 0

° t
o 

rt
; r

t, 
1 

h

M
eC

N
, 0

°;
 r

t, 
14

 h

M
eC

N
, h

ea
t

(6
6)

(6
2)

(5
)

96
0

F F

C
F 3

R
1

F F

C
F 3

R
1

NR
2

R
2 N

H
O

SO
2C

6H
4N

O
2-

4,
 E

t 3
N

, s
ol

ve
nt

R
1

C
F 3

C
F 3

C
O

2M
e

C
O

N
M

e 2

R
2

C
O

2E
t

SO
2P

h

C
O

2E
t

C
O

2E
t

So
lv

en
t

E
t 2

O

M
eC

N

E
t 2

O

C
H

2C
l 2

96
1

N
N

M
e

O

R

O

Ph

N
N

M
e

O

R

O

Ph

N
H

1.
 M

X
, C

H
2C

l 2
2.

 A
dd

 to
 E

t 3
N

 (
2 

eq
),

 C
H

2C
l 2

, r
t, 

30
 m

in

48
7,

 4
88

B
nO

N
H

R M
e

M
e

E
t

n-
Pr

M
X

T
iC

l 4

A
lM

e 2
C

l

A
lM

e 2
C

l

A
lM

e 2
C

l

(9
6)

(7
7)

(7
1)

(7
0)

C
4-

6

A
r1

N
C

O
2R

C
F 3

E
t 2

O
C

N
aH

, T
H

F
49

3

R E
t

B
n

Ph

N
A

r2

N
A

r2

Ph
O

2S

(6
7)

(4
7)

(8
8)

(5
2)

Ph
C

O
Y

C
F 3

C
O

2R

NC
O

2E
t

A
r1  =

 4
-O

2N
C

6H
4S

O
2O

(1
00

)

(1
00

)

(1
00

)

(1
00

)

(—
)

— —

de
 1

8-
19

%

de
 6

8-
72

%

si
ng

le
 d

ia
st

er
eo

m
er

A
r2  =

 3
,5

-M
e 2

C
6H

3
— — —

m
ix

tu
re

 o
f 

di
as

te
re

om
er

s

si
ng

le
 d

ia
st

er
eo

m
er

Ph
O

2S

337



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

1.
 I

N
T

R
A

M
O

L
E

C
U

L
A

R
 A

M
IN

A
T

IO
N

S 
(C

on
ti

nu
ed

)

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t (

5-
6 

eq
),

 C
aO

, C
H

2C
l 2

49
5

R
1

H H M
eO

R
2

H M
e

H

(t
ra

ce
)

(3
0)

(t
ra

ce
)

C
4-

5

O
O

R
1

R
2

O
O

R
1

R
2

N

R
4

R
3

R
2

R
1

C
5-

10

E
t 3

N
, E

t 2
O

, r
t

N H

R
2

R
1

R
4

R
3

R
1

H H H M
e

H

R
2

C
O

2M
e

C
O

2M
e

C
N

C
O

2M
e

4-
O

2N
C

6H
4

R
3

C
O

2M
e

C
N

C
O

2E
t

C
N

C
O

2M
e

R
4

C
O

2M
e

C
O

2M
e

C
O

2E
t

C
O

2M
e

C
N

(1
00

)a

(8
0)

b

(9
0)

b

(7
6)

b

(3
2)

b

49
2

O
OR

2
R

1

C
5-

11

4-
O

2N
C

6H
4S

O
2O

N
H

C
O

2E
t (

x 
eq

),
 C

aO
, C

H
2C

l 2
,

   
 w

at
er

 b
at

h

O
OR

2
R

1

O
OR

1
R

2

E
tO

2C
N

E
tO

2C
N

+

I
II

R
1

H M
e

H M
e

n-
C

5H
11

H Ph

R
2

H H M
e

M
e

H n-
C

5H
11

H

x 2 3 3 3 5 5 5

I

(3
9)

(4
5)

(4
2)

(5
2)

(4
7)

(2
8)

(6
0)

II (0
)

(0
)

(3
9)

(0
)

(0
)

(2
4)

(0
)

49
5

A
r 

=
 2

,4
,6

-M
e 3

C
6H

2S
O

2O

N
H

A
r

C
O

2E
t

338



N

C
O

2E
t

R
2

Ph
2P

(O
)O

R
1

C
6-

13

N H

C
O

2E
t

R
2

B
as

e

R
1

M
e

M
e

C
H

2C
H

=
C

H
2

B
n

B
n

C
H

M
eP

h

C
M

e 2
Ph

R
2

H C
O

2E
t

H H C
O

2E
t

H H

B
as

e

L
D

A

t-
B

uO
K

L
D

A

L
D

A

t-
B

uO
K

L
D

A

L
D

A

I

(7
5)

(9
5)

(2
0)

(4
7)

(8
1)

(1
0)

(0
)

Y
N

+

I
II

II (0
)

(0
)

(0
)

(4
0)

  

(0
)

("
al

m
os

t e
xc

lu
si

ve
ly

")

(0
)

49
6

C
7-

10

C
O

2M
e

R

T
M

SO
N

C
O

2M
e

t-
B

uO
K

 (
0.

25
 e

q)
, C

H
2C

l 2
, T

H
F,

 r
t, 

4 
h

N H
H

R
C

O
2M

e

C
O

2M
e

R n-
Pr

i-
Pr

i-
B

u

Ph n-
C

7H
15

(5
7)

(7
8)

(6
5)

(0
)

(5
4)

49
1

•

C
F 3

C
F 3

C
F 3

C
F 3

E
tO

2C
N

H
O

SO
2C

6H
4N

O
2-

4,
 E

t 3
N

, C
H

2C
l 2

, 

   
Fr

eo
n®

 1
13

, r
t, 

3 
h

C
F 3

C
F 3

C
F 3C
F 3

C
O

2E
t

N
(7

0)
96

1

C
7

C
O

2E
t

C
7-

11

B
r

N
H

O
M

e
N C

O
M

e

1.
 M

eL
i, 

ad
de

nd
, E

t 2
O

, –
78

°, 
30

 m
in

; 

   
 to

  –
15

°, 
3 

h

2.
 A

cC
l, 

py
ri

di
ne

n 0 1 2 3 4

A
dd

en
d

n-
B

uL
i

n-
B

uL
i

t-
B

uL
i

t-
B

uL
i

   
—

(2
1)

(4
3)

(6
4)

(2
4)

(0
)

n
83 82

, 9
7

83 83 83

n

Y — — — Ph
C

H

— Ph
M

eC

—

339



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

1.
 I

N
T

R
A

M
O

L
E

C
U

L
A

R
 A

M
IN

A
T

IO
N

S 
(C

on
ti

nu
ed

)

R
1 O

2C
R

4

N
O

R
5

R
3

R
2

R
1 O

2C

D
B

U
, C

H
2C

l 2
, 0

°, 
30

 m
in

NR
4

R
1 O

2C
C

O
2R

1

R
2R

3

R
1

B
n

B
n

B
n

B
n

M
e

M
e

M
e

M
e

M
e

R
2

H H i-
Pr

n-
C

5H
11

Ph Ph Ph

R
3

H M
e

H H H H H H H

R
4

M
e

M
e

M
e

M
e

H M
e

M
e

M
e

C
O

2M
e

Ph Ph Ph

R
5

M
s

M
s

M
s

M
s

M
s

A
c

C
O

C
F 3

M
s

M
s

(8
7)

 (
96

)c

(8
7)

 (
79

)c

(9
6)

 (
79

)c

(8
3)

(0
)d

(0
)

(5
7)

(9
9)

(8
3)

 (
80

)c

49
7

C
8

N
O

M
s

B
nO

2C

C
O

2B
n

D
B

U
, D

M
F,

 r
t, 

5 
d

N

B
nO

2C
C

O
2B

n

(8
3)

49
7

N
M

eN

Ph

O

Ph

N
H

O
B

n
O

N
M

eN

Ph

O

Ph

O
H N

C
9

A
lM

e 2
C

l, 
E

t 3
N

, C
H

2C
l 2

, 0
°

48
9

N
M

eN

Ph

O

Ph

N
H

O
B

n
O

N
M

eN

Ph

O
O

H N

A
lM

e 2
C

l, 
E

t 3
N

, C
H

2C
l 2

, 0
°

48
9

(7
5)

, 1
00

%
 d

e

(7
5)

, 1
00

%
 d

e
Ph

C
7-

11

340



N

Ph
Ph

N
N

M
e 3

I–

C
9-

10
R

1
R

1
R

1

H M
e

T
em

p 

50
°

—

(2
9%

)

(8
5%

)

49
4

96
2

R
3

N

R
1

O
H

O
C

6H
3(

N
O

2)
2-

2,
4

R
2

R
4

R
3

N H

R
1

O
H

R
2

R
4

N
aH

 +
 N

a(
C

N
)B

H
3 

(i
a)

, d
io

xa
ne

, r
t;

  5
0°

, 1
0 

h

R
1

H B
r

H H H H H

R
2

H H H M
e

H H H

R
3

H H H H H M
e

H

R
4

H M
e

M
e

M
e

i-
Pr

E
t

C
H

=
C

H
Ph

(0
)

(9
2)

(7
8)

(8
3)

(8
3)

  

(7
0)

(6
4)

C
9-

17

49
8

49
9

49
9

49
9

49
9

49
9

49
9

C
10

-1
7

R
3

N

R
1

O
H

O
C

6H
3(

N
O

2)
2-

2,
4

R
2

R
4

R
3

N

R
1

O
H

R
2

R
4

1.
 N

aH
, d

io
xa

ne
, 5

0°
, 2

0 
h

2.
 D

D
Q

, H
O

A
c,

 r
ef

lu
x,

 2
 h

49
9

R
1

B
r

H H H H H H H

R
2

H H H M
e

H H H H

R
3

H H H H H M
e

—
O

C
M

e 2
O

—

H

R
4

M
e

M
e

E
t

M
e

i-
Pr

E
t

C
H

=
C

H
Ph

(9
0)

(8
0)

(7
5)

(7
4)

(8
4)

(7
2)

(6
2)

(6
0)

ci
s:

tr
an

s

— — — 5:
1

— 5:
1

—

N
aO

R
2 , R

2 O
H

T
im

e

1 
h

—

R
2

t-
B

u

i-
Pr

+

341



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

1.
 I

N
T

R
A

M
O

L
E

C
U

L
A

R
 A

M
IN

A
T

IO
N

S 
(C

on
ti

nu
ed

)

C
10

O

O
C

O
N

3

O
H N

O

O

O
H

(2
0)

, 9
5%

 d
e

96
3

1.
 h

ν,
 C

H
2C

l 2
, r

t, 
4 

h

2.
 B

F 3
•E

t 2
O

, M
eO

H
, r

ef
lu

x,
 2

 h

N

O
H

O
SO

2M
e

O
H

N

O
H

N

+
(2

0)
(6

)
N

aH
, d

io
xa

ne
, r

ef
lu

x
49

8

N
Ph

O
2S

C
O

2E
t

O
M

s

C
12

N H

E
tO

2C
D

B
U

, C
H

2C
l 2

, 0
°, 

30
 m

in
(4

8)
49

7

C
12

-1
4

N H

N
O

H

R
2

R
3

R
1

N C
O

C
6F

5

N

R
1

R
2

R
3

O
H

R
1

H M
e

H

R
2

H H M
e

R
3

H H M
e

(6
3)

 s
in

gl
e 

di
as

te
re

om
er

(7
2)

 m
ix

tu
re

 o
f 

tw
o 

di
as

te
re

om
er

s

(7
4)

 s
in

gl
e 

di
as

te
re

om
er

1.
 M

sC
l, 

E
t 3

N
, C

H
2C

l 2
, 0

°, 
1 

h

2.
 C

6F
5C

O
C

l, 
rt

, 4
 h

3.
 N

aH
C

O
3,

 H
2O

, M
e 2

C
O

, r
t, 

20
 h

96
4

Ph

N
N

M
e 3

I–

N
aO

Pr
-i

, i
-P

rO
H

, 4
0°

, 1
 h

(8
0)

49
4

C
13

N

Ph

+

342



N H
N

N
M

sC
l, 

E
t 3

N
, C

H
2C

l 2
, 0

°
96

4

R
1

N
O

H
R

2
R

2

R
1

R
1

H C
O

2B
u-

t

R
2

M
e

H

T
im

e

1 
h

6 
h

(9
5)

(6
8)

 m
ix

tu
re

 o
f 

tw
o 

is
om

er
s

C
13

N
Ph

C
O

C
O

2E
t

O
M

s
N H

D
B

U
, C

H
2C

l 2
, 0

°, 
30

 m
in

(8
0)

49
7

Ph
C

O

E
tO

2C

C
13

Y N O
C

6H
3(

N
O

2)
2-

2,
4

R

O
H

n
Y N H

R

O
H

n
H

H

H

H
N

aH
, N

a(
C

N
)B

H
3,

 d
io

xa
ne

, r
t, 

5 
h

Y C
H

2

C
H

2

N
B

oc

R M
e

M
e

n-
B

u

n 1 2 1

Y N H
R

O
H

n
H

H
+

I
II

I

(6
5)

(8
0)

(9
3)

II (2
8)

(0
)

(0
)

49
9

C
13

-1
6

N O
C

6H
3(

N
O

2)
2-

2,
4

O
H

H

H

N H
O

H

H

H

N

O
H

N
aH

, N
a(

C
N

)B
H

3,
 d

io
xa

ne
, r

t, 
17

 h
+

(5
2)

(1
2)

49
9

C
14

343



Su
bs

tr
at

e
R

ef
s.

C
on

di
tio

ns
Pr

od
uc

t(
s)

 a
nd

 Y
ie

ld
(s

) 
(%

)

T
A

B
L

E
 2

1.
 I

N
T

R
A

M
O

L
E

C
U

L
A

R
 A

M
IN

A
T

IO
N

S 
(C

on
ti

nu
ed

)

N O
C

6H
3(

N
O

2)
2-

2,
4

O
H

N
aH

, d
io

xa
ne

, r
t, 

4 
h

N

O
H

(9
8)

49
9,

 4
98

C
15

-1
6

4-
R

1 C
6H

4
C

6H
4R

2 -4

O
N

H
O

M
e

4-
R

1 C
6H

4
C

6H
4R

2 -4

O
N

N
aO

M
e,

 M
eO

H
, 6

0°
, 1

0 
m

in
; r

t, 
ov

er
ni

gh
t

R
1

H H C
l

B
r

H M
e

R
2

H C
l

H H B
r

H

(9
4)

(8
0)

(6
6)

(8
3)

(9
0)

(6
4)

48
5e

48
5e

48
5e

48
5e

48
5e

48
5e , 4

86

C
20

O

P
O

N
M

e 2
O

Ph

1.
 L

D
A

, T
H

F,
 –

10
°, 

1 
h;

 r
t, 

36
 h

2.
 C

H
2N

2

85
(7

)f

a  T
he

 r
ea

ct
io

n 
w

as
 c

ar
ri

ed
 o

ut
 in

 C
H

2C
l 2

.
b  T

he
 y

ie
ld

 in
cl

ud
es

 th
at

 o
f 

th
e 

pr
ep

ar
at

io
n 

of
 th

e 
su

bs
tr

at
e.

c  T
he

 y
ie

ld
 is

 th
at

 o
f 

th
e 

on
e-

po
t r

ea
ct

io
n 

of
 th

e 
ox

im
e 

w
ith

 M
sC

l a
nd

 E
t 3

N
 f

ol
lo

w
ed

 b
y 

ad
di

tio
n 

of
 D

B
U

.
d  B

ec
km

an
n 

fr
ag

m
en

ta
tio

n 
oc

cu
rr

ed
 e

xc
lu

si
ve

ly
.

e  T
he

 p
ro

du
ct

s 
w

er
e 

in
iti

al
ly

 c
on

si
de

re
d 

to
 b

e 
th

e 
pr

im
ar

y 
en

am
in

es
. T

he
 c

or
re

ct
 a

ss
ig

nm
en

t w
as

 m
ad

e 
in

 a
 la

te
r 

pu
bl

ic
at

io
n.

48
6

f  T
he

 y
ie

ld
 w

as
 1

0%
 w

ith
 th

e 
su

bs
tr

at
e 

la
be

le
d 

w
ith

 13
C

 a
t t

he
 c

ya
no

 c
ar

bo
n 

an
d 

on
e 

de
ut

er
iu

m
 in

 o
ne

 o
f 

th
e 

m
et

hy
l g

ro
up

s.
 T

he
 is

ot
op

ic
 la

be
lin

g 
co

nf
ir

m
ed

 th
e 

in
tr

am
ol

ec
ul

ar
ity

 o
f 

th
e 

re
ac

tio
n.

H

O
3

C
N

O

P
O

M
e

O
Ph

O
3

C
N

M
e 2

N

M
eO

H
, r

ef
lu

x,
 1

5 
m

in
(6

5)
96

5
4-

M
eO

C
6H

4
Ph

O
N

H
O

M
e

4-
M

eO
C

6H
4

Ph

O
NH

C
14

C
16

344



ELECTROPHILIC AMINATION OF CARBANIONS 345

REFERENCES
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33 Vogt, H.; Bräse, S. Org. Biomol. Chem. 2007, 406.
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476 Lumbierres, M.; Marchi, C.; Moreno-Mañas, M.; Sebastián, R. M.; Vallribera, A.; Lago, E.;

Molins, E. Eur. J. Org. Chem. 2001, 2321.
477 Hartke, K.; Brutsche, A.; Gerber, H.-D. Liebigs Ann. Chem. 1992, 927.
478 Diels, O.; Behncke, H. Chem. Ber. 1924, 57, 653.
479 Nelson, J. H.; Howells, P. N.; DeLullo, G. C.; Landen, G. L.; Henry, R. A. J. Org. Chem. 1980,

45, 1246.
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567 Wieland, H.; Kögl, F. Chem. Ber. 1922, 55, 1798.
568 Maruyama, K. Bull. Chem. Soc. Jpn. 1964, 37, 1013.
569 Gilman, H.; McCracken, R. J. Am. Chem. Soc. 1927, 49, 1052.
570 Kopp, F.; Sapountzis, I.; Knochel, P. Synlett 2003, 885.
571 Belousova, S. P.; Vasil’ev, N. V.; Kolomiets, A. F.; Nikolaev, K. M.; Sokol’skii, G. A.; Fokin,

A. V. Izv. Akad. Nauk, Ser. Khim. 1984, 1198; Engl. Transl. p 1103.
572 Vasil’ev, N. V.; Kolomiets, A. F.; Sokol’skii, G. A. Zh. Org. Khim. 1981, 17, 1321; Engl. Transl.

p 1171.
573 Momiyama, N.; Yamamoto, H. Org. Lett. 2002, 4, 3579.
574 Guo, H.-M.; Cheng, L.; Cun, L.-F.; Gong, L.-Z.; Mi, A.-Q.; Jiang, Y.-Z. Chem. Commun.

2006, 429.
575 Momiyama, N.; Yamamoto, H. J. Am. Chem. Soc. 2003, 125, 6038.
576 Sasaki, T.; Ishibashi, Y.; Ohno. M. Chem. Lett. 1983, 863.
577 Sasaki, T.; Mori, K.; Ohno, M. Synthesis 1985, 279.
578 Sasaki, T.; Mori, K.; Ohno, M. Synthesis 1985, 280.
579 Lewis, J. W.; Myers, P. L.; Ormerod, J. A. J. Chem. Soc., Perkin Trans. 1 1972, 2521.
580 Abramovitch, R. A.; Challand, S. R.; Yamada, Y. J. Org. Chem. 1975, 40, 1541.
581 Kresze, G.; Ascherl, B.; Braun, H. Org. Prep. Proc. Int. 1987, 19, 329.
582 Schenk, C.; Beekes, M. L.; van der Drift, J. A. M.; de Boer, T. J. Recl. Trav. Chim. Pays-Bas

1980, 99, 278.
583 Schlenk, C.; Beekes, M. L.; de Boer, T. J. Recl. Trav. Chim. Pays-Bas 1980, 99, 246.
584 Lub, J.; Beekes, M. L.; de Boer, T. J. Recl. Trav. Chim. Pays-Bas 1986, 105, 22.
585 Filip, S. V.; Seewald, N. Synthesis 2005, 3565.
586 Oppolzer, W.; Tamura, O. Tetrahedron Lett. 1990. 31, 991.
587 Oppolzer, W.; Tamura, O.; Deerberg, J. Helv. Chim. Acta 1992, 75, 1965.
588 Oppolzer, W.; Merifield, E. Helv. Chim. Acta 1993, 76, 957.
589 Oppolzer, W.; Cintas-Moreno, P.; Tamura, O. Helv. Chim. Acta 1993, 76, 187.
590 Oppolzer, W.; Bochet, C. G.; Merifield, E. Tetrahedron Lett. 1994, 35, 7015.



358 ORGANIC REACTIONS

591 Ludwig, S. N.; Unkefer, C. J. J. Labeled Comp. Radiopharm. 1996, 38, 239.
592 Annunziata, R.; Benaglia, M.; Cinquini, M.; Cozzi, F.; Scolaro, A. Gazz. Chim. Ital. 1995,

125, 65.
593 Otaka, A.; Mitsuyama, E.; Kinoshita, T.; Tamamura, H.; Fujii, N. J. Org. Chem. 2000, 65, 4888.
594 Davison, E. C.; Fox, M. E.; Holmes, A. B.; Roughley, S. D.; Smith, C. J.; Williams, G. M.;

Davies, J. E.; Raithby, P. R.; Adams, J. P.; Forbes, I. T.; Press, N. J.; Thompson, M. J. J. Chem.
Soc., Perkin Trans. 1 2002, 1494.

595 Oppolzer, W.; Tamura, O.; Sundarababu, G.; Signer, M. J. Am. Chem. Soc. 1992, 114, 5900.
596 Felber, H.; Kresze, G.; Braun, H.; Vasella, A. Tetrahedron Lett. 1984, 25, 5381.
597 Bartoli, G. Acc. Chem. Res. 1984, 17, 109.
598 Bartoli, G.; Marcantoni, E.; Petrini, M. J. Chem. Soc., Chem. Commun. 1993, 1373.
599 Barboni, L.; Bartoli, G.; Marcantoni, E.; Petrini, M.; Dalpozzo, R. J. Chem. Soc., Perkin Trans.

1 1990, 2133.
600 Bartoli, G.; Palmieri, G.; Petrini, M.; Bosco, M.; Dalpozzo, R. Gazz. Chim. Ital. 1990, 120, 247.
601 Bartoli, G.; Marcantoni, E.; Petrini, M.; Dalpozzo, R. J. Org. Chem. 1990, 55, 4456.
602 Bartoli, G.; Marcantoni, E.; Petrini, M. J. Chem. Soc., Chem. Commun. 1991, 793.
603 Bartoli, G.; Marcantoni, E.; Petrini, M. J. Org. Chem. 1992, 57, 5834.
604 Yost, Y.; Gutmann, H. R.; Muscoplat, C. C. J. Chem. Soc. (C) 1971, 2119.
605 Gilman, H.; McCracken, R. J. Am. Chem. Soc. 1929, 51, 821.
606 Sapountzis, I.; Knochel, P. J. Am. Chem. Soc. 2002, 124, 9390.
607 Dalpozzo, R.; Bartoli, G. Curr. Org. Chem. 2005, 9, 163.
608 Dobbs, A. J. Org. Chem. 2001, 66, 638.
609 Sitzmann, M. E.; Kaplan, L. A.; Angres, I. J. Org. Chem. 1977, 42, 563.
610 Rathore, R.; Lin, Z.; Kochi, J. K. Tetrahedron Lett. 1993, 34, 1859.
611 Briere, R.; Rassat, A. Bull. Soc. Chim. Fr. 1965, 378.
612 Chapelet-Letourneux, G.; Lemaire, H.; Rassat, A. Bull. Soc. Chim. Fr. 1965, 444.
613 Lemaire, H.; Marechal, Y.; Ramasseul, R.; Rassat, A. Bull. Soc. Chim. Fr. 1965, 372.
614 Hoffmann, A. K.; Feldman, A. M.; Gelblum, E. J. Am. Chem. Soc. 1964, 86, 646.
615 Enders, E. In Methoden der organischen Chemie (Houben-Weyl); Georg Thieme Verlag: Stuttgart,

1965; Vol. 10/3, p 490.
616 Dumic, M; Kuruncev, D.; Kovacevic, K.; Polak, L.; Kolbah, D. In Methoden der organischen

Chemie (Houben-Weyl); Georg Thieme Verlag: Stuttgart, New York, 1990; Vol. E14b/1, p 450.
617 Phillips, R. R. Org. React. 1959, 10, 143.
618 Enders, E. In Methoden der organischen Chemie (Houben-Weyl); Georg Thieme Verlag: Stuttgart,

1965; Vol. 10/3, p 522.
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657 Ricart, G.; Couturier, D. C. R. Hebd. Scéances Acad. Sci. 1977, 284, 191 and references cited

therein.
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INTRODUCTION

Over the last thirty years the use of sulfones in organic chemistry has become
a very important synthetic strategy, especially for the formation of carbon-carbon
single and double bonds,1 – 11 enabling the preparation of a wide variety of func-
tionalized molecules including many natural and biologically active compounds.12

Sulfones can modify the polarity of a molecule by acting as electron-withdrawing
groups. Sulfones can also stabilize α-carbanions and function as good leaving
groups in elimination reactions.

The sulfone is a versatile functional group comparable to the carbonyl func-
tionality in its ability to activate molecules for further bond construction, the main
difference between these two groups being that the sulfone is usually removed
once the synthetic objective is achieved. The removal most commonly involves a
reductive desulfonylation process with either replacement of the sulfone by hydro-
gen (Eq. 1), or a process that results in the formation of a carbon-carbon multiple
bond when a β-functionalized sulfone, for example a β-hydroxy or β-alkoxy sul-
fone, is employed (Eq. 2). These types of reactions are the Julia–Lythgoe or
Julia–Paris–Kocienski olefination processes. Alkylative desulfonylation (sub-
stitution of the sulfone by an alkyl group, Eq. 3), oxidative desulfonylation
(Eq. 4), and substitution of the sulfone by a nucleophile (nucleophilic displace-
ment, Eq. 5) are also known. Finally, β-eliminations (Eq. 6) or sulfur diox-
ide extrusion processes (Eqs. 7, 8 and 9) have become very popular for the
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preparation of carbon-carbon single and double bonds. A few reviews13,14 and
book chapters1,15,16,3 have previously covered the different aspects and synthetic
applications of the reductive desulfonylation and reductive elimination processes.
This chapter deals exclusively with the replacement of the sulfone group by a
hydrogen (reductive desulfonylation reactions, Eq. 1), and reductive elimination
reactions of the Julia-type substrates (Julia–Lythgoe olefination process, Eq. 2).
In the following sections, the full scope and limitations of these reactions, their
synthetic applications, and typical experimental conditions are described. The
coverage of the literature through most of 2007 is comprehensive, as is the
accompanying Tabular Survey.
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MECHANISM AND STEREOCHEMISTRY

The method for removal of the sulfone group depends on the other functional-
ities present in the molecule, and different desulfonylation conditions have been
developed to achieve the synthetic objective.

Reductive Desulfonylations
One of the most widely used transformations in sulfone-mediated synthetic

reactions is the substitution of the sulfone group by hydrogen (Eq. 1). The
reductive C–SO2 cleavage can be performed by chemical, electrochemical and
photochemical methods, the most commonly used being the chemical reductive
desulfonylation method. For this purpose, a wide range of reducing agents and
procedures has been developed, and most methods involve an electron-transfer
mechanism. The standard chemical reducing agents and procedures fall into three
main categories: reductive desulfonylations mediated by active metals and salts,
tin hydrides, and transition-metals.

Reductive Desulfonylations by Active Metals and Salts. Electropositive
metals such as alkali metals, Mg, Ca, Al, Zn, and Sm, have been used to
cleave C–SO2 bonds. The alkali metals and their amalgams are the most widely
employed. Most reactions proceed through a single-electron-transfer (SET) mech-
anism. Therefore, the chemical properties of the electron-transfer reagent and the
substrate to be reduced, such as the reduction potentials in solution, are very
important. The reduction potential of the sulfone derivatives depends principally
on the structure of the reduced substance and its solvation energy. Aromatic sul-
fones react easily with solvated electrons because energetically accessible LUMO
levels are often available given the strong electron-withdrawing nature of the sul-
fone group. This group decreases the energy level of the LUMO of the aromatic
moiety allowing a much faster electron transfer. The reduction of diaryl sulfones
is complex and, from a synthetic point of view, not as useful as the selective
removal of one arenesulfonyl group connected to an aliphatic chain. Studies
on the mechanism of this reaction17 show that in the first step, an electron is
transferred to the substrate to form a radical anion, which rapidly dissociates
into an arylsulfinate and a radical. The radical is immediately reduced and, after
protonation, affords the observed hydrocarbon (Eq. 10).

e–

ArSO2
–

e–, S—H
RH

ArSO2R ArSO2R

R
.

(Eq. 10)

Functional groups present in the molecule that are sensitive to SET, usually
multiple bonds, aromatic rings, and nitro and carbonyl groups situated in the
α-position to the SO2 group, may play the role of electron acceptor and
accelerate the C–SO2 cleavage. This activation has been broadly used, for
example, to perform selective desulfonylations of α-ketosulfones (Eq. 11), with
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aluminum amalgam usually being the reagent of choice to achieve efficient
desulfonylation.18

R2

O
R1SO2

SET

R2

O–

R1SO2

SET

H+ R2

O

.
(Eq. 11)

It is also possible to enhance the electron transfer from a metal by the use of
certain solvents such as amines, or through the presence in the reaction medium
of external additives such as aromatic compounds. Solutions of alkali and alka-
line earth metals (Li, Na, and less frequently, Ca) in anhydrous ammonia or low
molecular weight amines such as methyl- or ethylamine at low temperatures rep-
resent a powerful reductive desulfonylation system.19 This method, which has
been mainly employed for the reductive desulfonylation of α-keto-, allyl- and
remote-functionalized sulfones, proceeds via an SET process to afford carban-
ionic intermediates and sulfinate species. There is no evidence that reduction of
the sulfonyl S–O bond occurs, and it appears that the cleavage process normally
takes place only after the second electron has been transferred to the molecule.
In the reductive desulfonylation with lithium in methylamine of different alkyl
cycloalkyl sulfones, the site selectivity in the C–SO2 bond cleavage is a con-
sequence of a process with appreciable carbanionic character that is governed
by both electronic and steric factors.20 Of synthetic relevance is the reduction
of alkyl aryl sulfones (Eq. 12), where the site selectivity seems to be dependent
on the substrate and the reaction conditions employed, but selective alkyl–S
bond cleavage can be achieved by proper selection of the reaction conditions
(Eq. 13).21 With respect to the desulfonylation of allylic sulfones, rearranged
alkene products corresponding to the thermodynamically more stable compounds
are usually observed (Eq. 14).22a
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Alkali metal arene radical anion complexes are useful sources of solvated
electrons for reductive desulfonylation reactions.14 Aromatic compounds such
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as naphthalene and its derivatives improve the electron-transfer ability of the
alkali metals such as Na and Li in solution. The reduction potential of alkali
metal-naphthalene, which is the most employed reagent, is close to the value
of the ammonia solutions of alkali metals.22b,22c These radical anion solutions
constitute a good alternative to dissolving metal reductions. The heterogeneous
electron-transfer process between the metal and the aromatic compounds is sol-
vent dependent and is usually carried out in aprotic coordinating solvents such
as ethers. These solvents stabilize the radical anion complex by forming solvent-
separated ion pairs23 – 28 especially at low temperatures (Eq. 15).

ArH   +   M ArH       +      M+

M = Li, Na, K

ROR
(Eq. 15)

Samarium(II) iodide is a mild and selective single-electron-transfer reagent
that has become very popular for reduction of sulfone derivatives29 due to its
propensity to revert to the more stable Sm(III) oxidation state.30,31 Additives
and cosolvents often have a profound effect on reactions mediated by SmI2. The
additives usually fall into one of two classes: proton sources such as MeOH, or
donor ligands such as HMPA (hexamethylphosphoric triamide) or DMPU [1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone]. The role of these ligands is to
increase the reducing power of Sm(II) [from −1.33 V to −2.05 V in the presence
of four equivalents of HMPA (vs. Ag/AgNO3 in THF)],32 and it has been thought
that proton sources serve not only to protonate basic organometallic intermediates
but also to accelerate the reductive desulfonylation process (Eq. 16). Excess of
SmI2 is usually necessary to bring the reaction to completion.
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By far the most employed and general method for the reductive desulfonylation
of all types of sulfones is the reduction with metal amalgams, particularly sodium
amalgam (5–6%) in a buffered alcohol solution employing four equivalents of
disodium hydrogen phosphate.33 This method is based on an early disclosure34

where several diaryl and alkyl aryl sulfones are reported to undergo reductive
desulfonylation by Na/Hg in boiling ethanol to a sulfinic acid and a hydrocarbon.
The selective alkyl–SO2 bond cleavage that occurs with alkyl aryl sulfones makes
this reagent appropriate for removing arenesulfonyl groups in the presence of
base-sensitive functional groups since the formation of alkoxides is prevented
under the buffered conditions. Dialkyl sulfones are not reactive towards this
reagent. The method is highly chemoselective because simple sulfones as well as
those having a range of other functional groups (isolated multiple bonds, ethers,
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acetals, epoxides, ketones, carboxylic acids and their derivatives, and a variety of
nitrogen and oxygen protecting groups), are smoothly desulfonylated as depicted
in Eqs. 1735 and 18.36
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Site and stereocontrol of the reductive desulfonylation reactions of allylic
and vinylic sulfones depend on the choice of the reducing agents and reaction
conditions. With allylic sulfones migration of the double bond to the most stable
position is usually observed with all the reagents investigated (Eq. 19).37 The
migration of the double bond takes place with little or no stereocontrol, and
different results can be obtained depending on the method employed as depicted
in Eq. 20 for vinylic sulfones.38
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The reductive desulfonylation of vinylic sulfones has been mainly carried
out with sodium and aluminum amalgams, SmI2, and Mg in N ,N -dimethyl-
formamide (DMF) in the presence of chlorotrimethylsilane (TMSCl). The con-
figuration of the double bond is not necessarily preserved in the desulfonylation
of vinylic sulfones when Na/Hg is employed. This reagent is the most widely used
when there is no need for stereochemical control as shown in Eqs. 2139 and 22.40
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In contrast, reductions using Al/Hg seem to be stereoselective at high reac-
tion temperatures to afford exclusively the more stable E-alkene product. The
equilibration of the anionic intermediates under the reaction conditions is respon-
sible for this isomerization. The temperature is a crucial factor in controlling
the stereoselectivity of the process, since the geometry of the vinylic sulfone
can be maintained when the reduction is carried out at low temperature. Partial
scrambling of configuration is observed upon increasing the reaction temperature
(Eq. 23).41

H SO2Ph
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THF/D2O

H D

H D

<0°

>0°

(Eq. 23)

The stereochemical outcome of the reduction of vinylic sulfones with SmI2

seems to be additive-dependent and unpredictable as shown in Eq. 24.42 The
exact role of DMPU or HMPA on the stereoselectivity is still not understood.
Deuterium labeling studies employing MeOH-d1 have revealed an important role
of this cosolvent as a proton source, and in the control of the stereochemical
course of the reaction. Because hydrogen is not abstracted from the solvent
(THF), it is probable that the proton is obtained from methyl alcohol to quench
the corresponding vinyl anion (Eq. 24). In general, when the reaction is car-
ried out at low temperatures, with short reaction times, and with the proper
solvent-additive combination, the desulfonylation of vinylic sulfones is highly
stereoselective (Eq. 25).43 At ambient or higher temperatures the preference for
the thermodynamically more stable alkene geometry is usually observed as a
consequence of the equilibration of the alkenyl radical (Eq. 26).42 Under these
conditions, reduction of the double bond is occasionally observed.44
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Styryl aryl sulfones are efficiently transformed into the corresponding E-β-
substituted styrenes in a stereoselective manner through a Mg-promoted reduc-
tion.45 The reaction is carried out in polar solvents such as dimethyl sulfoxide
(DMSO) or N ,N -dimethylformamide (DMF) and in the presence of TMSCl,
which is believed to activate the metal surface and stabilize the anionic interme-
diates generated by the electron transfer from Mg metal.45 Under these reaction
conditions, a highly stereoselective reductive desulfonylation takes place to give
the corresponding E-styrenes (Eq. 27). The reaction is believed to take place
through a stabilized radical anion that undergoes a stereoselective elimination of
the arylsulfinyl moiety (Eq. 28).

Ph
R

Ts

Mg/TMSCl

DMF, rt, 1 d
Ph

R

R
Me
Et
n-Pr
Bn

Z/E
<1:99
<1:99
2:98
1:99

Z/E
45:55
32:68
31:69
10:90

Yield
(72%)
(81%)
(75%)
(85%)

(Eq. 27)
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–
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-
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-

R

Ar

Ar

Mg+2/2

Mg+2/2
Mg

(Eq. 28)

Sodium dithionite (Na2S2O4) is a useful reducing agent for reactions of vinyl46

and β-ketosulfones47 under weakly basic aqueous conditions. The mechanism of
the reaction is believed to follow an addition-elimination process in which a syn-
addition of the hydrogen sulfinate ion (HSO−

2 ) is followed by an anti-elimination
of sulfur dioxide and arylsulfinate ion from the intermediate sulfonylsulfinate
(Eq. 29).48,49 The reaction is stereospecific and retention of the configuration
of the original vinylic sulfone is observed. With β-ketosulfones, removal of the
sulfone group also takes place via an addition-elimination mechanism.47
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R1 R2

SO2Ar

Na2S2O4

NaHCO3, R1 SO2Ar

–O2S H

H R2

R1 SO2Ar

S

H

HR2
–O O

R1 R2– SO2

– ArSO2
–

DMF/H2O

(Eq. 29)

Despite the great amount of interest in reductive desulfonylation reactions,
very little research has addressed the stereospecific reductive desulfonylation of
chiral α-substituted sulfones. Only limited success has been achieved as shown in
Eq. 30.50 Lithium naphthalenide is used for the stereoselective SET desulfonyla-
tion of anomeric sulfones derived from 2-deoxy-D-glucose derivatives.51 – 54 The
initial homolytic cleavage of the C–SO2 bond generates a σ-radical, which adopts
an α-orientation due to stereoelectronic stabilization,55 – 57 forcing the anomeric
substituent to adopt the β-orientation, an arrangement that is retained through the
reduction process (Eq. 31).

OBu-t

OMe

MeO
SO2Ph

OBu-t

OMe

MeO

Reducing Agent
Et2NH/Li
Na/Hg
Na/Hg
Na/Hg

Additive
—
—
—
Na2HPO4

Temp
–70°
72°
70°
50°

Time
30 min

2 h
2 h

1.5 h

Solvent
THF
EtOH
HMPA
MeOH/C6H6

Yield
(—)

(80%)
(44%)
(78%)

α/β
72:28
63:37
45:55
74:26

H H

H

H H

H

(Eq. 30)

α/β 4:1

O

SO2Ph

DRO
RO

RO
LN

O
RO

RO

RO

D
.

..

LN = lithium naphthalenide

LN O
RO

RO

RO

D

Li

H+

O
RO

RO

RO

D

(Eq. 31)

Reductive Desulfonylations by Tin Hydrides. Reductive desulfonylation
of allyl, vinyl, and α-functionalized sulfones can be carried out employing tin
hydrides. This radical reaction is usually promoted thermally or photochemically
and provides organotin derivatives as intermediates which are finally subjected
to protonolysis (Eq. 32). Both steps can be carried out in one pot employing
catalytic amounts of tin.

ArSO2R1
(R2)3SnH

hν or heat
R1Sn(R2)3

H+

R1H (Eq. 32)

α-Keto arylsulfones are easily desulfonylated to the corresponding ketones
with tin hydrides in the presence of radical initiators. The reaction mechanism
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involves the formation of a ketyl-type radical as an intermediate58,59 that, after β-
elimination of a sulfonyl radical, produces the corresponding tin enolate (Eq. 33).
In a propagation step, hydrogen transfer from the tin hydride to the sulfonyl
radical gives the corresponding sulfinic acid which, in a final step, protonates the
tin enolate to furnish the desired desulfonylated product. Tin enolate formation
via SET from the tin radical to the keto group has also been proposed.58,59

R1

R2

O

SO2Ar

SnR3

R1

R2

OSnR3

SO2Ar
R1

R2

OSnR3
+   ArSO2

R1

R2

OR3SnH
ArSO2H + R3SnArSO2

(Eq. 33)

Although stabilized α-keto radical species are also postulated as intermedi-
ates in the desulfonylation process,59 the absence of favored hex-5-enyl radical
cyclization processes in the reductive desulfonylation of alkene-containing sub-
strates argues against this possibility.59,60 Conversely, the tin hydride-mediated
reductive desulfonylations of α-sulfonyl phosphonates are suggested to proceed
via attack of the tin radical at an oxygen (or sulfur) atom of the sulfonyl group to
give a stabilized α-phosphonyl radical intermediate (Eq. 34).60 This method has
been applied to the reductive desulfonylation of π-electron-deficient arylsulfonyl
derivatives, such as 2-pyridyl- and 2-pyrimidylsulfonyl compounds; substrates
that facilitate the reaction as a result of the strong electron-withdrawing character
of the aromatic ring. As a consequence, SET from the tin radical to the elec-
tronegative phosphonate system (Eq. 34), followed by sulfinate cleavage, might
also lead to the α-phosphonyl radical. Both mechanistic possibilities may be
further enhanced by the π-electron-deficient arylsulfonyl moieties.

N

N

S P(OEt)2

OO O

R

R P(OEt)2

O

HSnR3
R P(OEt)2

O

H
R3Sn

(Eq. 34)

The mechanism for the reductive desulfonylation of allylic sulfones is ex-
plained in terms of an addition-elimination sequence (Eq. 35).61 The process
is site selective but not usually stereoselective since allylstannane intermediates
are produced as mixtures of stereoisomers. In one exception, α-(hydroxymethyl)
allylic sulfones afford, after reaction with n-Bu3SnH, Z-allyltin intermediates
stereoselectively.62 Coordination between the oxygen and tin atoms in the initial
adduct seems to fix the conformation leading to the predominant formation of
Z-isomers (Eq. 36).

ArSO2

R
SnR3R HR+

H+R3Sn
(Eq. 35)
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R

Ts

R

(n-Bu)3SnH, AIBN

C6H6, 80°, 2 h

R
H
HOCH2

Z/E
33:67
96:4

R = HOCH2

O
H

Sn(Bu-n)3

Ts

Sn(Bu-n)3

6

66

(Eq. 36)

In desulfonylation reactions of vinylic sulfones, the accepted mechanism also
involves a free-radical addition-elimination sequence to generate the correspond-
ing vinylstannanes on treatment with tin hydride and a substoichiometric amount
of a radical initiator.63 The stereoselectivity of the reaction has been studied with
α-fluorovinylic sulfones,63,64 showing that the tin-sulfonyl exchange is mostly
stereospecific and proceeds with retention of configuration for 2,2-disubstituted
derivatives (Eq. 37). Conversely, the 2-monosubstituted analogs equilibrate to
E/Z mixtures of (fluorovinyl)stannanes when treated with tributyltin hydride
(Eq. 37). A high degree of stereocontrol is observed when the substrate bears
a bulky substituent in the β-vinylic position. The radical addition-elimination
process is controlled by steric factors preserving the E/Z geometry of the (fluo-
rovinyl)stannanes (Eq. 38).65

Ph

R
SO2Ph

F

(n-Bu)3SnH

AIBN
Ph

R
Sn(Bu-n)3

F

NaOMe

MeOH
Ph

R
H

F

R = Me (82%)  Z/E <3:97
R = H (76%)  Z/E 75:25

(Eq. 37)

MeO
SO2Ph

O

BzHN Bn F

(n-Bu)3SnH

AIBN
MeO

Sn(Bu-n)3

O

BzHN Bn F
(80%)

HCl

(85%)

MeO

O

BzHN Bn F

H

(Eq. 38)

Transition-Metal-Mediated Reductive Desulfonylations. Nickel reagents
have been used to remove the sulfonyl group66,67 under heterogeneous and homo-
geneous conditions. Although less commonly used, Raney nickel (Ra–Ni) in its
different forms can be employed to promote the reductive desulfonylation of
organic compounds under heterogeneous conditions. The first step in the process
might involve adsorption of the sulfone on the nickel surface through its sulfonyl
oxygen atoms. The hydrogen atom that replaces the sulfonyl group generally
comes from the large amount of surface-bound hydrogen on the finely divided
reagent.68 The reduction has been postulated to occur through either a radical69

or an ionic70 mechanism and experimental results to support both alternatives
have been presented. The degree of stereocontrol of the reduction of α-chiral
alkyl sulfones is quantified by the resulting diastereomeric ratio of products. The
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results are sensitive to different factors such as the sulfone structure and the reac-
tion conditions employed.71 The outcomes range from partial inversion to partial
retention so no general conclusions can be drawn about the mechanism or the
stereochemical pathway of the reaction.

Homogeneous organonickel reagents prepared by the combination of LiAlH4

with a nickel salt are used in the reductive desulfonylation of alkyl- and α-
ketosulfones, and offer an alternative to the Ra–Ni reduction. Nickelocene-
lithium aluminum hydride [(Cp2NiAlH2)

− Li+]2,72 synthesized from nickelocene
and LiAlH4 in THF, or a reagent prepared by the combination of NiBr2•DME with
two equivalents of PPh3 and one equivalent of LiAlH4,

73a are effective reagents
for this purpose (Eq. 39). The reaction involves reduction of the S–O bond
followed by a desulfurization process. This final C–S cleavage can take place
through an oxidative addition reaction of the C–S bond to a Ni(0) complex.73b,73c

Alternatively, an electron-transfer process can also be envisioned. The intermedi-
ates thus obtained might undergo hydrogen abstraction from the nickel hydridic
moieties, which are proposed as the active species in the process.

(Cp2NiAlH2)– Li+

THF, rt, overnight
(63%)SO2Ph

O O

(Eq. 39)

Reductive desulfonylations of saturated and unsaturated sulfones can be per-
formed with nickel-containing complex reducing agents (NICRAs) (Eq. 40).74,75

These complexes, very easily prepared by combining NaH, a sodium alkoxide,
and a nickel salt in different ratios, are not very sensitive and are easily handled.
During the desulfonylation process, the intermediate formation of the correspond-
ing sulfides is observed.72 Therefore it has been postulated that the reduction at
the sulfur atom might be the first step and that the actual desulfurization takes
place on the corresponding thioethers.

SO2Et
NICRA

THF, 63°, 19 h
H (66%)9 9 (Eq. 40)

Allylic sulfones can be activated towards nucleophilic attack by conversion
into π-allylpalladium complexes (Eq. 41).76 Although alkyl sulfones can some-
times be reduced in the presence of hydride reagents such as LiAlH4 and diiso-
butylaluminum hydride (DIBALH),50,77 – 81 they are usually resistant to them. On
the contrary, allylic sulfones can be desulfonylated with hydride reagents in the
presence of metal [generally Pd(0)] complexes as catalysts.82 – 85 This protocol
is based on the alkylation of allylic sulfones catalyzed by palladium complexes
(Eq. 41),76 which proceeds with overall retention of configuration since both the
oxidative addition and the nucleophilic attack involve inversion of configura-
tion (Eq. 42) usually taking place with the nucleophilic attack predominantly at
the less hindered position. Nickel and molybdenum have also been identified as
efficient catalysts for this transformation.86,87 The palladium-catalyzed desulfony-
lation of allylic sulfones is highly site- and stereoselective. Double bond migration
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and isomerization processes, usually observed when allylic sulfones are sub-
jected to other reductive desulfonylation conditions, are avoided (Eq. 43).83 The
reductive desulfonylation of allylic sulfones employing stoichiometric amounts
of Mo(CO)6 in refluxing dioxane has been also reported.88

R1 SO2Ph
R3

R2

Pd catalyst

MNu, THF
R1 Nu

R3

R2

R1
R3

R2

+

Nu

R1

H
Me
Me
Me
Me
H

R2

H
H
H
Me
Me
H

R3

Me
H
H
H
H
Ph

Pd catalyst
Pd(PPh3)4

Pd(PPh3)4

Pd(PPh3)4

Pd(dppe)2

Pd(dppe)2

Pd(PPh3)4

MNu
NaCH(CO2Me)2

NaCH(CO2Me)2

NaCH(SO2Ph)(CO2Me)
NaCH(CO2Me)2

NaCH(SO2Ph)(CO2Me)
NaCH(CO2Me)2

Yield
(74%)
(52%)
(55%)
(45%)
(53%)
(71%)

Yield
(0%)

(19%)
(18%)
(35%)
(15%)
(0%)

(Eq. 41)

Pd(PPh3)4

inversion 1

SO2Ph

Pd+L2

Nu
NaHC(CO2Me)2

inversion 2

CO2Me

CO2Me

(64%)

(Eq. 42)

LiBHEt3, Pd(PPh3)4 (5 mol%)

THF, 66°, 24 h
SO2Ph

(65%)  99:1Z/E 13:86

+
5 5 5

(Eq. 43)

The generally accepted mechanism for Pd-catalyzed allylic desulfonylations is
illustrated in Scheme 1. The first step is coordination of the Pd(0) catalyst to the
allylic sulfone. Oxidative addition or internal SN2-type nucleophilic attack of the
electron-rich palladium at the allylic position generates a neutral Pd(II) η3-allyl
complex, which leads to a more reactive cationic complex that is finally reduced.
The equilibrium between the neutral and the more reactive cationic complexes
depends on the nature and concentration of the palladium ligands as well as the
counter anions present in solution.

Unsymmetrical π-allyl-Pd complexes usually suffer attack of the hydride
nucleophile at the less substituted position in an SN2-type reaction. However,
the site selectivity of the process is controlled by steric and/or electronic effects.
The reaction is strongly dependent on the structural features of the substrate and
the reaction conditions. Opposite site selectivity is observed when the reduction
occurs at the sterically more hindered position via a cationic intermediate (SN1-
type). Very potent nucleophilic hydride sources, such as LiBHEt3 or LiAlH4,
may rapidly attack intermediate π-allyl complexes at the less hindered terminal
position to give the more substituted alkene, while less effective hydride-transfer
reagents (NaBH3CN, NaBH4) attack the π-allyl systems at the site best able
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to accommodate a positive charge, leading to increasing amounts of the less
substituted alkene (Eq. 44).

Ts reducing agent

PdCl 2(dppp), 0°
+

Reducing Agent
NaBH 4

LiHBEt 3

Time
43 h
1.5 h

Yield
(26% )
(86% )

Yield
(7% )
(0% )

10 10 10

(Eq. 44)

From the constitutional point of view, the employment of formic acid leads
to interesting results, since hydride is site selectively transferred to the more
hindered position of the allylic sulfone (Eq. 45).89 Thus, a hydride equivalent
generated from formic acid is exceptional in this respect. It is proposed83 that
decarboxylation and hydride transfer is a concerted process in which the hydride
site selectively attacks the more substituted (more electropositive) side of the
allylic system in a cyclic mechanism (SNi transfer of hydride, Scheme 1).

O O

SO2Ph

Pd(acac)2/(n-Bu)3P

HCO2H, Et3N, THF, 45°, 22 h
O OO O

+

(87%)  99.8:0.2

(Eq. 45)
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Other Reducing Agents. 1,4-Dihydropyridines such as 1-benzyl-1,4-di-
hydronicotinamide (BNAH) are NADH equivalents capable of acting as good
electron donors. These reagents have been used in the reductive desulfonyla-
tion of α-nitro,90,91 α-keto,92 and α-cyanosulfones92 under sunlight irradiation.
Based on the observed experimental results, these reactions seem to proceed via
radical-anion species as shown in Scheme 2.91

R SO2Ph

NO2

R NO2
PhSO2

–

N
Bn

CONH2

N
Bn

CONH2

CONH2

+

R SO2Ph

NO2
+

hν
+

R NO2
+

N
Bn

CONH2

R NO2
+

N
Bn

R SO2Ph

NO2
+

R SO2Ph

NO2 +

N
Bn

CONH2

H H

+

N
Bn

CONH2

H H H

Scheme 2

Reductive desulfonylation of α-nitro sulfones have been carried out employing
octylviologen (1,1′-dioctyl-4,4′-bipyridinium dibromide) as an electron-transfer
catalyst in a CH2Cl2 –water two-phase system and in the presence of Na2S2O4

(Eq. 46).93 Octylviologen is reduced by Na2S2O4 in the aqueous phase to the
cation radical, which after transfer to the organic phase, acts as an SET agent.
The method, which is specific for α-nitro sulfones, allows the preparation of
nitroalkanes under very mild reaction conditions and is proposed to take place
via nitroalkyl radical species.93

NO2

O

SO2Ph
NO2

ONa2S2O4, octylviologen

K2CO3, CH2Cl2/H2O, 35°, 3 h
(68%)

N N C8H17C8H17

++
2 Br–octylviologen:

(Eq. 46)

Reductive Eliminations
Among the different methods for the formation of C–C double bonds, the

reductive elimination of β-functionalized (mainly β-hydroxy or β-carboxy) sul-
fones, is one of the most widely used ones in organic synthesis. The reductive
elimination of β-hydroxy sulfones and derivatives is the so-called Julia,94 or
Julia–Lythgoe olefination reaction (Eq. 2). It usually involves a condensation
between the anion of an alkyl sulfone and a carbonyl compound to afford a
β-hydroxy sulfone (Eq. 47). The metal alkoxide intermediate is typically trans-
formed in situ into a carboxylic or sulfonic ester derivative, which is then reduced
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with sodium amalgam in methanol. Prior esterification favors the reductive elim-
ination and prevents a possible retro-aldol type process of the alkoxide interme-
diate.

R1 R2

SO2Ar

–

R3 R4

O

R4

R3R2R1

ORArO2S R1

R2

R3

R4

R = H, COR', SO2R'

1.

2. derivatization

Na/Hg

MeOH
(Eq. 47)

Use of Sodium Amalgam. The reduction classically involves an electron
transfer to the sulfone group with loss of the arylsulfinate anion to generate a β-
hydroxy or β-carboxy radical, which is further reduced by another equivalent of
reducing agent to the alkyl anion. These intermediates are long-lived enough to
assume the lowest-energy conformation that undergoes an anti-elimination pro-
cess to form the E-alkene stereoselectively (Eq. 48). Therefore, the configuration
of the alkene product is independent of the intermediate hydroxy sulfone adducts
and is strongly influenced by the bulk of the substituents (Eq. 49).95 This effect
is particularly strong when the new double bond is part of a conjugated triene
system.

SO2Ph

n-C7H15

H

OAc

C6H13-n
n-C7H15

H

H

C6H13-n

Na/Hg
H

n-C7H15

dr 60:40 (70%)  Z/E 0:100

OAc

H
n-C6H13

- –AcO–

(Eq. 48)
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H
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R2 R1

H

H
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Na/Hg

THF/MeOH, –20°

R1

n-C7H15

n-C7H15

i-Pr
1-cyclohexenyl

R2

n-C6H13

i-Pr
Et2CH
1-cyclohexenyl

Z/E
20:80
10:90
0:100
0:100

(Eq. 49)

The Na/Hg reduction of acetoxy sulfones does not follow the originally pro-
posed pathway exclusively. The existence of a different mechanism of reductive
elimination was already suggested during a synthesis of vitamin D4 based on
the Julia–Lythgoe olefination.96 On the basis of deuterium incorporation stud-
ies and experimental observations, an alternative mechanism for the reduction
of α-acetoxy sulfones with Na/Hg in MeOH has been proposed (Eq. 50).42 The
isolation of the vinylic sulfone intermediate of the reaction as well as the high
degree of deuterium incorporation in the final product when the reaction is run
in MeOH-d4 suggest a base-promoted β-elimination of acetate and subsequent
reductive desulfonylation. This mechanism allows for the incorporation of deu-
terium as well as the observed alkene stereoselectivity via equilibration of the
vinyl radical. The outcome of a given reduction using Na/Hg may, depend-
ing on the structure of the starting β-acetoxy sulfone, follow different reaction
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mechanisms. It is difficult to determine whether the reaction proceeds exclusively
through the vinylic sulfone or through the direct reduction of the acetoxy sulfone.
Successful Julia olefinations of substrates with Na/Hg where the formation of the
vinylic sulfone intermediate is not possible have been also reported (Eq. 51).97

SO2Ph

R1

OAc

R2 Na/Hg, Na2HPO4

THF/MeOH-d4

SO2Ph

R1 R2
D

R1 R2 (Eq. 50)

NBoc

H

H

PhO2S

OAc

Na/Hg

MeOH
NBoc

H

H

(90%) (Eq. 51)

Use of Tin Hydrides. From the mechanistic point of view, the reductive
elimination of methyl xanthate derivatives of β-hydroxy sulfones entails an inter-
esting variation of the Julia reaction since an initial fragmentation of the C–O
bond through a Barton-McCombie-type radical deoxygenation takes place. Final
aryl sulfonyl radical elimination affords the corresponding alkene (Eq. 52).98,99

SO2Ph

R1

O

R2
SO2Ph

R1 R2 R1 R2

S

SMe

(n-Bu)3SnH

AIBN
(Eq. 52)

Use of Samarium(II) Iodide. Samarium(II) iodide in the presence of various
additives such as HMPA100 or DMPU42 is a non-basic alternative to Na/Hg in
the classical Julia olefination.29 The mechanism by which this reaction proceeds
depends on the starting sulfone. The enormous rate differences in the formation of
the alkene from the β-hydroxy sulfone or its benzoyl derivative strongly suggest
different reaction pathways. With β-hydroxy sulfones, a single-electron transfer
from SmI2 to the aromatic sulfone moiety initiates the traditional path via initial
C–S bond cleavage (Eq. 53).101 In contrast, transfer of an electron from SmI2

to the benzoate function is a much easier process, leading to initial C–O bond
fragmentation (Eq. 53).101

SO2Ph

R1

OR 3

R2 SmI2

R1

OH

R2

SO2Ph

R1 R2

R3 = H

R3 = Bz

R1

OH

R2

SO2Ph

R1 R2

SmI2

SmI 2

R1 R2

(Eq. 53)
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The role of the additive (e.g. HMPA, DMPU) in the process is to increase the
reducing power of Sm(II) and is crucial since no elimination reaction is observed
in its absence, unless a better single-electron acceptor aromatic sulfone, such as a
β-hydroxy imidazolyl sulfone is used (Eq. 54).102 The employment of imidazolyl
sulfones increases the efficiency of the olefination process due to the absence of
a retro-aldolization reaction and the change in the nature of the leaving group
(probably HOSmI2).

Ph
SO2

OH

NNMe

Ph

SmI2

THF, rt

(87%) Z/E 17:83

Ph
SO2Ph

OH

no reaction

(Eq. 54)

In general, better yields are obtained by using SmI2/HMPA than by the tra-
ditional procedure using Na/Hg. Reductions using SmI2/HMPA afford slightly
different E-selectivities, but the diastereoselection is unaffected by the reaction
temperature (Eq. 55).103
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O
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H
Ac
Ac

Reducing Agent
SmI2/HMPA
Na/Hg
SmI2/HMPA
Na/Hg

Z/E
25:75
32:68
24:76
21:79

Yield
(73%)
(68%)
(95%)
(88%)

(Eq. 55)

SCOPE AND LIMITATIONS

Reductive Desulfonylation

Reductive Desulfonylations by Active Metals and Salts. Relatively large
quantities of reducing agent are required because of the stoichiometric nature of
the reactions. Further, the separation of products from large amounts of aqueous
solutions of metal salts may be laborious and inefficient.

Use of Alkali Metals in Ammonia. The reductive desulfonylation process with
solutions of alkali or alkaline earth metals (Li, Na, and less frequently, Ca) in
anhydrous ammonia or low molecular weight amines is solvent- and substrate-
dependent and the outcome of the desulfonylation may be different depending
on the reaction conditions employed. One of the main disadvantages of this
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method is the strongly basic conditions employed, which are not compatible
with base-labile substrates. Incompatibility with diverse protecting groups such
as acetamides, as well as various benzyl protecting groups such as benzyloxy
(BnO), benzyloxymethoxy (BOMO), and 4-methoxybenzyloxy (PMBO) (Eq. 56)
is also a limitation.104,105 Decreasing the reduction power of the reagent using Ca
instead of Li or Na is not sufficient to prevent benzyl deprotections.106 Other pro-
tecting groups for the hydroxy function such as tert-butyldimethylsilyl (TBDMS),
triisopropylsilyl (TIPS), and methoxymethyl (MOM), as well as acetals, isolated
double bonds, carbamates, and epoxides are tolerated.

NH3/Li, THF

–78°C5H11-n

O
HN

O

PMBO
HO 2C OBn O O

C5H11-n

O
HN

O

HO
HO 2C OH

O O

SO2Ph

3

3

(Eq. 56)

The reduction of allylic sulfones by alkali or alkaline earth metals in ammo-
nia or low molecular weight amines is generally accompanied to varying degrees
by regio- and stereochemical problems such as double bond rearrangements and
isomerizations (Eq. 57).107 This drawback is general for the reductive desulfony-
lation reactions employing activated metals.

EtNH 2/Li

THF, –78°

SO2Ph

OH OH OH
+

(40%) (60% )

(Eq. 57)

Furthermore, allylic C–OR bond cleavage of protected allylic alcohols (OR =
OMOM, OAc) takes place during reductions with alkaline earth metals in ammo-
nia and forces the selection of different reductive desulfonylation procedures,
as depicted in Eq. 58. Reduction with Na/NH3 practically destroys one of the
diastereomeric products by cleavage of the allylic C–O bond. This process is
not observed when the reduction is carried out with Mg in MeOH.108 Alco-
hol deprotection is a good strategy to avoid C–O cleavage. It has been used,
for instance, in the synthesis of all-trans-geranylgeraniol from the correspond-
ing tosyl derivative as depicted in Eqs. 59a and 59b.109 In the case of sulfone
derivatives bearing benzyl-protected allylic alcohols, it is possible to avoid the
allylic C–O cleavage by proper selection of the solvent. When the reduction is
carried out in the presence of MeOH as co-solvent, cleavage of the allylic C–O
bond occurs, probably as a consequence of Birch reduction of the benzene ring
of the benzyl ether.110 On the other hand, when the reduction is carried out in
the absence of an alcoholic solvent, debenzylation takes place first, which avoids
the fragmentation of the allylic C–O bond (Eq. 60).111
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H

H

OMOM

PhO2S H

H

OMOM

H

H

OMOM
+

NH3/Na
Mg, MeOH

(1%)
(46%)

(15%)
(28%)

(Eq. 58)

OAc
Ts

OH

EtNH2/Li

Et2O, –78°, 30 min

OH
Ts

2

3

(70%)

(43%)

2 2

2 2

EtNH2/Li

Et2O, –78°, 75 min

(Eq. 59a)

(Eq. 59b)

EtNH2/Li

Et2O, –78°, 45 min
(84%)

O
Ts

TMS

OBn

O
TMS

OH

(Eq. 60)

Use of Metals in Alcoholic Solvents. Magnesium in the presence of mercuric
chloride as a catalyst is by far the most employed metal when the reductive
desulfonylation is carried out in low molecular weight alcoholic solvents.112 Only
a small number of examples exist where Na or Li in alcoholic solvents is used,
mostly for the desulfonylation of alkyl sulfones. The use of Mg in a low molecular
weight alcoholic solvent in the presence of mercuric chloride is an extremely
convenient desulfonylation method for a wide variety of sulfones (Eq. 61).113

Although β-ketosulfones are inert towards this reagent,114 α-sulfonyl esters are
efficiently desulfonylated by Mg in MeOH.115,116

N
Cbz

CO2Bu-t

CN
PhO2S

Mg, HgCl2 (cat)

MeOH/THF, rt, 2 h N
Cbz

CO2Bu-t

NC

(Eq. 61)

Isomerization of allylic sulfones and reduction of conjugated double bonds
(Eq. 62), are possible disadvantages of the use of Mg as an electron-transfer
agent.117 The occurrence of Julia olefination of 1,2-disulfone derivatives is another
important drawback when performing reductive desulfonylation on these kinds
of substrates (Eq. 63).118
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Ts
CN CN CN

+
Mg, MeOH

rt, 3 h
(Eq. 62)

Mg, MeOH

50°, 4-5 h

Ts

+

(21% ) (62% )

Ts

(Eq. 63)

The functional and protecting group tolerance of the Mg method for reductive
desulfonylation is higher compared to those reactions employing alkali metals in
ammonia or amine solutions. The cleavage conditions are mild and compatible
with most functionalities and protecting groups except for esters and lactones,
which may hydrolyze. Hydroxyl protecting groups such as benzyloxy, silyloxy,
tetrahydropyranyloxy (THP), and MOM groups as well as a wide variety of
functional groups such as carbamates, nitriles, phosphonates, epoxides, acetals,
and isolated double bonds, are inert under the reaction conditions (Eq. 64).119

The reaction is usually carried out in the presence of mercuric chloride as a
catalyst. An environmentally benign alternative to the mercury-catalyzed process
has been recently reported that employs AcOH as both an activator for the Mg
metal and a proton source.120

CN

SO2Ph

BnO Mg, HgCl 2, MeOH/THF

0° to rt, 2 h

CNBnO

(98% )

3 3

(Eq. 64)

Magnesium in MeOH reduces β-hydroxy sulfones without producing reductive
elimination side products (Eq. 65).121 The poor leaving group character of the β-
hydroxy moiety is key in avoiding elimination since reductive elimination is the
main process when attempting the reduction of activated substrates (Eq. 66).122

PhO2S

HO

OTBDPS Mg, MeOH

50°, 24 h

OTBDPS

OH
(85%) (Eq. 65)

OAc

Mg, HgCl2

EtOH, rt, 1 h
Tol

SO2Ph

Tol

(53%) (Eq. 66)

Use of Lithium Naphthalenide. Lithium arene radical anion complexes are
mild and highly effective reagents for the reductive desulfonylation process
of functionalized sulfones. These reagents have only rarely been used with
vinylic and allylic sulfones. In addition to high yields and their operational sim-
plicity, metal arene radical anion complexes demonstrate high chemoselectivity
(Eq. 67).123
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PMBO
O

OTBDMS
LN, THF, –78°

PMBO
O

OTBDMSSO2Ph

(82%)LN = lithium naphthalenide

(Eq. 67)

Good tolerance to hydroxyl protecting groups is usually observed at low
temperatures (–78◦

), and it is only when working at higher temperatures that
O-debenzylation is detected (Eq. 68).124

OO

OBocHN

O

OO

C6H13-n
BnO

OO

OBocHN

O

OO

C6H13-n
HO

LN, THF

–18°, 20 min

(55%)

SO2Ph

3

3

(Eq. 68)

An interesting feature is that the reductive desulfonylation can be carried out
in the presence of thioethers and no desulfurization is observed (Eq. 69).125 This
reagent also tolerates isolated and conjugated double bonds, ketones, acetals, and
Boc carbamates. Sulfonamides, however, are not tolerated, and even at low reac-
tion temperatures give the corresponding amines. β-Elimination of arylsulfinates
is also observed (Eq. 70).126

SO2Mes

PhS
LN, THF, –78°, 30 min

(86%)
OPhS

O (Eq. 69)

SO2 OH OH OH

+
LN, THF

–78°, 10 min

(85%) (15% )

Ph

(Eq. 70)

The carbanionic reactivity of the anomeric center in carbohydrates has assumed
great importance during the last two decades in synthetic carbohydrate and natural
product chemistry.54 A sulfonyl group situated in the anomeric center facilitates
removal of the anomeric proton for further functionalization. Additionally, the
sulfone group can be replaced by an electrophile through a reductive metalation
process. These two features are used for the one-pot stereoselective synthesis
of C-glycosyl derivatives.54 For instance, the stereocontrolled desulfonylation
with lithium naphthalenide of anomeric glycosyl aryl sulfones derived from 2-
deoxy-D-glucose is used in the stereoselective synthesis of C-glycosides through



DESULFONYLATION REACTIONS 391

the sequence of deprotonation, electrophilic trapping, and in situ reductive desul-
fonylation followed by proton quenching (Eq. 71).51 – 53 Different electrophiles
such as alkyl iodides,52 aldehydes,52 esters,52 carbonates,53 and aziridines127 have
been successfully employed depending on the stereoselectivity of the reductive
desulfonylation step on the electrophile (Eq. 71). Experiments using D2O with
alkyl halides and carbonyl compounds show that the anion formed in the desul-
fonylation step is configurationally stable and the final protonation occurs from
the same side as the departing α-C-glycosyl sulfone (see Eq. 31). On the contrary,
with enolizable carbon substituents, anomeric enolates can form during desul-
fonylation, which suffer attack by the proton from the sterically less hindered
β-face of the pyran ring (Eq. 71).

The reductive cleavage of allylic tosylmethyl ethers with lithium naphthalenide
in THF is used to prepare metalated allylic ethers that undergo [2,3] Wittig
rearrangements in situ (Eq. 72).128

O

TBDMSO

TBDMSO

TBDMSO

1. LDA

2. E
O

TBDMSO

TBDMSO

TBDMSO

1. LN, –78° to –100°

2. H3O+

O

TBDMSO

TBDMSO

TBDMSO

E
D2O
MeI
PhCHO
(MeO)2CO
PhCO2Ph

α/β
0:100
0:100
0:100

95:5
90:11

SO2Ph
E

SO2Ph

O

TBDMSO

TBDMSO

TBDMSO

+

R R

Yield
(80%)
(43%)
(74%)
(72%)
(72%)

R
D
Me
PhCHOH
CO2Me
PhCO

(Eq. 71)

MeO

O Ts
LN, THF, TMEDA

–65° to 0° MeO

OH

(43%) Z/E 64:36

TMEDA = N,N,N',N'-tetramethylethylenediamine

(Eq. 72)

Use of Sodium Amalgam. Reductive desulfonylation with metal amalgams,
and particularly Na/Hg (5–6%), is the most widely employed and general method
for all types of sulfones even though it requires the handling of substantial quan-
tities of mercury, which is toxic and relatively expensive.

Due to the strongly basic conditions associated with this method, the reduc-
tion is usually carried out in buffered methanol or ethanol solutions, which is
particularly important for base-sensitive substrates (Eq. 73),129 and in situations
where undesired β-elimination processes should be avoided. The β-elimination
of arylsulfinate under Na/Hg reductive desulfonylation conditions was initially
avoided by employing mixtures of HMPA/EtOH as the solvent (Eq. 74).130 The
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use of disodium hydrogen phosphate33 is now the most widely used and effective
method to control unwanted reactions. However, the β-elimination reaction of the
arylsulfinate moiety is sometimes very difficult to avoid completely even under
optimal reaction conditions (Eq. 75).131 This undesirable side-reaction becomes
more significant when the newly formed unsaturation is a part of a stabilized
conjugated system.

SO2Ph

TMS
Na/Hg, MeOH (Eq. 73)

SO2Ph

Na/Hg

0°, 1 h
+

Solvent
EtOH
HMPA/EtOH (9:1)

(67%)
(85%)

(30%)
(15%)

(Eq. 74)

O O

H H

SO2Ph OMe

Na/Hg, Na2HPO4

MeOH, –20°, 3 h

(76%)

O O

H H

OMe

O O

H H

OMe

+

(5%)

(Eq. 75)

Another major drawback of this method for reductive desulfonylation of β-
alkoxy sulfones is that the reaction is occasionally accompanied by elimination
of the β-alkoxy (or hydroxy) group leading to unwanted side products (Eq. 76).94

Boc
NO

O

Ts
OH

Na/Hg, Na2HPO4

MeOH/THF (1:1), –15°, 30 min

Boc
NO

O
OH

Boc
NO

O
+

(75%) (10%)

(Eq. 76)

The tolerance of hydroxyl protecting groups toward Na/Hg reduction is very
high. The latter include all the hydroxyl protecting groups, such as TBDMS, tert-
butyldiphenylsilyl (TBDPS), TIPS, THP, 2-(trimethylsilyl)ethoxymethyl (SEM),
MOM, Bn, and PMB. On the other hand, trimethylsilyl (TMS) protected alcohols
and acetates are deprotected as depicted in Eqs. 77132 and 78109, respectively.
In this latter reaction, the main problem associated with the reductive desul-
fonylation of the allylic sulfone employing Na/Hg in MeOH is the migration of
the allylic double bond to afford mixtures of isomers. Double bond migration is
also observed even when the allylic double bond belongs to an α,β-unsaturated
system (Eq. 79).133 The reductive deconjugation in those particular examples is
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due to the formation, under the basic reaction conditions, of the corresponding
dienolate, which undergoes kinetically controlled protonation. Similar results are
obtained when using alkali metals in ammonia solutions.134

Na/Hg, Na 2HPO 4

MeOH, rt, 2 h

(55% )

O
O
Si

O

O

PhO 2S

OTM S
OHt-Bu

t-Bu

O
O
Si

O

O

OH
OHt-Bu

t-Bu
(Eq. 77)

Ts

OAc

OH

Na/Hg, Na2HPO4

MeOH, 0°, 2 h

+(35%)

OH
(15%)

(Eq. 78)

Ts
O

NHBu-i
Na/Hg, Na2HPO4

MeOH, –20°

O

NHBu-i
(98%)CO2Me

MeO2C (Eq. 79)

Cleavage of allylic C–O bonds (Eq. 80),135 reduction of conjugated double
bonds,136,137 and reductive dehalogenations138,139 occasionally intervene when
reducing functionalized sulfones with Na/Hg. These side reactions are dependent
on the substrates and reaction conditions, and should not be considered as general
limitations.

O
Ts

Ph

Na/Hg, Na2HPO4

MeOH, rt, 1.5 h
(60%)  Z/E 25:75

O

Ph

Ph
OH +

(35%)

(Eq. 80)

Sodium amalgam buffered with Na2HPO4 is also a chemoselective reagent
for the desulfonylation of β-oxo sulfones, a frequently used reaction in numerous
total syntheses. The example depicted in Eq. 81 comes from the synthesis of
an intermediate in the preparation of analogues of migrastatin as anti-metastatic
agents.140 The desulfonylation of this type of sulfone with Na/Hg is a fast, gen-
eral, and high-yielding process and no problems associated with concomitant
reduction of the β-carbonyl group are observed.

O

PhO2S

OTBDMS

OMe Na/Hg, Na2HPO4

MeOH, rt, 3 h O

OTBDMS

OMe3 3

(Eq. 81)
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On the other hand, carbonyl reduction is observed in reduction of sulfone
derivatives bearing dialkyl ketone moieties with Na/Hg if very long reaction
times and room temperature are employed (Eq. 82).39 This reduction141 as well
as other side-reactions such as pinacol couplings142 are also observed with sub-
strates bearing aromatic ketones even when low temperature conditions and short
reaction times are used (Eq. 83).

Ts

COMe

Na/Hg, Na2HPO4

MeOH, rt, 24 h
(90%)

OH

(Eq. 82)

O

SO2Ph

O

Na/Hg, Na2HPO4

MeOH, 0°, 1.5 h
(59%)

O

OH

(Eq. 83)

A major drawback when reducing alkenyl sulfones with Na/Hg is that the
configuration of the double bond is not necessarily preserved. Additionally, reduc-
tion of the double bond is occasionally observed as shown in Eq. 84, where a
Julia–Lythgoe olefination process is also taking place.135

OH

OMOM

Ph

Ts Na/Hg, Na2HPO4

MeOH, rt, 1.5 h
(67%)OMOM

Ph (Eq. 84)

Use of Aluminum Amalgam. Aluminum amalgam is widely used in the che-
moselective reduction of α-sulfonylated carbonyl groups because of the high
tolerance shown by this reagent towards other functional groups (Eq. 85).143 Use
of a large excess of toxic mercury is one of the main drawbacks associated with
this method.

H

O
O

O
MeO

OPhO2S

H

O
O

O
MeO

O
Al/Hg, THF/H2O

(66%)

(Eq. 85)

A wide variety of functional groups such as hydroxy and amino groups, esters,
amides, carbamates, acetals, thioacetals, and isolated double bonds are toler-
ated. Sulfonamides, which are labile towards other reductive reagents such as
Na/Hg,144 are unreactive.145 On the other hand, Al/Hg reduces aromatic nitro
compounds to the corresponding anilines, a feature that has been used in the
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synthesis of the alkaloid dehydroisolongistrobine (Eq. 86).146 As previously men-
tioned for Na/Hg desulfonylations, reduction of aromatic ketones to the corre-
sponding benzylic alcohols may also occur. Allylic sulfones usually suffer double
bond migration and isomerization. Reduction of the double bond in alkenyl
sulfones is also observed when the unsaturation is part of an α,β-unsaturated
carbonyl compound (Eq. 87),147 and with dienyl sulfones.48

NO2

N

N

O Me
PhO2S

Al/Hg

THF/H2O, 0°, 2 h

NH2

N

N

OH Me

+ N
H

N

N
Me

(64%)

(~32%)

(Eq. 86)

O
PhO2S

OTBDMS

Al/Hg, Na2HPO4

EtOH, rt, 4 h

O

OTBDMS

(69%) (Eq. 87)

Under the mild reaction conditions associated with this reducing agent, it is
possible to perform reductive desulfonylations of β-hydroxy sulfones without
formation of the Julia olefination products (Eq. 88).148

PMBO
Pr-n

OH

Ts

OBn
Al/Hg

THF
(60%)PMBO

Pr-n

OH OBn

4
4

(Eq. 88)

Use of Samarium(II) Iodide. In recent years, samarium(II) iodide has become
a popular choice as a single-electron-transfer reagent for mild and selective reduc-
tive desulfonylations. This reagent is employed for the reduction of a wide variety
of functionalized sulfones, principally β-keto and vinylic sulfones (Eq. 89).149

SmI2, THF/MeOH

–78°, 10 min
O H

TMSOORPhO2S

O
OH

TMSO

R = PMB

O H

TMSOPMBO

O
OH

TMSO

(Eq. 89)

The immobilization of sulfones on solid supports has become increasingly pop-
ular in organic synthesis. A very interesting solid-phase approach to tetrahydro-
quinolones using a Merrifield resin-supported sulfone linker that can be cleaved
by SmI2 has been presented (Eq. 90).150 The same reagent is efficiently employed
in a high-throughput fluorous-phase synthesis of nitrogen heterocycle libraries.151
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C-Glycosides have been stereoselectively synthesized via SmI2-promoted Barbier
reactions between glycosyl pyridylsulfones and carbonyl compounds.152 – 159,54 A
SmI2 reduction of glycosyl pyridyl sulfones bearing a silicon-tethered unsaturated
group at the C2–OH position is used for the stereospecific synthesis of 1,2-cis-C-
glycosides and C-disaccharides such as methyl-α-C-isomaltoside in good yield
(Eq. 91).160

N
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S

t-BuO2C

Me
N

O

t-BuO2C

Me

SmI2, THF, LiCl
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(Eq. 90)
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1. SmI2, THF
2. TBAB, THF

3. Pd/C, H2

4. Ac2O, pyr

(48%)

TBAB = tetra(n-butyl)ammonium bromide

(Eq. 91)

Samarium(II) iodide is also a good reducing agent for β-hydroxy-
functionalized sulfones.100 Several examples show that Julia olefination can be
avoided, at least partially, with these sulfones if SmI2 is employed (Eq. 92).100,161

This circumstance, however, is not general and seems to be substrate-dependent
(Eq. 93).103 β-Hydroxy sulfones may be prepared by SmI2-mediated reductive
addition of geminal disulfones to ketones without the concomitant olefination pro-
cess (Eq. 94).162 The Julia olefination is the predominant reaction in the reduction
of 1,2-disulfonylated compounds (Eq. 95).100 Another problem arises upon reduc-
tion of bromine-containing sulfone derivatives, where reduction of the halide is
the principal process (Eq. 96).163 Such halide reduction is not observed in the
reductive desulfonylation of fluorinated compounds with SmI2.161

SmI2, THF

HMPA, rt, 1 h

OH

MeO

OH

MeO

SO2Ph
(53%) +

MeO

(20%)

H H

H

H H

H H

H

H

(Eq. 92)
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rt, 1 h

O

O

OTBDMS (75%)

(Eq. 93)

PhO2S

SO2Ph O SmI2, THF, rt
(71%)

OH

PhO2S (Eq. 94)

SmI2, THF, HMPA

–20°, 30 min
(91%)

SO2PhPhO2S

(Eq. 95)

SO2Ph

Br

SO2Ph

SmI2, THF, rt
(65%) (Eq. 96)

Use of Sodium Hydrogen Telluride. Certain α-functionalized-α,β-unsaturated
sulfones are desulfonylated using sodium hydrogen telluride in ethanol at room
temperature.164 – 166a α-Methylthio-α,β-unsaturated sulfones are reduced to give
vinylic thioethers in good yields albeit with moderate selectivities (Eq. 97).164 On
the other hand, α-methylsulfonyl chalcones suffer tandem reduction-desulfonyla-
tion in the presence of DMF as cosolvent.165,166a

Ar
SO2Ph

SMe

NaTeH, EtOH

rt, 2-3 h Ar
SMe

Ar
Ph
4-MeC6H4

4-MeOC6H4

3-ClC6H4

4-ClC6H4

2-furyl

Yield
(82%)
(73%)
(75%)
(78%)
(80%)
(67%)

Z/E
74:26
74:26
68:32
76:24
68:32
72:28

(Eq. 97)

Use of Sodium Dithionite. Sodium dithionite is a mild and inexpensive reduc-
ing agent that has numerous applications in organic synthesis.166b – 166e With
respect to the reductive desulfonylation reaction, alkenyl sulfones are readily
reduced to alkenes by reaction with Na2S2O4 under weakly basic conditions in
aqueous DMF at high temperatures. The process gives good yields of alkenes and
is stereospecific with retention of the configuration of the original alkenyl sul-
fone (Eq. 98).46 This method allows the preparation of monodeuterated alkenes
by replacing the water with D2O.167 Sodium dithionite affords the corresponding
allylic sulfones when reducing conjugated sulfonyl dienes as a consequence of
the reduction of the alkenyl sulfone double bond (Eq. 99).48 In contrast, sulfonyl
1,4-dienes are stereospecifically reduced to the corresponding dienes in good
yields (Eq. 100).48
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SO2Ph

Na2S2O4, NaHCO3

DMF/H2O, 120°, 2 h
(80%)H

H
(Eq. 98)

C6H13-n

Na2S2O4, NaHCO3

adogen, cyclohexane/H2O
reflux, 18 h

(50%)
SO2Ph

C6H13-n

SO2Ph

adogen = methyltrialkyl(C8–C10)ammonium chloride

(Eq. 99)

SO2Ph

C6H13-n

Na2S2O4, NaHCO3

H2O, reflux, 18 h C6H13-n
(65%) (Eq. 100)

Although less commonly employed, Na2S2O4 also reduces β-ketosulfones in
moderate yields (Eq. 101).47 In spite of the limited use of Na2S2O4 as a reductive
desulfonylating agent and the need for high temperatures for a successful reaction,
the absence of toxic by-products makes this an attractive “green” reagent and
should be considered as a viable alternative to the well-established methods.

Ts
O

MeO

Na2S2O4, NaHCO3

DMF, 100°, 24 h

O

MeO

(50%) (Eq. 101)

Reductive Desulfonylations by Tin Hydrides. Tin hydrides such as n-
Bu3SnH and Ph3SnH are used to perform small- to large-scale reductive desul-
fonylations of allyl, alkenyl, and α-functionalized sulfones. The desulfonylation
of allylic sulfones is a site selective process but not usually stereoselective
since the allylstannane intermediates are produced as mixtures of stereoisomers61

(Eq. 35). Alkenyl sulfones generate alkenylstannanes that have been used as inter-
mediates in different reactions, such as the palladium-catalyzed cross-coupling
with aryl and alkenyl halides, and the tin–lithium exchange and subsequent
reaction with electrophiles. In this manner fluoroalkenes168 and different nat-
ural product derivatives such as functionalized glycals169 – 171 and nucleic acid
analogues172,173 have been prepared. The reduction of β-oxo sulfones is slow
and does not proceed to completion when small amounts of the radical initia-
tor 2,2′-azobis(2-methylpropionitrile) (AIBN) are used. With larger amounts of
AIBN, the reduction is complete in minutes (Eq. 102) indicating a short radical
chain length.59 The reduction does not work well with substrates possessing a
phenyl ring attached to the carbonyl of the β-keto phenyl sulfone derivative. For
these substrates, the alternative use of triphenylstannane renders the process more
effective (Eq. 103).59

NO

Ph

SO2Ph

O

NO

Ph

O

(n-Bu)3SnH, AIBN

toluene, reflux, 40 min
(89%) (Eq. 102)
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O
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O
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(16%)
(43%)
(90%)

R3SnH
(n-Bu)3SnH
Ph3SnH
(n-Bu)3SnCl + NaBH3CN

(Eq. 103)

The tin hydride species can be genereated in solution using n-Bu3SnCl in
the presence of NaBH3CN, a method that allows the production of tin hydride
in low concentration, which is particularly effective for the desulfonylation of
β-ketosulfones bearing a phenyl group directly attached to the carbonyl moiety
(Eq. 103).174 However, under these conditions, sterically crowded substrates are
not desulfonylated even after prolonged reaction periods and/or using a large
excess of the reducing agent.174

The reductive desulfonylation of α-sulfonyl esters with tin hydrides only suc-
ceeds with π-deficient heterocyclic sulfones (Eq. 104).175 These sulfones are
inert under standard procedures using Al/Hg or Na/Hg, but undergo facile C–S
cleavage with tin hydrides. Substitution of n-Bu3SnD for n-Bu3SnH gives access
to α-deuterated esters.58 A catalytic version of the reaction is carried out with
substoichiometric amounts of tributyltin chloride and an excess of poly(methyl-
hydrosiloxane) (PMHS) in the presence of potassium fluoride. This method has
been employed for the synthesis of 2-fluoroalkanoates (Eq. 105).58
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(84%)

(Eq. 105)

Tri-n-butyltin hydride is unproductive in the reduction of non-activated alkyl
phenyl sulfones. Thus, the selective desulfonylation of a β-keto phenyl sulfone
in the presence of an alkyl sulfone is possible. Another interesting example of
chemoselectivity is seen in the reduction of α-arylsulfonyl phosphonates.176 Tin
hydride reduction of this kind of non-activated sulfone produces C–P fragmen-
tation to afford the corresponding sulfone derivatives (Eq. 106a). In contrast, it
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is possible to carry out the C–S cleavage (Eq. 106b) employing Na/Hg under
standard conditions.176 Tin hydride reductions also complement the SET reduc-
tions of α-nitro sulfones with 1,4-dihydropyridines (Scheme 2), because reduction
of the nitro group is the only process observed.

O OBn

OBn
OBnBnO

(EtO)2OP

PhO2S F

(n-Bu)3SnH, AIBN

C6H6, reflux, 6 h
(71%)

O OBn

OBn
OBnBnO

PhO2S

F

O OBn

OBn
OBnBnO

(EtO)2OP

F
Na/Hg, Na2HPO4

THF/MeOH, rt, 10 min
(85%)

(Eq. 106a)

(Eq. 106b)

Reductive desulfonylation by tin hydride is carried out under neutral condi-
tions, which is particularly applicable for substrates that are labile toward acid
or base. Thus, functional groups such as isolated and conjugated double bonds,
esters, acetals, nitriles, and epoxides are tolerated in addition to a wide variety
of hydroxyl (silyl and benzyl) and amine (carbamates, benzyl) protecting groups
(Eq. 107).177

BnO
OMe

OBn

O
OTBDMS

(n-Bu)3SnH, AIBN

toluene, reflux, 5 h

(77%)BnO
OMe

OBn

O
OTBDMS

SO2Ph

(Eq. 107)

Transition-Metal-Mediated Reductive Desulfonylations. Few conclusions
can be drawn with respect to functional group tolerance of Ra–Ni since the
use of this reagent is not very common, given the many operational drawbacks
that Ra–Ni presents. Among them are the tediousness of the preparation, its
pyrophoric nature, the loss of activity on storage, and the difficulty of quantify-
ing the nickel reagent. Thus, the main problem in the use of this reagent is the
reproducibility of reactions, especially since detailed experimental conditions and
information about the Ra–Ni used are often not reported. In spite of these disad-
vantages Ra–Ni has been successfully used in the reductive desulfonylation of
β-hydroxy sulfones (Eq. 108)178 and has shown tolerance towards carbonyl com-
pounds and their derivatives such as ketones,179 acetals,180 amides,181 esters,182

and carbamates,183 as well as towards nitriles184.

HO SO2Ph
OH Ra–Ni, EtOH

(79%)HO
OH (Eq. 108)

Homogeneous organonickel reagents are good alternatives to Ra–Ni since they
are easily handled and not as sensitive. These reagents, however, have scarcely
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been used for reductive desulfonylations processes. Not much information is
available with respect to functional group tolerance. Some generalizations can
be found in the literature, mostly based on the chemoselective desulfurization
of thioethers. However, given that sulfones are tolerated in the desulfurization
of thioethers employing Ni reagents,185 these generalizations cannot be extended
to the sulfonyl group. β-Ketosulfones seem to be reduced in good yields with
nickelocene–lithium aluminum hydride (Eq. 39).72

Nickel-containing complex reducing agents prepared in the presence of 2,2′-
bipyridine (NICRA-bpy) are employed for the selective desulfonylation of alkenyl
sulfones.75 Results are not very satisfactory because considerable starting mate-
rial is recovered, reduction of the double bond is observed, and the reaction is
not stereospecific (Eq. 109). Replacement of the nitrogen ligand 2,2′-bipyridine
with quinoline seems to overcome these problems, although the generality of the
method still has to be established (Eq. 110).75

SO2Ph NICRA–Bpy

DME, 65°
+

(65%)  Z/E 33:67 (15%)
Bpy = 2,2'-bipyridyl

(Eq. 109)

Ph
SO2Ph

NICRA–quinoline
Ph

H
 (81%)  Z/E 95:5 (Eq. 110)

A novel Mg/MeOH/NiBr2 desulfonylating system has been very recently
presented for the reductive desulfonylation of β-sulfonylated aminosugars.186

Reduction of the nickel halide with a low oxidation potential metal such as
magnesium is supposed to produce finely divided Ni(0), which exhibits better
catalytic activity than Ra–Ni or Mg/MeOH in the reductive desulfonylation of
these aminosugar substrates (Eq. 111).

O OMe

NHBnPhO2S

BnO
O OMe

NHBn

BnO
Mg, NiBr2 (10-20 mol%)

MeOH, rt, 4-6 h
(75%) (Eq. 111)

Copper dichloride187 and titanium tetrachloride80 have also been used in com-
bination with lithium aluminum hydride for the reduction of alkenyl and aryl
sulfones, respectively. The presence of a transition metal such as Ni, Cu, and
Ti, in combination with LiAlH4 permits reductive desulfonylations with these
reagents under relatively mild conditions. Sulfones are generally resistant to
reductions with hydride reagents alone, and very few examples of this type of
desulfonylation are found in the literature, mostly reporting the use of DIBALH
(Eq. 112),78,79 or LiAlH4.50,77

S

H

DIBALH, toluene

50-80°, 5 min
(81%)

S

H
Ts

(Eq. 112)
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Since the first report82,83 of the reductive desulfonylation reaction of allylic
sulfones employing a hydride source and a palladium catalyst, a large number
of applications in organic synthesis have appeared in the literature. The method
is operationally simple and the complications associated with other reductive
desulfonylation methods of allylic sulfones, such as overreduction, migration of
the double bond, and stereochemical problems are seldom seen under the reaction
conditions. Although reductive desulfonylation processes employing a rhodium
catalyst in combination with a dihydronicotinamide derivative,188 and those using
stoichiometric amounts of Mo(CO)6,88 are known, none of the systems are as
efficient and general as those employing palladium catalysts. Allylic sulfones
can be easily desulfonylated to the corresponding alkenes by LiHBEt3 in the
presence of a catalytic amount of [PdCl2(dppp)] under mild conditions with the
preservation of the alkene position and configuration, as depicted in Eq. 113 for
the synthesis of squalene.84 The desulfonylation proceeds through attack at the
less substituted terminus of the allyl moiety to give the more substituted alkene
(see mechanism in Scheme 1). This method is also used for the synthesis of
α,β-unsaturated ketones,189 allylic and homoallylic alcohols,82,190 and different
natural products such as lavandulol and isolavandulol,190 and the human redox
carrier coenzyme Q10.85 Of special note is the selective preparation of either
allylic or homoallylic alcohols from the same 2-tosyl homoallylic alcohol by an
appropriate selection of the reaction conditions (Eq. 114).190

Ts
PdCl2(dppp) (5 mol%)

LiHBEt3, THF, 0°

(94%)  Z/E 3:97

(Eq. 113)

Ts

OH

Ph
OH

Ph

OH

Ph
+

Pd catalyst,
reducing agent

THF, additive

PdCl2(dppp), LiHBEt3, Ph3SiH, 20°, 3 min
PdCl2(PPh3)2, LiBH4, –15°, 4.5 h

(98%) Z/E 2:98
(3%)

(2%)
(97%) Z/E 9:91

(Eq. 114)
The Pd-catalyzed, LiHBEt3-mediated reductive desulfonylation of allylic sul-

fones is also used in the ligand-controlled stereoselective synthesis of dienes191

where it is possible to control the geometry of the diene by a proper selection of
the palladium ligand as shown by the distribution of products 1 and 2 (Eq. 115).
The method described herein is also applicable to the so-called “integrated chem-
ical processes”, which allow the preparation of a wide variety of alkenes by
combining alkylation of allylic sulfones and reductive desulfonylation in one
pot.192,193

The palladium-catalyzed deprotection of allyl-based protecting groups has
emerged as an important tool in organic synthesis.194 Consequently, special
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care must be taken when an allyl-protected functional group that is suscepti-
ble to deprotection under the Pd-catalyzed conditions also exists in the target
molecule. During the synthesis of the kinesin motor protein inhibitor adociasulfate
1 (Eq. 116),195 the allyloxy group is removed during the Pd-catalyzed reductive
desulfonylation step. In sharp contrast, competing reduction of the allylic silyl
ether functionality also present in the molecule is not observed when the reduction
is conducted at low temperatures.

O

OPMB

O

OPMB
O

OPMB

OTBDMS

OMe OTBDMS

OMe
OTBDMS

OMe

Ts

+
Pd catalyst

LiHBEt3, THF

1 2

Pd catalyst
Pd[P(Bu-t)3]2

(3η-C3H5PdCl)2/(1-pyrrolidinyl)3P
PdCl2[(S,S)-3]

Additive
–
–
LiCl

1
(90%)
(6%)

(74%)

Temp
45°
0°
0°

Time
4 h

20 min
10 h

2
(0%)

(84%)
(10%)

HNNH
OO

PPh2Ph2P

3

2
23

(Eq. 115)

OMe
O

OMe

Ts

Pd(OAc)2, dppp

LiHBEt3, THF, 0°, 5 h OMe
OH

OMe

OTBDMSOTBDMS

(Eq. 116)

A simple and stereospecific way to carry out the reductive desulfonylation of
alkenyl sulfones consists of the use of an excess of a Grignard reagent such as n-
BuMgCl in the presence of Ni(II) or Pd(II) complexes as catalyst and nitrogen or
phosphorus ligands such as 1,4-diazabicyclo[2.2.2]octane (DABCO), (n-Bu)3P,
or Ph3P (Eq. 117).196,48 Palladium catalysts appear to be superior to nickel cata-
lysts, giving higher yields and stereoselectivities. This is a very important method
in sulfone chemistry considering that the reductive desulfonylation of alkenyl sul-
fones using dissolving metals or metal amalgams is generally not stereospecific.
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The process requires very mild reaction conditions when compared to Na2S2O4-
mediated reductive desulfonylations, although small amounts of products derived
from the sulfone substitution by the Grignard reagent are also obtained. With 2,2-
disubstituted alkenyl sulfones, major amounts of a dimer are formed in addition
to the expected hydrogenolysis product (Eq. 118).196

t-BuO2S

n-BuMgCl, Pd(acac)2

DABCO, THF, rt

(70%)  Z/E 99.5:0.5

(Eq. 117)

Ts n-BuMgCl

Pd(acac)2, THF, rt
+

(20%) (30%)
4

4 4
4 (Eq. 118)

The reductive desulfonylation of sulfonyl 1,3-dienes with Grignard reagents
is particularly important since many other reagents such as Na2S2O4, Na/Hg,
and Al/Hg do not work with these substrates. The yields are moderate, but the
reaction is stereospecific, with the addition of Ni catalysts giving slightly better
results (Eq. 119).48

THPO
SO2Ph

n-BuMgCl, Ni(acac)2

THF, 1 h, rt

(49%) 95% E,Z

THPO

6
6 (Eq. 119)

Other Reducing Agents. 1,4-Dihydropyridines have been successfully em-
ployed for the reductive desulfonylation of functionalized sulfones. Of special
interest is the desulfonylation of α-nitro sulfones with BNAH under sunlight
irradiation to give the corresponding nitro compounds in good yields.90,91 The
reaction takes place under mild conditions and tolerates ketones, nitriles, and
isolated double bonds (Eq. 120).91 A photo-induced electron-transfer employing
ascorbic acid as electron donor is also an efficient approach for the reductive
desulfonylation of β-ketosulfones.197

Ph
NO2

SO2Ph

BNAH, hν

C6H6, 42 h
Ph

NO2 (69%) (Eq. 120)

Reductive Eliminations
Since its original publication,94 the Julia olefination has become a very impor-

tant tool in organic synthesis for the site- and stereoselective synthesis of alkenes.
The synthetic importance of the process is reflected by its numerous applica-
tions in the synthesis of a diverse range of functionalized alkenes such as allylic
alcohols,198 allylic amines,199 – 201 homoallylic alcohols,202 homoallylic amines,203

and allylsilanes.204,129 The reaction has also been used as a key step in many
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natural product syntheses,12,54 and a solid-phase version of the process has been
developed.205

In its original form,94 the Julia reaction consisted of the formation of a car-
bon–carbon double bond through the coupling of a sulfonyl-stabilized anion and
a carbonyl compound to generate a β-hydroxy sulfone, followed by a reduc-
tive elimination to afford the alkene (Eq. 47). A subsequent study of its scope
and stereochemistry led to improved reaction conditions, which are now widely
used.206 Alternative methods to synthesize the β-hydroxy sulfone intermediates,
such as the addition of sulfonyl carbanions to esters with subsequent reduction
of the ketone to the β-hydroxy sulfone, are also known (Eq. 121).207

N
CO2Me

SO2Ph

OTBDMS

LHMDS

THF, 0°
N

O
SO2Ph

HTBDMSO

1. LiEt3BH, THF, –78°

2. Na/Hg, MeOH, rt N

HTBDMSO

(70%)

LHMDS = lithium hexamethyldisilazane

(Eq. 121)

One of the main disadvantages of the Julia olefination is that two steps are
needed. Many different factors related to the addition and reductive elimination
steps have to be considered when attempting a successful olefination. The nature
of the coupling partners as well as of the counter ion in the metalated sulfone
are both important with respect to the addition step. The addition of metalated
sulfones to aldehydes and ketones is reversible and the failure of the process
often results from an unfavorable equilibrium at this stage. With easily eno-
lizable carbonyl compounds, use of metalated lithio sulfones can lead to poor
yields of the desired product due to competitive deprotonation of the carbonyl
compound by the sulfonyl carbanion. The less basic magnesium derivative of the
sulfone should therefore be used to overcome this problem.208 – 212 Magnesium
derivatives can be prepared by warming the sulfone with EtMgBr or, more con-
veniently, by transmetalation of the lithio derivative with MgBr2. When the lithio
or the magnesium derivatives of the sulfone fail, the use of the metalated sulfone
in the presence of boron trifluoride may be used successfully (Eq. 122).213 Occa-
sionally, an appropriate selection of the reaction solvent may help to suppress
the enolization.214 Care must be taken as well with very stable α-sulfonyl car-
banions where the reverse reaction can be favored.215 Stabilization of the sulfone
anion by conjugation or chelation with a proximal heteroatom often favors the
reverse reaction. Trapping the in situ generated alkoxide, typically with Ac2O,
BzCl, MsCl, or TMSCl, usually shifts the equilibrium to the addition product.
Increasing the leaving group character of the hydroxy functionality has a positive
effect in the reductive elimination process (Eq. 123).216
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O

OMe

OTBDMS

SO2Ph

n-C5H11 CHO

OTBDMS

1. n-BuLi, THF, –78°

2.

O

OMe

TBDMSO
OTBDMS

C5H11-n

Na/Hg, Na2HPO4

THF/MeOH, rt

O

OMe

TBDMSO
OTBDMS

C5H11-n

(<10%) 
(90%)

SO2Ph

HO

(76%)

without BF3•OEt2
with BF3•OEt2

(Eq. 122)

(68%)  Z/E 29:71

2. LN, THF, –20°

1. (CF3CO)2O, Py,
    DMAP, CH2Cl2

TIPSO

MeO

O O

OMe

OTBDMS
OH

SO2Ph

OMe

OTBDMS

OMe

S

S

OTBDMS

OMe

OTBDMS

OMe

S

S

DMAP = 4-dimethylaminopyridine

(Eq. 123)

Problems also occur in the metalation of phenyl15 and imidazolyl sulfones217

with n-BuLi, especially when the α-protons are sterically hindered. Competitive
metalation on the aromatic ring of the sulfone is the only observed process as
depicted in Eq. 124.

1. LDA, THF, –78°

2. i-PrCHO
O

SO2

OMe H

CO2H

TMSO

NN

OTBDMS

OPMB

O

SO2

OMe H

CO2H

TMSO

NNMe

OTBDMS

OPMB

Pr-i
HO

Me

(Eq. 124)
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Even with all the potential problems associated with the condensation step,
the flexibility of the Julia olefination often offers viable alternatives to reach the
synthetic goal. For example, as depicted in Eqs. 125206 and 126218,219, a proper
selection of the coupling partners circumvents the problems associated with the
stability of the lithium derivative (it forms a stable chelate with the proximate
oxygen thereby preventing addition to the aldehyde) or the reactivity of the
magnesium sulfone, which acts as a reducing agent toward the aldehyde and
affords the corresponding vinylic sulfone after a β-hydride elimination process.

SO2PhTBDMSO

M

OO

O

+

M = Li

M = MgBr

LiTBDMSO

SO2Ph

OO

O

OHC HO

+

TBDMSO

SO2Ph

OBnOBn

(Eq. 125)

OO

O

PhO2S

Li

CHO
TBDMSO

1.                               , THF, 0°

2. MsCl, Py, rt
3. NH3/Li, –78°

OO

O

TBDMSO

(37%)

OBn
OH

(Eq. 126)

β-Hydroxy sulfones can be easily transformed into derivatives for radical-
mediated reactions such as thiobenzoates,220 xanthates,221,222 selenoben-
zoates,221,222 and thionocarbonates.221,222 These substrates may be used in sub-
sequent stereoselective syntheses of alkenes by free radical methods. Methyl
xanthates usually give the best results in the olefination reaction, typically using
O-acyl N -hydroxy-2-thiopyridone under visible light irradiation. Alternatively,
diphenylsilane in combination with radical initiators such as Et3B/O2, benzoyl
peroxide, or AIBN may also be used (Eq. 127).221,222

n-C6H13 C6H13-n

O

SO2Ph

MeS

S

n-C6H13 C6H13-n

Ph2SiH2, AIBN, toluene, 110°
Ph2SiH2, Et3B/O2, C6H6, 80°
O-acyl N-hydroxy-2-thiopyridone, 
  hν, C6H6, rt

(75%)
(55%)
(85%)

(Eq. 127)



408 ORGANIC REACTIONS

Trisubstituted alkenes are prepared by reductive elimination of β-hydroxy sul-
fones but, in general, the reverse reaction competes.214 The reverse reaction is
favored when the β-alkoxy sulfone adduct is sterically encumbered. The ole-
fination of ketones to prepare trisubstituted alkenes employing Na/Hg affords
moderate yields, unpredictable stereoselectivities, and large amounts of retroal-
dol products from the intermediate β-alkoxy sulfones. High yields and moderate
stereoselectivities of trisubstituted alkenes are obtained by a modification of the
Julia–Lythgoe olefination reaction involving the in situ capture of the intermedi-
ate β-alkoxy sulfones with a suitable oxophilic electrophile and the employment
of SmI2/HMPA to promote, under neutral conditions, the reductive elimination
at low temperatures (Eq. 128).223 A recent modification of this protocol, using
sulfoxides instead of sulfones, is very efficient in the stereoselective preparation
of di-, tri-, and tetrasubstituted alkenes.224,225

Ph
Bu-n

OBz

SO2Ph
Ph

Bu-n
SmI2, HMPA

THF, –78°, 1 h

(72%) Z/E 29:71

(Eq. 128)

A further complication of the Julia olefination is reductive desulfonylation.
This process can intervene, especially in substrates where the anti elimination
process is less favored, leading to significant amounts of the corresponding desul-
fonylated alcohols via carbanion protonation (Eq. 129).226

OH
OH

OTBDMS

PhO2S
OH

OTBDMS

OH
OH

OTBDMS
(24%)

+
Na/Hg, Na2HPO4

THF/MeOH, –20° to rt

(65%)

(Eq. 129)

An improved modification of the reaction employs β-hydroxy imidazolyl sul-
fones and SmI2 as the reducing agent in the absence of additives.102 The reaction
is E-selective and no hydroxy group derivatization is needed. No reaction is
observed when β-hydroxy phenyl sulfones are reduced under these conditions
unless HMPA is employed to improve the reducing ability of SmI2.103 Similar
results have been observed in the SmI2-promoted reductive elimination of gly-
cosyl aryl- and heteroaryl sulfones (Eq. 130).160,227 – 229 Lithium naphthalenide,
however, has been used in the reductive elimination of phenyl glycosyl sulfones
in the absence of additives.230,231 With poor leaving groups in the 2-position of
the glycoside, reductive desulfonylation is the major process even with activated
heteroarylic sulfonyl glycosides (Eq. 132).152 D-manno 2-Pyridylsulfonyl deriva-
tives give the corresponding glucal in good yield with in situ generated Cp2TiCl
from Cp2TiCl2 and Mn.232
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R1

β-SO2Ph
β-SO2Ph
α-SO2Ph
α-SO2-2-naphthyl
α-SO2-2-pyrimidyl
α-SO2-2-pyridyl
α-SO2-2-pyridyl
α-SO2-2-pyridyl

(0%)
(96%)
(<5%)
(22%)
(72%)
(94%)
(9%)

(70%)

OR1

R2O OBn
OBn

OBn
O

OBn
OBn

OBn

reducing agent

THF, rt

Additive
—
HMPA
—
—
—
—
—
—

R2

Ac
Ac
Ac
Ac
Ac
Ac
TMS
AcO

(0%)
(0%)
(0%)
(0%)
(0%)
(0%)
(91%)
(0%)

+

O

OBn
OBn

OBn

R2O

Reducing Agent
SmI2

SmI2

SmI2

SmI2

SmI2

SmI2

SmI2

Cp2TiCl2/Mn

(Eq. 130)

Anomeric C–S bonds in glycosyl sulfones can be cleaved by chromium(II)
complexes in water/DMF leading to the corresponding glycals.233 Phenyl sul-
fones are unreactive under the tested reaction conditions while 2-pyridyl and
2-benzothiazolyl compounds exhibit high reactivities (Eq. 131).

[CrII(EDTA)]2–

DMF/H2O, rt, 18 h

R
Ph
2-pyridyl
2-benzothiazolyl

(0%)
(>95%)
(>95%)

Time
48 h
5 h
5 h

ORO2S

AcO OAc
OAc

OAc
O

OAc
OAc

OAc
(Eq. 131)

The mixture SmI2/HMPA has been applied to the conversion of vicinal bis
(sulfonyl) derivatives into the corresponding alkenes.100 An application of this
reaction to the synthesis of a difluoromethylene nucleoside, where conventional
difluoromethylation strategies (e.g., Wadsworth–Emmons and Wittig reactions)
failed, is shown in Eq. 132.234

O
O

(i-Pr)2Si
O

Si
(Pr-i)2

O CF2SO2Ph

N

NO
NHMs

OMs

O
O

(i-Pr)2Si
O

Si
(Pr-i)2

O

N

NO
NH2

F
F

SmI2, HMPA, THF

55°, 1 h

(46%)

(Eq. 132)

An interesting variation of the Julia olefination is the reductive elimination of
2,3-epoxy sulfones. This reaction, which leads to allylic alcohols,198 consists of
alkylation of a sulfone-stabilized allylic carbanion followed by epoxidation of the
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double bond and reductive elimination (Eq. 133). The synthesis of disubstituted
alkenes is trans-selective and proximate branching increases the stereoselectivity.
However, this procedure is not selective for the preparation of trisubstituted
alkenes.

Ts R2
R1

R3

1. n-BuLi, THF, –78°
2. n-C6H13Br

3. MCPBA, CH2Cl2, rt
4. Na/Hg, THF/MeOH, –20°

n-C6H13 R2
R1

R3OH

R1

Me
H
H

R2

H
Me
Me

R3

H
H
Me

Z/E
30:70
20:80
0:100

Yield
(70%)
(62%)
(89%)

(Eq. 133)

High yields of functionalized acetylenes and enynes are obtained from unsat-
urated β-arylsulfonyl enol phosphates,235 – 237 enol acetates,237 and enol carbon-
ates.235 These compounds, which are obtained from the corresponding β-ketosul-
fones, are subjected to reductive elimination using Na/Hg, NH3/Na, or SmI2

to afford the corresponding alkynes (Eq. 134). Considerable formation of β-
ketosulfones by reduction of the starting phenylsulfonyl enol acetates and enol
phosphates employing NH3/Na or Na/Hg is also observed. Careful control of the
reaction conditions is necessary to avoid over-reduction of the alkyne to the trans-
alkene when using alkali metals in ammonia.235 The latter process, however, has
been elegantly used in a key step of the synthesis of brefeldin A (Eq. 135).238

O

O

OR
OTBDPS

SO2Ph

SmI2, HMPA

THF, 30 min
O

O
R
Ac
(PhO)2OP

Yield
(68%)
(94%)

OTBDPS

(Eq. 134)

CO2H OPO(OPh)2

PhO2S
BnO

MOMO

NH3/Na, THF

–78° to –33°, 5 h

CO2H

HO
MOMO

(74%)

(Eq. 135)

1,2-Di(phenylsulfonyl)ethylene is employed as a synthetic equivalent of acetyl-
ene in cycloaddition reactions to prepare polycyclic dienes.239 The high activation
due to the presence of two sulfonyl groups promotes the cycloaddition to very
unreactive systems. The reductive elimination of the resulting 1,2-disulfones,
which is usually carried out with Na/Hg, affords the corresponding alkenes
(Eq. 136).240 A similar method is employed in the synthesis of tetrasubstituted



DESULFONYLATION REACTIONS 411

polycyclic alkenes.241 Alternatively, SmI100
2 and Mg in MeOH118 are also suc-

cessful reagents for this transformation.

O +
SO2Ph

SO2Ph
1. heat
2. WCl6, n-BuLi

3. Na/Hg
(78%)

(Eq. 136)

A novel method for the synthesis of alkenes is based on the coupling of aldehy-
des with dithioacetals to give the corresponding hydroxy thioacetals, which afford
vicinal disulfides via reductive phenylthio migration.242 The syn-diastereomers
are the major products from symmetrical compounds while the anti-isomers are
obtained with high selectivity with unsymmetrical compounds. Separation of the
diastereomers, oxidation to the 1,2-disulfones, and reductive elimination give the
corresponding alkenes with moderate stereoselectivities (Eq. 137).242

PhS SPh

C7H15-n
1. n-BuLi
2. RCHO

3. AcCl
4. Et3SiH, TiCl4

n-C7H15

RR
C7H15-n

SPh

SPh

R
C6H11-n

SPh

SPh

R = n-C7H15

R = c-C6H11

(67%) syn/anti 88:12

(80%) syn/anti 5:95

1. MCPBA

2. Na/Hg

n-C6H11
R

(98%)  Z/E 85:15

(64%)  Z/E 19:81

1. MCPBA

2. Na/Hg

(Eq. 137)

Other uncommon reductive eliminations of β-halogeno sulfones are carried
out using Na/Hg,243 and especially Mg in MeOH.244,122 Yields are usually very
low with Na/Hg but very high with Mg as depicted in Eq 138.122

PhO2S
Tol

Cl

Na/Hg, THF/MeOH

–20°, 30 min
(30%)

Mg, HgCl2 (cat)

 EtOH, rt, 1 h
(95%)

Tol

(Eq. 138)

β-Nitro sulfones react with tin radicals to afford alkenes in good yields.245 The
reaction is stereospecific, especially for the formation of α,β-unsaturated nitriles
(Eq. 139), since the elimination from the radical intermediate is faster than bond
rotation.

Ts CN

O2N (n-Bu)3SnH, AIBN

C6H6, 80°, 2 h

CN

(86%) (Eq. 139)
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A very interesting synthesis of medium-sized cyclic amines has been per-
formed by selective ring cleavage of sulfonylated bicyclic amines.246 A Julia-type
desulfonylation of an activated β-amino sulfone is the key step in this method,
which takes place even in the presence of a hydroxyl leaving group in the β

position (Eq. 140).

N

HTIPSO
OH

SO2Ph 1. MeI, CH2Cl2, rt

2. Na/Hg, Na2HPO4, MeOH, rt, 6 h
(67%)

N

OHTIPSO

Me

(Eq. 140)

APPLICATIONS TO SYNTHESIS OF NATURAL PRODUCTS

The sulfone group has been used in synthesis as an activating group for
carbon–carbon single and double bond formation involving reductive desulfony-
lation or reductive elimination processes. The facile and regioselective generation
of carbanions α to the sulfone group enables efficient carbon–carbon single bond
construction via alkylation, acylation, and aldol-like reactions. Since the sulfonyl
group is also easily removed from the synthetic intermediate, many sulfonyl-
containing derivatives have been employed in the preparation of intermediates
for the synthesis of a wide variety of functionalized molecules and many natural
and biologically active compounds.3,14,12 Among reactions of sulfones playing an
essential role in the synthesis of natural products, alkylation of carbanions and
the Julia olefination have become conventional processes. Both reactions usu-
ally complement each other in the syntheses of many natural products, as found,
for instance, in the synthesis of the secosesquiterpene (−)-anthoplalone.247 The
reductive desulfonylation approach to this compound presents a double-bond
site selectivity problem (Eq. 141). This difficulty is solved by using a Julia-type
olefination protocol (Eq. 142).

SO2Ph
OTBDPS 1. t-BuOK, TBAI, THF, –78°

2.
CO2Bu-t

Br

3. TBAF, THF, 0° to rt
4. PdCl2(dppp), LiBHEt3, THF, 0°

OH

CO2Bu-t
+

OH

CO2Bu-t
(35%) (11%)

TBAI = tetra(n-butyl)ammonium iodide
TBAF = tetra(n-butyl)ammonium fluoride

(Eq. 141)
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O2
S

OO

N

N
Me

CO2Bu-t
O

CO2Bu-t

1. n-BuLi, THF, –78°

2.

3. SmI2, THF, rt

OO
CHO

O

(–)-Anthoplalone(82%)

(Eq. 142)

Different routes to the total synthesis of natural products that are based on
these two reactions (reductive desulfonylation or reductive elimination) as the
key connection steps have been reported. Two different total syntheses248,249 of
the 24-membered macrolide isolated from a deep-sea bacterium, (−)-macrolactin
A, involve as the key step a sulfone-mediated C–C coupling, with subsequent
reductive desulfonylation249 or reductive elimination248.

O

OH

O

HO

HO
Reductive Elimination

(–)-Macrolactin A

Reductive Desulfonylation

It is also common to find synthetic routes where both methods are employed
in sequence as in the construction of the C18–C34 fragment of the macrolide
antibiotic antascomicin A (Eq. 143).250

PhO2S
OPMB

TBDMSO

TBDMSO
CHO

1. n-BuLi, THF, –78°

2.

3. Ac2O, TEA, DMAP, CH2Cl2, 0° to rt
4. Na/Hg, Na2HPO4, MeOH, 0°

OPMB PhO2S OPMB

1. LHMDS, THF, –78° to 0°

BnO

BnO

BnO

BnO I
OTBDMS

2.

3. Na/Hg, Na2HPO4, THF/MeOH, 0° to rt

OTBDMS

OPMB

(Eq. 143)



414 ORGANIC REACTIONS

Reductive Desulfonylations in the Synthesis of Natural Products

The first step when using sulfones in the synthesis of natural products con-
sists of the formation of the new C–C bond. This process is normally performed
using the sulfone as a nucleophile via the corresponding α-sulfonyl carbanion.
Three different strategies are normally employed: alkylation of α-sulfonyl carban-
ions followed by reductive removal of the sulfonyl group, acylation of α-sulfonyl
carbanions followed by reductive removal of the sulfonyl group, and finally, reac-
tion of α-sulfonyl carbanions with activated multiple bonds followed by reductive
desulfonylation.

By far, the most widely used method is the alkylation of an α-sulfonyl carban-
ion followed by reductive removal of the sulfonyl group. Different electrophiles
such as alkyl halides, sulfonates, sulfinates, acetates, oxiranes, and electron-
deficient multiple bonds are employed for the formation of the new C–C bond.
Palladium-catalyzed π-allylic alkylation with α-sulfonyl carbanions is also a com-
monly used method. After the C–C bond formation, the conditions for the final
desulfonylation reaction with the appropriate reagent will depend on the structure
of the sulfone intermediate.

Synthesis of (+)-Chatancin. The alkylation of an α-sulfonyl carbanion
derived from a γ-alkoxy functionalized sulfone with an allylic bromide and
subsequent reductive desulfonylation with Na/Hg constitutes a key step in the
synthesis of the marine diterpene (+)-chatancin (Eq. 144).251

1. n-BuLi, THF, –78° to rt

2.
MOMO SO2Ph

Br
OPiv

OPiv

3. Na/Hg, Na2HPO4, MeOH/THF

MOMO

CO2MeHO

O

H

(+)-Chatancin(65%)

(Eq. 144)

Synthesis of Bacillariolides I-III. Marine oxylipin bacillariolides I-III are
synthesized from (R)-malic acid, using a common chiral cyclopentane deriva-
tive prepared as depicted in Eq. 145.252 Two consecutive alkylation reactions of
lithioallyl sulfone are responsible for the generation of the cyclopentane interme-
diate. The synthetic route also includes a reductive desulfonylation with Na/Hg
in MeOH/THF (Eq. 145).
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PhO2S
1. n-BuLi, THF, –78°

2. CrO3/H2SO4, acetone, 0°
3. Na/Hg, Na2HPO4, MeOH/THF

MsO
OPMB

OMOM

O
2.

SO2Ph

MOMO H
OPMB

OH

1. OsO4, NaIO4, 1,4-dioxane/H2O, rt

(99%)
H

MOMO H
O

O

OPMB
(75%)

H

HO H

O

O

R1 = (1Z,4Z,7Z,10Z)-trideca-1,4,7,10-tetraenyl, R2 = H,  Bacillariolide I
R1 = H, R2 = (1Z,4Z,7Z,10Z)-trideca-1,4,7,10-tetraenyl,  Bacillariolide II
R1 = (1Z)-4-carboxybut-1-enyl, R2 = H,  Bacillariolide III

R1
R2

(Eq. 145)

An asymmetric total synthesis of bacillariolide III is achieved in fifteen linear
steps with a good overall yield.253 The key feature of this synthetic route involves
a highly stereoselective construction of a vinyl-substituted bicyclic lactone by an
intramolecular Pd(0)-catalyzed π-allylic alkylation with an α-sulfonyl carbanion
(Eq. 146).

O

O
PhO2S

OCO2Et
Pd(PPh3)4

CH2Cl2, reflux, 1 h O

O SO2Ph

H

(88%)  endo/exo 30:1

Na/Hg, B(OH)3

MeOH, rt, 3 h O

O

H

H

HO H
O

O

Bacillariolide III

CO2H

(Eq. 146)

Synthesis of All-trans-Geranylgeraniol. The type of alkylation described
above for the synthesis of bacillariolide III is widely used in the synthesis of
natural products due to the mild reaction conditions and high stereospecificity.
The formation of the C–C bond takes place when activated α-sulfonyl car-
banions derived from β-ketosulfones, α-sulfonyl sulfones or, less often, allylic
sulfones react with the π-allyl palladium complex. In the synthesis of all-trans-
geranylgeraniol, the α-sulfonyl carbanion adds to the π-allylpalladium complex
of 2-(prop-1-en-2-yl)oxirane. Final reductive desulfonylation affords the desired
compound, as depicted in Eq. 147.254
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SO2Ph

CO2Me

O

Pd(PPh3)4, THF, rt, 4 h

SO2Ph

MeO2C

1. PhSH, Cs2CO3, DMF, 85°, 3 h

2. Pd(dppe)Cl2, LiEt3BH, THF, 0°, 5 h

OH

(90%)

all-trans-Geranylgeraniol
(84%)

OH

(Eq. 147)

Synthesis of (±)-Tacamonine. α-Sulfonyl acetamides are very effective
reagents for the synthesis of glutarimides and pyroglutamates, intermediates
that are efficiently transformed into a wide variety of alkaloids such as (±)-
tacamonine,255 (±)-pseudoheliotridane,256 (±)-homopumiliotoxin 223G,257 (±)-
deplancheine,258 and (±)-yohimbane.258 As depicted in Eq. 148 for the synthesis
of (±)-tacamonine, the alkaloid precursor is obtained through a stepwise [3+3]
annulation reaction, that starts with a Michael addition of the α-sulfonyl carbanion
to the appropriate activated alkenes followed by ring closure. The precursor thus
obtained is then transformed into the target alkaloid in a sequence that involves
reductive desulfonylation with Na/Hg.259

Ts

H
N

O HN

1. NaH, THF, rt

OEt

O
2.

Ts
N

O HN

O

1. LiAlH4, TEA, THF, reflux

2. Na/Hg, MeOH N

O HN

(±)-Tacamonine(75%)

(82%)

N
N

O
H

H

(Eq. 148)

Synthesis of (+)-Eurylene. The reaction of α-sulfonyl anions with car-
boxylic acid derivatives is used as the key step in the construction of various
natural products. The resulting β-oxo sulfone intermediate is then further elabo-
rated and/or desulfonylated to afford the desired product. A variety of carboxylic
acid derivatives has been used, esters being most often employed, as depicted in
Eq. 149 for the synthesis of the triterpene polyether (+)-eurylene.149
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O
PMBO H OTMS

1. LHMDS, DMPU, THF, –78° to –30°

OHHO

O CO2Me
HTMSO

2.

3. SmI2, THF/MeOH,  –78°
4. HCl, MeOH

O
OAc

H OH

OHHO
O

OPMB
H OHO

OAc

(+)-Eurylene

(85%)

PhO2S

(Eq. 149)

Synthesis of (−)-Azaspiracid-1. A different approach to C–C coupling
through β-oxo sulfones consists of the addition of an α-sulfonyl carbanion to
an aldehyde followed by oxidation. This reaction sequence has been widely
used in the preparation of various natural products such as the marine toxin
(−)-azaspiracid-1 (Eq. 150).260

O
TBDPSO

H OMe
SO2Ph

1. LDA, THF, –78°

2.

OBn
OBn

OTES

OHC
OBn

OBn

OTES
3. TPAP, NMO, CH2Cl2
4. Na/Hg, Na2HPO4, THF/H2O

(54%)
O

O
TBDPSO

H OMe

O
TBDPSO

H

O
O

O
O

H

H

3

3

3

(–)-Azaspiracid-1

TPAP = tetrapropylammonium perruthenate
NMO = N-methylmorpholine N-oxide

(Eq. 150)

Synthesis of (+)-Rhizoxin. A different strategy is employed in the asym-
metric total synthesis of rhizoxin D, where two alkene linkages are established by
a modified Julia protocol.261 The initial β-hydroxy sulfone, obtained after addi-
tion of the sulfonyl carbanion to the aldehyde partner, is transformed into the
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corresponding vinylic sulfone through a sequence of acetylation and elimination.
Final reductive desulfonylation of the vinylic sulfone with SmI2 gives the desired
E-alkene as a single geometric isomer. The construction of one of these linkages
is depicted in Eq. 151.

OMe

OTBDMS

MEMO

N
O SO2Ph

1. LHMDS, THF, –78°

O

H

OMe

OTBDMS

MEMO
OTBDMS

2.

3. Ac2O, DMAP, Py, rt
4. DBU, THF, rt
5. SmI2, DMPU, MeOH/THF, rt

N
O

(73%) (+)-Rhizoxin

OMe

O

HO

N
O

OTBDMS

O

O O

O

O

DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene

(Eq. 151)

Synthesis of (+)-Tricycloclavulone. Many syntheses of natural products
have been performed employing unsaturated sulfones. These activated substrates
are versatile synthetic reagents due to the activating effect of the sulfone moiety
that enables them to undergo conjugate additions, cycloadditions, and deproto-
nation-alkylation sequences by way of the corresponding α-anions. With regard
to the 1,4-addition reactions, vinylic and acetylenic sulfones have been used as
Michael acceptors in the preparation of different natural products. New C–C and
C–heteroatom bonds are formed upon addition of carbon (mainly metal alkyls)
and nitrogen nucleophiles to the activated unsaturation followed by intra- or
intermolecular reaction of the resulting highly nucleophilic α-sulfonyl carbanion
with electrophiles. The synthesis of (+)-tricycloclavulone, an abnormal marine
prostanoid isolated from Clavularia viridis, provides an example (Eq. 152).262

The process features a highly efficient SmI2-promoted reductive desulfonylation
of a β-ketosulfone intermediate.
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SO2PhTESO
OCO2Me

H

1. Bu2CuLi, THF
2. TBAF, THF

3. SmI2, THF

HO

H

O

O

AcO

H

O

CO2Me

OAc

(+)-Tricycloclavulone

(70%)

(Eq. 152)

Synthesis of (−)-Sibirine. Various types of alkaloids have been prepared
by conjugate addition of carbon-centered radicals to unsaturated sulfones. This
approach is used in the stereoselective synthesis of the Nitraria spirocyclic alka-
loid (−)-sibirine, where a 6-exo-trig radical cyclization to an α,β-unsaturated
sulfone leads to the spirocyclic skeleton of the natural product (Eq. 153).263

The γ-nitrogen-functionalized sulfone so obtained is then desulfonylated under
dissolving-metal conditions.

OTBDMS

SO2Ph

N SePh
CO2Me

1. (n-Bu)3SnH, AIBN, toluene,
   reflux, 7 h
2. Na/EtOH, –20° to rt, 2 h

3. LiAlH4, THF, rt, 30 min
4. HF, MeCN, rt, 1.5 h

(47%)
NOH
Me

(–)-Sibirine

(Eq. 153)

Synthesis of (−)-Lasubine II. A reductive desulfonylation with lithium in
ammonia is employed in the total synthesis of quinolizidine alkaloid (−)-lasubine
II.264 A conjugate addition of methyl (S)-(2-piperidyl)acetate to an acetylenic
sulfone, followed by lithium diisopropylamide (LDA)-promoted intramolecular
acylation is the key step in the preparation of the quinolizine structure of (−)-
lasubine II (Eq. 154).

NH
CO2Me

+

OMe
OMe

Ts

1. MeOH, heat

2. LDA, THF, –78°

N

OMe
OMe

O
H

(53%)

1. NaBH4, MeOH
2. Swern oxidation

3. NH3/Li
4. L-Selectride

N

OMe
OMe

H
OH

(–)-Lasubine II

(45%)

Ts

(Eq. 154)
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Synthesis of (+)-7-Deoxypancratistatin. Different approaches to the total
synthesis of (+)-7-deoxypancratistatin have been reported recently because of
the promising biological properties shown by this alkaloid. An elegant synthe-
sis of (+)-7-deoxypancratistatin has been achieved from furan and trans-1,2-
bis(phenylsulfonyl)ethylene (Eq. 155).265 This synthesis clearly illustrates the
utility of alkenyl sulfones as Michael acceptors and dienophiles for cycloaddition
reactions.

O +
PhO2S

SO2Ph
(94%)

PhO2S
O

O
SO2Ph

SO2PhCH2Cl2, rt, 7 h

O

O

O

O

Li

THF/toluene, –78°

(65%)

O

O

O

O

OH

1.

2. t-BuO2H, n-BuLi, THF, –78°
3. Na/Hg, MeOH/THF, –23°

O

O

O

OH

OH

NH

O

HO
OH

(+)-7-Deoxypancratistatin

(Eq. 155)

Synthesis of Hesitine Diterpenoid Alkaloids. An efficient enantioselec-
tive approach to the hesitine class of the C20-diterpenoid alkaloids involves an
intramolecular oxidopyridinium dipolar cycloaddition with a vinylic sulfone as
the key transformation as depicted in Eq. 156.266 Once the sulfonyl group has
played its role in the C–C bond formation, it is removed by a Na/Hg-promoted
reductive desulfonylation.

SO2

N
O–+

Ph

toluene, reflux

(70%) N
H

SO2Ph

H

H

3. Na/Hg, Na2HPO4, THF/t-BuOH, rt, 30 h

1. L-Selectride, –78°, PhNTf2

2. HCO2H, TEA, PdCl2(PPh3)2

N
H

H

H

(48%)

O
(Eq. 156)

Reductive Eliminations in the Synthesis of Natural Products
Synthesis of (−)-Siccanin. The Julia–Lythgoe olefination provides an im-

portant tool in the total synthesis of a number of natural products.12 The reductive
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elimination of β-hydroxy sulfones and their derivatives usually involves a conden-
sation between an anion α to an alkyl sulfone and a carbonyl compound to afford
a β-hydroxy sulfone. Acylation of the alcohol, followed by reductive elimination
affords the corresponding alkene. This reaction has been used in the synthesis
of (−)-siccanin, a mold metabolite isolated from the culture of Helminthospo-
rium siccans, which exhibits potent antifungal activity (Eq. 157).267 This example
clearly demonstrates the utility of the Julia reductive elimination since other dif-
ferent C–C couplings based on a reductive desulfonylation process or a modified
Julia olefination (Eq. 9) failed.

SO2Ph
1. n-BuLi, THF, –78°

2.
O

OMe

OOHC

OMe

3. Ac2O
4. Na/Hg, Na2HPO4

O

HO

O
H

H

H

(–)-Siccanin

(93%)

(Eq. 157)

Synthesis of (−)-Laulimalide. Different approaches to the β-hydroxy sul-
fone moiety needed for the olefination reaction are frequently used in the synthesis
of natural products. For instance, a very common strategy consists of carbonyl
reduction of the corresponding α-ketosulfone followed by reductive elimination.
This sequence is employed in the synthesis of polyhydroxylated indolizidine
alkaloids (Eq. 121),207 (+)-dihydromevinolin,268 pleraplysillin-1,269 amphidino-
lide B,270 and the novel antitumor agent (−)-laulimalide (Eq. 158).271

O
O

SO2PhO

OPMB

1. LiBH4, THF, 0° to rt

2. PhCOCl, TEA, DMAP, CH2Cl2
3. Mg, HgCl2, EtOH

O

OPMB
HO

(44%)

O

HO

O O

OH

H OH
O

(–)-Laulimalide

(Eq. 158)
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Synthesis of (−)-Tricycloillicinone. An elegant synthetic route to the neu-
rotrophic (−)-tricycloillicinone employs a sodium amalgam mediated reductive
elimination of a β-alkoxy sulfone obtained by a thermal Claisen rearrangement
(Eq. 159).272

O

OMeO2C

O
PhO2S

1. neat, 165°, 12 h

2. K2CO3, acetone, heat
O

OMeO2C

O
PhO2S

(90%)

Na/Hg, MeOH/EtOAc

–20°, 12 h
O

OMeO2C

OH

(87%)

O O

O

H
(–)-Tricycloillicinone

(Eq. 159)

Synthesis of (+)-Pseudomonic Acid C. A total synthesis of (+)-pseudo-
monic acid C employes an n-Bu3SnH-mediated reductive elimination of the
methyl xanthate derivative of a β-hydroxy sulfone as one of the key steps
(Eq. 160).99

SO2Ph

OTBDMS

1. LDA, THF, –60°

2.

3. CS2, 0°, 10 min
4. MeI, 0°, 20 min
5. (n-Bu)3SnH, toluene, reflux, 3.5 h

O

O
O

OTBDMS
(67%)

OTBDPS

O

O
O

OTBDPS

OHC

O

OH
HO

OH

O CO2H

O

(+)-Pseudomonic Acid C

8

(Eq. 160)

Synthesis of L-Amiclenomycin. Different β-functionalized sulfones have
been employed in natural product synthesis. For example, L-amiclenomycin,
an antibiotic isolated from cultures of different Streptomyces strains, has been
prepared employing in the final steps of the sequence a reductive elimination
involving a 1,2-di(phenylsulfonyl) derivative (Eq. 161).273
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NHAlloc

SO2Ph

PhO2S
+

NHAlloc

1. o-xylene, reflux, overnight

2. Na/Hg, MeOH, KH2PO4, rt, 3 h

(37%)

L-Amiclenomycin

NH2

CO2H

NH2

OHOH

(Eq. 161)

COMPARISON WITH OTHER METHODS

Reductive Decyanations
The use of the nitrile function for C–C bond-forming reactions has increased

recently.274 – 276 Alkylation of nitriles277 followed by reductive decyanation278 is
a good alternative to the sulfone alkylation and reductive cleavage. A number
of methods perform the reductive decyanation in good yields and stereoselec-
tivities, with the use of dissolving metals being the most popular strategy. The
Li/NH3 or Na/NH3 system has been principally used for the reduction of ter-
tiary nitriles since primary and secondary nitriles give not only the expected
decyanated products, but also the corresponding amines (Eq. 162).279

RCN RH
NH3/Na

–33°, 10-15 min
+ RCH2NH2

R
Ph3C
Ph2CH
n-C13H27

(90-96%)
(76%)
(35%)

(0%)
(11%)
(65%)

(Eq. 162)

Potassium is a more general reducing agent and allows decyanation of primary,
secondary, and tertiary cyanides in good yields when employed in a mixture of
HMPA and t-BuOH as solvent,280 on neutral alumina,281 or in the presence
of dicyclohexano-18-crown-6 in toluene282,283 as depicted in Eq. 163 for the
synthesis of ent-cholesterol.284

TBDMSO

CN 1. LDA, THF, –78°
2. BrCH2CH2CH(CH3)2

3. K, dicyclohexyl-18-crown-6, toluene
4. TBAF, THF

HO

H

H

(83%)

H H

H H

H

H

(Eq. 163)
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Reductive decyanation of α-aminonitriles with aluminum- or borohydrides
such as LiAlH4, NaBH4, BH3, and NaBH3CN provides access to amines through
an SN1 mechanism with formation of an iminium ion followed by reduction by
the hydride reagent. The process is stereoelectronically controlled and proceeds
with high stereoselectivity (Eq. 164).285

N
Et

CN
H

H
NaBH4, MeOH

65°, 1.5 h N
Et

H

H

(85%) (Eq. 164)

Reduction of cyano groups under radical conditions is carried out employing
tin hydrides such as n-Bu3SnH.286 Unfortunately, the reaction is so far restricted
to malonitriles. Samarium iodide is a valid alternative to tin hydrides since in the
presence of HMPA it promotes the reductive decyanation of malononitriles and
α-cyanoesters in high yields (Eq. 165).287 – 289

R1 R2

NC R3 SmI2, HMPA

THF R1 R2

R3

R1

Bn
Bn
H2C=CH(CH2)3

Bn
Bn
H2C=CH(CH2)3

HO(CH2)6

n-C7H15

n-C7H15

n-C7H15

n-C7H15

R2

H
Bn
H
H
Bn
H2C=CH(CH2)3

H
EtCO2(CH2)2

CN(CH2)3

Et2NCO(CH2)2

Cl(CH2)4

R3

NC
NC
NC
EtO2C
EtO2C
EtO2C
EtO2C
EtO2C
EtO2C
EtO2C
EtO2C

Temp
0°
0°
0°
rt
rt
rt
rt
rt
rt
rt
rt

Yield
(85%)
(97%)
(53%)
(54%)
(87%)
(87%)
(49%)
(75%)
(85%)
(88%)
(61%)

(Eq. 165)

The decyanation reaction is also observed employing Brønsted acids and bases,
although the harsh reaction conditions required (very high temperatures and long
reaction times) limit the applicability of this method.

Reductive Eliminations

Among the different methods for the synthesis of alkenes, none matches the
versatility of carbonyl olefination.290 It has been extensively studied since the
discovery of the Wittig reaction,291,292 and a wide variety of approaches to
transform carbonyl compounds into alkenes have been developed. Besides the
classical Julia reaction,94 the most generally applicable methods for direct olefina-
tion of carbonyl compounds include the Wittig,291,293,294 Horner–Wittig,295,293,296

Horner–Wadsworth–Emmons,297,298,293 Peterson,299 – 301 Johnson,302 and Julia–
Kocienski303,304 reactions. All of these methods involve the addition of a
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metalated substrate to a carbonyl compound followed by elimination, rearrange-
ment, or cleavage to the alkene (Eq. 166).

R1 Y

M
+

R2 R3

O
R1

R3

R2

Reaction
Julia (1973)
Wittig (1953)
Horner–Wittig (1958)
Horner–Wadsworth–Emmons (1961)
Peterson (1968)
Johnson (1973)
Julia–Kocienski (1991)

Y
ArSO2

R3P+

R2P=O
(RO)2P=O
R3Si
ArSONMe
HeteroarylSO2/ArylSO2

(Eq. 166)

These olefination reactions can be applied with confidence to the stereose-
lective synthesis of alkenes. Both isomers of a wide variety of alkenes can be
obtained with very high stereoselectivities when suitable reaction conditions are
selected. Compared with other methods, the Julia reductive elimination has some
advantages. First, sulfones are more readily available and easily purified than the
corresponding phosphorus and silicon derivatives. There is a wide range of mild
and high-yielding routes to synthesize sulfones.3 Furthermore, the sulfone group
also confers stability and frequently crystalline properties to the substrate.

The Julia reductive elimination is a good choice when trying to prepare mono-,
1,1-di- and E-1,2-disubstituted alkenes. This application has been demonstrated,
for example, in the preparation of a key intermediate in the synthesis of calciferol
(Eq. 167).305 The alternative Wittig olefination approach failed due to the diffi-
culties encountered in the preparation of the corresponding sterically hindered
phosphonium halide.305

PhO2S

1. n-BuLi, THF, –78°

H
OH

H
BzO

CHO

2.

3. Ac2O, THF, rt
4. Na/Hg, MeOH/EtOAc, –20°
5. KOH, EtOH

(Eq. 167)

A highly stereoselective synthesis of 1,2-disubstituted alkenes can be also
accomplished via reductive desulfonylation of 1,2-disubstituted vinylic sulfones
since both E- and Z-vinylic sulfones can be stereoselectively prepared by several
methods.8 Although different reducing agents have been used for this purpose
(Eqs. 24–28), the reduction of 1,2-disubstituted alkenyl sulfones by Na2S2O4 is
particularly efficient and highly stereoselective (Eq. 168).
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PhO2S

n-Bu Na2S2O4, NaHCO3

DMF/H2O, 120°, 2 h
n-Bu

Z/E
0:100
93:7

Z/E
100:0
10:90

Yield
(80%)
(60%)

(Eq. 168)

With respect to the synthesis of trisubstituted alkenes, high yields but mod-
est selectivities are obtained through the coupling between ketones and primary
sulfones and subsequent reductive elimination employing SmI2 (Eq. 128).223 On
the other hand, and considering that formally it is not a reductive desulfonylation
process in the sense of a substitution of the sulfonyl group by hydrogen, the
coupling reaction of vinylic sulfones with Grignard reagents catalyzed by nickel
or iron complexes is a good alternative for this purpose (Eq. 169).306

t-BuO2S

PhMgBr, Fe(acac)3

THF, rt, 20 h Ph
(60%)  Z/E 0:100 (Eq. 169)

No stereocontrolled syntheses of tetrasubstituted alkenes have been reported
via reductive eliminations, including the synthesis of tetrasubstituted alkenes
using the Horner–Wadsworth–Emmons reaction since it also proceeds with mod-
erate selectivity.307,308 The stereochemical course of the HWE reaction usually
depends on the nature of the phosphonate employed. Bulky substituents at the
phosphorus atom and the carbon close to the carbanion favor the formation of the
E-alkene. Z-selectivity can be achieved using the Still–Gennari modification309

and the Ando method.310 With respect to trisubstituted alkenes, the HWE reac-
tion occurs with moderate to good E-selectivity either using the addition of a
phosphonate to a ketone311 or the reaction of an α-substituted phosphonate with
an aldehyde. Electronic and steric effects can modulate these tendencies.312,313

The Horner–Wittig reaction295,293,296 consists of the preparation of alkenes by
treatment of a phosphine oxide with base followed by the addition of the carbonyl
compound. If a lithium base is used, the intermediate β-hydroxy phosphine oxide
diastereomers can be isolated and separated. They can then be treated separately
with base to give the corresponding Z- or E-alkenes with high stereoselectiv-
ity. The Peterson olefination299 – 301 is also a good alternative, allowing for the
synthesis of pure syn or anti β-hydroxyalkylsilane intermediates, from which the
stereocontrolled preparation of alkenes proceeds.

A new variant of the classical Julia olefination, the Julia–Kocienski olefina-
tion, also called modified or one-pot Julia olefination, has recently emerged as
a powerful tool for alkene synthesis via the condensation of certain heteroaryl
or aryl sulfonyl anions with carbonyl compounds.303,304 A reaction pathway has
been proposed for this reaction involving, after the initial coupling between the
metalated sulfone and the carbonyl compound, a Smiles rearrangement,314 and
spontaneous sulfur dioxide elimination (Eq. 170a).304 This process was origi-
nally described with benzothiazol-2-yl (BT) sulfones303,315 (Eq. 170a) and has
been extended to include other types of heteroaryl sulfones such as pyrid-2-yl
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(PYR),315,316 1-phenyl−1H -tetrazol-5-yl (PT),317 and 1-tert-butyl−1H -tetrazol-
5-yl (TBT)318 sulfones and non-heteroaryl 3,5-bis(trifluoromethyl)phenyl sul-
fones (BTFP)319 – 322 (Eq. 170a). The Julia–Kocienski olefination shares with the
Julia reductive elimination the critical dependence that reaction conditions such
as counterion, solvent, and temperature have on the yield and the stereochemi-
cal outcome of the elimination. Some recent examples demonstrate the utility of
this reaction as an alternative to the Julia–Lythgoe olefination as shown for the
total synthesis of the alkaloid (–) -spirotryprostatin B323 where the Julia–Lythgoe
reaction affords the alkene in a very poor yield and shows epimerization problems
in the final product (Eq. 170b). The Julia–Kocienski olefination using the corre-
sponding 1-phenyl−1H -tetrazol-5-yl (PT) sulfone solves this problem affording
the alkene in high yield and without epimerization (Eq. 170b).
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On some occasions, both methods have been used complementarily, as in the
synthesis of the C(43)–C(67) subunit of polyketide metabolite amphidinol 3.324

O

O
O

O
O

OTr
H

OMOM
HJulia-Lythgoe

Julia-Kocienski

Alkene cross-metathesis325 – 327 represents an attractive alternative to the car-
bonyl olefination methods described above. The applicability of the Julia ole-
fination is sometimes limited if highly functionalized substrates are involved.
Moreover, it employs functional groups such as aldehydes and ketones that
often require protecting-group strategies prior to the olefination process. Cross-
metathesis tolerates a wide variety of functional groups, as illustrated for reactions
employing the ruthenium-complex catalyst 4, giving access to functionalized
alkenes under very mild reaction conditions that can be used in subsequent syn-
thetic manipulations (Eq. 171).328

R2P
X

N N

Ru
Cl

Ph

PCy3

4

4 (5 mol%)

CH2Cl2, 40°

R = Ph, X = BH3

OH

OAcAcO

OEt

O

R = Ph, X = O=

R = EtO, X = O=

Ph2P
BH3

OH

Ph2P

O

OAc

(EtO)2P

O

CO2Et

(63%) Z/E <5:95

(90%) Z/E <5:95

(87%) Z/E <5:95

Cl

(Eq. 171)

The major drawback of alkene cross-metathesis is the limited ability to control
the chemo- and stereoselectivity of the reaction. High yields of the cross-product
are obtained by either stoichiometric control or by the use of functionalized
alkenes. When unfunctionalized alkenes are used in the reaction, an excess of
one of the alkenes must be used in order to get a synthetically useful yield of the
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cross-product. Good yields of the cross-product are also obtained by combining
a sterically hindered alkene with a readily available one (Eq. 172).329

Ph

OH

O N O

O Ph

OH

O N O

O TMS

(87%) Z/E <5:95

4 (5 mol%)

CH2Cl2, 40°, 4 h
+ TMS

(Eq. 172)

Cross-metathesis of conjugated electron-deficient alkenes such as α,β-unsatur-
ated esters, ketones, aldehydes, and amides often give high cross-product/dimer
ratios due to the slow rate of dimerization of these substrates (Eq. 171). When
this occurs, the cross-product is dominant even when the reactions are performed
with a 1 : 1 stoichiometry of the reactants.330 When one of the alkene partners
homodimerizes slowly, such as happens with electron-deficient and sterically
hindered alkenes, the reaction is driven to the cross-product. With respect to the
stereochemistry of the reaction, the E-isomer is obtained with electron-deficient
alkenes (Eq. 171), and the E/Z ratio may also vary depending on the types of
substituents present on the reactants.

Very recently, cross-metathesis has also been employed for the synthesis of
functionalized trisubstituted alkenes.331 – 335 This method is, however, rather lim-
ited and, in general, poor Z/E selectivities are observed (Eq. 173).

BzO
+ OAc

4 (5 mol%)

CH2Cl2, 40°, 12 h

BzO
OAc (80%) Z/E 26:74

(Eq. 173)

EXPERIMENTAL CONDITIONS

General
With the exception of the reductive desulfonylations employing sodium dithio-

nite and Zn, these reactions are carried out under an inert atmosphere employing
anhydrous solvents due to the high reactivity of the reducing agents with water
and moist air. All the reagents are commercially available but they are usu-
ally freshly prepared prior to their use. In general, the reactions are carried out
employing an excess of the reducing agent.

Reductions with Active Metals and Salts
Reductive desulfonylations and reductive eliminations can be performed em-

ploying alkali or alkaline earth metals in ammonia or low molecular weight
amines. Lithium or sodium in ammonia or ethylamine are very effective systems
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at 0◦, typically for reductions with ethylamine, or lower temperatures such as
−33◦ or −78◦. Very short reaction times must be used to minimize side reac-
tions. The reaction is occasionally carried out in the presence of low molecular
weight alcohols or ethers as cosolvents (conditions of the Birch reduction) such as
ethanol, tert-butanol, tetrahydrofuran, and diethyl ether. Lithium–amine solutions
are more sensitive to catalytic decomposition than lithium in ammonia,336 so puri-
fied solvents are mandatory. The persistence of the deep blue color produced by
lithium or sodium metals in ammonia (solvated electrons) is used to judge when
the reaction is completed. The mixture is then quenched, typically with ammo-
nium chloride, sodium benzoate, or dienes such as isoprene or 1,3-butadiene, and
then the reaction is warmed to room temperature in order to remove the ammonia.
Reductive desulfonylations and reductive eliminations employing alkali or alka-
line earth metals in ammonia present a high fire hazard and should be conducted
in a properly functioning chemical fume hood away from flammable solvents.
Ammonia is a corrosive gas with a pungent odor. Alkali metals react violently
with water or even moist air to generate hydrogen, which can then be ignited by
the heat of the reaction.

The majority of the reductions with metals in low molecular weight alcoholic
solvents are carried out with magnesium in methanol, ethanol, or mixtures of these
solvents with tetrahydrofuran or ethyl acetate to improve substrate solubility. The
temperature of the reaction depends on the sulfone derivative and ranges from
low temperature to reflux conditions, with room temperature usually preferred.
Addition of catalytic amounts of mercury dichloride makes the reaction more
efficient, which avoids using a large excess of activated magnesium and high
temperatures. Upon completion, excess magnesium is typically destroyed with
dilute acid.

From the experimental point of view, reductive desulfonylations with alkali
metal arene radical anion complexes require a large excess of the radical anion,
very short reaction times at low temperatures, and must be run under an inert
atmosphere. Sodium or lithium naphthalenides in tetrahydrofuran at −78◦ or
lower temperatures are typical reaction conditions. Tetrahydrofuran solutions of
lithium naphthalenide are dark green. This color is lost when the substrate is
added and restored once the reaction is finished. Upon completion, the excess
reagent is quenched with a saturated aqueous solution of ammonium chloride or
low molecular alcohols such as methanol or ethanol.

Sodium amalgam containing 2–6% sodium is the most commonly employed
reagent for the reductive desulfonylation and reductive elimination processes.
Sodium amalgam can be prepared and freshly used by the addition of Hg(0) to
ribbons of sodium metal.337,338a Normally, Na/Hg is used in large excess and a
solution of the sulfone to be reduced in methanol or tetrahydrofuran–methanol
mixtures is added at low temperature (−40◦ to 0◦

) to a suspension of Na/Hg and
Na2HPO4 in the same solvent. Buffering the reaction with NaH2PO4 avoids side
reactions with base-labile compounds. Sodium amalgam is a commercially avail-
able (3%, 4%, 5%, 10%, and 20% in Na) air and moisture sensitive compound.
Mercury and mercury compounds are poisonous and teratogenic. They should be
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used in a properly functioning chemical fume hood. Mercury cannot be destroyed
but it can be removed from aqueous solutions by using ion-exchange resins or by
amalgamation with iron.

Aluminum amalgam reductions are generally carried out in aqueous THF solu-
tions (typically 10% aqueous THF) at higher temperatures (from 0◦ to reflux con-
ditions) than those generally employed for Na/Hg desulfonylations. Aluminum
amalgam is not commercially available but is easily prepared by immersion of
aluminum foil into a 2% aqueous solution of HgCl2.18

Samarium(II) iodide is a deep blue air-sensitive compound. Therefore, all
manipulations involving this reagent must be carried out under an inert atmo-
sphere. It does not react significantly with water over several hours and is less
reactive towards other protic solvents such as alcohols. Therefore, reductions
with SmI2 are usually carried out in tetrahydrofuran or tetrahydrofuran–methanol
mixtures under low or room temperature conditions. Additives such as HMPA or
DMPU often have a profound effect on reactions mediated by SmI2 since they
improve the reducing power of Sm(II). Excess SmI2 is usually necessary for
the completion of the reactions. The vast majority of reactions employing SmI2

are carried out in tetrahydrofuran, and since SmI2 is conveniently generated in
this solvent, the in situ preparation of the reducing reagent is particularly useful
and highly recommended. Oxidation of samarium metal with organic dihalides
(usually diiodomethane) is typically the method of choice.31 The solution thus
obtained can be stored for long periods of time without a decrease in Sm(II)
concentration if kept under an inert atmosphere and in the presence of a small
amount of Sm metal. Due to the intense interest in this reagent, SmI2 is now
commercially available as a 0.1 M solution in tetrahydrofuran. Hexamethylphos-
phoramide is a potent carcinogen, and thus must be handled with extreme care. It
can be hydrolyzed by refluxing in concentrated HCl to dimethylamine and phos-
phoric acid.

Aqueous conditions are employed for the reductive desulfonylations with
Na2S2O4. Mixtures of dimethylformamide–water, and less often tetrahydrofu-
ran–water or cyclohexane–water, temperatures in the range of 80–120◦, and
excess base (NaHCO3) are commonly used.

Reductions with Tin Hydrides

Reductive desulfonylations stoichiometric in tin are performed employing n-
Bu3SnH in toluene at reflux and in the presence of catalytic amounts of AIBN
as radical initiator. Ph3SnH has been occasionally used as a hydride source when
n-Bu3SnH is not effective. In the catalytic version of the reaction, n-Bu3SnCl
is used as a tin hydride precursor employing either poly(methylhydrosiloxane)
(PMHS) or NaBH3CN as hydride reagents and AIBN as the radical initiator.
When using PMHS the reaction is performed in mixtures of toluene and water at
reflux and in the presence of potassium fluoride. Desulfonylations using the sys-
tem n-Bu3SnCl/NaBH3CN are performed in tert-butanol as solvent under reflux
conditions. Tin hydrides are irritants and toxic and should be handled with care
in a fume hood.
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Transition-Metal-Mediated Reductive Desulfonylations

Raney nickel catalysts are designated as W-1, W-2, W-3, W-4, W-5, W-6
and W-7 according to their hydrogen content, which depends on the method of
preparation. The most employed catalyst for the reductive desulfonylation pro-
cess is W-2, although in many experimental procedures the type of catalyst is
not specified, making any generalization difficult. Under typical reaction condi-
tions, the Ra–Ni reagent is used in large excess and is added as an alcoholic or
aqueous suspension to a solution of the derivative to be reduced. It is usually
stored as an alcoholic suspension, or occasionally in water, ether, methylcyclo-
hexane, or dioxane. In order to obtain reproducible results it is desirable to use
freshly prepared or recently purchased reagent since with aging the catalyst suf-
fers deactivation due to hydrogen loss. The reduction is usually carried out in
EtOH under reflux conditions for long periods of time (10–24 h), unless ultra-
sound is used. Other solvents such as methanol at room temperature, 1,4-dioxane
at reflux, tetrahydrofuran, and ethyl acetate are used as well. Raney nickel ignites
on contact with air and should never be allowed to dry.

The reductive desulfonylation reactions employing homogeneous organonickel
reagents such as nickelocene-lithium aluminum hydride are carried out in THF at
room temperature employing an excess of the reagent. The reducing agent is pre-
pared in situ by mixing nickelocene with LiAlH4 in tetrahydrofuran at room tem-
perature. Reductions with nickel-containing complex reducing agents (NICRAs)
are performed in tetrahydrofuran or 1,2-dimethoxyethane at 65◦. The reagents
are also freshly prepared before use, by mixing Ni(OAc)2, degreased NaH, and
t-AmOH in tetrahydrofuran or 1,2-dimethoxyethane.74 External ligands such as
2,2′-bipyridyl and triphenylphosphine are added in some cases. Nickel-containing
complex reducing agents have been designated according to the stoichiometry
employed for their preparation. Thus, a NICRA prepared from NaH, t-AmOH,
Ni(OAc)2 and the external ligand is abbreviated NICRAL (x/y/z/t) where x/y/z/t
is the molar ratio NaH/t-AmOH/Ni(OAc)2/L.338b

With respect to the palladium-catalyzed reductive desulfonylations of allylic
sulfones, [PdCl2(dppp)] is the preferred catalyst in combination with superhydride
(LiHBEt3) in THF solutions, usually working under low temperature (0–4◦

) to
room temperature conditions. Lithium triethylborohydride is supplied as a 1 M
solution in tetrahydrofuran and is corrosive and flammable. Handle and store
under an inert atmosphere in a cool dry place. Use the solution in a fume hood
and avoid contact with skin.

Transition-metal-catalyzed stereoselective reductions of vinylic sulfones with
Grignard reagents are achieved with excess n-BuMgCl in tetrahydrofuran at room
temperature.196,48 Better yields and selectivities are obtained with palladium cat-
alysts [Pd(acac)2] than with nickel complexes such as [Ni(acac)2], especially if
external ligands such as DABCO, triethylamine (TEA), or (n-Bu)3P are used.196,48

Nickel catalysts are used more often for reducing sulfonyl-1,3-dienes than pal-
ladium catalysts. When using this method, it is very important to remove the
catalyst before isolation of the products in order to avoid isomerization of the
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alkene moiety during solvent evaporation. Tetrahydrofuran solutions of n-BuMgCl
are highly flammable, sensitive to moisture, and cause burns.

EXPERIMENTAL PROCEDURES

Reductive Desulfonylations

O
NH3/Li, THF

–78°, 30 min

O

(97%)
PhO2S

(1R, 4S , 5S )-4,6,6-Trimethyl-4-vinylbicyclo[3.1.1]heptan-2-one (Desul-
fonylation of a β-Ketosulfone).339 Anhydrous liquid NH3 (80 mL) distilled
from Li wire was stirred and cooled at −78◦ as a solution of (1R, 4S, 5S)-4,6,6-
trimethyl-3-(phenylsulfonyl)-4-vinylbicyclo[3.1.1]-heptan-2-one (1.42 g, 4.5
mmol) in THF (7 mL) was added. After brief stirring, Li wire (103 mg, 0.02
g-atom), cut into small pieces, was added, and stirring was continued for an
additional 30 minutes. Excess solid NH4Cl was added cautiously, and most of
the NH3 was allowed to evaporate at room temperature. Water was added, and the
product was extracted with Et2O. Removal of the solvent gave an oily residue
which was chromatographed on silica gel (4 : 1 hexane/Et2O) to give the title
product as an oil (792 mg, 97%): [α]21

D + 87.9◦ (c 2.15, CHCl3); IR (film) 3070,
1710, 1640, 915 cm−1; 1H NMR (90 MHz, CDCl3) δ 1.08 (s, 3H), 1.23 (s, 3H),
1.38 (s, 3H), 1.4–1.7 (s, 1H), 1.9–2.1 (m, 1H), 4.92 (d, J = 17.1 Hz, 1H), 4.99
(d, J = 9.9 Hz, 1H), 5.78 (dd, J = 17.1, 9.9 Hz, 1H). Anal. Calcd. for C12H18O:
C, 80.85; H, 10.18. Found C, 80.64; H, 9.92.

Mg

MeOH, rt, 6 h

BnO OBn

SO2PhPhO2S

BnO OBn

(77%)

(1S , 2S )-1,2-Bis(benzyloxy)cyclopentane (Desulfonylation of an α-Func-
tionalized Sulfone).340 To a solution of (1S, 2S)-1,2-bis(benzyloxy)-4,4-
bis(phenylsulfonyl)cyclopentane (13.92 g, 24.7 mmol) in MeOH (625 mL) at 50◦

under a nitrogen atmosphere was added activated Mg (4.33 g, 178 mmol). Once
evolution of hydrogen began, the heating source was removed and the reaction
was maintained over a period of 6 hours by the addition of two supplementary
portions of Mg (2 x 4.33 g). It was occasionally necessary to cool the reaction
mixture in a 15◦ water bath during this time. After all the Mg had reacted, the
cloudy gray solution was concentrated, diluted with H2O (300 mL), and then
acidified with concentrated HCl at 0◦ until all the Mg salts were dissolved.
The resulting clear solution was extracted with Et2O (3 × 200 mL). The
combined ethereal extracts were washed with 1 M KOH (3 × 200 mL) and
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saturated NaCl (200 mL), dried (MgSO4), and concentrated to give a pungent
oil. Column chromatography (20 : 1 pentane/Et2O) afforded the title product as
a clear fragrant oil (5.37 g, 19.0 mmol, 77%): [α]20

D + 32.18◦ (c 5.6, CHCl3);
IR (CH2Cl2) 3030, 2950, 1500, 1450, 1360, 1340, 1220, 1100 cm−1; 1H NMR
(200 MHz, CDCl3) δ 1.60–1.82 (m, 4H), 1.87–2.10 (m, 2H), 3.92–4.03 (m,
2H), 4.52 (d, J = 12.5 Hz, 4H), 7.34 (s, 10H). Anal. Calcd. for C19H22O2: C,
80.82; H, 7.85. Found: C, 80.42; H, 8.03.

OTIPS
NHBocO

OTBDPS
n-C12H23

LN, THF

–78°, 20 min

(93%)

OTIPS
NHBocO

OTBDPS
n-C12H23

Ts

(2S , 3S )-2-tert-Butoxycarbonylamino-3-tert-butyldiphenylsilyloxy-1-tri-
isopropylsilyloxyoctadecan-4-one (Desulfonylation of a β-Ketosulfone).341

To a solution of lithium naphthalenide, prepared from naphthalene (64 mg,
0.50 mmol) in THF (1.0 mL) and Li wire (4.3 mg, 0.63 mmol), was added a
solution of (2S, 3S)-2-tert-butoxycarbonylamino-3-tert-butyldiphenylsilyloxy-5-
(p-toluenesulfonyl)-1-triisopropylsilyloxyoctadecan-4-one (120 mg, 0.12 mmol)
in THF (0.50 mL) via cannula. The mixture was stirred for 20 minutes at −78◦,
treated with saturated NH4Cl (0.50 mL), and poured into H2O (10 mL). After
extraction with Et2O, the organic layer was washed with brine, dried over anhy-
drous MgSO4, and concentrated to give a residue that was purified by silica
gel column chromatography. Elution with EtOAc/hexane (0 : 100, then 5 : 95)
afforded the title product as a colorless oil (93 mg, 93%): [α]24

D + 4.9◦ (c 1,
CHCl3); IR (CHCl3) 3445, 1709, 1501 cm−1; 1H NMR (270 MHz, CDCl3) δ 0.88
(t, J = 6.5 Hz, 3H), 0.94–1.32 (m, 63H), 2.08 (dt, J = 17.6, 5.8 Hz, 1H), 2.30
(dt, J = 17.6, 6.4 Hz, 1H), 3.69 (dd, J = 9.9, 8.0 Hz, 1H), 3.77 (dd, J = 9.9,
5.8 Hz, 1H), 4.08 (m, 1H), 4.39 (d, J = 4.8 Hz, 1H), 4.82 (d, J = 9.0 Hz, 1H),
7.30–7.66 (m, 10H); 13C NMR (100 MHz, CDCl3) δ 11.92 (3C), 14.1, 18.0, 19.6,
22.7, 27.1, 28.3, 29.0, 29.4, 29.7, 31.6, 32.0, 39.3, 55.0, 62.0, 77.9, 79.3, 127.6,
127.7, 129.86, 129.90, 133.0, 133.1, 135.9, 136.0, 155.4, 209.4; HRMS–FAB
(m/z): [M + Na]+ calcd for C48H83NNaO5Si2, 832.5708; found, 832.5697. Anal.
Calcd for C48H85NO5Si2: C, 70.97; H, 10.55; N, 1.72. Found: C, 71.37; H, 10.15;
N, 1.58.

TBDMSO

TBDMSO
OTBDMS

O O O
Si

t-Bu Bu-t

SmI2, THF/MeOH

–78° to rt, 1.5 h

TBDMSO

TBDMSO
OTBDMS

O O O
Si

t-Bu Bu-t

(89%)

PhO2S
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(2S , 7S , 8R, 9S , 12R)-7,9-Di[(tert-butyldimethylsilyl)oxy]-12-[(tert-butyl-
dimethylsilyl)oxymethyl]-2-[(4S , 6R)-2,2-di-tert-butylsilylene-6-methyl-1,3-
dioxan-4-yl]-8-methyltetradecan-5-one (Desulfonylation of a β-Ketosul-
fone).342 A flame-dried flask under argon was charged with Sm (900 mg,
6.00 mmol). The flask was evacuated to high vacuum for 15 minutes and was
then refilled with argon. This process was repeated three times. Freshly distilled
THF (30 mL) and diiodomethane (0.244 mL, 3.00 mmol) were added with vig-
orous stirring at room temperature, and the dark blue solution was stirred for
1 hour. This stock solution of samarium diiodide could be stored for 3 months
under argon.

To a solution of (2S, 7S, 8R, 9S, 12R)-7,9-di[(tert-butyldimethylsilyl)oxy]-
12-[(tert-butyldimethylsilyl)oxymethyl]-2-[(4S, 6R)-2,2-di-tert-butylsilylene-6-
methyl-1,3-dioxan-4-yl]-8-methyl-4-phenylsulfonyltetradecan-5-one (14.5 mg,
0.0145 mmol) in THF (1.6 mL) and MeOH (0.8 mL) under argon at −78◦ was
added a freshly prepared 1 M solution of samarium diiodide in THF (0.580 mL,
0.0580 mmol). The reaction flask was covered with foil, and the dark blue solu-
tion was stirred for 30 minutes at −78◦. The solution was left to warm to room
temperature during 1 hour and then diluted with Et2O (20 mL). The ethereal
solution was washed with saturated K2CO3 solution (20 mL), and the aque-
ous wash was extracted three times with Et2O (20 mL). The combined ethereal
extracts were dried (MgSO4), and the solvent was removed under reduced pres-
sure. Chromatography of the residue on silica gel, with gradient elution from
2–5% EtOAc in hexane, gave the title compound as a colorless oil (11.0 mg,
89%): [α]22

D + 19.8◦ (c 0.85, CHCl3); IR (neat) 2963, 2932, 2896, 2860, 1715,
1476, 1386, 1257, 1103, 840 cm−1; 1H NMR (400 MHz, CDCl3) δ −0.01 (s, 3H),
0.03 (s, 6H), 0.06 (s, 6H), 0.07 (s, 3H), 0.83 (d, J = 7.0 Hz, 3H), 0.84–0.91
(m, 6H), 0.86 (s, 9H), 0.89 (s, 9H), 0.90 (s, 9H), 1.00 (s, 18H), 1.15–1.36
(m, 5H), 1.29 (d, J = 7.0 Hz, 3H), 1.37–1.53 (m, 5H), 1.60–1.67 (m, 1H),
1.70–1.81 (m, 1H), 2.00–2.08 (ddd, J = 16.0, 10.0, 6.0 Hz, 1H), 2.34–2.54 (m,
2H), 2.56–2.68 (ddd, J = 20.0, 16.0, 4.0 Hz, 1H), 3.48 (ddd, J = 15.0, 10.0,
6.0 Hz, 2H), 3.83 (q, J = 6.0 Hz, 1H), 4.00 (m, 1H), 4.21 (q, J = 6.0 Hz, 1H),
4.39 (ddd, J = 12.0, 6.0, 2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ − 5.5,
−5.4, −4.5, −4.4, −4.2, −3.6, 9.9, 11.1, 13.9, 18.0, 18.1, 18.3, 20.8, 21.3, 23.3,
23.5, 25.8, 25.9, 26.0, 26.8, 27.3, 32.2, 32.7, 38.9, 41.9, 42.3, 42.4, 47.9, 65.1,
67.7, 70.1, 71.4, 72.1, 209.9; MS–CI m/z: M+ 858, 844, 802, 728, 670, 630,
596, 538, 498, 471, 359, 269, 227, 199, 147, 115. HRMS–CI (m/z): calcd for
C46H98O6Si4 –C4H9, 801.5739; found, 801.5738.

HO
6% Na/Hg, Na2HPO4

MeOH, –10° to rt, 14 h
(90%)HO

SO2Ph

(S )-4-Methylnon-8-en-1-ol (Desulfonylation of a Non-Functionalized
Sulfone).343 A solution of (R)-4-methyl-6-(phenylsulfonyl)non-8-en-1-ol (0.24
g, 0.8 mmol) in dry MeOH (3 mL) was added to a stirred suspension of Na/Hg
[freshly prepared from Na (0.37 g, 16.1 mmol) and Hg (6.2 g, 30.9 mmol)] and
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Na2HPO4 (2.28 g, 16.1 mmol) in MeOH (10 mL) under argon. The reaction
progress was monitored by TLC (ca. 14 h). The mixture was then filtered and
the filter cake was washed with Et2O. The combined filtrate and washings were
evaporated at room temperature under vacuum. The residue was treated with H2O
(40 mL) and extracted with Et2O (3 × 15 mL). The ethereal phase was washed
with H2O (15 mL) and brine (15 mL), dried (MgSO4), and concentrated under
vacuum at room temperature. The residue was purified by flash chromatography
(silica gel, 2 : 1 light petroleum ether/Et2O) to give the title compound as a
colorless oil (0.11 g, 90%): Rf 0.19 (4 : 1 light petroleum/Et2O); [α]23

D −1.8◦

(c 1.23, CHCl3); IR (film) 3400–3200, 3078, 2920, 2860, 1640, 1405, 1373,
1055, 990, 905 cm−1; 1H NMR (300 MHz, CDCl3) δ 0.88 (d, J = 6.3 Hz, 3H),
1.07–1.68 (m, 7H), 1.96–2.07 (m, 3H), 3.60 (t, J = 6.3 Hz, 2H), 4.90–5.04 (m,
2H), 5.81 (ddt, J = 17.0, 10.5, 6.6 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ19.6,
26.4, 30.3, 32.6, 32.9, 34.2, 36.5, 63.3, 114.2, 139.1; MS–EI m/z: M+156, 123,
112, 97, 95, 82, 81, 70, 69, 55, 41. Anal. Calcd for C10H20O: C, 76.85; H, 12.90.
Found: C, 76.71; H, 13.03.

S

S

O

O
O

Al/Hg, THF/H2O

reflux, 1 h

S

S

O

O
O (60%)

SO2Ph

(3R)-1-[(4S )-2,2-Dimethyl-1,3-dioxolan-4-yl]-3-(1,3-dithian-2-yl)butan-1-
one (Desulfonylation of a β-Ketosulfone).344 A solution of mercury (II)
chloride (60.3 g, 222 mmol) in water (1.2 L) was added to a vigorously
stirred suspension of aluminum powder (11.9 g, 449 mmol) in water
(50 mL). The supernatant was decanted and the amalgam washed with
methanol (3 × 50 mL) followed by THF (3 × 50 mL). A suspension
of the amalgam in THF (50 mL) was poured through a funnel into a
solution of (3R)-1-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl)-3-(1,3-dithian-2-yl)-2-
(phenylsulfonyl)butan-1-one (4.8 g, 11.1 mmol) in THF (70 mL). The reaction
vessel was fitted with a reflux condenser, and water (5 mL) was added. After
approximately 5 minutes, the reaction mixture began to reflux. Stirring was
continued for 1 hour, and the mixture was then filtered through a pad of Celite
and sand on a sintered-glass funnel. The solids were rinsed with EtOAc (300 mL),
and the filtrate was washed with water (200 mL) and brine (200 mL), dried over
MgSO4, filtered, and concentrated. Flash chromatography (3 : 1 hexanes/EtOAc)
provided the title product (1.9 g, 60%) as a colorless oil: [α]23

D −15◦ (c 1.7,
CHCl3); IR (CHCl3) 3345, 1670, 1590, 1110 cm−1; 1H NMR (500 MHz,
DMSO–d6) δ 0.90 (d, J = 7.0 Hz, 3H), 0.97 (s, 9H), 1.40 (s, 3H), 1.48 (dq,
J = 14.0, 7.0 Hz, 1H), 1.51–1.58 (m, 1H), 1.52 (s, 3H), 1.84 (t, J = 7.0 Hz,
2H), 1.98 (q, J = 7.0 Hz, 2H), 2.25 (sextet, J = 7.0 Hz, 1H), 3.52 (dt, J = 10.1,
7.0 Hz, 1H), 3.56 (dt, J = 10.1, 7.0 Hz, 1H), 3.89 (t, J = 5.2 Hz, 2H), 4.39 (t,
J = 5.2 Hz, 1H), 5.06 (t, J = 7.0, 1H), 5.21 (dt, J = 5.2, 1.2 Hz, 1H), 7.44 (m,
6H), 7.59 (m, 4H); HRMS–CI (NH3) (m/z): [M + H]+ calcd for C13H23O3S2,
291.1088; found, 291.1063.
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Ts

O

Ph

O

Zn, NH4Cl

THF, rt, 2 h

Ph
(92%)

1-Cyclohexylidenyl-3-phenylpropan-2-one (Desulfonylation of a β-Keto-
sulfone).345 To a solution of 1-cyclohexylidenyl-3-phenyl-3-(p-toluenesulfo-
nyl)propan-2-one (1.02 g, 2.77 mmol) in THF (15 mL) was added activated
Zn (400 mg) and saturated aqueous NH4Cl (15 mL). The mixture was stirred
vigorously at room temperature for 2 hours and then diluted with EtOAc and
filtered. The filtrate was washed with NaHCO3 and brine, dried, and evaporated.
Purification by flash chromatography (9 : 1 hexane/Et2O) of the residue afforded
the title product as a viscous colorless liquid (546 mg, 92%): IR (neat) 2932,
1688, 1613 cm−1; 1H NMR (200 MHz, CDCl3) δ 1.57 (m, 6H), 2.13 (m, 2H),
2.80 (m, 2H), 3.69 (s, 2H), 6.00 (s, 1H), 7.26 (m, 5H); 13C NMR (50 MHz,
CDCl3) δ 16.1, 27.7, 28.6, 29.7, 37.9, 51.3, 120.2, 126.5, 128.4, 129.2, 135.0,
162.7, 198.1. Anal. Calcd for C15H18O: C, 84.07; H, 8.47. Found: C, 84.10;
H, 8.42.

N
Pr-i

Ph

Ts

O

O
Na2S2O4, NaHCO3

DMF/H2O, 100°, 1 d
(40%)

N
Pr-i

Ph

O

O

N -Isopropyl-γ-(2-phenyl-2-oxoethyl)-γ-butyrolactam (Desulfonylation of
a β-Ketosulfone).346 To a solution of N -isopropyl-γ-[2-phenyl-2-oxo-1-(p-
toluenesulfonyl)ethyl]-γ-butyrolactam (80 mg, 0.2 mmol) in DMF (4 mL) and
water (2 mL) was added Na2S2O4 (102 mg, 0.5 mmol) and NaHCO3 (42 mg,
0.5 mmol). The mixture was stirred for 1 day at 100◦, was cooled to rt, H2O
was added and the mixture was extracted with EtOAc (3 × 20 mL). The organic
layer was dried (Na2SO4) and concentrated under vacuum (15 Torr) to give a
residue that was chromatographed (silica gel, hexane/EtOAc) to afford the pure
title product (19 mg, 40%): Rf 0.40 (EtOAc); IR (neat) 1670 cm−1; 1H NMR
(300 MHz, CDCl3) δ 1.29, 1.30 (2d, J = 6.9 Hz, 6H), 1.71 (m, 1H), 2.30 (m,
1H), 2.49 (m, 2H), 3.20 (dd, J = 17.2, 9.5 Hz, 1H), 3.32 (dd, J = 17.2, 3.5 Hz,
1H), 4.16 (m, 1H), 4.35 (m, 1H), 7.50, 7.61, 7.94 (3m, 5H); 13C NMR (75 MHz,
CDCl3) δ 19.9, 21.6, 25.9, 30.2, 43.6, 44.5, 53.4, 128.0, 128.8, 133.6, 136.7,
174.9, 197.6; MS–EI m/z: M+ 245, 217, 202, 126, 125, 110, 105, 84, 77, 55, 51,
43, 42, 41; HRMS–EI (m/z): calcd for C15H19NO2, 245.1416; found, 245.1413.

MeO
SO2Ph

O

BzHN F
MeO

Sn(Bu-n)3

O

BzHN F

HCl 

reflux, 17 h

(n-Bu)3SnH, AIBN

C6H6, reflux, 24 h

HO
H

O

ClH3N F

(80%)

(89%)
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(Z )-α-(2′-Fluoro)vinylalanine Hydrochloride (Desulfonylation of a Vinylic
Sulfone).65 Argon was bubbled into a solution of (S, E)-methyl 2-benzamido-4-
fluoro-2-methyl-4-(phenylsulfonyl)but-3-enoate (41 mg, 0.10 mmol) in benzene
(1 mL) for 2 minutes. Tributyltin hydride (64 mg, 020 mmol) and AIBN
(2.0 mg, 0.01 mmol) were then added under an argon atmosphere. The reaction
mixture was heated under reflux for 24 hours, concentrated, and the residue was
chromatographed (hexane to 90 : 10 hexane/EtOAc) to give the tri-n-butylstannyl
vinylalaninate derivative (45 mg, 80%): IR (film) 1741, 1525 cm−1; 1H NMR
(500 MHz, CDCl3) δ 0.85 (m, 9H), 0.99 (m, 6H), 1.30 (m, 6H), 1.50 (m, 6H),
1.81 (s, 3H), 3.78 (s, 3H), 5.38 (d, J = 56.0 Hz, 1H), 7.40 (m, 2H), 7.46 (d,
J = 7.0 Hz, 1H), 7.49 (bs, 1H), 7.77 (m, 2H); 13C NMR 125 MHz, (CDCl3) δ

8.7, 10.1, 13.5, 13.6, 24.3, 26.8, 27.0, 27.2, 28.6, 28.7, 28.8, 52.9, 57.9, 58.0,
124.2, 127.0, 127.1, 128.4, 131.4, 134.6, 165.9, 172.2, 173.9, 174.7; 19F NMR
(470 MHz, CDCl3) δ −94.99 (d, J = 55.0 Hz). Anal. Calcd for C25H40NO3FSn:
C, 55.58; H, 7.46; N, 2.59. Found: C, 54.85; H, 7.34; N, 2.54.

A suspension of the tri-n-butylstannyl vinylalaninate (46.4 mg, 0.1 mmol) in
6 N HCl (2 mL) was refluxed for 17 hours. Following sequential extraction with
CH2Cl2 and EtOAc, the aqueous layer was evaporated under vacuum and mild
heating (40◦

) to give the title product salt (13.4 mg, 89%): 1H NMR (500 MHz,
D2O) δ 1.73 (s, 3H), 5.21 (dd, J = 44.0, 5.0 Hz, 1H), 6.77 (dd, J = 82.0,
5.0 Hz, 1H); 19F NMR (470 MHz, CDCl3) δ −117.85 (dd, J = 82.0, 43.0 Hz);
HRMS–FAB (m/z): [M + H]+ calcd for C5H9FNO2,134.0617; found, 134.0616.

N

N

S
O2

P(OEt)2

F

O

P(OEt)2

O

F
(n-Bu)3SnCl, AIBN, PMHS, KF

toluene, H2O, reflux, 3 h
(82%)

Diethyl 1-Fluoroethylphosphonate (Desulfonylation of an α-Functionali-
zed Sulfone).60 Nitrogen was bubbled through a solution of diethyl 1-fluoro-
1-(pyrimidin-2-ylsulfonyl)ethylphosphonate (117 mg, 0.36 mmol), n-Bu3SnCl
(18 mg, 0.015 mL, 0.054 mmol), and AIBN (14 mg, 0.09 mmol) in toluene
(3 mL) for 15 minutes. The solution was heated at reflux for 3 hours and
PMHS (0.15 mL) and KF [(42 mg, 0.72 mmol) in H2O (0.3 mL)] were added
in three equal portions, immediately after the boiling point was reached, after
1 hour, and after 2 hours. Three extra portions of AIBN (14 mg, 0.09 mmol)
in toluene (0.2 mL) were added via syringe after 45 minutes, 1.5 hours,
and 2 hours. The volatiles were evaporated, and the residue was partitioned
(EtOAc/NaHCO3/H2O). The organic layer was washed with brine, dried
(MgSO4), evaporated, and chromatographed (70–20% hexane/EtOAc) to give
diethyl 1-fluoroethylphosphonate (54 mg, 82%): 19F NMR (376.4 MHz, CCl3F) δ

−202.38 (ddq, J = 76.0, 46.8, 24.4 Hz); 31P NMR (161.9 MHz, H3PO4) δ 19.87
(dm, J = 75.2, 7.2 Hz); MS–APCI m/z: [M + H]+185.



DESULFONYLATION REACTIONS 439

O
O

OTBDPS

SO2Ph

(W-2) Ra–Ni

EtOH, reflux, 22 h O
O

OTBDPS

(88%)

(2S , 3S , 6R, 11R)-3,11-Dimethyl-2-[[[(1,1-dimethylethyl)diphenylsilyl]
oxy]methyl]-1,7-dioxaspiro[5.5]undecane (Desulfonylation of a β-Functiona-
lized Sulfone).180 To a solution of (2S,3S,5R,6R,11R)-3,11-dimethyl-2-
[[[(1,1-dimethylethyl)diphenylsilyl]oxy]methyl]-5-(phenylsulfonyl)-1,7-dioxa-
spiro[5.5]undecane (2.83 g, 4.77 mmol) in EtOH (100 mL) was added a suspen-
sion of (W-2) Ra–Ni (42.0 g) in EtOH (100 mL). After the mixture was heated
to reflux with vigorous stirring for 22 hours, Et2O (100 mL) was added and the
mixture refluxed again for 30 minutes. Insoluble material was removed by filtra-
tion through a pad of Celite, and the bed was washed with Et2O (200 mL). The
combined filtrate was concentrated under vacuum, and the residue obtained was
purified by silica gel flash chromatography (benzene) and subsequent crystalliza-
tion from MeCN to give the title compound as colorless needles (1.90 g, 88%):
mp 82–84◦; [α]22

D + 40.9◦ (c 1.80, CHCl3); IR (KBr) 2925, 2870, 1105 cm−1;
1H NMR (270 MHz, CDCl3) δ 0.85 (d, J = 5.8 Hz, 3H), 0.99 (d, J = 6.5 Hz,
3H), 1.00–1.89 (m, 10H), 1.04 (s, 9H), 3.37 (ddd, J = 9.0, 5.3, 2.5 Hz, 1H),
3.53 (ddd, J = 11.3, 3.1, 1.6 Hz, 1H), 3.68 (dt, J = 11.3, 2.3 Hz, 1H), 3.73 (dd,
J = 10.6, 5.3 Hz, 1H), 3.81 (dd, J = 10.6, 2.5 Hz, 1H), 7.35–7.80 (m, 10H);
13C NMR (67.8 MHz, CDCl3) δ 16.8, 17.6, 19.2, 26.4, 26.6, 27.5, 27.8, 30.6,
31.8, 38.8, 59.8, 64.9, 75.9, 97.9, 127.7, 129.5, 133.8, 134.0, 135.7; HRMS–EI
(m/z): calcd for C28H40O3Si, 452.2747; found, 452.2729.

SO2Et

Ph

H

Ph

NICRA (2/2/1)

DME, 65°, 18.5 h
(61%)

1-Phenyl-2-methyl-1-propene (Desulfonylation of a Vinylic Sulfone).75

tert-Amyl alcohol (20 mmol) in anhydrous DME (10 mL) was added dropwise to
a suspension of NaH (40 mmol) and Ni(OAc)2 (10 mmol) in refluxing anhydrous
DME (30 mL). After 2 hours stirring at the same temperature the NICRA (2/2/1)
was formed and ready for use. A solution of 1-(ethylsulfonyl)-1-phenyl-2-methyl-
1-propene (224 mg, 1 mmol) in DME (10 mL) was then added dropwise and
the reaction mixture was stirred for 18.5 hours at reflux. The excess NaH was
carefully destroyed by dropwise addition of EtOH at room temperature. Analysis
by GC of the crude reaction mixture showed 1-phenyl-2-methyl-1-propene as
the major reaction product (95%) together with small amounts of 1-phenyl-
2-methylpropane (5%). After classical work-up, the residue was purified by
flash chromatography on silica gel (EtOAc/hexane) to give 1-phenyl-2-methyl-
1-propene as a colorless oil (80.5 mg, 61%).
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[Cp2NiAlH2]– Li+

THF, rt, overnight
(54%)

SO2Me

2-Methylnaphthalene (Desulfonylation of a Non-Functionalized Sulfone).72

A solution of nickelocene (0.23 g, 1.2 mmol) in THF (20 mL) was
added under argon to LiAlH4 (0.046 g, 1.2 mmol) and the resulting solu-
tion was stirred at room temperature for 15 minutes. A solution of 2-
(methylsulfonylmethyl)naphthalene (0.14 g, 0.61 mmol) in THF (10 mL) under
argon was added and the mixture was stirred overnight at room temperature.
Water was added and after stirring for 20 minutes, the mixture was filtered, and
the filtrate was extracted with Et2O. The combined organic extracts were dried
(MgSO4) and filtered, and the filtrate was evaporated in vacuo to give the title
product (0.065 g, 54%).

OMe
SO2Ph

MeO

(87%)

OMe
MeO

LiAlH4, TiCl4

THF, –78° to 20°, 8 h

9-Isopropyl-1,3-dimethoxy-4,7,12-trimethylbenzo[a]heptalene (Desulfony-
lation of an Aryl Sulfone).80 Titanium tetrachloride (0.26 mL, 2.4 mmol) was
added dropwise at −78◦ to anhydrous THF (8 mL) under an argon atmosphere. A
1 M solution of LiAlH4 (7.1 mL, 7.1 mmol) in THF was then added slowly, upon
which a dark gray suspension formed, which was left to warm to −10◦ within
3 hours. The mixture was cooled again to −78◦ and a solution of 9-isopropyl-
1,3-dimethoxy-4,7,12-trimethyl-2-(phenylsulfonyl)benzo[a]heptalene (0.090 g,
0.184 mmol) in THF (4 mL) was added slowly under argon. After 0.5 hours at
−78◦, the temperature was raised within 2 hours to room temperature and stirring
was continued for an additional 2 hours. The still dark gray mixture was added
slowly to a saturated solution of NH4Cl (150 mL), and the mixture was stirred
for about 1.5 hours. After extraction with EtOAc (3 × 50 mL), the organic layer
was washed with H2O (50 mL), brine (50 mL), and dried (Na2SO4). Evaporation
of the solvent under vacuum left a solid, which was purified by flash chromatog-
raphy (SiO2, 70 g, 4 : 1 hexane/EtOAc) to give the pure title product as a yellow
crystalline powder (0.056 g, 87%): mp 132.5–132.9◦ (Et2O/hexane); Rf (3 : 1
hexane/EtOAc) 0.75; 1H NMR (300 MHz, CDCl3) δ 1.15, 1.16 (2d, J = 6.9 Hz,
6H), 1.56 (s, 3H), 1.72 (s, 3H), 2.22 (s, 3H), 2.58 (septet, J = 6.9 Hz, 1H), 3.68
(s, 3H), 3.84 (s, 3H), 5.74 (s, 1H), 6.26 (d, J = 12.0 Hz, 1H), 6.34 (dd, J = 11.8,
1.2 Hz, 1H), 6.44 (d, J = 11.8 Hz, 1H), 6.62 (s, 1H), 6.99 (d, J = 12.0 Hz, 1H);
13C NMR (75.5 MHz, CDCl3) δ 11.2, 16.7, 19.0, 22.8, 23.1, 34.6, 56.0, 57.3,
98.6, 116.6, 121.3, 122.1, 127.3, 128.3, 129.7, 130.2, 132.2, 133.3, 135.6, 136.3,
138.0, 146.3, 154.2, 156.8.
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SO2Ph

Cl

SMe

Cl

SMe

(78%)  Z/E 76:24
NaHTe

EtOH, rt, 3 h

Methyl (β-3-Chlorophenylethenyl) Sulfide (Desulfonylation of a Vinylic
Sulfone).164 To a solution of NaHTe, prepared from Te (1.3 g, 10 mmol), and
NaBH4 (0.9 g, 24 mmol) in EtOH (20 mL) under a nitrogen atmosphere, was
added a solution of (E)-α-methylthio-β-(3-chlorophenyl)ethenyl phenyl sulfone
(1.3 g, 4 mmol) in EtOH (30 mL). The mixture was stirred at room temperature
for 3 hours, quenched with water (30 mL), and kept open to air to precipitate the
Te powder. After 1 hour, the mixture was filtered and the filtrate was extracted
with Et2O (3 × 30 mL). The combined ethereal solution was dried (MgSO4)

and concentrated to give the crude product, which was purified by column
chromatography on silica gel using benzene as eluent to afford the pure title
product as a colorless oil (0.57 g, 78%, Z/E = 76 : 24): IR (neat) 1600, 1592,
1482, 830, 788, 770, 672, 560 cm−1; 1H NMR (90 MHz, CDCl3) Z-isomer:
δ 2.36 (s, 3H), 6.09, 6.33 (2d, J = 11.0 Hz, 2H), 7.16–7.52 (m, 4H); E-isomer:
δ 6.21, 6.83 (2d, J = 15.4 Hz, 2H).

HO
OTBDPS

HO
OTBDPS

PdCl2(dppp), LiHBEt3

THF, 4°, 6 h

(82%)

SO2Ph

(R, 2E , 6E )-10-(tert-Butyldiphenylsilyloxy)-3,7,8-trimethyldeca-2,6-dien-
1-ol (Desulfonylation of an Allylic Sulfone).347 To a solution of (R, 2E, 6E)-
10-(tert-butyldiphenylsilyloxy)-3,7,8-trimethyl-5-(phenylsulfonyl)deca-2,6-dien-
1-ol (5.74 g, 9.71 mmol) and palladium chloride/1,3-bis(diphenylphosphano)pro-
pane complex (767 mg, 1.30 mmol) in dry THF (100 mL) was added a solution
of lithium triethylhydroborate (1.0 M in THF, 29.0 mL, 29.0 mmol) at 0◦ under
argon. The mixture was stirred at 4◦ for 6 hours, then was diluted with 10%
aqueous NaCN solution and extracted with diethyl ether. The extracts and the
organic layer were combined, washed with water and brine, dried with MgSO4,
and concentrated under reduced pressure. The residue was chromatographed on
silica gel (80 g, 40 : 1 hexane/EtOAc) to give the title product (3.57 g, 82%) as
a colorless oil: [α]22

D + 0.628◦ (c 1.0, CHCl3); IR (film) 3345 cm−1; 1H NMR
(500 MHz, CDCl3) δ 1.07 (d, J = 6.7 Hz, 3H), 1.36 (s, 3H), 1.46 (s, 3H), 1.82
(m, 1H), 2.06 (m, 1H), 2.55 (m, 1H), 2.58 (dd, J = 17.7, 7.9 Hz, 1H), 2.81 (m,
4H), 2.95 (dd, J = 17.7, 4.6 Hz, 1H), 3.79 (dd, J = 8.6, 5.5 Hz, 1H), 4.07 (d,
J = 4.8 Hz, 1H), 4.16 (dd, J = 8.6, 7.7 Hz, 1H), 4.41 (dd, J = 7.7, 5.5 Hz,
1H); 13C NMR (62.8 MHz, CDCl3) δ 17.6, 24.9, 26.0, 30.2, 30.4, 33.1, 42.9,
53.9, 66.3, 80.2, 110.9, 209.2. Anal. Calcd for C29H42O2Si: C, 77.28; H, 9.39.
Found: C, 77.10; H, 9.43.
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SO2Ph
n-BuMgCl, Ni(acac)2

THF, 1 h, rt
(51%)

98.5% E,E (51%) 96% E,Z

(3E , 5Z )-Dodecadiene (Desulfonylation of a Vinylic Sulfone).48 A mix-
ture of (3E, 5Z)-5-(phenylsulfonyl)dodeca-3,5-diene (153 mg, 0.5 mmol) and
Ni(acac)2 (2.6 mg, 0.01 mmol) was purged three times with nitrogen before
adding anhydrous THF (2.5 mL). The mixture was stirred at room temperature
for 0.25 hour and a 1 M solution of n-BuMgCl in THF (1 mL, 1 mmol) was
added dropwise. The resulting pale blue solution was poured over a mixture of
saturated aqueous ammonium chloride and ice. The mixture was extracted five
times with pentane and the combined organic layers were washed 5 times with
H2O. After elution over a column of silica gel, the solvent was distilled through
a glass-bead column to yield (3E, 5Z)-dodecadiene (44 mg, 51%) contaminated
with small amounts (4%) of the EE–isomer: 1H NMR (250 MHz, CDCl3) δ 0.91
(m, 3H), 1.04 (t, J = 7.5 Hz, 3H), 1.22–1.45 (m, 8H), 2.08–2.24 (m, 4H), 5.35
(m, 1H), 5.64 (br dt, J = 15.0, 6.7 Hz, 1H), 6.01 (br t, J = 11.0, 1H), 6.37 (br
ddd, J = 15.0, 11.0, 1.5 Hz, 1H); MS–EI m/z: M+166, 137, 123, 109, 95, 82,
81, 67; HRMS–EI (m/z): calcd for C12H22, 166.1721; found, 166.1721.

Reductive Eliminations

O
O

NHBoc
OBn

O
O

NHBoc
OBn6% Na/Hg, Na2HPO4

MeOH, 0°, 3 h

(80%) Z/E 23:77

OH

SO2Ph

(2R, 5R)-1-Benzyloxy-2-[(tert-butoxycarbonyl)amino]-5,6-isopropylidene-
dioxyhex-3-ene (Reductive Elimination of a β-Hydroxysulfone).201 To
a solution of (2S, 5S)-6-benzyloxy-5-[(tert-butoxycarbonyl)amino]-1,2-isopro-
pylidenedioxy-4-(phenylsulfonyl)hexan-3-ol (4.55 g, 8.5 mmol) in HPLC grade
MeOH (70 mL) containing Na2HPO4 (12.1 g, 85 mmol) was added 6% Na/Hg
(25 g, 65 mmol) at 0◦. The mixture was stirred at this temperature for 3 hours.
Mercury was removed by decanting the reaction mixture and the MeOH was
evaporated. The residue was diluted in H2O (200 mL) and extracted with
EtOAc (3x100 mL). The organic extracts were washed successively with H2O
(2 × 100 mL) and brine (100 mL), dried over Na2SO4, and evaporated. Flash
chromatography of the residue (3 : 1 heptane/EtOAc) provided two alkenes (2.54
g, 80%): 1.95 g (77%) of the E-isomer and 0.59 g (23%) of the Z-isomer.

E-isomer: [α]20
D −7.3◦ (c 2.0, CHCl3); IR (neat) 3348, 3030, 2982, 2934, 2869,

1715, 1511, 1498, 1455, 1391, 1368, 1247 cm−1; 1H NMR (300 MHz, CDCl3)
δ 1.38, 1.41 (2s, 6H), 1.44 (s, 9H), 3.45–3.54 (m, 2H), 3.56 (t, J = 8.0 Hz,
1H), 4.07 (dd, J = 8.0, 6.1 Hz, 1H), 4.35 (br s, 1H), 4.44–4.58 (m, 3H), 4.92
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(br s, 1H), 5.64 (ddd, J = 15.6, 7.1, 1.2 Hz, 1H), 5.83 (dd, J = 15.6, 5.1 Hz,
1H), 7.30–7.33 (m, 5H); 13C NMR (75.5 MHz, CDCl3) δ 26.0, 26.7, 28.4, 51.4,
69.5, 72.0, 73.2, 76.6, 79.6, 109.4, 127.7, 127.8, 128.5, 128.9, 132.4, 137.9,
155.4; MS–CI m/z: [M + H]+ 378, 278, 264. Anal. Calcd for C21H31NO5: C,
66.8; H, 8.3; N, 3.7. Found: C, 66.5; H, 8.7; N, 3.6.

Z-isomer: [α]20
D + 3.7◦ (c 2.0, CHCl3); IR (neat) 3347, 3030, 2982, 2933,

2969, 1715, 1511, 1498, 1455, 1391, 1368, 1247 cm−1; 1H NMR (300 MHz,
CDCl3) δ 1.36, 1.41 (2s, 6H), 1.44 (s, 9H), 3.45–3.61 (m, 2H), 4.18 (dd, J = 8.1,
6.2 Hz, 1H), 4.49, 4.57 (2d, J = 11.9 Hz, 2H), 4.55–4.65 (m, 1H), 4.90–5.10
(m, 2H), 5.33 (dd, J = 11.0, 8.7 Hz, 1H), 5.68 (dd, J = 11.0, 10.4 Hz, 1H),
7.30–7.35 (m, 5H); 13C NMR (75.5 MHz, CDCl3) δ 25.9, 26.9, 28.5, 48.0,
69.8, 72.2, 72.3, 73.4, 79.6, 109.4, 127.8, 127.9, 128.5, 129.8, 130.3, 131.9,
137.9, 155.1. MS–CI m/z: [M + H]+ 378, 278, 264; HRMS–CI (m/z): calcd
for C21H32NO5, 378.2280; found, 378.2282.

TABULAR SURVEY

Tables 1–8 are organized by substrate and cover the reductive desulfonylation
reactions of non-functionalized sulfones, α-functionalized sulfones, β-functiona-
lized sulfones, remote functionalized sulfones, β-oxo sulfones (and β-oxo equiv-
alents), allylic sulfones, and vinylic sulfones, respectively. Table 8 covers the
reductive elimination (Julia–Lythgoe olefination) of β-functionalized sulfones.
In general, a polyfunctionalized sulfone substrate will be ordered according to
the following substitution classification: β-oxo, allyl, vinyl > α > β > remote.
For example, an α-substituted vinylic sulfone will be found in Table 7. Entries in
Tables 1–8 are ordered by increasing carbon count of the compound. Protecting
groups are included in the carbon count. For a particular carbon count, entries are
ordered according to increasing hydrogen count. The tables contain all examples
that could be found in the literature through September 2007.

Abbreviations used in the tables are as follows:

Ac acetyl
AIBN 2,2′-azobis(2-methylpropionitrile)
All allyl
Alloc allyloxycarbonyl
Bn benzyl
BNAH 1-benzyl-1,4-dihydronicotinamide
Boc tert-butoxycarbonyl
BOM benzyloxymethyl
bpy 2,2′-bypiridyl
Bz benzoyl
CAN ceric ammonium nitrate
Cbz benzyloxycarbonyl
C10H7 naphthyl
C10H8 naphthalene
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Cp cyclopentadienyl
DABCO 1,4-diazabicyclo[2.2.2]octane
DEIPS diethylisopropylsilyl
DIBALH diisobutylaluminum hydride
DMAN 1-(dimethylamino)naphthalene
DMAP 4-(dimethylamino)pyridine
DME 1,2-dimethoxyethane
DMF N ,N -dimethylformamide
DMPM 3,4-dimethoxyphenylmethyl
DMPU N ,N ′-dimethylpropyleneurea
DMSO dimethyl sulfoxide
dppe 1,2-bis(diphenylphosphino)ethane
dppp 1,3-bis(diphenylphosphino)propane
dr diastereomeric ratio
EDTA ethylenediaminetetraacetic acid
HMPA hexamethylphosphoric triamide
LDA lithium diisopropylamide
LDTBB lithium 4,4′-di-tert-butylbiphenylide
LHMDS lithium hexamethyldisilazane
MCPBA 3-chloroperbenzoic acid
MEM 2-methoxyethoxymethyl
Mes mesityl
MOM methoxymethyl
MP 4-methoxyphenyl
MR Merrifield resin
Ms methanesulfonyl or mesyl
MTM methylthiomethyl
NADH reduced nicotinamide adenine dinucleotide
NICRA nickel-containing complex reducing agent
NICRA (x/y/z/t) nickel-containing complex reducing agents

(NaH/t-AmONa/Ni(OAc)2/external ligand)
NMO N -methylmorpholine N -oxide
OcV2+ octylviologen (1,1′-dioctyl-4,4′-bipyridinium)
Piv pivaloyl
PMB 4-methoxybenzyl
PMHS poly(methylhydrosiloxane)
PNAH 1-propyl-1,4-dihydronicotinamide
PNB 4-nitrobenzyl
PNBz 4-nitrobenzoyl
PPTS pyridinium 4-toluenesulfonate
Py pyridine
Ra–Ni Raney nickel
rt room temperature
SEM 2-(trimethylsilyl)ethoxymethyl
TBAF tetra(n-butyl)ammonium fluoride
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TBAI tetra(n-butyl)ammonium iodide
TBDMS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl
TEA triethylamine
Teoc 2-(trimethylsilyl)ethoxycarbonyl
TES triethylsilyl
THF tetrahydrofuranyl
THP 2-tetrahydropyranyl
TIPS triisopropylsilyl
TMEDA N ,N ,N ′,N ′-tetramethylethylenediamine
TMS trimethylsilyl
TMSCl trimethylsilyl chloride
Tol tolyl
TPAP tetrapropylammonium perruthenate
Tr trityl
Ts 4-toluenesulfonyl or tosyl



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES

SO2Me
C10

EtNH2/Li, 0°, 1.5 h (31) 348

C10-25

75

(80)

(80)

(60)

(55)

H

R2

R1

C12

72
SO2Me

(92)

C13-25

NiBr2•DME, Ph3P,

  LiAlH4, rt, 1 d

349

349

349

350

350

350

(80)

(78.5)

(91)

(95)

(80)

(93)

R2
R1

n

SO2R3

R2

R1

n-C6H13

Ph

n-C12H25

n-C12H25

R2

Me

Ph

H

H

R3

Et

Et

Et

n-C12H25

R1
NICRA (x/y/z/t), THF, 65°

Time

21 h

21 h

19 h

16.5 h

x/y/z/t

7/2/1/0

7/2/1/0

5/2/1/0

7/2/1/0

Na/Hg, Na2HPO4,

  THF/MeOH, –20°, 11 h

Time

11 h

11 h

11 h

(—)

(—)

(—)

n

n

1

2

2

2

2

2

R1

R1

H

H

MeO

MeO

MeO

MeO

R2

R2

H

H

H

H2C=CH2CH2

(EtO)2CHCH2

(E)-Me2C=CH(CH2)2C(Me)=CHCH2

SO2Ph

446

C14-20

C14

Mg, MeOH, 50°SO2Ph (68) 118

C14-17

Na/Hg, EtOH, reflux, 

  15 h

351

R SO2C6H4Cl-4

(70)

(99)

(85)

(100)

(92)

(72)

(80)

R1

R2

R3 R4

351SO2C6H4Cl-4R1

R2

R1

n-Pr

H

n-C5H11

Ph

n-Pr

n-C5H11

Ph

R2

H

H

H

Me

H

H

Me

R3 R4

R3

Me

Ph

Me

Me

Ph

n-Bu

n-Bu

R4

Me

H

H

H

H

H

H

R R

Me

n-Bu

(70)

(55)

Na/Hg, EtOH, reflux

Time

15 h

5 h

4 h

18 h

15 h

12 h

15 h

447
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TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES (Continued)

Na/Hg, Na2HPO4, MeOH, rtPhO2S R1

R2 R3
352R1

R2 R3

R1

t-Bu

n-Bu

s-Bu

n-Bu

n-Bu

s-Bu

R2

H

Me

Me

Me

Ph

Ph

R3

H

H

H

Me

H

H

(82)

(98)

(95)

(83)

(83)

(87)

C14-20

C15

114Mg, HgCl2, EtOH, rt, 2 h

MeO

OMe

SO2Ph

(98)

MeO

OMe

C16

O

SO2Ph

Na/Hg 353

O

(—)

C14-26

Na/Hg, Na2HPO4,

  THF/MeOH, –20°, 5.5 h

349, 350

(76)

(92)

(81)

(96)

(83)

(93)

R1

R2

R3

R1

Me

H

H

Me

Me

Me

R1

R2

R2

Me

Me2 2C=CH(CH2)

Me

Me

Me

Me

R3

SO2Ph

R3

H

H

EtO2C(CH2)4

Bn

PhS(CH2)2

4-TolCH(Me)(CH2)3

448

69Ra-Ni, EtOH, reflux, 17 h
SO2Ph

(61)

SO2Ph

OH H2N(CH2)2NH2/Li,

  pentane, rt

354
OH

(62)

C17

353Na/Hg

O

SO2Ph

Ph

(—)

OPh

DIBALH, toluene, 50-80°,
  5 min

78

S
Ts

(72)

S

MeO2S
O

O
3481. EtNH2/Li, 0°, 1.5 h

2. H3O+

O
(86)

SO2Ph

Na/Hg, Na2HPO4,

  THF/MeOH, rt, 40 h

(95) 355

356Na/Hg, Na2HPO4,

  MeOH, 0°
MeO

O

SO2Ph

O

(60)

MeO

O O

449
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TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES (Continued)

Na/Hg, Na2HPO4, MeOH,

  rt, 40 h

358

C18
H

H

SO2Ph

(92)

H

H

Na/Hg, Na2HPO4,

  THF/MeOH, –25°
359O O

PhO2S

(94)O O

C17-24

357Na/Hg, Na2HPO4,

  MeOH, rt
N

OMe SO2Ph

R

Na/Hg, Na2HPO4,

  MeOH/DME, –25°, 3 h

360
O

O

SO2Ph

O

O

(90)

C19

Na/Hg, Na2HPO4,

  THF/MeOH, –20°, 5 h

349

SO2Ph

(97)

R

H

(E)-TBDMSOCH2

(Z)-TBDMSOCH2

Time

2.5 h

6 h

1 h

(94)

(93)

(99)

OMe

N
R

SO2Ph

R2R1

Mg, HgCl2, EtOH, rt, 2 h

C17-19

114H

R2R1
R1

H

Me

Me

R2

H

H

Me

(99)

(100)

(100)

450

C19-21

Na/Hg, Na2HPO4,

  THF/EtOH, –20°, 75 min

359

361Na/Hg, Na2HPO4,

  MeOH, rt, 48 h

C20

H

H

(91)

H

SO2Ph

H

DIBALH, toluene, 

  50-80°, 5 min
H

S

(—) 79

C21

H

S

SO2Ph

S
O2

(38) 72[Cp2NiAlH2]– Li+, THF,

rt, overnight

Na/Hg, Na2HPO4,

  THF/MeOH, –20°, 5.5 h

C22

100

PhO2S

349

O

O

SO2Ph

n

(74)

I

I (94)

SmI2,THF, HMPA,

SmI2,THF

  –20°, 30 min

(69)

(89)
O

O n

1

3n

451
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TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES (Continued)

136Na/Hg, Na2HPO4, MeOH

O

SO2Ph

(95)

O

C22-25

N
H

R1

R2 362

C23

Na/Hg, HMPA/EtOH,

  0°, 1 h

SO2Ph

OAc

130

OH

(60)

343Na/Hg, EtOH, 0°, 4 h (89)
SO2Ph

C22

See table.

N
H

Ts
R1

R2

R1

n-C5H11

Ph

Ph

Ph

4-NO2C6H4

PhCH2CH2

PhCH2CH2

R2

Me

H

H

Me

Me

Me

Me

Reagents

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

LiAlH4

Solvent

toluene

toluene

EtOH

EtOH

toluene

toluene

THF

Temp

reflux

reflux

rt

rt

reflux

reflux

rt

Time

3 h

4 h

2 h

4 h

8 h

8 h

2 h

(85)

(86)

(61)

(62)

(56)

(77)

(85)

452

Na/Hg, Na2HPO4,

  EtOH, rt, 6 h

C25

365

DIBALH, toluene,

  50-80°, 5 min

79(—)

H

MeO OMe

H

MeO OMe

SO2Ph

PhO2S

Ph
N

O

Bu-t

Na/Hg, Na2HPO4,

  EtOH, 0° to rt, 12 h

364

Na/Hg, Na2HPO4,

  EtOH, 0° to rt, 12 h

364

SO2Ph

Ph

N

O
t-Bu

(85)

Ph

N

O
t-Bu

Na/Hg, Na2HPO4,

  EtOH, 0° to rt, 12 h

364(62)

Ph

N

O
t-Bu

SO2Ph

Ph

N

O
t-Bu

C24

363Na/Hg, Na2HPO4,

  THF/MeOH, 0°, 3 h

(90)

N
HO

N
HO

SO2Ph

(86)
Ph

N

O

Bu-t

SO2Ph

5 5

(33)
5 5

453
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TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES (Continued)

Na, EtOH/THF, –20°, 2 h 369

C29

C28-31

368

OTHP

R1 R1 (—)

R2

Na/Hg, Na2HPO4,

  MeOH, rt, 1 h

367

OH
H

H
(49)

OH

PhO2S

H

H

PhO2S

MeO

O

O

H
HO

OH

PhO2S

MeO

O

O

H
HO

OH

(89)

OBnO

(80) 366Na/Hg, Na2HPO4,

  MeOH/THF, rt

C28 O

SO2Ph

BnO

Reagents, Na2HPO4, rt
R1R1

OTHP

PhO2S

R1

H

Me

R2

H

H2C=

R2

Reagents

Na/Hg

Na

Solvent

MeOH

THF/EtOH

Time

2 h

16 h

454

357

N

N

OMe

OMeSO2Ph

C30

Al/Hg, THF/H2O, 0°, 1.5 h

N

N

OMe

OMe

(81)

Ra-Ni, MeOH, rt, 20 h

N

N

OMe

OMe

(65)

C29-33

372Na/Hg, Na2HPO4, MeOH,

  10°, 0.5 h

OTBDPS
ArO2S

C32

373Na/C10H8, DME, –40°

370Na, THF/i-PrOH, 0°

Na/Hg, Na2HPO4, MeOH,

rt, 21 h

371

(76)OTBDMS

O

3

OTBDMS

O

3

SO2Ph

N

SO2Ph

N
Me

Ts
11

(100)

N

NHMe11

OTBDPS Ar

4-FC6H4

Ph

4-MeC6H4

2-naphthyl

Time

0.5 h

1 h

1 h

0.5 h

(97)

(88)

(75)

(93)

357

SO2Ph

OTHP53
(88)

OTHP53

455
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TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES (Continued)

374CO2Me

SO2Ph

Na/Hg, Na2HPO4,

MeOH, –20° CO2Me
(—)

C32

N

N

OMe

OMeSO2Ph

Na/Hg, Na2HPO4,

  THF/MeOH, rt, 12 h N

N

OMe

OMe

(92)

C33

357

Na/Hg, Na2HPO4, MeOH

O

O

OTBDMS

(94) 376

375NH3/Na, THF/EtOH, 

  –60°

OH
H

OSEM

PhO2S

370Na, THF/i-PrOH

(—)

OH
H

OSEM

O

O

OTBDMSSO2Ph

OTBDMS
O

SO2Ph

2
(76)

OTBDMS
O

2 3

456

C35

377Na/Hg, Na2HPO4,

  MeOH/DME, rt, 30 min

C37-39

380SmI2, THF/HMPA, 30°, 1 h

379Li, HMPA, THF/t-BuOH,

  Na2HPO4, ultrasound,

  0°, 2 h

C36

378
OTBDMS

OTBDMS

S

N
(65)Na/Hg, Na2HPO4,

  MeOH/THF, –15° to rt, 2 h

OTBDMS

OTBDMS

S

N

SO2Ph

MEMO

SO2Ph OTBDMS

3 3
(—)MEMO

OTBDMS

3 3

SO2Ph

3 4

10 n

n

7

9

(74)

(76)

3 4

10 n

HH

H

SO2Ph

O

O

H

H

HH

H

O

O

(82)

H

H

457
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TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES (Continued)

C38

381Na/Hg, Na2HPO4, MeOH,

  rt, 2 h

H

OTBDMSTHPO

PhO2S

(96)

H

OTBDMSTHPO

C39-40

383Na/Hg, Na2HPO4, MeOH,

  65°

Na/Hg, Na2HPO4, EtOH,

  rt, 36 h

C39

382

375

OPMB
H

OSEM

PhO2S Na/Hg, Na2HPO4,

  MeOH/THF, 0°
(93)

OPMB
H

OSEM

OTHP

SO2Ph
13 8

(78)OTHP
13 8

R

Me

H

n

1

3

(56)

(60)O

R

O
O

H2N
OH

7

nO

R

SO2Ph

O
O

PhO2SHN
OH

7

n

458

Na/Hg, Na2HPO4, MeOH,

  rt, 2 h

357

C42

Na/Hg, Na2HPO4, MeOH,

  rt, 5 h

384

C48

C47

Li, C10H8, THF, –18°,
  10 min

105

385Na/Hg, Na2HPO4, MeOH,

   rt
OMOM

PhO2S

TBDMSO

TBDPSO

(82)

OMOM
TBDMSO

TBDPSO

N

OMe

SO2Ph

OTBDMS

N

MeO

SPh

(66)

N

OMe OTBDMS

N

MeO

SPh

O

CO2Me

OSEMSEMO

SO2Ph O

CO2Me

OSEMSEMO (55)

O O

SO2PhO

O

OO

BocHN

BnO

3
5

(52)

O O

O

O

OO

BocHN

HO

3
5

459
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TABLE 1. REDUCTIVE DESULFONYLATION OF NON-FUNCTIONALIZED SULFONES (Continued)

C48

379Na/Hg, Na2HPO4, MeOH,

  rt, 2 h

387

388

Na/Hg, Na2HPO4, MeOH,

  –20°

C53-57

C53

386Na/Hg, Na2HPO4,

  THF/MeOH, 5°, 3 h

(98)

(96)

OMe

OMe

NH

OR3

OR1

OR2

O

TBDMSO
OMe

R4

OMe

OMe

NH

OR3

OR1

OR2

O

TBDMSO
OMe

R4

R1

TBDMS

TIPS

R2

TIPS

TBDMS

R3

Me

TBDMS

R4

MeO

H

PhO2S

TBDPSO

SO2Ph

OTBDMS

3 3
TBDPSO (86)

OTBDMS

3 3 3

Time

0.5 h

1.5 h

OTBDMSTBDMSO

OTESSO2Ph
H

H

OTBDMSTBDMSO

OTES

(78)

H

H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES

C9-15

90

60

60

90

90

60

90

60

91

91

90

60

60

60

R1 H

NO2

R2

Ar

Ph

4-Tol

Ph

Ph

Ph

4-Tol

Ph

Ph

Ph

Ph

Ph

4-Tol

Ph

Ph

R1

Me

Me

EtO2CCH2

Et

Et

          —(CH2)5—

H

Bn

Bn

2-Tol

Me

Bn

MeCOCH2CH2

n-C8H17

R2

Me

Me

H

NCCH2CH2

MeCOCH2CH2

n-C6H13

H

H

H

n-C6H13

H

MeCOCH2CH2

H

R1 SO2Ar

NO2

R2

(95)

(65)

(60)

(75)

(72)

(55)

(55)

(62)

(62)

(61)

(65)

(98)

(50)

(76)

Temp

rt

35°
35°
rt

rt

35°
rt

35°
rt

rt

rt

35°
35°
35°

Time

6 h

3 h

3 h

6 h

6 h

3 h

24 h

3 h

42 h

42 h

8 h

3 h

3 h

3 h

Reagents

BNAH

Na2S2O4, OcV2+, K2CO3

Na2S2O4, OcV2+, K2CO3

BNAH

BNAH

Na2S2O4, OcV2+, K2CO3

BNAH

Na2S2O4, OcV2+, K2CO3

BNAH, hν
BNAH, hν
BNAH

Na2S2O4, OcV2+, K2CO3

Na2S2O4, OcV2+, K2CO3

Na2S2O4, OcV2+, K2CO3

Solvent

DMF

CH2Cl2/H2O

CH2Cl2/H2O

DMF

DMF

CH2Cl2/H2O

DMF

CH2Cl2/H2O

DMF

DMF

DMF

CH2Cl2/H2O

CH2Cl2/H2O

CH2Cl2/H2O

See table.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES (Continued)

C9-21

60(n-Bu)3SnH, AIBN, toluene, 

  reflux, 4 h

(n-Bu)3SnCl (cat.), AIBN, 

  PMHS, KF, toluene/H2O,

  reflux, 7 h

R2 H

R1 PO(OR3)2

(45)

(61)

(56)

(48)

(32)

(80)

(88)

(40)

(45)

(—)

(78)

(91)

(82)

(60)

(—)

(—)

(94)

(73)

(55)

(92)

(81)

I

I
60

R1

H

Me

Me

Me

Me

Ph

Ph

Ph

Ph

2-naphthyl

2-naphthyl

R2

F

F

H

F

H

F

H

F

H

F

H

R2 SO2Ar

R1 PO(OR3)2

Ar

2-pyrimidyl

2-pyrimidyl

2-pyrimidyl

2-pyridyl

2-pyridyl

2-pyrimidyl

2-pyrimidyl

2-pyridyl

2-pyridyl

2-pyrimidyl

2-pyrimidyl

R3

Et

Et

Et

Et

Et

i-Pr

i-Pr

i-Pr

i-Pr

i-Pr

i-Pr

R1

H

Me

Me

Me

Ph

Ph

Ph

Ph

2-naphthyl

2-naphthyl

R2

F

F

H

F

H

F

F

H

F

H

Ar

2-pyrimidyl

2-pyrimidyl

2-pyrimidyl

2-pyridyl

2-pyrimidyl

2-pyrimidyl

2-pyridyl

2-pyridyl

2-pyrimidyl

2-pyrimidyl

R3

Et

Et

Et

Et

Et

i-Pr

i-Pr

i-Pr

i-Pr

i-Pr
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390Mg, HgCl2, EtOH/THF, 

  rt, 12 h

C14-19

(96)

(97)

(95)

(95)

(94)

(96)

R2 H

R1 PO(OEt)2

C14-16

389Na/Hg, Na2HPO4, MeOH,

  –20° to –10°, 1 h

R CF2SO2Ph

OH

R CF2H

OH

(79)

(86)

(84)

R

Ph

(E)-PhCH=CH

PhCH2CH2

R1

—(CH2)3—

—(Z)-CH2CH=CHCH2—

—(CH2)4—

—CHMe(CH2)3—

—(CH2)5—

R2

R2 SO2Ph

R1 PO(OEt)2
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES (Continued)

120

391

120

120

391

120

120

391

120

120

391

391

120

391

391

C14-20

R1

SO2Ph
OH

R2

R1

H

H

H

Me

H

H

Me

Me

H

H

H

H

H

Ph

n-C6H13

R2

4-ClC6H4

Ph

c-C6H11

n-C5H11

n-C6H13

4-MeOC6H4

Ph

Ph

n-C7H15

(E)-PhCH=CH

(E)-PhCH=CH

PhCH2CH2

2-naphthyl

Ph

n-C6H13

F F

R1 OH

R2
F

F

(83)

(79)

(84)

(83)

(76)

(86)

(80)

(79)

(89)

(88)

(84)

(86)

(91)

(82)

(91)

Time

3 h

1 h

3 h

3 h

2 h

3 h

3 h

1.5 h

3 h

3 h

1.5 h

2 h

3 h

2 h

2 h

Reagents

Mg, AcOH/NaOAc

10% Na/Hg, Na2HPO4

Mg, AcOH/NaOAc

Mg, AcOH/NaOAc 

10% Na/Hg, Na2HPO4

Mg, AcOH/NaOAc 

Mg, AcOH/NaOAc

10% Na/Hg, Na2HPO4

Mg, AcOH/NaOAc

Mg, AcOH/NaOAc

10% Na/Hg, Na2HPO4

10% Na/Hg, Na2HPO4

Mg, AcOH/NaOAc

10% Na/Hg, Na2HPO4

10% Na/Hg, Na2HPO4

Solvent

DMF/H2O

MeOH

DMF/H2O

DMF/H2O

MeOH

DMF/H2O

DMF/H2O

MeOH

DMF/H2O

DMF/H2O

MeOH

MeOH

DMF/H2O

MeOH

MeOH

Temp

rt

–20° to 0°
rt

rt

–20° to 0°
rt

rt

–20° to 0°
rt

rt

–20° to 0°
–20° to 0°

rt

–20° to 0°
–20° to 0°

See table.

C14-22

392

1. Na/Hg, Na2HPO4, MeOH,

    –15°, 1 h

2. HCl
t-Bu

S
N
H

R

CF2SO2PhO

(70)

(72)

(88)

(94)

(82)

(83)

(96)

(97)

R

Et

i-Pr

2-furyl

t-Bu

4-ClC6H4

Ph

4-MeOC6H4

2-naphthyl

Cl–H3N R

CF2H

+
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120

OH

CF2SO2Ph

10% Na/Hg, Na2HPO4, MeOH,    

–20° to –10°, 2 h

I (88) 391

C15

Mg, AcOH/NaOAc, DMF/H2O,

  rt, 3 h

OH

CF2H (87)

I

393

C15-24

Y

O

R

(86)

(88)

(90)

(45)

(63)

(94)

(79)

Y

O SO2Ph

R

R

4-CF3

4-Cl

2-CN

3-CN

4-CN

4-MeCO2

4-TIPSO

Y

N

CH

CH

CH

CH

CH

CH

Na/Hg, Na2HPO4, rt

Solvent

MeOH

MeOH

MeOH/THF (1:1)

MeOH

MeOH

MeOH/THF (1:1)

MeOH
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TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES (Continued)

394

394

394

394

394

394

394

118

118

394

394

394

394

394

C15-32

R1 R2

SO2Ph

R1 R2

SO2PhPhO2S

R2

H

Me

H

H

Me

H

H

R1

                    —(CH2)2—

                    —(CH2)2—

                    —(CH2)3—

                    —(CH2)3—

            —CH2CH=CHCH2—

            —CH2CH=CHCH2—

                    —(CH2)5—

PhCH2CH2

PhCH2CH2

(E)-PhCH2CH=CH

Ph(CH2)2CH2

Ph(CH2)2CH2

(R)-TBDPSOCH2CHMe

(R)-TBDPSOCH2CHMe

(0)

(0)

(97)

(82)

(68)

(87)

(85)

(84)

(81)

(85)

(85)

(94)

(84)

(82)

Reagents

Li/C10H8

SmI2

Li/C10H8

SmI2

Li/C10H8

SmI2

Li/C10H8

Mg

Mg

Li/C10H8

Li/C10H8

Li/C10H8

Li/C10H8

SmI2

Solvent

THF

THF

THF

THF

THF

THF

THF

MeOH

MeOH

THF

THF

THF

THF

THF

Temp

–78°
rt

–78°
rt

–78°
rt

–78°
50°
50°

–78°
–78°
–78°
–78°

rt

Time

5 min

5-15 min

5 min

5-15 min

5 min

5-15 min

5 min

—

4 h

5 min

5 min

5 min

5 min

5-15 min

See table.

Na/Hg, Na2HPO4,

  MeOH/THF, rt, 10-20 min

176

C15-45

F H

R PO(OEt)2

(79)

(89)

(80)

F SO2Ph

R PO(OEt)2

O
O

R

i-Bu
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(71)

(80)

(78)

(85)

N

O

O

OBn

OBnO

BnO OBn

O

O

O

O

O

O
O

O OBn

C16

PhO CF2SO2Ph

OH
Mg, HOAc, NaOAc, DMF, rt 395

PhO CF2H

OH
(83)

Na/Hg 138N

R2

R1 SO2Ph

TMS

SO2Ph Na/Hg, Na2HPO4, MeOH, 

  –20°
350

TMS
(79)

N

R2

R1 R1

Me

Ph

(~100)

(~100)

R2

Bn

Et
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TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES (Continued)

C16-22

396Na/Hg, Na2HPO4, MeOH,

  –20° to 0°, 1 h

R
SO2Ph

FF

n

R
F

F R

PhO

PhO

Ph

4-MeOC6H4

Ph

Ph

Ph2CH

n

3

4

4

4

5

6

2

(91)

(88)

(87)

(80)

(90)

(85)

(89)

n

161(48)
HO O N

O

NH

O

CHF2

OH

SmI2, THF/HMPA, rt, 1 h

C17

HO O N NH

O

PhO2SCF2

OH

O

CF2SO2Ph

OHt-Bu

Na/Hg, Na2HPO4, MeOH,

  –20° to  –10°, 2 h

391
CF2H

OHt-Bu

(88)

OH

CF2SO2Pht-Bu

Na/Hg, Na2HPO4, MeOH,

  –20° to –10°, 2 h

391
OH

CF2Ht-Bu

(85)

C17-18

S
O2

O2
S Pr-i

R
397Mg, MeOH, 50°, 4 h R Pr-i

R

c-C6H11CH2

PhCH2CH2

(50)

(72)
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163SmI2, THF, 2 h
PhO2S SO2Ph

Br Br

n
PhO2S

(61)

(~100)

n

1

2

Temp

rt

refluxn

I

C18-20

398OBu-tR

C21-22

Ra-Ni, EtOH, ultrasound, 

  rt, 5 min

181

C19

Mg, MeOH, 0°, 1 h;

  reflux overnight

SO2Ph

SO2Ph

HO HO
(45) 399

N

O

PhO2S

CO2Et

n N

O

CO2Et

n

1

2

(~100)

(80)

dr

80:20

50:50

H

n

(100)

(92)

(87)

(100)

(100)

(97)

Reagents

DIBALH

Na/Hg

NaBH4

DIBALH

LiAlH4

DIBALH

Solvent

toluene

EtOH

i-PrOH/THF

toluene

Et2O

toluene

Temp

0°
–25°

0° to rt

0°
0° to rt

0°

Time

3 h

overnight

—

3 h

3 h

3 h

See table.
SO2Ph

OBu-tR
R

PhCH2

Ph(CH2)3

Ph(CH2)3

Ph(CH2)3

Ph(CH2)3

n-C9H19

175
O

F
O2S

N
HN

O

O
OO

PO(OEt)2
N

(61)

O

F

N
HN

O

O
OO

PO(OEt)2

(n-Bu)3SnH, AIBN,

  C6H6, reflux, 48 h

C22
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES (Continued)

400

C22-28

Mg, MeOH, 0°
R

SO2Ph

F

PhO2S
R F (74)

(76)

(81)

R

(E)-PhCH=CHCH2

PhCH2CHPh

Ph2CHCH2CH2

401

C22-29

R
F

NHBoc

(75)

(81)

(26)

(82)

(88)

(84)

(92)

(87)

(80)

(83)

(87)

(85)

Reagents, MeOH

Reagents

Mg

Mg

Mg

Mg

Mg

Mg

Na/Hg, Na2HPO4

Mg

Mg

Mg

Mg

Mg

Temp

0°
0°
0°
0°
0°
0°

–20° to –10°
0°
0°
0°
0°
0°

Time

2 h

2 h

2 h

2 h

2 h

2 h

1 h

2 h

2 h

2 h

2 h

2 h

R
SO2Ph

NHBoc

F
SO2Ph

R

i-Pr

2-furyl

t-Bu

3-ClC6H4

4-ClC6H4

Ph

Ph

c-C6H11

4-MeOC6H4

Me(CH2)6

PhCH2CH2

2-naphthyl

C23

CF2SO2Ph

NHBn
Mg, HOAc, NaOAc, 

  DMF, rt

395
CF2H

NHBn
(81)

470



NPMB

O

R
SO2Ph

C23-30

Ra-Ni, EtOH, ultrasound, 

  rt, 5 min

181

402Mg, NiBr2, MeOH, 

  –30°, 8 hO O

OAc
PhO2S

SO2Ph
F

(61)
O O

OAc
F

R

Me

MeC(O)CH2CH2

MeO2CCH2CH2

PhCH2CH2

NPMB

O

R
H

(—)

C25

402Mg, MeOH, 0°, 2 hHO

F SO2Ph
SO2Ph

(87)HO

F

402Mg, MeOH, 0°, 2 hHO

F SO2Ph
SO2Ph

(85)HO

F

C27

403Na/Hg, Na2HPO4,

MeOH, THF, rtOEt

SO2Ph

SO2Ph

5

(82)

OEt
5
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TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES (Continued)

Na/Hg, Na2HPO4, MeOH/THF,

  –20° to 0°, 2 h

391(93)H

H H

HO

OH

CF2H

C30

405

C34

404Mg, MeOH/THF, 

  50°, 3 h

t-Bu
S

N
H

NBn2

Bn

CHFRO

C32
OPMB

PhO2S

PhO2S (79)

OPMB

t-Bu
S

N
H

NBn2

Bn

CFRSO2PhO

R

F

H

(93)

(65)

Reagents

Mg, AcOH, NaOAc

Na/Hg, Na2HPO4

Solvent

DMF

MeOH

Temp

rt

–20° to 0°

Time

3 h

4 h

See table.

Na/Hg, Na2HPO4, MeOH,

  –20° to 0°, 3 h

391
H

HO H

H H
PhO2S

3

F
F

(89)

CHF2

H

HO H

H H

3

H

H H

AcO

OH

SO2Ph

F
F
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Na/Hg, Na2HPO4, MeOH/THF,

  –20° to 0°, 3 h

391H

H

H HHO

SO2Ph

F
F

3

(90)
H

H

H HHO

CHF2

3

C36

406

PhO2S SO2Ph

HO

TBDPSO
LDTBB, THF, –78°

HO

TBDPSO

(75)

400Mg, MeOH, 0°

C40

F

SO2Ph
PhO2S

H

H

F

H (67)

H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. REDUCTIVE DESULFONYLATION OF α-FUNCTIONALIZED SULFONES (Continued)

C53

Mg, MeOH, rt, 2 h 407

THPO

CO2Me

Sn(Bu-n)3

PhO2S

PhO2S

4

(—)

THPO

CO2Me

Sn(Bu-n)3

4
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES

C13

178

C10-13

Ra-Ni, MeOH, rt, 24 h

C12-18

408

O

R

SO2Ph

R

H

PhO2S

PhO2S

PhO2S

PhO2S

Na/Hg, NaH2PO4•H2O, MeOH,

  rt, 6 h

408

O

SO2Ph

OMe

HO SO2Ph

OH

n

O O

III

+

O
OMe (48)

O
(4)+

409Na/Hg, Na2HPO4, MeOH,

  rt, 4 h

(—)

OHOH

SO2Ph

Na/Hg

Solvent

MeOH

MeOH

EtOH

DMF

DMF/MeOH (80:20)

I:II

100:0

90:10

90:10

93:7

96:4

I + II

(48)

(48)

(48)

(70)

(48)

Buffer

NaH2PO4•H2O

NaH2PO4•H2O

NaH2PO4•H2O

NaH2PO4•H2O

—

Time

24 h

24 h

24 h

 5 h

12 h

Temp

–20°
rt

rt

rt

rt

n

2

3

4

5

(—)

(79)

(—)

(—)

HO H

OH

n
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TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES (Continued)

C13-17

410
Ar N

OH
O

NH2

(87)

(81)

Ar N
OH

O

PhO2S
NH2

O

S

Ar Reagents

Mg

Na/Hg, Na2HPO4

Reagents, MeOH

Temp

reflux

rt

Time

3 h

4 h

411

412

N

R

(71)

(81)

H

C14

N

H RPhO2S

R

H

OH

Na/Hg, MeOH, rt

Time

2 h

—

182Ra-Ni, EtOH, reflux, 9 h
O

H

H
SO2Ph

O

H

H

SO2Ph

O
H

H

(60)

O

H

H

(65)Ra-Ni, EtOH, reflux, 10 h

C15

182
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413

C15-16

Na/Hg, EtOH, reflux, 12 h
R SO2Ph

414
N

O

Ts
H

R

Na/Hg, Na2HPO4, MeOH, 

  0°, 1.5 h

O
H

CO2Me

(73)Ra-Ni, EtOH, reflux, overnight

C16

182

O
H

CO2Me
SO2Ph

R
(90)

(75)

HO

R

Bn

183Ra-Ni, EtOH, refluxBocHN SO2Ph

OH

BocHN (73)

OH

SmI2, LiCl, THF, rt

(—)

(27)

(31)

(16)

(—)

(12)

R1

N

R2

R3

R4

R5

C16-24

150

R1

H

F

i-Pr

i-Pr

H

i-Pr

R2

H

F

H

H

H

H

R3

t-BuCO2

t-BuCO2

t-BuCO2

t-BuCO2

t-BuCO2

R4

H

H

H

H2C=CHCH2

H

Me2C=CHCH2

R5

Me

Me

Me

Me

Bn

Me

Time

—

23 h

—

—

—

—

R1

N

R2

R3

R4

SO2MRa

R5

O N
O

N

O
R

(80)

(94)

R

H

H2C=

H
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TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES (Continued)

C16-27

Na/Hg, Na2HPO4, MeOH, 

  –10° to 0°N
R1

SO2Ph

R2
43(62)

(56)
N
R1

R2

Time

2 h

5.5 h

R1

C(O)Me

Boc

R2

n-Pr

n-C11H23

C17

Na/Hg, Na2HPO4, MeOH, 0° 415

N
Boc

SO2Ph

OH

N
Boc

OH (—)

416Na/Hg, MeOH, 0°, 2.5 h
Ts

HO

(72)  cis:trans = 2:1

HO

350Na/Hg, Na2HPO4, THF/MeOH, 

  –20°

TMS
(92)

C17-24

Na/Hg, Na2HPO4, MeOH, 

  0°, 2 h

417,

418N
Boc

SO2Ph

OR

HO

SO2Ph
TMS

C17

N
Boc

OR

HO

(96)

(96)

R

H

Bn

478



419

420

420

420

420

(93)

(80-85)

(80-85)

(80-85)

(80-85)

N
Boc

OR2

R1

n

N
Boc

SO2Ph

OR2

n

1

1

2

3

4

R1

HOCH2

H

H

H

H

R2

H

THP

THP

THP

THP

R1

n Na/Hg, Na2HPO4, MeOH

Temp

0°
0° to rt

0° to rt

0° to rt

0° to rt

Time

1 h

3 h

3 h

3 h

3 h

C18

408

O

SO2Ph

SO2Ph

Boc
N

Ts

Na/Hg, NaH2PO4, Na2HPO4,

MeOH, rt, 12 h

Boc
N

(33) 421

Na/Hg, NaH2PO4•H2O

Solvent

MeOH

MeOH

EtOH

DMF

Time

24 h

1 h

24 h

 24 h

Temp

rt

reflux

 rt

rt

O O
     +

II

I:II

50:50

65:35

40:60

>95:5

I + II

 (40-50)

(46)

(30-40)

(25)

I

N
Boc

OH

SO2Ph

N
Boc

OH
(90) 419Na/Hg, Na2HPO4, MeOH, 

  0°, 1 h

479

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES (Continued)

N

SO2Ph

CO2Et

Na/Hg, MeOH, rt, 25 h N

CO2Me

(38) 422

C18

425

C19

Na/C10H8, THF, rt, 5 min
N

PhO2S

N (55)

N
Boc

OR

PhO2S

R

H

H

THP

cis:trans

6:94

89:11

6:94

N
Boc

OR

(—)

(80)

(—)

cis:trans

16:84

0:100

63:37

C19-24

420Na/Hg, Na2HPO4, MeOH, 

  rt, 1 h

N
Me

PhMeO2C

SO2Ph

423Na/Hg, Na2HPO4, MeOH/THF, 

  rt, 5 h
N
Me

PhMeO2C

(61)

+
NHMe

PhMeO2C

(29)

N

H SO2Ph

H

Na/Hg, Na2HPO4, MeOH, 0°
N

H

H

(57) 424

480



426Na/Hg, Na2HPO4,

  THF/MeOH, –40°, 3 h

MeO2C

TMSO

SO2Ph

Cl
(—)MeO2C

TMSO

C20

C20-27

427

Time

3.5 h

4 h

7 h

3 h

1 h

11 h

2 h

Mg, MeOH, reflux

O OMe

R

SO2Ph

O

O

Ph

R

H2N

BnHN

BnHN

N

O

N

N

NO

*

S

S

S

R

R

S

R

* O OMe

RO

O

Ph

(—)

(91)

(85)

(42)

(47)

(90)

(76)

*

481
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TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES (Continued)

C20-29

N

R4

R1

R2

R3

(93)

(—)

(88)

(51)

428

428

422

422

430Na/Hg, Na2HPO4, MeOH/THF,

  –15°, 1.5 h

NH2

Boc
N

O

O

Ts

Boc
N

O

O NH2
(60)

Boc
N

O

O

NH2

(72)Na/Hg, Na2HPO4, MeOH/THF,

  –15°, 1.5 h

430

C21

Boc
N

O

O

Ts

NH2

N
Bn

OO

SO2Ph

N
Bn

OO

(77)Na/Hg, MeOH 429

N

R3 SO2Ph

R4

R1

R2

R1

Me

Me

Bn

Bn

R2

=O

H

=O

=O

R3

H

H

H

Me

R4

(E)-PhCH=CH

(E)-PhCH=CH

BnO(CH2)3

BnO(CH2)3

Buffer

Na2HPO4

—

—

—

Na/Hg, MeOH

Time

—

—

3 h

3 h

Temp

—

—

rt

rt

482



C21-22

BocHN
OTHP

SO2PhR

R = Et, n-Pr

Na/Hg, Na2HPO4, MeOH,

  rt, 24 h

C22

Na/Hg, NaH2PO4•H2O,

  MeOH, reflux, 6 h

O

SO2Ph

SO2Ph
408

O O
(47) (15)

(29)

++

Na/Hg, Na2HPO4, MeOH,

  0° to rt, 3 h BocHN
OTHP

n (94-96)

BocHN
OTHP

SO2Ph
n

n = 1-4

BocHN
OTHP

R
(—) 431

420

C21-24

O

SO2Ph

OH

BnO

OH

Na/Hg, Na2HPO4, MeOH, 

  rt, 1.2 h

O

OH

BnO

OH

(69) 432

Boc
N

Ts

433Na/Hg, MeOH,

  NaH2PO4, 0°, 6 h

Boc
N

H

BocN
(40) + (41)

483

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES (Continued)

C24

435Na/Hg, EtOH, reflux, 12 h
PhMe2Si

Ts (91)
PhMe2Si

383Na/Hg, MeOH, rt, 2 hN ON
H H

Ts

N ON
H H

(—)

O

O

R

SO2Ph

O O
TBDMSO

Na/Hg, MeOH/THF, 

  rt, 1.5 h

434

C22

Boc
N

Ts

N

OMe

139Na/Hg, THF/MeOH

Boc
N

N

OMe

(58)
H

O

O

R

O O
TBDMSO

R

Me

MeO

(70)

(69)

484



R1

BnOCH2

BnOCH2

     "

     "

BnOCH2

     "

    "

BnOCH2

BnOCH2

BnOCH2

     "

     "

O

O

O

O

O

O

O N

NH

R2

    "

    "

    "

    "

    "

    "

    "

BnNH

BnNH

BnNH

BnNH

BnNH

BnNH

NiX2 (mol%)

NiCl2 (20)

NiBr2 (20)

NiCl2 (20)

NiBr2 (20)

NiI2 (20)

NiCl2 (10)

NiBr2 (10)

NiCl2 (10)

NiBr2 (10)

NiCl2 (10)

NiBr2 (10)

NiI2 (10)

NiCl2 (10)

NiBr2 (10)

NiI2 (10)

Mg, NiX2, MeOH, 

  0° to rt, 4-6 h

186

O OMe

R2Ts

R1

(31)

(50)

(36)

(50)

(22)

(52)

(69)

(60)

(70)

(61)

(75)

(53)

(65)

(73)

(53)

O OMe

R2

R1

C24-27

H

H

H

485

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES (Continued)

436

437

437

437

437

436

436

Na/Hg, MeOH, rt, 2 h

C24-28

438

C25-29

See table.

Reagents

Na/Hg, Na2HPO4

Ra-Ni

Ra-Ni

Solvent

MeOH

EtOH

EtOH

Temp

rt

reflux

reflux

O

O

O

O

OR
HHH

Ph
H H H

O

O

O

OH

OR
HHH

Ph
H H

HO

HO

O

O

OR
HHH

H H H

I II+

III

I

(36)

(0)

(0)

II

(61)

(0)

(0)

III

(0)

(74)

(84)

R

H

Ac

TBDMS

+

R

O
O

NHBoc

PhO2S

* *

MOMO

TBDMSO

TBDMSO

R

PhCH2

PhCH2

PhCH2

PhCH2

PhO2S*

±

R

R

S

S

R

S

Time

2 h

1 h

1 h

1 h

0.5 h

1 h

1 h

NHBoc*

S

S

R

R

S

S

S

     +

R

O
O

NHBoc
R

O
O

II

Ib

(75)

(72)

(35)

(56)

(65)

(75)

(75)

II

(24)

(24)

(31)

(22)

(21)

(21)

(21)

I

*

O

O

O

O
SO2Ph

OR
HHH

Ph
H H H

R

Ac

Ac

TBDMS

486



441Na/Hg, Na2HPO4, MeOH/THF

C28

N
Cbz

H

H

Ts

N
Cbz

H

H

(—)

N ON
H H

Ts

OMs

Na/Hg, MeOH, rt, 2 h 383
N ON

H H

OMs

(64)

C27

Mg, MeOH, 0°, 24 h 121
OTBDPSHO

PhO2S

OTBDPSHO OTBDPS

HO

(18)

+

(76)

Na/Hg, Na2HPO4, MeOH, 

  10 h

439(75)
HN

OTBDMS

MeO2C
HN

OTBDMS

MeO2C Ts

200Na/Hg, Na2HPO4, MeOH, 

  0° to rt
NBn

MeO

MeO

Ts

NBn

MeO

MeO

MeO

MeO
NHBn

(50) (40)

+

C26

440
N
Bn

BnO Ts

OH Na/Hg, THF, reflux, 22 h
N
Bn

BnO

OH (84)

487

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 3. REDUCTIVE DESULFONYLATION OF β-FUNCTIONALIZED SULFONES (Continued)

36Na/Hg, Na2HPO4, MeOH, 

  0°, 2 h

C29-31

N
Boc

SO2Ph

ORBnO

SmI2, THF/HMPA, –20°,

  70 min

100

C29

MeO

OAc

(70)

SmI2, THF/HMPA, –20°,

  90 min

100

MeO

OAc

(87)

SO2Ph

MeO

OAc

SO2Ph

MeO

OAc

N
Cbz

H

H

Ts
Na/Hg, Na2HPO4, MeOH/THF

N
Cbz

H

H

(—)

C28

441

R

THP

Bn

(87)

(78)
N
Boc

ORBnO

442NH3/Na, Et2O, –40°, 3 h
N

THPO

PhO2S

(97)
N

THPO

C30

488



445Na/Hg, EtOH, reflux

C31

N O

SO2Ph

Ph

TBDMSO

O

OMeMeO

N O

Ph

TBDMSO

O

OMeMeO

(66)

444SmI2, THF/MeOH, DMPU, 

  –20°, 1.5 hNPh Pr-i

PhO2S

PPh2

(91)NPh Pr-i

PPh2

Na/Hg, MeOH, 2 h 443Ph3P

O Ts

OH

(70)Ph3P

O

OH

a MR stands for Merrifield resin.
b The absolute stereochemical designation of the product is opposite that of the starting material due to substituent priority changes.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES

447Na/Hg, Na2HPO4, MeOH,

  rt, 6 h

C14

PhO2S

OH OH
(80)

449Na/EtOH, THF, –20°, 2 h

C15-16

O

O

SO2Ph
R

OMs

R = H, Me

H O

O
OMs

R

H (—)

448Na/Hg, Na2HPO4, MeOH,

  0° to rt

(46)

OH

OMe

OMe

C13

HO SO2Ph Mg, HgCl2, EtOH, 

  rt, overnight
HO (78) 446

450

C15-17

R2

OH

R4

R3

Ts

R1

Na/Hg, Na2HPO4, MeOH, rt

C15

PhO2S

OH
C12

107Na/Hg, MeOH, rt, overnight (58)
OH

OH

Ts OMe

OMe

R2

OH

R4

R3R1

(77)

(80)

(41)

(71)

R1

H

H

H

Me

R3

H

Me

Me

H

R2

H

H

H

Me

R4

H

H

Me

H

Time

16 h

16 h

2 h

2 h

490

453

C16-21

OR1
SO2Ph

R2

Na/Hg, Na2HPO4, MeOH,

  rt, 2 h

448Na/Hg, Na2HPO4, MeOH,

  0° to rt

Ts
OMe

OMe

C16

448Na/Hg, Na2HPO4, MeOH,

  0° to rt

Ts OMe

OMe (74)  cis:trans = 50:50

OMe

OMe

C16-20

452Na/Hg, MeOH, 0° to rt,

  overnight

PhO2S OEt

OEtR

C17

O

SO2Ph

Na/Hg, Na2HPO4,

MeOH/THF, 0° to rt, 19 h
O

(72) 454

(71)OMe

OMe

R

OEt

OEt

R

i-Pr

i-Pr

n-C6H13

(96)

(100)

(93)

Bn (90)

OR1

R2

R1

EtOCH2

TIPS

R2

Me

H

(96)

(—)

350Na/Hg, Na2HPO4, THF/MeOH, 

  –20°PhO2S

O (84)
O

C18

451Mg, MeOH, rt, 1 dR

CN

Ts

R

CN

R

n-Bu

t-Bu

(80)

(76)

491



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

C18-22

458

459

459

N
H

H

H R3

R1

R2

(—)

(90)

(94)

457Na/Hg, Na2HPO4, MeOH,

  –20°, 24 h

456Na/Hg, EtOH, 3 h, rt

OH SO2Ph

O O

OH

O O

(—)

C19

Na/Hg, Na2HPO4, MeOH, rt 460
HO

SO2Ph

O
O

HO

O
O

(—)

455Na/Hg, MeOH

OO

CO2Me

(—)

OO

CO2Me

PhO2S

(95)
N

R

Me
N

R

Me Ts
R = OH

N
H

H

H R3

R1 SO2Ph

R2

R1

H

H

Me

R2

H

NCCH2

NCCH2

R3

H

Me

Me

Na/Hg, Na2HPO4, 0° to rt

Solvent

—

MeOH/THF (1:1)

MeOH

Time

—

4 h

1 h

C18

492

O

R1
R2 SO2Ph

Na/Hg, Na2HPO4,

  THF/MeOH, rt, 2 h

142

C19-26

C20

448Na/Hg, Na2HPO4, MeOH,

  0° to rtTs

OMe

OMe
(83)

OMe

MeO

Na/Hg, EtOH 342

OH

OTBDMS

SO2Ph

(92)

OH

OTBDMS

461
O

SO2Ph

Na/Hg, Na2HPO4, EtOH,

  rt, 6 h

O O

(37)

+

(—)

R1

CO2Me

C(O)Me

CO2Me

C(O)Me

I

(100)

(0)

(100)

(0)

R2

H

H

Bn

Bn

O

MeO2C

R2

O

R2OH

O

R2

O

R2
HO OH

I II

III

+

+

II + III

(0)

(83)

(0)

(81)

493



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

Na/Hg, EtOH, rt 462

N
Bn

SO2Ph

(93)
N
Bn

C22

Na/Hg, MeOH, rt, 3 h 465

C21

464Na/Hg, Na2HPO4, MeOH,

  rt, 12 h

Ra-Ni, EtOH, reflux, 6 h
EtO2S

NMe2PhPh

Ph

NMe2Ph
(—) 463

Na/Hg, Na2HPO4, MeOH,

  rt, 12 h

464

O

H

H

PhO2S

5

(96)O

H

H
5

O

H

H

PhO2S

5

(60)O

H

H
5

N

N

OMe

MeOMOMO

SO2Ph

H
(72)

N

N

OMe

MeOMOMO
H

C20

494

469
OH

OTHP

SO2Ph

Na/Hg, EtOH/HMPA,

  0°, 40 min
OH

OTHP (82)

Ts

OO
O

O
EtNH2/Li, 0° 468(—)

OO
O

O

C23

C22-29

466, 467Na/Hg, KH2PO4, MeOH,

  rt, 1 hN CO2R3

SO2Ph

Ph

R1 R2

(84)

(72)

(76)

(73)

(82)

R1

Me

i-Bu

t-BuO2CCH2

Bn

Me

R2

H

H

H

H

Me

N CO2R3

Ph

R1

R2
R3

Me

Me

Me

Me

Bn

Na/Hg, Na2HPO4, MeOH,

  –20° to 0°, overnight
NTs

OH

Ts

NH

OH

(74) 144

C24

Li/C10H8, THF, –78°,

  10 min

126(—)

OH
OHSO2

Ph

495



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

C25

457Na/Hg, Na2HPO4, MeOH,

  –20°, 24 h

N

OH

Ph
Ts

(95)

Na/Hg, Na2HPO4, EtOH,

  reflux, 4 h

(85)
TBDMSO

OH

TBDMSO

OH

470, 461

OTHP

SO2Ph

Na/Hg, EtOH, rt, 48 h (99)
OTHP

SO2Ph

471

O

Bn SO2Ph

OH

O

OH

(87)

Bn

141Na/Hg, Na2HPO4, MeOH,

  0°, 3 h

OR

SO2Ph
MeO

OR

MeO

100

C25-27

(50)

(52)

R

H

Ac

SmI2, THF/HMPA, 1.5 h

Temp

22°
–20°

R
N

OH

Ph
R

R = OH

H H

H

H H

H

496

N

N

OR1

R1O SO2Ph
H

472

473

472

R2

(82)

(82)

(—)

R1

Et

Me

Et

C25-36

N

N

OR1

R1O
H

R2

R2

Ph

N
TIPS

OTBDMS

PhO2S OH OH
107Na/Hg, MeOH, rt,

  overnight

(68)

C26

474Na/Hg, NaHCO3, MeOH,

  –20° to rt, 17 h
OTIPS

OMePhO2S

(88)
OTIPS

OMe

Na/Hg, MeOH

Buffer

Na2HPO4

—

Na2HPO4

Temp

—

rt

—

Time

—

1.5 h

—

497



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

TBDMSO OTHP
475

SO2Ph
TBDMSO OTHPNa/Hg, EtOH, 0° to rt, 25 h (73)

TBDMSO OTHP (5)

+

C26

Na/Hg, THF/MeOH, reflux,

  12 h

C26-27

N
Ts

Ph
R

476(97)

(67)

R

H

MeN
H

Ph
R

Na/Hg, EtOH, rt

C27

462
OHHO

OBnBnO

Ts

SO2Ph

OHHO

OBnBnO

(91)

477Na/Hg, EtOH (71)OTBDMS

OH

BnO

PhO2S

OTBDMS

OH

BnO

498

Na/Hg, MeOH, reflux, 

  1.5 h

(99) 478
O O OH SO2Ph O

O
O O OH O

O

MeO

TIPSO

SO2Ph

OH 479
MeO

TIPSO

OHMg, MeOH, 50°, 45 min (88)

480Na/Hg, Na2HPO4, MeOH,

  0°, 2 h; rt, overnight

(75)

OH

OMOM
OTBDMS

OH

OMOM
OTBDMS

SO2Ph

Na/Hg, Na2HPO4, MeOH,

  0°, 30 min

C28

481

O

O

PMBO

O

O

PMBO

(68)

SO2Ph

499



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

C29

Mg, HgCl2, EtOH,

  rt, overnight

(—) 446TBDPSO SO2Ph TBDPSO

Ra-Ni (W-2), 1,4-dioxane,

  reflux, 2 h

482

OTBDMS

(73)

PhO2S

OAc

MeO

H

H 483

OAc

MeO

H

H

SO2Ph

(89)

(53)

484Na/Hg, MeOH, 0° to rt, 14 h

Ph OBn

PhO2S O O

Ph OBn

O O (—)

10

OTBDMS

10

Reagents, THF

Reagents

SmI2, HMPA

NH3/Na

Temp

–20°
–33°

Time

4 h

2 h

C28

500

Na/Hg, Na2HPO4, MeOH, 

  rt

C30

485

Li/C10H8, Na2HPO4, THF,

  –90°

C31

486

PhO2S
OBn

OMeOH

OPMB

(72-93)

OBn

OMeOH

OPMB

Mg, MeOH, 50°, 3 h 487

HO H
SO2Ph

OBOM

471
OTHP

2R,6R,10R

2S,6R,10R

2S,6S,10S

2R,6S,10S

SO2Ph

OTHP

488

O

O
O

SO2Ph

OBn
O

O
O

OBn

(83)Na/Hg, MeOH

C32

OBn

SO2Ph

7
(60)

OBn
7

(72)

HO H

OBOM

(83)

(70)

(—)

(—)

See table.

Reagents

Na/Hg

EtNH2/Li

Na/Hg

Na/Hg

Solvent

EtOH

THF

EtOH

EtOH

Temp

rt

–70°
rt

rt

Time

48 h

2 h

48 h

48 h
501



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

NH3/Li, THF/EtOH, 

  –78°, 25 min

C34

491

490NH3/Li, t-BuOH, THF,

  –78°, 15 min

C33

489Na/Hg, Na2HPO4, MeOH,

  rt, 2 h

OBOM
TBDMSO

OMe Ts

(87)OBOM
TBDMSO

OMe

C35

Na/Hg, THF/MeOH, 

  rt, 24 h

OTBDMS
H

H

OH

SO2Ph
OH

HO
H

OTBDMS
H

H

OH

OH
HO

H

(73) 492

OH

BnO
H

OH

SO2Ph

4

4

(88)

OH

HO
H

OH

4

4

OMe

SO2Ph

OH

OH

H

H

HH

(77)

OMe

OH

OH

H

H H

H

502

Na/Hg, Na2HPO4, EtOH, 

  rt, 1 h

C37

495

OH

OO

OH

TBDPSO

SO2Ph

(96)

OH

OO

OH

TBDPSO

Na/Hg, EtOH, rt

C36-39

493

494

Na/Hg, Na2HPO4 496

C38

(—)O

OTIPS

PMB

O

OTIPS

PMB
SO2Ph

Na/Hg, Na2HPO4,

  MeOH/THF, rt

485

C39

C40

OBn

SO2Ph

BnO
NH3/Na, THF, –33°, 1 h

OH

HO

(71) 497

OTBDPS

SO2Ph

7

(30)

OTBDPS
7

R

OEt

SO2Ph
H

H H

H R

OEt

O

O

OTHP

R

(~100)

Time

4 h

6 h

H

H

HH

503



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

Na/Hg, Na2HPO4, EtOH, 

  rt, 1 h

C42

500(—)BnO

OTBDPS

OH

OH

BnO

OTBDPS

OH

OH

PhO2S

Na/Hg, Na2HPO4, MeOH,

  rt, 4.5 h

C41

498, 499O

O

O O

H H H

OH

H
H

OBn

H

O

BnO

SO2Ph

NH3/Li, THF, –78° 502

OBn

OTIPS

TIPSO SO2Ph

(85)

OH

OTIPS

TIPSO

501Na/Hg, MeOH, 2 h

O

TBDPSO OMe

H
SO2Ph

H

H

O (—)

O

TBDPSO OMe

H

H

H

O

C43

Na/Hg 503
O

OMe

O
SS

OH

O

O

H

SO2Ph

MP

(—)

O

OMe

O
SS

OH

O

O

H

MP

(82)
O

O

O O

H H H

OH

H
H

OBn

H

O

BnO

504

504Na/Hg, Na2HPO4, MeOH (—)
MeO

TIPSO

OTBDPS

OH

MeO

TIPSO

OTBDPS

OHPhO2S

C43

344Na/Hg, Na2HPO4, MeOH/THF, 

  rt, 45 min
OTBDPSMeO

TIPSO

PhO2S OH

(—)
OTBDPSMeO

TIPSO

OH

C45

506Na/Hg, Na2HPO4, MeOH, rt (—)O
O OPMB OMe

OBOM

O

TrO
OBn

PhO2S

Na/Hg, EtOH, 0° to rt, 

  2-3 h

505

O

TrO
OBn

(83)

C51

507Na/Hg, Na2HPO4, MeOH, rt
O

O

SO2Ph

OTBDPS
OBn

H
H

H

O

H

H
O

H

H

(98)

O

O

OTBDPS
OBn

H
H

H

O

H

H
O

H

H

O
O SO2PhO OMe

OBOM

PMB

505



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. REDUCTIVE DESULFONYLATION OF REMOTE-FUNCTIONALIZED SULFONES (Continued)

386Na/Hg, Na2HPO4, THF/MeOH,

  5°, 3 h

508Na/Hg, Na2HPO4, MeOH,

0° to rt, 100 min

C52

TESO

OTES

O

O
O

Ph
PhO2S

TESO

(99)

TESO

OTES

O

O
O

PhTESO

OTBDMSTBDMSO

SO2Ph

OTES

H

OTBDMSTBDMSO

OTES

(—)H

BnO

BnO

TBDMSO

OPMB

SO2Ph

Na/Hg, Na2HPO4,

  THF/MeOH, 0° to rt,

  overnight

250BnO

BnO

TBDMSO

OPMB

(71)

C53

506

C59

O

O

SO2Ph

H

OTBDPS
OBn

H

TBDPSO

H

509Na/Hg, MeOH, rt

O

O
H

OTBDPS
OBn

H

TBDPSO

H

(91)

C61

510Li/DTBB, THF, –78°, 2 h

HO

TBDMSO

TBDMSO

TBDMSO

OO

MeO OMe

OMOM

PhO2S

(78)

HO

TBDMSO

TBDMSO

TBDMSO

OO

MeO OMe

OMOM

507



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES

18

511

C7-16
O

SO2R2

R1

512

C8

Ra-Ni, H2O

SO2Me

SO2Me

CONH2

CONH2

(60-70)

H

H

CONH2

CONH2

C9-21

Ar
R1

O

513

44

514

513

44

513

44

44

513

44

44

44

Reagents, THF/H2O,

  rt

(89)

(97)

O

R1

H

t-Bu

R2

Me

Ph

R1

Reagents

Al/Hg

Zn, NH4Cl

(75)

(48)

(57)

(76)

(65)

(83)

(65)

(70)

(75)

(66)

(52)

(60)

Reagents

TiCl4/Zn

Sm, HgCl2

Al/Hg

TiCl4/Zn

Sm, HgCl2

TiCl4/Zn

Sm, HgCl2

Sm, HgCl2

TiCl4/Zn

Sm, HgCl2

Sm, HgCl2

Sm, HgCl2

Solvent

THF

THF/H2O

THF/H2O

THF

THF/H2O

THF

THF/H2O

THF/H2O

THF

THF/H2O

THF/H2O

THF/H2O

Temp

rt

rt

65°
rt

rt

rt

rt

rt

rt

rt

rt

rt

Time

2 h

5-6 h

2.5 h

2 h

5-6 h

2 h

5-6 h

5-6 h

2 h

5-6 h

5-6 h

5-6 h

See table.Ar
R1

O

SO2R2

Ar

Ph

Ph

Ph

Ph

4-BrC6H4

Ph

Ph

4-BrC6H4

4-BrC6H4

Ph

Ph

Ph

R1

H

H

Me

Et

H

H

H

H

H

Me

4-ClC6H4CH2

Bn

R2

Me

Me

Me

Me

Ph

Ph

Ph

4-Tol

4-Tol

Ph

Me

Me

508

513

44

513

44

513

513

44

44

513

(82)

(66)

(74)

(67)

(87)

(82)

(62)

(66)

(92)

TiCl4/Zn

Sm, HgCl2

TiCl4/Zn

Sm, HgCl2

TiCl4/Zn

TiCl4/Zn

Sm, HgCl2

Sm, HgCl2

TiCl4/Zn

THF

THF/H2O

THF

THF/H2O

THF

THF

THF/H2O

THF/H2O

THF

rt

rt

rt

rt

rt

rt

rt

rt

rt

2 h

5-6 h

2 h

5-6 h

2 h

2 h

5-6 h

5-6 h

2 h

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Bn

Et

Et

c-Pr

n-Pr

4-ClC6H4CH2

4-ClC6H4CH2

Bn

Bn

Me

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

C11

OO

PhO2S
Mg, MeOH, 50°

OO

(75) 115

47

47

515

47

47

47

C11-19

R1H
R1

O2
S

R2

R1

MeC(O)CHMe

"

4-BrC6H4C(O)CH2

PhC(O)CH2

O

R2

4-Tol

Ph

Ph

Ph

4-Tol

4-Tol

O

(34)

(51)

(88)

(44)

(65)

(44)

Reagents

Na2S2O4, NaHCO3

Na2S2O4, NaHCO3

SmI2

Na2S2O4, NaHCO3

Na2S2O4, NaHCO3

Na2S2O4, NaHCO3

Solvent

DMF/H2O

DMF/H2O

THF/MeOH

DMF/H2O

DMF/H2O

DMF/H2O

Temp

100°

100°

–78° to rt

100°
100°

100°

Time

24 h

24 h

—

24 h

24 h

24 h

See table.

509



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

C12

O

OH

H

Ms

Al/Hg, THF/H2O,

  65°, 2.5 h

514

O

OH

H

(89)

C12-17

OO

R2

R3

R1

516

517

518, 519

518, 519

518, 519

518, 519

518, 519

518, 519

519

(75)

(65)

(90)

(87)

(72)

(72)

(68)

(92)

(93)

Time

1 h

3 h

1.5 h

2 h

1.5 h

2 h

3 h

3 h

1 h

Temp

reflux

0°
rt

rt

rt

rt

rt

rt

rt

See table.

Reagents

Al/Hg

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

Solvent

THF/H2O

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

OO

R2

R3

PhO2S
R1

R1

H

H

H

H

H

H

Me

Me

H

R3

Et

Et

Me

Me

i-Pr

i-Pr

i-Pr

i-Pr

n-C6H13

R2

H

H

Me

Me

Me

Me

Me

Me

Me

*

*

S

R

R

R

R

R

R

R

R

*

*

—

—

—

S

—

S

—

S

S

510

C12-22

58, 175R1

OEt

O

R2

H(D)

Reagents

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnD, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnD, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnCl (cat.), AIBN, PHMS, KF

(n-Bu)3SnCl (cat.), AIBN, PHMS, KF

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnCl (cat.), AIBN, PHMS, KF

(n-Bu)3SnCl (cat.), AIBN, PHMS, KF

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnCl (cat.), AIBN, PHMS, KF

(n-Bu)3SnH, AIBN

Time

30 min

30 min

30 min

1 h

2 h

30 min

30 min

3 h

3 h

1 h

28 h

30 min

30 min

30 min

30 min

3 h

3 h

30 min

30 min

3 h

30 min

(81)

(81-91)

(91)a

(95)

(90)a

(95)

(91)

(84)

(89)

(84)

(60)

(91)

(85)

(88)

(88)

(86)

(85)

(88)

(81)

(88)

(77)

Solvent

toluene

toluene

toluene

toluene

toluene

toluene

toluene

toluene/H2O

toluene/H2O

toluene

toluene

toluene

toluene

toluene

toluene

toluene/H2O

toluene/H2O

toluene

toluene

toluene/H2O

toluene

Reagents, reflux

R1

CH2=CH(CH2)2

CH2=CH(CH2)2

n-Bu

n-Bu

n-Bu

n-Bu

CH2=CH(CH2)3

CH2=CH(CH2)3

CH2=CH(CH2)3

CH2=CH(CH2)3

n-Bu

n-Bu

CH2=CH(CH2)4

CH2=CH(CH2)4

n-C6H13

n-C6H13

n-C6H13

EtO2C(CH2)5

EtO2C(CH2)5

EtO2C(CH2)5

TBDMSO(CH2)8

R2

F

H

F

F

H

H

F

F

H

H

F

H

F

H

F

F

H

F

H

H

F

Y

N

N

N

N

N

N

N

N

N

N

CH

CH

N

N

N

N

N

N

N

N

N

R1

OEtO

S
O2

R2

Y

N

511



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

C12-28

Na/Hg, Na2HPO4,

  MeOH, 0°, 1.5 h

520R
N

OMe

O

Me

(73)

(71)

(70)

(69)

(73)

(74)

(70)

(82)

(72)

(73)

(70)

PhO2S

N
OMeR

O

Me

R

—CH2CH2—

HC CCH2

H2C=CHCH2

n-Bu

Bn

PhOCH2CH2

MeO

Me
N

O

O
O

O
O

O

O
O

O

O

O
O

O

OBn

512

521

C13 O

PhO2S Ra-Ni, THF

522Na/Hg, HOAc, 

  EtOH, –20°

O

O

PhO2S (—)
O

O

174

C13-25

(n-Bu)3SnCl,

  NaBH3CN, AIBN, 

  t-BuOH, reflux, 1 h
R1

R2

O

SO2Ph

(50)

O

H

C14

CNPhO2S

119Mg, HgCl2, MeOH/

  THF, 0° to rt, 2 h

(88)

CN

O

O SO2Ph

Na/Hg, Na2HPO4,

  THF/MeOH
O

O H

(92) 523

R1
R2

O
R1

Me

Ph

Ph

Ph

Ph

Ph

Ph

Ph

(71)

(86)

(78)

(87)

(84)

(88)

(90)

(75)

R2

EtO2CCH2

H

NCCH2

EtO2CCH2

H2C=CH(CH2)3

t-BuO2CCH2

Bn

BnOCH2C CCH2

524Na/Hg, EtOH, 

  reflux, 17 h

O

O
SO2Ph

(78)O

O

513



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

517

1. Na/Hg, Na2HPO4,

    MeOH, 0°, 3 h

2. TsOH, C6H6, reflux
O

O

(24)(33) +O

O

O

O

Ts

C14

525

C14-28

R1
R2

O

SO2Ph

R1
R2

O

R2

n-Bu

Et

H2C=CH(CH2)3

t-BuO2CCH2

t-BuO2CCH2

H2C=CH(CH2)2

Et

n-Bu

MeO2C(CH2)10

H

n-Bu

i-Bu

R1

EtNH

1-piperidinyl

1-azetidinyl

1-azetidinyl

1-piperidinyl

1-indolinyl

1-azetidinyl

"

NMe
Ph

OTBDMS

N
OTHP

Ph N

N
N

Ph

See table.

(93)

(86)

(92)

(91)

(96)

(89)

(97)

(97)

(97)

(76)

(90)

(85)

Reagents

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

SmI2

SmI2

SmI2

Na/Hg, Na2HPO4

SmI2

Na/Hg, Na2HPO4

SmI2

Na/Hg, Na2HPO4

SmI2

SmI2

Solvent

MeOH

MeOH

THF/MeOH

THF/MeOH

THF/MeOH

MeOH

THF/MeOH

MeOH

THF/MeOH

MeOH

THF/MeOH

THF/MeOH

Temp

rt

rt

–78°
–78°
–78°

rt

–78°

rt

–78°

rt

–78°

–78°

Time

2 h

2 h

—

—

—

2 h

—

2 h

—

2 h

—

—

514

Bn

Bn

N

OTBDMS

N
N

Ph

(85)

(73)

Na/Hg, Na2HPO4

SmI2

MeOH

THF/MeOH

rt

–78°

2 h

—

527

C15-17

SmI2, THF/MeOH,

  –78°, 5 min

O

SO2Ar

CN

C15

Na/Hg, Na2HPO4,

  MeOH, rt, 2 h

256

NO

Ts

H
O N

H (86)

N

H

Ts

OH

O

526Na/Hg, Na2HPO4,

  MeOH, –15°, 1 h N

H
OH

O

   (75)

Ar

2,4-Me2C6H3

2,4,6-Me3C6H2

1-naphthylO

CN

(51)

(59)

(48)

137

R

O O

SO2Ph

R

(Z)-EtCH=CHCH2

Ph

c-C6H11

n-C6H13

(E)-PhCH=CH

PhCH2CH2

R

O O

(90)

(77)

(77)

(90)

(63)b

(71)

Na/Hg, MeOH, 

  –50° to –20°, 2 h

C15-18

515



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

528

529

528

529

529

529

529

530

530

528

529

528

529

528

529

528

C15-24

R2
R1

O

SO2Ph

R

O

CF3 R

O

CF3

531

C15-25

SO2Ph

R2
R1

O

R1

n-Pr

n-C5H11

H2C=CHCH2CH2

(Z)-MeCH2CH=CHCH2

n-C5H11

n-C5H11

n-C7H15

(Z)-MeCH2CH=CHCH2

n-C5H11

n-C6H13

n-C7H15

n-C6H13

n-C7H15

n-C8H17

n-C7H15

t-BuO2C(CH2)7

R2

(OCH2CH2O)CHCH2

HOCH2CH2

(OCH2CH2O)CHCH2

HO(CH2)3

HO(CH2)3

MeCH(OH)CH2

HOCH2CH2

MeC(O)(CH2)2C(O)

MeC(O)(CH2

2

)2C(O)

(OCH2CH2O)CHCH2

HOCH2CHMe

(OCH2CH2O)C(Me)CH

HO(CH2)4

(OCH2CH2O)CHCH2

HO(CH2)5

(OCH2CH2O)CHCH2

Solvent

n-PrOH/H2O

THF/H2O

n-PrOH/H2O

THF/H2O

THF/H2O

THF/H2O

THF/H2O

THF/H2O

THF/H2O

n-PrOH/H2O

THF/H2O

n-PrOH/H2O

THF/H2O

n-PrOH/H2O

THF/H2O

n-PrOH/H2O

Temp

rt

reflux

rt

reflux

reflux

reflux

reflux

reflux

reflux

rt

reflux

rt

reflux

rt

reflux

rt

(89)

(92)

(85)

(—)

(85)

(72)

(99)

(90)

(92)

(92)

(70)

(—)

(85)

(98)

(73)

(—)

Time

3 h

2-6 h

3 h

2-6 h

2-6 h

2-6 h

2-6 h

2-6 h

2-6 h

3 h

2-6 h

3 h

2-6 h

3 h

2-6 h

3 h

Al/Hg

See table.

516

SmI2, THF, –78°,

  12 h

532
CO2R3

OO

R1

SO2R2

R

MeCH2CH=CH(CH2)2

MeCH2CH=CH(CH2)2

n-C8H17

MeCH2CH=CH(CH2)4

MeCH2CH=CH(CH2)4

MeCH2CH=CH(CH2)4

Me(CH2)3CH=CH(CH2)3

Ph(CH2)3

H2C=CH(CH2)9

Me(CH2)11

Me(CH2)3CH=CH(CH2)10

Z:E

70:30

70:30

—

20:80

90:10

90:10

90:10

—

—

—

95:5

R1
CO2R3

OO

(—)

R1

i-Pr

Ph

4-BrC6H4

Ph

4-MeOC6H4

i-Pr

Ph

Ph

c-C6H11

i-Pr

Ph

c-C6H11

Ph

c-C6H11

R2

Me

Me

Me

Me

Me

Ph

Me

Ph

Ph

Ph

Ph

Ph

Ph

Ph

R3

Et

Me

Et

Et

Me

Et

t-Bu

Me

Me

t-Bu

Et

Et

t-Bu

t-Bu

(54)

(58)

(62)

(60)

(68)

(73)

(70)

(68)

(75)

(60)

(68)

Temp

reflux

 –20°
reflux

reflux

reflux

 –20°
reflux

reflux

reflux

reflux

reflux

Reagents

Al/Hg

SmI2, HMPA

Al/Hg

Al/Hg

Al/Hg

SmI2, HMPA

Al/Hg

Al/Hg

Al/Hg

Al/Hg

Al/Hg

Solvent

THF/H2O

THF

THF/H2O

THF/H2O

THF/H2O

THF

THF/H2O

THF/H2O

THF/H2O

THF/H2O

THF/H2O

517



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

C16-21

Na/Hg, Na2HPO4,

  MeOH, rt, 2 h

534N
O

R SO2Ph

OMOM

C16

Na/Hg, Na2HPO4,

  MeOH, 0°, 1 h

33, 348

PhO2S CO2Me

522Na/Hg, Na2HPO4,

EtOH, –20°
O

O

SO2Ph (—)O

O

(88)

CO2Me

(98)

(77)

R

Me

Ph
N

O

R

OMOM

N

OH

O

Ts

257Na/Hg, Na2HPO4,

MeOH, rt, 2 h
N

OH

O
(88)

533

C16-17

Na/Hg
O

O

PhO2S

n

n

1

2

(60-70)

(60-70)
O

O

n

518

Zn, AcOH, 

  reflux, 1 h

535

535

535

535

536

535

536

536

536

536

535

535

(75)

(76)

(74)

(72)

(74)

(78)

(80)

(80)

(82)

(84)

(75)

(72)

O

O

R2R1

C17

33Na/Hg, Na2HPO4,

  MeOH, 0°, 1 h
MeO2C SO2Ph

CO2Me

MeO2C

CO2Me

(93)

537Zn, NH4Cl,

  THF/H2O, rt

H SO2PhEt(O)CO

O
(94)

HEt(O)CO

O

538Mg, KH2PO4,

  MeOH, rt, 3 h

(—)

CO2Me

O

MeO

CO2Me

O

MeO

SO2Ph

O

O

PhO2S

R1

R2

R2

H

Me

H

Me

Me

Me

Ph

Ph

Ph

Ph

Bn

(E)-PhCH=CHCH2

R1

Me

Me

H2C=CHCH2

Et

HC CCH2

H2C=CHCH2

Cl

H

Me

MeO

Me

H

519



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

348NH3/Ca, Et2O, –78° to

–33°, 15 min

CO2Me

SO2Ph

(100)

CO2Me

539Na/Hg, Na2HPO4,

rt

Al/Hg, THF/H2O 540

541

C17-18

Boc
N

O

SO2Ar

542Ph
SO2Py

R

Zn, NH4Cl

C17-21

C17

SO2Ph

CO2Me

3

CO2Me
(—)

3

Ph

R R

CO2Et

C(O)Ph

(—)

(—)

Boc
N

O
(60)

(60)

Ar

Ph

4-Tol

C17-29

543Al/Hg, THF/H2O,

  reflux
N

O

EtO2C

O R1

R2

Ts

R1

Me

H

R2

Me

n-C14H29

(78)

(68)
N

O

EtO2C

O

R2

R1

520

C18

545

O

TBDMSO

SO2Ph

O

TBDMSO

(88)SmI2

CO2Me

SO2Ph

Na/Hg, Na2HPO4,

  MeOH, 0°, 1 h
CO2Me (~100) 33

EtO2C

PhO2S OMOM

Na/Hg, Na2HPO4,

  EtOH, rt, 2 h
EtO2C

OMOM

(81) 546

SmI2, THF/MeOH,

–78°, 10 min

Boc
N

O
(75) 544

Boc
N

O

Ts

547

548

(n-Bu)3SnH, AIBN, 

  toluene, reflux,

  40 minO

O

R

SO2Ph4
O R

R

H

n-Pr

(73)

(67)

cis:trans

—

1:2

O

4

C18-21

524Na/Hg, Na2HPO4,

  EtOH, reflux, 6 hO
O

PhO2S

O

H

O
O

O

H

(83)
521



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

C19

550Al/Hg, THF/H2O,

  65°, 3 h

O

O

O

O
H

H

H

SO2Ph

(86)
O

O

O

O
H

H

H

SO2Ph

CN

Ra-Ni 184CN (—)

549Al/Hg, THF/H2O,

  65°, 3 hO

O

H

R

R = CO2Me

SO2Ph
O

O

H

R

(48)

501Al/Hg, THF/H2O,

65°, 3 h

(—)

O
H

H

MeO2CO
H

H

MeO2C

SO2Ph

551Na/Hg, EtOH,

  AcOH, –10°, 5 hN
Boc

CO2Et

OH

SO2Ph
(55)

N
Boc

OH

CO2Et

552Al/Hg, THF/H2O, rt
TBDMSO

CO2Et

O

SO2Ph

(97)TBDMSO
CO2Et

O

522

C19-21

Ph3SnH, AIBN,

toluene, reflux

59

553BocHN R

O

SO2Ph

Al/Hg, Na2HPO4,

  MeOH

O

O

O

O
O

O

R1

SO2PhR2

554

151

151

151

151

151

C19-33

SmI2, THF, rt

NR5
O

R3

R2

R1

(—)

(88)

(98)

(94)

(82)

(72)

C20

O
Ph

O

SO2Ph

Al/Hg, THF/H2O,

  rt, overnight

555
O

Ph

O

(—)

R1

H

H

Me

(79)

(91)

(91)

R2

H

Me

Me

Time

10 min

5 min

5 min

O

O

O

O
O

O

R1 R2

R

EtO2CCH2 (87)

(72)

BocHN R

O

H
NMeO2C

O

NR5
O

R3
SO2R4

R2

R1

R1

H

(TMS)C C

Br

4-Tol

thiophen-2-yl

pyridin-3-yl

R2

MeO

H

H

H

H

H

R3

H2C=CHCH2

Me

Bn

Me

Bn

Bn

R4

MR

n-C8F17(CH2)2

n-C8F17(CH2)2

n-C8F17(CH2)2

n-C8F17(CH2)2

n-C8F17(CH2)2

R5

Bn

n-Pr

n-Pr

n-Pr

n-Pr

n-Pr

Additive

DMPU

—

—

—

—

—

523



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

O

SO2Ph

Al/Hg, THF/H2O 557

501Al/Hg, THF/H2O,

  3 h

O
(—)

556

O

H

PhO2S

Na/Hg, MeOH, 

  –50°, 5 h

(80)

O

H

558
EtO2C OTBDMS

PhO2S

(—)
EtO2C OTBDMS

523Na/Hg, Na2HPO4,

  MeOH

O SO2Ph

THPO

C20

NH3/Li, Et2O, –78° to 

  –30°, 20 min

O

THPO

H

(92)

(—)

cis:trans

50:50

9:91

Temp

–40°
rt

Time

3 h

0.5 h

H
O

SO2Ph

MeO2C

H

(—)
H

OMeO2C

H

524

339NH3/Li, THF,

  –78°, 30 min

O

PhO2S

R

C20-21

345Zn, THF, NH4Cl,

  rt, 2 h
R

R
Ts

O

Ar

C20-27

559Al/Hg, THF/H2O,

reflux, 2 h

(65)

(56)

(72)

(76)

(75)

(60)

(50)

(68)

(74)

(86)

(70)

(80)

(50)

O

R1

R2 R4

R3

O

R

R

H2C=CHCH2CH2

H2C=C(Me)CH2CH2

H2C=CH(CH2)2CH2

(84)

(88)

(79)

O

R1

R4R3
R2

Ts

R2

EtO2CNH

AcO

EtO2CNH

AcO

AcO

EtO2CNH

EtO2CNH

EtO2CNH

EtO2CNH

AcO

EtO2CNH

AcO

EtO2CNH

R1

i-Bu

Bn

i-Bu

Bn

Bn

Bn

i-Bu

Me

Bn

Bn

Bn

Bn

Bn

R3

H

H

Et

H

H

H

H2C=CHCH2

H

H

H2C=CHCH2

H

H

H

R4

H2C=CHCH2

Et

Et

H2C=CHCH2

EtO2CCH2

H2C=CHCH2

H2C=CHCH2

t-BuO2C(CH2)4

EtO2CCH2

H2C=CHCH2

EtO2C(CH2)2

Bn

Bn

R

H

H

Me

(80)

(80)

(42)

Ar

3-furyl

3-thienyl

3-furyl
R

Ar

O

R

525



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

C21

560Al/Hg, THF/H2O,

  0°, 4 h

O

O

SO2Ph

SO2Ph

O

O

(73)
O

O

O

O

561

(n-Bu)3SnH, AIBN,

  toluene, reflux,

  10 minN
Cbz

PhO2S

O

(—)

N
Cbz

O

562Na/Hg, Na2HPO4,

MeOH, rt, 2 hN
Bn

OMeTs

O
(90)

N
Bn

OMe

O

257Na/Hg, Na2HPO4,

MeOH, rt, 2 hN
Bn

O R

Ts OMe

563Na/Hg, KH2PO4

O

OH

O

H

SO2Ph O

O

H

SO2Ph

HO

(74)
O

OH

O

H

(87)

(—)N
Bn

O R

OMe R

MeO

HOCH2

564Na/Hg, NaH2PO4,

  MeOHMOMO

O

H

Ts
(39)

MOMO

O

H

526

C21-22

565Na/Hg, Na2HPO4,

  MeOH, 0°, 3.5 h

C22

527SmI2, THF/MeOH,

  –78°, 5 min

O

CN

SO2(naphthyl-1)

59

(100)

O

CN

O

O

O

OMe

O

Ph
SO2Ph

(83)
O

O

O

OMe

O

Ph

566Ra-Ni (W-3), EtOAc,

  rt, 4 h

C22-24

O

R1

R2

O
PhO2S

Pr-n

O

TBDMSO Ts

n

n

1

2

(85)

(84)
Pr-n

O

TBDMSO

n

(n-Bu)3SnH, AIBN,

  toluene, reflux, 

  15 min

R1

HO

MeO

MeO

(98)

(99)

(99)

R2

H

H

MeO

O

R1

R2

O

435Na/Hg, EtOH, 

  reflux, 12 hO
O

H
PhO2S

(68)
O

O

H

Al/Hg, MeOH/THF,

rt, 1.5 h

C22-30

N
CHO

O

R

Ts
567, 568

N
H

O

R

R

n-Bu

O

O

4

(68)

(68)

527



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

150SmI2, LiCl, THF, 

  rtN
Me

O

SO2R2R1

R1

CO2Bu-t

116Mg, HgCl2, MeOH,

  rt

Ph

TsEtO2C
R

C23-27

C24

551Na/Hg, AcOH, EtOH,

  –10°, 5 hN
Boc

OTHP

CO2Et
SO2Ph

(55)

N
Boc

OTHP

CO2Et

569

C24-35

Na/Hg, Na2HPO4,

  MeOH, rt

PhO2S

O

OR2

NHCbz

Y

R1

N
Me

O

R1

R1

CO2Bu-t

R1

F

H

H

Time

18 h

18 h

20 h

R2

Bn

Bn

MR

(45)

(57)

(35)

R

H

Me

Et

(E)-MeCH=CHCH2

Ph

EtO2C R

(—)

132Na/Hg, Na2HPO4,

  MeOH, rt, 2 h

O
O

Si
O

O

PhO2S

OH

OH

t-Bu

t-Bu

O
O

Si
O

O

OH

OH

t-Bu

t-Bu

(41)

C23

O

OR2

NHCbz

Y

R1

528

(58)

(63)

(65)

(85)

(92)

(92)

C25

570

O O

SO2Ph

OMeMeO (—)
O O

OMeMeO
Zn

255Na/Hg, Na2HPO4,

  MeOH, rt, 2 h

Bn
N O

Ts

C6H4F-4

59

(n-Bu)3SnH, AIBN,

  toluene, reflux,

  30 minH
PhO2S

O

OMe

H
O

OMe (96)

114Mg, HgCl2, EtOH,

  rt, 2 h

SO2Ph

CO2Bn (98)
CO2Bn

CO2Me

Ts

OHO

Ph
571Al/Hg, THF/H2O,

110°, 6 h OHO

Ph
CO2Me

OHO

Ph
CO2Me

(—) (—)

+

(90)

Bn
N O

C6H4F-4

R1

H

H

H

n-C9H19

n-C9H19

n-C9H19

R2

t-Bu

EtO(Me)CH

TBDMS

t-Bu

EtO(Me)CH

TBDMS

Y

O

H2

H2

O

H2

H2

Time

75 min

45 min

50 min

75 min

75 min

75 min

529



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

572Na/Hg, B(OH)3,

  MeOH, rt, 1 h

C25-29

323Ph R

Ph O

SO2Py-2

Zn, NH4Cl,

  THF/H2O, rt

573, 574

C25-32

SmI2, THF/MeOH,

–78° to rt, 20 min

575

C25-41

C25

O

SO2Ph
HO

OTBDMS

3

(87)
O

H
HO

OTBDMS

3

(95)

(100)

(—)

R3

O

O

O

R1 R2

NH3/Na, THF, 

  –78° to –33°, 1 h

R3

O

O

O

PhO2S

R1

H

HO

H

R2

H

H

MeO

R3

H

H

TBDMSO

R1 R2

Ph R

Ph O
R

EtO

Ph

(92)

(99)

BocHN
H
N CO2Me

R1

O

SO2Ph O R2

* BocHN
H
N CO2Me

R1

O

O R2

*

530

C26

(n-Bu)3SnCl, AIBN,

  NaBH3CN,

  t-BuOH, reflux, 

  1 h

(66)

(70)

(43)

(47)

(61)

(73)

(55)

(44)

(33)

(36)

(41)

(34)

(54)

(27)

(47)

O

OH

O

OMe

OMe

(94) 576

562Na/Hg, Na2HPO4,

MeOH, rt, 2 hN
Bn

OMeTs

O Ph
(90)

N
Bn

OMe

O Ph

Na/Hg, Na2HPO4,

MeOH, rt, 12 h

577

N

O

H

H
TsN

H

(95)

N

O

H

H
N
H

R1

i-Pr

i-Pr

Bn

Bn

i-Pr

i-Pr

i-Pr

Bn

Bn

Bn

4-PMBOC6H4CH2

4-PMBOC6H4CH2

4-PMBOC6H4CH2

4-PMBOC6H4CH2

4-PMBOC6H4CH2

R2

i-Pr

i-Pr

i-Pr

i-Pr

Bn

Bn

4-HOC6H4CH2

Bn

Bn

4-HOC6H4CH2

i-Pr

i-Pr

Bn

Bn

4-HOC6H4CH2

O

O

O

OMe

SO2Ph
OMe

*

S

R

S

R

S

R

S

S

R

S

S

R

S

R

S
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

578Na/Hg, Na2HPO4,

  MeOH, 0°
N
Ts

OMOM

CO2Me

(60)

O

SO2Ph

SmI2, THF O (90) 579

150SmI2, LiCl, THF,

rt, 16 h

580Na/Hg, MeOH, rt,

  24 h

TBDPSO

SO2Ph

CN
119

Mg, HgCl2,

THF/MeOH,

  0° to rt, 2 h

(96)TBDPSO CN

N
Ts

CO2Me
SO2Ph

OMOM

C27

581Al/Hg, THF/H2O,

  0°, 30 minO

O

O

O

SO2Ph

O (68)

O

O

O

O

O

N
Me

O

SO2Bn

t-BuO2C

TBDMSO

SO2Ph

O

OH

7
(66)

TBDMSO

O

OH

7

C26

N
Me

O

CO2Bu-t

Additive

—

t-BuOH

cis:trans

50:50

83:17

(—)

(79)

532
OH

O

SO2Ph
Me2CO

O

584Al/Hg, THF/H2O,

  70°, 5 h

585Al/Hg, Na2HPO4,

MeOH
OTBDMSPhO2S

H

MeO2C

O

(93)

OTBDMS

H
MeO2C

O
H

583

Na/Hg, Na2HPO4,

  THF/MeOH, –78°,
  30 min

O

O SO2Ph
H

H

H

MeO
582Al/Hg, THF/H2O,

  rt, 16 h

586Na/Hg, Na2HPO4

C27-33

N
Bn

O CO2Et

Ts R

R = 4-FC6H4, 4-ClC6H4, Ph, 3-(c-C5H9O)C6H3OMe-4

(—)

N
Bn

O CO2Et

R

(88)

O

O
H

H

H

MeO

(76)

OH
O

CO2Me

O

SO2PhO

(96)

O

533



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

587SmI2, THF/MeOH,

–78°, 20 min

C28

C29

588Al/Hg, THF/H2O,

  rt, 1 d

BnO

O

OTHP

OH

(—)

123Li, C10H8, THF, 

  –78°

O

OTBDMS

OTBDMS

(70)

O

OTBDMS

OTBDMS

PhO2S

BnO

O

OTHP

OH

SO2Ph

589Na/Hg, Na2HPO4,

MeOH

(87)
OOTBDMS

OTHP

OOTBDMS

OTHP

Ts

H

H

O
AcO

SO2Ph

O
H (79)

H

H

O
AcO

O
H

(88)

H

H

AcO

O
H

OAc

587

1. SmI2, THF, –78°,

    15 min

2. Ac2O, DMAP,

    THF, –78°, 30 min534

579Al/Hg

C30

591

C31

Al/Hg, THF/H2O,

75°, 1 h

Al/Hg, THF/H2O,

75°, 1 h

592

O

H

O
O

PhO2S

HH

H

MeO

SO2Ph

CO2Me

590NH3/Ca, reflux,

  10 min
HH

H

MeO

CO2Me

(61)

(38)

O

H

O
O

O

OO
O

OO

SO2Ph

H
(75)

O

OO
O

OO
H

O

OO

O
O

O

SO2Ph

H
(—)O

OO

O
O

O
H

535



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

C32

594SmI2, THF, rt, 1 h (—)

OHC OTBDPS

O

Al/Hg, THF/n-PrOH/

H2O, 40°, 3 h

C33

145

OHC OTBDPS

O

SO2Ph

O

NHTs

O

O OSO2Ph

Al/Hg, THF/H2O,

rt, overnight

596

597
BocN

O

O R

SO2Ph

H
N

N

O

Ts

SPh

H

H

Na/Hg, Na2HPO4,

MeOH, rt, 1 h

593

H
N

N

O SPh

H

H

(91)

595Na/Hg, Na2HPO4,

MeOH, –10°, 4 h

NHCbz

OH

O

SO2Ph
9

(68)

NHCbz

OH

O

9

(80)
O

NHTs

O

O O

(86)

(85)

R

(E)-Me(CH2)10CH=CHCH2

n-C14H29

BocN

O

O R

536
C35

216Li, C10H8, THF, –78° MeO

TBDMSO
O

O O

MP

(—)

Na/Hg, Na2HPO4,

MeOH, –20°, 18 h

C34

598

(93)

CO2Me

OMe

MeO

O OTBDMS

MeO

TBDMSO
O

O O

MP

PhO2S

CO2Me

OMe

MeO

O OTBDMS

Ts

119

Al/Hg, THF/H2O,

  reflux, 30 min

599

C37

Mg, HgCl2, MeOH/

  THF, 0° to rt, 2 h

SO2Ph

NC

H

H H

H

H
(95)

NC

H

H H

H

H

THPO

CF3

O

SO2Ph

H

H H

H

THPO

R

O

H

R = CF3, CHF2

(—)H

H H

537



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

Na/Hg, EtOH, rt,

  1 h

C38

601

O

Ts

BnO

(77)

O BnO

Na/Hg, Na2HPO4,

  MeOH, rt, 2 h

600

Na/Hg, Na2HPO4,

MeOH, –10°

C39

602

C37

C40

603Na/Hg, Na2HPO4,

MeOH, 0°

O O
O O

O
(—)

OTBDMS

O O
O O

O

OTBDMS
SO2Ph

Na/Hg, Na2HPO4,

EtOH, rt, 12 h

604

CbzHN

O

OH

OBn

SO2Ph

10 (95)
CbzHN

O

OH

OBn

10

TBDMSO

OTHP

O

O
MeO2C

Ts

4

(93)
TBDMSO

OTHP

O

OMeO2C

4

OMe

EtO2C

Ts

H

H

OMe

CO2Et

(—)
H

H

538
555

O

O O

O

O

OBn
H

OMOM

H HH

O
R

(—)

C40-57

Al/Hg, THF/H2O,

  rt, overnight

Na/Hg, Na2HPO4,

MeOH, rt, 1 h

605

O

O O

O

O

OBn
H

OMOM

H HH

O
R

SO2Ph

R = H, TBDPSOCH2

C42

Li/C10H8, THF, 

  –78°, 1 h

607

OBn

OTBDPS

O

PhO2S

(60)

OBn

OTBDPS

O

C41

SmI2, THF/MeOH,

–78°

606

TBDPSO
O OPMB

PhO2S

C44

608SmI2, THF/MeOH,

  –78° to rt, 15 min

O

O
OO

H

H

OTBDPS

MeO2C

PhO2S

(93)

TBDPSO
O OPMB

(95)

O

O
OO

H

H

OTBDPS

MeO2C

OTBDMS

O

SO2Ph

O
TBDMS

O
O

(66)

OTBDMS

OO
TBDMS

O
O
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

Na/Hg, Na2HPO4,

MeOH, rt, 2 h

609

O O

OTBDMS

O

SO2Ph

O
NCbz

(87)

O O

OTBDMS

O O
NCbz

C47-63

C45-46

179Ra-Ni, EtOH, reflux
N
H

R

OTBDPS

CO2H

BocHN (—)OTBDPS

O

R SO2Ph

NHCbz

HO2C

NHBoc

R = H, Me

C45

610Al/Hg, THF/H2O,

  3.5 h

C44

O

O

O
MeO

MOMO

OMe

OMe

O

H
OMOM

H

PhO2S
H

(—)

O

O

O
MeO

MOMO

OMe

OMe

O

H
OMOM

H

H

O

OTBDPS

R

H OMe
O

O

OTBDPS

R

H OMe
O

SO2Ph

Na/Hg, Na2HPO4,

THF/MeOH, –10°

540

611

611

611

260

(—)

(88)

(—)

(82)

R

TESO

TESO
OBn

O
H

MeO

OTES

OBn
BnO

OTES

C49

613
O Ph

O

TBDPSO

O

TMSO
CO2Me

OH

SO2Ph

(—)
O Ph

O

TBDPSO

O

TMSO CO2Me

OH

C48

Al/Hg, THF/H2O,

rt, 23 h

612OPMB

OTBDMS O

OTBDMS

SO2PhOBn

(—)

OPMB

OTBDMS O

OTBDMS

OBn

C50

59
O

O
O

O
O O

BnO

OBn

OBn

SO2Ph
(n-Bu)3SnH, AIBN,

  toluene, reflux,

  40 min

(68)
O

O
O

O
O O

BnO

OBn

OBn

Time

75 min

45 min

2 h

—

Al/Hg, THF/HMPA/

  H2O, rt, 3 h
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

C52

Na/Hg, Na2HPO4,

MeOH, rt, 1 h

614

59

C55

C53

(n-Bu)3SnH, AIBN,

  toluene, reflux,

  30 min

TBDMSO

TBDMSO OTBDMS

O O
Si

t-Bu Bu-t

O

SO2Ph

TBDMSO

TBDMSO OTBDMS

O O
Si

t-Bu Bu-t

O

(89) 615SmI2, THF/MeOH,

  –78°

TBDPSO OBn

OTBDMS O

PhO2S OTBDMS

616Na/Hg, Na2HPO4,

  MeOH, rt, 1 h

180SmI2, THF/MeOH,

–78°, 20 min

TBDPSO OBn

OTBDMS O

OTBDMS

(68)

EtO OEt

OR OR

O

SO2Ph

OR OR

R = TBDMS

(—)

EtO OEt

OR OR

OOR OR

TBDPSO

OMOM O OPNBz

SO2Ph

3

(51)

TBDPSO

OMOM O OPNBz

3

BOMO OBOM

BOMO SO2Ph

O

HH

H

H

H
(83)

BOMO OBOM

BOMO

O

HH

H

H

H

542

617

C58

Al/Hg, THF/H2O,

  0°, 30 min; rt, 2.5 hH

H
OMOM

O

Na
O

O

O O

PhO2S

MOMO
OTBDPS

H

H
OMOM

O

Na
O

O

O O

MOMO
OTBDPS

(—)

620

C61

(—)
Ph

OTBDMS O

OBn

OTES
OBn

OBnPh

OTBDMS

PhO2S

O

OBn

OTES
OBn

OBn
Na/Hg, Na2HPO4,

  MeOH/THF, 20°,
  2 h

619

C60

Na/Hg, Na2HPO4,

  THF/MeOH,

  –10°, 1 h

618Na/Hg, NaH2PO4,

  THF/MeOH, –10°

O

OTIPS

OMe SO2Ph

O

O

TESO
OTBDPS

(92)

O

OTIPS

OMe

O

O

TESO
OTBDPS

C59

O
H OMe

O

SO2Ph OBn

OTES

TBDPSO

OBn

(—)

O
H OMe

O

OBn

OTES

TBDPSO

OBn

543



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. REDUCTIVE DESULFONYLATION OF β-OXO-FUNCTIONALIZED SULFONES (Continued)

621Na/Hg, Na2HPO4,

MeOH, 0°, 3 h

(94)

C64

O
OTBDPS

MOMO BOMO O

OMOM
HH

PhO2S

TrO

TIPSO O O
O

OTBDMS

H

OTMS

622SmI2, THF/MeOH,

–78°, 30 min

(—)

C71

PhO2S

10 4 4 O
OTBDPS

MOMO BOMO O

OMOM
HH

10 4 4

PMB

TrO

TIPSO O O
O

OTBDMS

H

OTMS

PMB

a The product has 95% deuterium incorporation.
b The alkene is reduced under these conditions.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES

C13-17

1. (n-Bu)3SnH, AIBN,

    toluene, 110°, 5 h

2. KF

627

627

627

628

O

R3

SO2Ph
R1

R2

R1

H

H

Me

H

(85-95)

(85-95)

(85-95)

(—)

R2

H

Me

Me

H

R3

Me

Me

Me

(Z)-MeCH2CH=CHCH2

O

R3

R2

R1

C10

(n-Bu)3SnH, AIBN 625
SO2Ph Sn(Bu-n)3

(—)

R
SO2Ph

R
Sn(Bu-n)3

623

623

624

C9-12 R

Cl

CN

TMS

(—)

(—)

(90)

(n-Bu)3SnH, AIBN,

  C6H6

C13

Al/Hg, THF/H2O,

20°, 4 h

626

SO2CH2Ac

(58)

Temp

80°
80°
65°

188

C15 RhCl(PPh3)3, PNAH,

  LiClO4, CH3CN, 70°,
  17 h

Ph SO2Ph Ph Ph(79) + (5.5)

545

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

C15-21

C15-18

Na/Hg, Na2HPO4,

MeOH, 0° to rt

629

Ts

OH
R2

R1

R1

i-Pr

Ph

H

I

(19)

(28)

(33)

R2

HO

HO

t-BuO2CCH2

OH

R1

R2
OH

R1

R2

I II

+

II

(21)

(18)

(32)

OH
R1

III

+

+

IV

OH
R1

III

(8)

(0)

(0)

IV

(0)

(12)

(0)

O O
R

PhO2S O OR

630(n-Bu)3SnH, AIBN,

  toluene, reflux, 2 h

(69)

(88)

(75)

(72)

(80)

(80)

(77)

R

(E)-MeCH=CHCH2

n-Bu

Bn

n-C8H17

546



R1

H

H

Bn

(70)

(80)

(70)

R2

Et

i-Pr

Me

R2

TMS

SO2Ph

OR1

R2

TMS OR1

(n-Bu)3Sn(n-Bu)3SnH, AIBN,

  C6H6, 65°, 2 h

624

C15-24

O

R1

R2

SO2Ar

R3

R1

H

H

H

H

Ph

Me

i-Pr

(92)

(44)

(10)

(73)

(66)

(55)

(52)

R3

H2C=CHCH2

i-Pr

n-Bu

Bn

H

Bn

Bn

O

R1

R2

R3

R2

H

H

H

H

EtO

EtO

EtO

631

632

632

632

633

633

633

Ar

Ph

4-Tol

4-Tol

4-Tol

Ph

Ph

Ph

39

C16

Na/Hg, Na2HPO4,

MeOH, 0°, 1 h

O

O

O

O
I II

+

I + II (94), I:II = 42:58

Z:E = 60:40

Reagents

Na/Hg, Na2HPO4

Na

Na

Na

Na/C10H8

Na/C10H8

Na/C10H8

Solvent

MeOH

EtOH/THF

EtOH/THF

EtOH/THF

THF, n-PrNH2

THF, n-PrNH2

THF, n-PrNH2

Temp

0°
rt

rt

rt

–78°
–78°
–78°

Time

1.5 h

18 h

18 h

18 h

—

—

—

O

Ts
O

Na/Hg, Na2HPO4,

MeOH

(92) 631

Ts

O
O

See table.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

134

SO2Ph

O O

Li/NH3, THF, rt, 5 min (—)

N
H

R
634, 635

C16-17

Na/Hg, Na2HPO4,

  MeOH, –20° to –5°

R

3-pyridyl

Ph

SO2Ph

(60)

(45)N
H

R

85

C16-22

Pd catalyst, LiHBEt3,

  THF, 0°SO2R
I +

II +

III

R

Me

Me

4-Tol

4-Tol

Time

1 h

7 h

0.5 h

0.5 h

I + II + III

(84)

(92)

(87)

(86)

I:II:III

98:2:0

96:3:1

97:2:1

>99:0:0

Pd catalyst

PdCl2(dppp)

PdCl2(dppb)

PdCl2(dppp)

PdCl2(dppb)

89

C17

Pd(acac)2, n-Bu3P,

  HCO2H, TEA, C6H6,

  45°, 22 h

SO2Ph

Bu-t
Bu-tBu-t

(98.7) + (1.3)

C16

548



C18

Mg, HgCl2, EtOH,

  rt, 2 h
Ph

OH SO2Ph

Ph

OH

(98)

(71)  Z:E = 1:3Al/Hg, THF/H2O,

20°, 4 h

O
O

O

F
FPhO2S

O
O

O
F

O
O

O

F
F

(75) (15)Mg, HgCl2, EtOH/THF,

  0°

F

OH

Na/Hg, Na2HPO4,

  MeOH, –10° to rt, 1 h

(71)

OHH H

SO2Ph

SO2CH2Ac

C18-25

(91)

(72)

(75)

(91)

(81)

R2

H

Me

Ph

Ph

Ph

R3

Bn

Bn

H

Bn

H

OH
R2

R1
R3 Ts

R4

R1

H

Me

H

H

H

R4

H

H

Ph

H

n-C8H17

OH
R2

R1

R4

R3

Pd(PPh3)4, NaBH4

Temp

0°
20°

–35° to 0°
0°
rt

Time

1 h

5 h

6 h

2 h

0.5 h

Solvent

THF/i-PrOH (2:1)

THF/i-PrOH/EtOH (5:2:2)

THF/i-PrOH (2:1)

THF/i-PrOH (2:1)

THF/i-PrOH (2:1)

+

114

626

636

33

82
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TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

89

Pd(acac)2, n-Bu3P,

  HCO2H, TEA, 

  THF, 45°, 22 h

(82) + (18)

C19 SO2Ph

190

C19-26

Pd catalyst, 

  hydride, THF

I + II

Time

3 min

2.5 h

20 min

4 h

15 min

4 h

45 min

7 h

3 min

18 h

3 min

3 h

I:II

93:7

7:93

92:8

3:97

98:2

16:84

93:7

3:97

96:4

1:99

99:1

1:99

Pd Catalyst/Additive

PdCl2(dppp)/Ph3SiH

PdCl2(PPh3)2

PdCl2(dppp)/Ph3SiH

PdCl2(PPh3)2

PdCl2(dppp)/Ph3SiH

PdCl2(PPh3)2

PdCl2(dppp)/Ph3SiH

PdCl2(PPh3)2

PdCl2(dppp)/Ph3SiH

PdCl2(PPh3)2

PdCl2(dppp)/Ph3SiH

PdCl2(PPh3)2

R1
R2

Ts

OH

R1
R2

OH

R1
R2

OH

R2

Me

Me

n-C8H17

n-C8H17

i-Pr

i-Pr

PhCH2CH2

PhCH2CH2

PhCH2CH2

PhCH2CH2

n-C8H17

n-C8H17

R1

Bn

Bn

Me

Me

Bn

Bn

i-Pr

i-Pr

Bn

Bn

Bn

Bn

Hydride

LiHBEt3

LiBH4

LiHBEt3

LiBH4

LiHBEt3

LiBH4

LiHBEt3

LiBH4

LiHBEt3

LiBH4

LiHBEt3

LiBH4

Temp

20°
–4°
20°
–18°
20°
0°
20°
–20°
20°
–45°
20°
–5°

I + II

(100)

(100)

(98)

(96)

(78)

(98)

(99)

(87)

(94)

(~100)

(92)

(83)

Z:Ea

4:96

11:89

2:98

10:90

4:96

24:76

2:98

<1:99

4:96

11:89

2:98

14:86
C20

(84)

LiHBEt3,

  PdCl2(dppp), THF, 

  0°, 0.5 h

637

O
O

N

SO2Et

O
O

N
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85

C20-24

PdCl2(dppp), LiHBEt3,

  THF, 0°

R2

Ts R1

R2

R1

I +

R2

R1

II

Time

0.5 h

0.5 h

0.5 h

0.5 h

1 h

40 min

I + II

(89)

(84)

(99)

(89)

(91)

(97)

I:II

0:>99

>99:0

0:>99

>99:0

31:69

>99:0

R2

H

Bn

H

PhCH2CH2

H

n-C11H23

R1

Bn

H

PhCH2CH2

H

n-C11H23

H

C21-22

Ts

NHBu-i

O

R

NHBu-i

O

Na/Hg, Na2HPO4,

MeOH, –20° to rt

R

n-C5H11CHOH

Bn

(75)

(—)

R 133

Na/Hg, B(OH)3, MeOH,

reflux, 12 h

638(74)
BocN

HO

Ts

BocN

HO

C21-24

129

SO2Ph

R

R

H

TMS

(—)

(84)

Z:E

—

13:87

R

Reagents

Na/Hg

Na, DMAN

Solvent

MeOH

Et2NH/THF

Temp

—

–85°

See table
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TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

C21-27

R1
R2

PhO2S

(—)

(92)

(—)

(98)

(98)

n

n

1

1

2

2

2

R1

CD3

Me

CD3

Me

Me

R2

HOCH2

HOCH2

HOCH2

HOCH2

MeO2C

639

348

639

348

640

88

C22

Mo(CO)6, reflux, 21 h
Ph

Ph

SO2Ph

Ph
Ph

Ph
Ph

Ph
Ph

I

+

II

III

+

Solvent

dioxane

dioxane/H2O

II

(4)

(12)

I

(11)

(32)

III

(15)

(0)

33R

CN

Ts

R

CN

Na/Hg, Na2HPO4,

  MeOH

R

n-Bu

s-Bu

(49)

(58)

Time

4 min

20 min

Temp

–20°
–10°

R1
R2

n

Li/EtNH2

Temp

—

–78°
—

–78°
–78°

Time

—

1 h

—

1 h

1 h

C23

Na/Hg, NaH2PO4,

MeOH, 0° to rt

37

N
Bn

Ts

EtO2C
N
Bn

EtO2C
N
Bn

EtO2C(9) (46)+
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Na/Hg, Na2HPO4,

MeOH, –10° to rt, 7 min

117(66)NC

Ts
NC

84

C23-28

R3

Bn

n-C11H23

n-C11H23

n-C11H23

n-C11H23

R3R2

R1

Pd(PPh3)4, LiHBEt3,

  THF, 0°

Time

0.5 h

1.5 h

40 min

5 h

1.5 h

Ts

R2

Ph

Me

Ph

Me

Me2C=CHCH2CH2

R1

H

Me

H

Me2C=CHCH2CH2

Me

R3R2

R1

R3R1

R2

R3R1

R2

I II

III

+ +

I + II + III

(94)

(86)

(~100)

(83)

(98)

I:II:III

94:0:6

>99:0:0

84:0:16

91:9:0

94:6:0

641PdCl2(dppp), LiHBEt3,

  THFTMS Ts

n

1

1

2

2

R

R

OH

"

C23-48

Time

1.5 h

16 h

16 h

16 h

Temp

0°
0° to rt

0° to rt

0° to rt

(90)

(97)

(95)

(88)

n TMS

R

n

2

3
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TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

C24

Ph

O
OH

(n-Bu)3SnH, AIBN,

  C6H6, 80°, 2 h

(67)

PdCl2(dppp), LiHBEt3,

  THF, 3 hO

O

O

O

(74)

Na/NH3, THF, 

  –10°, 5 min

(87)

O O
O O

(n-Bu)3Sn

SO2Ph

PhO2S

Na/Hg, Na2HPO4,

MeOH, 22°, 1 h

(65)

C26

HO

PhO2S

HO

C25-37

R1

Ts

OH

R2 R1

OH

R2
R1

O

R2
I II

R1

n-C8H17

n-C18H37

n-C18H37

R2

Ph

i-Pr

n-C8H17

1. Pd(PPh3)4, TEA,

    ClCH2CH2Cl/MeOH,

    reflux, 7.5 h

2. TsOH, MeOH/

    CHCl3, rt, overnight

642

644

643

645

189+

I

(59)

(71)

(65)

II

(0)

(11)

(7)

Ph

O
OH

SO2Ph
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Na/Hg, Na2HPO4,

MeOH/THF, 0°, 1 h

646

O

H OH

Li/EtNH2, THF, 

  –78°, 3.5  h

648

OH

PhO2S
O

OH

PhO2S

Na/Hg, Na2HPO4,

MeOH, rt, 4 h

649

PhPh

SO2Ph

H

C27

OH

SO2Ph

647Li/EtNH2, Et2O, –78°

Li/EtNH2, 0°, 30 min 650

Ts

Na/Hg, Na2HPO4,

MeOH/THF, 0°, 1 h

646
HPhO2S

O

O

(83)

O

H OH

(78)

OH

O

OH

(35)

PhPhPhPh

(52) +

OH (76)

(77)

(86)
H

O

O
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TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

Ts

(82)

SO2Ph

O

O O
HO

O

O O
HO

651

Na/Hg, Na2HPO4,

  MeOH, –20° to –10°,
  20 min

(76)

C29

650Li/EtNH2, 0°, 30 min

H

O

H

O

Ts

TMS

652(63)PdCl2(dppp), LiHBEt3,

  THF, 0°, 60 min

OH
(35)

+

OH

(15)

Na/Hg, Na2HPO4,

MeOH, 0°, 2 h

109

C30

Li/EtNH2, –78° 653

(88)
O

O

SO2Ph

O

O

Ts OC(O)Me

H

O

H

O

TMS

C27
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C30-32

R

SO2Ph

R

R

(EtO)2HC
O

O

[Pd(π-allyl)Cl]2, dppp,

  LiBHEt3, THF, rt

(94)

(92)

Time

2.5 h

45 min

654a

193

C31

Pd(OAc)2, n-Bu3P,

  LiHBEt3, THF,

  0° to rt, 4 h
C10H21-n

SO2Ph

C10H21-n

C10H21-n

C10H21-n

C10H21-n

C10H21-n
(38) + (56)

TMS

HO

HO

OTBDMS

C32

TMS

HO

HO

OTBDMS

Na/Hg, Na2HPO4,

  MeOH, –78°
654b(—)

C33

OH

OMe

SO2Ph OH

OMe
(92)

655LiEt3BH, Pd(dppp)Cl2,

THF, 0°, 5 h

SO2Ph
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TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

C36

656

(80-82)
SO2Ph

O

O

2

Na/Hg, MeOH, –10°

22a

OMe

H H

H

H Pr-i

OH

OMe

H H

H

H Pr-i

OH

Li/NH3, –78°

C35

(65)
SO2Ph

C38

657(77)Pd(OAc)2, dppp, NaBH4,

  DMSO, overnight

O

PMBO
SO2Ph

HO

O

PMBO

HO

88Mo(CO)6, dioxane,

  reflux, 21 h

SO2Ph

(41)

EE:EZ:ZZ = 45:43:12EE:EZ:ZE:ZZ = —

O

O

2
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OMe

OMe

659

C39

SO2Ph

658

OMe

OMe

MeO

MeO

Ts

660

661
OTHP

Ts

C40

C42

2

2

OBn
HO

HO OTBDMS

O

O
PhO2S

H

PdCl2(dppe), LiHBEt3,

  THF, 0°, 1 h

(91)

PdCl2(dppp), LiHBEt3,

  THF, 0°, 5 h

OMe

OMe

MeO

MeO

(92)

Na/Hg, Na2HPO4,

THF/MeOH, –78° to rt

(80)

OTHP
PdCl2(dppp), LiHBEt3,

  THF, 0°, 8 h

(94)  Z:E = 9:91

3

OMe

OMe

2

OBn
HO

HO OTBDMS

O

O

H
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TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

662

C42-45

THPO

OSEM

R

R

HO(CH2)3

Me2C=CH(CH2)2

663

C43

O

BnO

H

SO2Ph

SO2Ph

O 664
SO2Ph

TBDPSO

C45

251OTBDMS

OTBDMS

OMe

SO2Ph

OH

2

PdCl2(dppp), LiHBEt3,

  THF, 4°

(93)

(83)

THPO

OSEM

R

Time

7 h

5 h

Li/EtNH2, Et2O,

  –78°

(83)

LiHBEt3, PdCl2(dppf),

  THF, rt, 6 h

O

TBDPSO

(—)

Na/Hg, Na2HPO4,

  MeOH (93)

OTBDMS

OTBDMS

OMe

OH

O

HO

H
2
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Na/Hg, Na2HPO4,

  MeOH/THF, 0°, 0.5 h;

  rt, 16 h

(—)
OBn

CO2Bn

H

OBn

CO2Bn

H

C47

PhO2S

Na/Hg, Na2HPO4,

MeOH, 26°, 6 h

(91)

C46

MeO

OMe OTBDPS

O O
MeO

OMe OTBDPS

O O

SO2Ph

C67

OMe

OMe

MeO

MeO
SO2Ph

666

665

659PdCl2(dppe), LiHBEt3,

  THF, 0°, 1 h

(77)

8

OMe

OMe

MeO

MeO

8
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TABLE 6. REDUCTIVE DESULFONYLATION OF ALLYL SULFONES (Continued)

667

85

668

667

669

667

(—)

(94)

(99)

(—)

(77)

(—)

Z:E

0:100

5:95

0:100

0:100

0:100

0:100

662(92)

670

Na/Hg, Na2HPO4,

  MeOH/THF, rt, 2.5 h

PdCl2(dppp), LiHBEt3,

  THF, 0°, 6 h

(51)

OR

OR

MeO

MeO

H

n m

Reagents

Li/EtNH2

PdCl2(dppp), LiBHEt3

Na/C10H8

Li/EtNH2

Li/C10H8

Li/EtNH2

Solvent

—

THF

THF

—

THF

—

Temp

–30° to –20°
0°

–78°
–30° to –20°

–78°
–30° to –20°

Time

—

2 h

0.5 h

—

2 h

—

See table.

OTES

OTBDMS4 3

H OH

TIPSO

2 3

R

Bnb

MOM

MOM

Bnb

Bnb

Bnb

n

7

1

1

7

1

7

m

0

8

8

1

8

2

C70-80 OR

OR

MeO

MeO

Ts

H

SO2Ph

C81

OTES

OTBDMS

H

PhO2S PhO2S

OH

TIPSO

2 3

C88

n m

4 3

a The Z:E ratio is of the major product.
b The benzyl group is removed under the reaction conditions.
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Substrate Refs.Conditions Product(s) and Yield(s) (% )

TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES

C10-15

H

SO2Ph

R2

R1

R2

Me

2-furyl

4-ClC6H4

Ph

4-MeOC6H4

R1

Me

H

H

H

H

(58)

(72)

(78)

(75)

(65)

H

H

R2

R1 672

NR1

R2

SO2R3
NR1

R2

671

R1

MeC(O)

MeC(O)

H

CHO

PhC(O)

MeC(O)

H

PhC(O)

R2

H

Me

Bn

Bn

Me

Bn

Bn

Bn

R3

Me

Me

Me

Me

Me

Me

Ph

Me

(58)

(64)

(73)

(40)

(52)

(62)

(84)

(36)

C7-19

(n-Bu)3SnH, AIBN,

  xylene, 140°

Time

17 h

5 h

22 h

5 h

9 h

6 h

7 h

14 h

(n-Bu)3SnH, AIBN, 

  C6H6, reflux
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

R
SO2Ph

NO

O

C11-34

673

O N

O

O

O

N

S
TBDMSO

TBDMSO

O

O

N

S
TBDMSO

TBDMSO

OBn

O

O

N

S
TBDMSO

TBDMSO

OBn

R

O

O

O

OBn

N

O S

RNa/Hg, NaH2PO4,

MeOH/THF

(86)

(13)

(64)

(76)

(98)

(96)

Temp

–30°

–30°

rt

rt

rt

rt
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O2
S

674

675

C13

N

OMe

SO2Ph

O

Me

C13-18

75
R2

SO2R4

R1

R3

R1

H

H

H

Me

H

R2

n-Bu

   —(CH2)10—

Ph

Me

   —(CH2)10—

R3

Me

Me

Ph

R4

Ph

Et

Ph

Ph

Ph

C12

74

O2
S

Ra-Ni, EtOH, reflux, 6 h (65)

Na2S2O4, NaHCO3,

  TBAI, toluene/H2O,

  90°
(93)

N

OMe

O

Me

NICRA (2/2/1), DME,

  65°

Time

20 h

18 h

2 h

16 h

3.25 h

R2

R1

R3

H I +
R2

R1

R3

H II

I

(62)

(50)

(77)

(84)

(58)

II

(14)

(0)

(3)

(6)

(0)

Z:E

33:67

30:70

73:27

—

42:58

NICRA-bpy (4/2/1/2),

DME, 63°, 18 h

(77)
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

C13-22

164

164

164

164

45

45

45

45

164

164

45

45

45

45

45

45

45

R1

SO2Ar

R2

2-furyl

3-ClC6H4

4-ClC6H4

Ph

4-FC6H4

4-ClC6H4

3-ClC6H4

2-ClC6H4

4-MeC6H4

4-MeOC6H4

Ph

Ph

4-MeOC6H4

4-MeC6H4

Ph

Ph

Ph

Ar

Ph

Ph

Ph

Ph

4-Tol

4-Tol

4-Tol

4-Tol

Ph

Ph

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

Z:E

<1:99

<1:99

<1:99

<1:99

<1:99

<1:99

<1:99

<1:99

<1:99

<1:99

<1:99

45:55

<1:99

<1:99

32:68

31:69

10:90

R1

MeS

MeS

MeS

MeS

MeS

MeS

MeS

MeS

MeS

MeS

MeS

Me

MeS

MeS

Et

n-Pr

Bn

R2

C14

676

SO2Ph

SO2Ph

(67)

(78)

(80)

(82)

(72)

(71)

(73)

(63)

(73)

(75)

(68)

(72)

(57)

(67)

(81)

(75)

(85)

R1
R2

Z:E

72:28

76:24

68:32

74:26

<1:99

<1:99

<1:99

<1:99

74:26

68:32

<1:99

<1:99

<1:99

<1:99

<1:99

2:98

1:99

Reagents

NaTeH

NaTeH

NaTeH

NaTeH

Mg, TMSCl

Mg, TMSCl

Mg, TMSCl

Mg, TMSCl

NaTeH

NaTeH

Mg, TMSCl

Mg, TMSCl

Mg, TMSCl

Mg, TMSCl

Mg, TMSCl

Mg, TMSCl

Mg, TMSCl

Reagents, rt

Solvent

EtOH

EtOH

EtOH

EtOH

DMSO

DMSO

DMSO

DMSO

EtOH

EtOH

DMSO

DMF

DMSO

DMSO

DMF

DMF

DMF

Time

2-3 h

2-3 h

2-3 h

2-3 h

1 d

1 d

1 d

1 d

2-3 h

2-3 h

1 d

1 d

1 d

1 d

1 d

1 d

1 d

(n-Bu)3SnH, CH2Cl2,

  rt, 5 min

(~100)

SO2Ph

H
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C14-25

PhO2S

R1

R2

46

46

46

677

46

46

46

46

678

678

679

678

678

678

678

679

679

R1

n-C5H11

Me

n-C6H13

Bn

n-C6H13

n-C6H13

n-C7H15

n-C8H17

i-Pr

i-Pr

n-Bu

n-C6H13

n-C6H13

PhCH(OH)

PhCH(OH)

n-C5H11

n-C5H11

R2

Me

n-C5H11

Me

MeO

Et

Et

Me

Me

TBDMSC C

TBDMSC C

THPO(CH2)4

TBDMSC C

TBDMSC C

TBDMSC C

TBDMSC C

(E)-THPO(CH2)3CH=CHCH2

THPO(CH2)7

R1

(88)

(52)

(82)

(61)

(65)

(55)

(62)

(74)

(50)

(60)

(—)

(57)

(44)

(39)

(55)

(—)

(—)

Temp

80°
120°
120°
100°
120°
80°

120°
120°
50°
50°
80°
60°
80°

120°
80°
80°
80°

Time

3 h

1.5 h

1.5 h

—

1.5 h

3 h

1.5 h

1.5 h

4 h

18 h

7 h

2 h

2 h

1 h

1 h

7 h

7 h

Base (eq)

Na2CO3 (12)

NaHCO3 (6)

NaHCO3 (6)

—

NaHCO3 (6)

Na2CO3 (12)

NaHCO3 (6)

NaHCO3 (6)

NaHCO3 (6)

NaHCO3 (6)

NaHCO3 (—)

NaHCO3 (12)

NaHCO3 (12)

NaHCO3 (6)

NaHCO3 (12)

NaHCO3 (—)

NaHCO3 (—)

R2

Z:E

0.5:99.5

0.5:99.5

0:100

0:100

0:100

0:100

0:100

0:100

<5:95

<5:95

0:100

3:97

2:98

33:67

6:94

0:100

0:100

Solvent

C6H12/H2O

DMF/H2O

DMF/H2O

DMF/H2O

DMF/H2O

C6H12/H2O

DMF/H2O

DMF/H2O

DMF/THF/H2O

DMF/THF/H2O

DMF/H2O

DMF/THF/H2O

THF/H2O

DMF/H2O

DMF/THF/H2O

DMF/H2O

DMF/H2O

x

6

3

3

—

3

4

3

3

4

4

—

6

6

4

6

—

—

Na2S2O4 (x eq)
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

680

40

681

C14-32

SO2Ph

R

R

O

O

Z:E

100:0

100:0

50:50

EtO2C CO2Et

NTs

ON

O
H

N

O

Ts

C15

C15-16

SO2Bu-t

SO2Bu-t

n

Al/Hg, 0° to rt, 48 h

Solvent

THF

CH3CN

THF

R

(47)a

(81)

(41)

N

O

Na/Hg, Na2HPO4,

THF/MeOH, rt

(77)

(100)

(85)

SmI2, THF/MeOH, –70°

n

1

2

H

SO2Bu-t

n

568



C15-17

44
CN

SO2Ph

Ar

Ar

2,6-Cl2C6H3

4-ClC6H4

2-ClC6H4

4-BrC6H4

Ph

4-MeC6H4

3-MeC6H4

4-MeOC6H4

4-Me2NC6H4

C15-18

682

683

R
N

Ts

R

CO2Me

Boc

561

Ac
N

PhO2S

R

R

SmI2, THF/MeOH, 60° CN
Ar

(70)

(70)

(60)

(68)

(67)

(83)

(67)

(62)

(82)

Time

8 h

4 h

6 h

4 h

6 h

4 h

4.5 h

4.5 h

5 h

Na/Hg, Na2HPO4

Solvent

MeOH/THF

EtOAc/t-BuOH (1:1)

Temp

–78° to rt

0° to rt

Time

—

24 h

(—)

(55)

R
N

Na/Hg, Na2HPO4,

THF/MeOH, rt, 12 h

R

Me

—(CH2)5—

(91)

(93)

Ac
N

R

R
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

684

40

114

63

C15-21

Ts N

O

R

R

Me

H2C=CHCH2

Bn

C16-20

N

Ts

CO2Et
R

R

Me

AcO(CH2)3

C17

SO2Ph

F

SO2Ph

Ph

Z

E

SmI2, THF, HMPA, –20° N

O

R

(42)

(85)

(75)

Z:E

88:12

99:1

94:6

N

CO2Et

R

R

Me

HO(CH2)3

(86)

(87)

(99)Mg, HgCl2, EtOH,

rt, 2 h

1. (n-Bu)3SnH, AIBN,

    C6H6, reflux

2. NaOMe, MeOH, reflux

E

Z

F
Ph

(76)

(82)

Na/Hg, Na2HPO4,

  MeOH/THF, rt570



48
SO2Ph

>98.5% EE

C17-20

634, 41

H
N

Ar

SO2Ph

C18

O

O SO2Ph

OMe

OH

685

686

HO

HO

NHBoc

Ts

686

HO

HO

NHBoc

Ts

n-BuMgCl, catalyst, 

  THF, rt, 1 h

I

(15)

(26)

II

(10)

(8)

EZ

91%

—

EE

—

67%

I

Catalyst

Ni(acac)2

Pd(acac)2

Bu-n

+ II

SmI2, THF/HMPA,

–20°, 20 min

H
N

Ar

(59)

(65)

Ar

2-furyl

4-MeC6H4

Na/Hg, Na2HPO4,

MeOH, –20° to rt

(80)
O

O

OMe

OH

(76)Na/Hg, Na2HPO4,

MeOH/THF, –23°, 1.5 h

HO

NHBoc

HO

(84)Na/Hg, Na2HPO4,

MeOH/THF, –22°, 1.5 h

HO

NHBoc

HO
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

SO2Ph

Z:E = 1:99

SO2Ph

>99% EE

HO

HO

NHBoc

Ts

Ts
OMOM

t-Bu OH

C18-25

R1

SO2Ph

R2

R1

Et

Et

Me

R2

n-C6H13

THPO(CH2)8

THPO(CH2)8

EE

98.5%

98.7%

99.5%

EZ

1%

1%

—

ZE

0.5%

0.3%

—

C18

48n-BuMgCl, Ni(acac)2,

THF, rt, 1 h

(70)  Z:E = 97.5:2.5

48n-BuMgCl, Ni(acac)2,

THF, rt, 1 h

+

Bu-n

(12)(51)  >85% EZ

686(70)

Na/Hg, Na2HPO4,

MeOH/THF, –22°,
  1.5 h

HO

NHBoc

HO

(73)  Z:E = 25:75 135Na/Hg, Na2HPO4,

MeOH, 0° to rt, 1.5 h OMOM

OH

t-Bu

R1

R2

(51)

(35)

(65)

EZ

96%

2%

0

EE

4%

5%

0

ZE

0

93%

>97%

ZZ

0

0

<3%

48

5 5

See table

Conditions

n-BuMgCl, Ni(acac)2/(n-Bu)3P, THF, rt, 1 h

n-BuMgCl, Ni(acac)2, THF, rt, 1 h

Na2S2O4, NaHCO3, H2O, reflux, 18 h
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SO2Ph 687

C19

O

39Ph

Ts

688

CO2Me
N

SO2Ph

N

Cl

C19-20

SO2Ph
R

680

R Z:E

100:0

89:11

88:12

CN
CO2EtTMSO

CO2Et
TMSO CN

CO2Me
CNTMSO

Na2S2O4, NaHCO3,

DMF/H2O, reflux, 28 h

(60)

Na/Hg, Na2HPO4,

MeOH, –20°, 1.5 h

Ph

OH

(72)

Na/Hg, Na2HPO4,

MeOH, –20° to rt, 6 h

(36-42)  endo:exo = 21:

CO2Me
N

N

Cl

1. Al/Hg, THF, 

    0° to rt, 48 h

2. AgF, THF, 40°, 5 h
R

R

(77)

(82)

(85)

CO2Et
O

O
CO2Et

O
CO2Me
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

689

690

690

690

690

Al/Hg, THF/H2O, 70°, 4 h

C19-29

691Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 hO

O

O

O
SO2Ph

O

O
(60)

O

O

O

O

O

O

C20

Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 hO

O

O
O

O

O

PhO2S
(65)

O

O

O
O

O

O

SO2PhMeO2C

HN
R

Ph

O

Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 h

Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 h

O
O

O

O

(66)

O
O

(82)

O

O

O

O
O

O

O

O
O

O
O

O

PhO2S

O

O

O

O
O

O
PhO2S

691

691

691

R

Me

Me

HO2CCH2CH2

i-Bu

PhC(O)NH(CH2)4

(80)

(—)

(—)

(—)

(—)

MeO2C

HN
R

Ph

O
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O

O
O

O

O
O

PhO2S

O

O
O

O

O
O

O

O
O

O
O

O

O
O

O

O
O

PhO2S
O

Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 hOO

O

O

PhO2S

OO

(65)

OO

O

O

OO

(94)

(64)

See table.

Reagents

Na/Hg, NaH2PO4

Mg

Solvent

MeOH/THF

MeOH

Temp

rt

—

Time

1-2 h

—

691

691

691

(55)

(65)

Reagents

Na/Hg, NaH2PO4

Mg

Solvent

MeOH/THF

MeOH

Temp

rt

—

Time

1-2 h

—

See table.
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

C20-26

SmI2, DMPU, THF, 

  MeOH, rt, 30 min

42

C20-40

187

R1

SO2Ph

R2

(E)-PhCH=CH

PhCH2CH2

Me2C=CH

n-C6H13

Ph

(E)-PhCH=CH

(E)-PhCH=CH

R1

Me2C=CH

Me2C=CH

PhCH2CH2

n-C7H15

PhCH2CH2

PhCH2CH2

        "

R2

Z:E = <1:99

(94)

(89)

(95)

(69)

(85)

(94)

(70)

(78)

Z:E

17:83

0:100

17:83

20:80

0:100

0:100

33:67

14:86

R1

R2

PhO2S
R2

R1

R3

R1

Ph

H

H

Ph

Ph

Ph

Ph

Ph

Ph

R2

4-ClC6H4

Ph

Ph

Ph

Ph

Ph

Ph

cholest-4-en-3-ylideneb

cholest-4-en-3-ylideneb

R3

H

Ph

Ph

H

Ph

Ph

Ph

R2

R1

R3

(90)

(90)

(60)

(90)

(85)

(40)

(65)

(80)b

(60)b

THF, reflux, 3 h

Reagents

Al/Hg, HgCl2

Al/Hg, HgCl2

LiAlH4/CuCl2 (1:2)

Al/Hg, HgCl2

Al/Hg, HgCl2

LiAlH4

LiAlH4/CuCl2 (1:2)

Al/Hg, HgCl2

LiAlH4/CuCl2 (1:2)
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SmI2, DMPU, THF

C21

429
TsO

O
O

SO2Ph

(—)TsO
O

O

O O

PhO2S

BnO
Na/Hg, Na2HPO4,

MeOH, –20° to rt, 4 h

692

O O

BnO
(75)

Boc
N

Ts

CO2Et
Boc
N

CO2Et (55) 433

C21-37

65

1. (n-Bu)3SnH, THF,

    rt, 1 h

2. NaBH4, MeOH,

    0°, 2 h

1. (n-Bu)3SnH, AIBN,

    C6H6, reflux, 24 h

2. HCl (6 N), reflux, 17 h

C22

N

O
MeO

SO2Ph

693Ra-Ni, EtOH, 65°, 5 h N

O
MeO

(90)

HO

O

ClH3N R F

(26)

(48)

(85)

(74)

MeO
SO2Ph

O

Ph(O)CHN R F

R

MeO2CCH2

PhC(O)NH(CH2)4

3-TBDMSOC6H4CH2

3,4-(TBDMSO)2C6H3CH2
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TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

C23

Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 h

OMeO

O
SO2Ph

O

O Ph (84)

OMeO

O

O

O Ph

Ts
NHBu-i

O

Bn

Na/Hg, Na2HPO4,

MeOH, –20° to rt

133
NHBu-i

O

Bn (—)

691Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 h

OMeO

O
SO2Ph

O

O Ph (84)

OMeO

O

O

O Ph

Na2S2O4, NaHCO3,

  H2O/EtOH, reflux, 2 h

694

O

OMe

SO2Ph
(76)

O

OMe

C22

686

HO

HO

N(Boc)2

Ts
Na/Hg, Na2HPO4,

MeOH/THF, –12°,
  1.5 h

(49)

HO

HO

NHBoc

691
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C23-25

695Na/Hg
N

PhO2S

Ar

S
4-Tol O

681

C24

SmI2, THF/MeOH, –70°

SO2Bu-t
t-BuO2S

(96)

H
t-BuO2S

80

C24-28

R4O

OR4

R1
R2R3

R2

C25

696Mg, MeOH, rt, 1 h

O

NH
EtO2C

MeO2C

OAc

Ts

(70)

O

NH
EtO2C

MeO2C

OH

R4O SO2Ph

OR4

R1
R2R3

R2

R1

H

H

Me

Me

Me

R2

Me

Me

Me

H

H

R3

H

H

H

i-Pr

i-Pr

R4

H

Me

Me

H

Me

Additive

MeLi/LiBr

TiCl4

TiCl4

MeLi/LiBr

TiCl4

Time

50 h

2.5 h

50 h

6 h

1.5 h

(68)

(84)

(71)

(76)

(91)

Temp

reflux

 –78° to rt

reflux

 –78° to rt

 –78° to rt

LiAlH4, additive, THF

(—)

(—)
NAr

S
4-Tol O

Ar

3-pyridyl

4-MeC6H4
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

1. n-BuMgCl, Ni(acac)2,

THF, rt, 1 h

2. HCl, MeOH

3. Ac2O, TEA, DMAP

48

SO2Ph

OTHP

EE:EZ:ZE = >98:<1:1

N
Me

NAc
MeO2C

MeO2C

OAc

Ts

1. Na/C10H8, THF,

    –78°, 5 min

2. Ac2O, Py, –78° to rt,

    overnight
N
Me

NAc
MeO2C

MeO2C

OAc

(50) 698

C26

697

N
Ph

N

CO2Et
SO2

Ph

(—)

N
Ph

N

EtO2C

Ra-Ni, EtOH, reflux,

9 h

C27

699(n-Bu)3SnH, AIBN,

  C6H6

O

SO2Ph

OMe

F

3,5-Cl2C6H3CH2O

3,5-Cl2C6H3CH2O

C25

OAc

+

OAc

(24)  >90% ZE (11)

Bu-n

6
6

(70)

O OMe

F

3,5-Cl2C6H3CH2O

3,5-Cl2C6H3CH2O

C29

Na/Hg, NaH2PO4,

  MeOH/THF, rt

700

O R

OBnHO

S
PhO2S

OBn

O R

OBnHO

S

OBn

R

α-MeO

β-MeO

(59)

(56)
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C30

63, 64

O N

O NH2

F

R1O

R2O

701Na/Hg, KH2PO4,

  MeOH/THF, –30°, 1 h

C30-32

C31

691Na/Hg, NaH2PO4,

  MeOH/THF, rt, 1-2 hOO
O

BnO

OBn

O
SO2Ph

OO
O

BnO

OBn

O

(93)

702Na/Hg, Na2HPO4,

MeOH, 0°

N
TBDMSO

PhO2S

n = 2, 4

n

(—)

EE:EZ = 89:11

N
TBDMSO

n

O

O

HO

H
OBn

Ts

(—)

O

O

HO

H
OBn

O

SO2Ph

N

N
H

N
H

O OEt

F

Z:E

100:0

100:0

0:100

O

(i-Pr)2Si

O
Si
(Pr-i)2

O

1. (n-Bu)3SnH, AIBN, 

    C6H6

2. See table

(70)

(41)

(46)

R1

—Si(i-Pr)2OSi(i-Pr)2—

H

H

R2

H

H

Z:E

0:100

0:100

100:0

Step 2

NH3, MeOH

CsF, NH3, MeOH, 50°, 24 h

CsF, NH3, MeOH, 50°, 24 h
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 7. REDUCTIVE DESULFONYLATION OF VINYL SULFONES (Continued)

701Ra-Ni, EtOH, 70°, 20 h

C33

C35-37

703Na/Hg, Na2HPO4,

  THF/MeOH, rt, 20 h

OMe

H H

H

H R

PhO2S

N

SO2Ph

TBDMSO Boc

OBn
(100)

N
TBDMSO Boc

OBn

704

705

C40-51

Na/Hg, KH2PO4,

  MeOH/THF, –20°, 1 h
R3

OR2 OMe

R1O

SO2Ph

R1

TES

TBDPS

R2

TBDMS

Bn

R3

HOCH2

CHO

2

R

i-Pr

(S)-MeCH2CHMe

Et2CH

(—)

OMe

H H

H

H R

(—)

(85)

R3

OR2 OMe

R1O
2

C43

Na/Hg, Na2HPO4,

  MeOH/THF, –10°, 20 min; 

  0°, 1 h

706, 611

O
O

OTBDPS

H

OH

SO2Ph

(—)

O
O

OTBDPS

H

OH
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261

C61

SmI2, DMPU, 

  THF/MeOH, rt

O

OTBDMS

OTBDMS

MEMO

OTBDMS

PhO2S

N
O

OMe

(—)

O

OTBDMS

OTBDMS

MEMO

OTBDMS
N

O

OMe

a One of the carbonyl groups is reduced to the alcohol under the reaction conditions.
b A mixture of isomers is produced.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION

C10-20

707
SO2Ph

O

O

R

R

Na/Hg, Na2HPO4, MeOH, rt

C11

707Na/Hg, Na2HPO4, MeOH, rt
SO2Ph

O

O

OH

O

(69)

C12

707Na/Hg, Na2HPO4, MeOH, rt
SO2Ph

O

O

(63)
OH

O

C13

408

O

SO2Ph

OMe O O
IIOMeI +

R

H

MeO2C

OO

OH

O

R

R

(48)

(72)

(60)

Na/Hg, NaH2PO4•H2O

Solvent

DMF

MeCN/MeOH (2:1)

I:II

66:34

39:61

I + II

(73)

(77)

Time

24 h

6 h

Temp

rt

 0°

584

Cl SO2Ph
F

NHAc
HO

244Mg, HgCl2, EtOH/THF

O

O SO2Ph

NHAc
HO

F

(65)

OH

O

(90)Na/Hg, Na2HPO4, MeOH, rt 707

C14

C13-20

94Na/Hg, EtOH, rt

C14-19

O

SO2Ph

R

O

708Na/Hg, MeOH, 0° to rt

R2
R3

R1

R4

(—)  Z:E = —
R2

R3

SO2Ph
R1

R5O
R4

R1

Me

H

Me

H

Me

Me

Me

R2

Me

H

H

H

H

H

H

R3

Me

—(CH2)5—

H

H

H

H

H

R4

Me

n-Bu

Ph

n-Bu

Me2C=CH(CH2)2

n-Bu

R5

Ms

Ms

Ms

Ms

Ac

Ms

Ts

R OMe

O
R

n-Pr

(E)-MeCH=CH

t-Bu

Ph

n-C7H15

(E)-PhCH=CH

(85)

(80)

(81)

(70)

(83)

(56)

Z:E

20:80

20:80

3:97

20:80

20:80

20:80
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

709

C14-21

Na/Hg, Na2HPO4, MeOH, rt
R3

O

R4

R1

O

SO2Ph

R5

R2

R3OH
O O

O

O

R5

R1

H

OH

R5R1

I II

R1

H

H

H

H

Me

H

Me

H

Me

I:II:III

66:34:0

0:0:100

45:55:0

0:0:100

50:50:0

95:5:0

0:0:100

43:57:0

40:60:0

R2

H

H

H

H

H

Me

H

H

H

R3

H

H

H

H

H

Me

H

H

H

R5

H

H

Me

Me

Me

H

Me

Ph

Ph

R4

O=

HO

O=

HO

O=

O=

HO

O=

O=

R3
O

R4

R1

O

R5

R2

III

R3

R2

R2

I + II + III

(64)

(73)

(98)

(60)

(60)

(85)

(55)

(80)

(76)

+ +

586

C14-23

R1

R2

R3

R4

245

245

245

245

245

710

245

710

245

245

245

245

245

245

245

245

245

245

NO2

SO2Ar

R1

R2

R3
R4

R1

Me

Me

Et

Et

Et

Me

   —(CH2)5—

Me

Me

Et

BzOCH2

BzOCH2

BzOCH2

BzOCH2

BzOCH2

BzOCH2

BzOCH2

BzOCH2

R2

Et

Et

Me

Me

Me

Me

Me

Et

Me

Me

Me

Me

Me

Me

Me

Me

Me

R3

NC

NC

NC

NC

NC

NC

EtO2C

EtO2C

EtO2C

H

Et

H

i-Pr

H

n-C5H11

H

n-C6H13

R4

Me

Me

Me

Me

Me

Me

Et

Et

Et

Et

H

i-Pr

H

n-C5H11

H

n-C6H13

H

O O

Ar

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

4-Tol

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

(76)

(83)

(87)

(70)

(83)

(72)

(75)

(81)

(85)

(83)

(80)

(78)

(88)

(88)

(82)

(84)

(86)

(86)

Z:E

50:50

37:63

99:1

50:50

64:36

—

—

—

1:99

99:1

11:89

73:27

4:96

84:16

8:92

84:16

5:95

80:20

Time

3 h

30 min

2 h

3 h

30 min

2 h

2 h

2 h

2 h

2 h

0.5 h

0.5 h

0.5 h

0.5 h

0.5 h

0.5 h

0.5 h

0.5 h

See table.

Reagents

Na2S

NaTeH

(n-Bu)3SnH, AIBN

Na2S

NaTeH

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

Solvent

DMF

EtOH

C6H6

DMF

EtOH

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

C6H6

Temp

rt

rt

80°
rt

rt

80°

80°
80°
80°
80°
80°
80°
80°
80°
80°
80°
80°
80°

587



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

122

C14-24

R1

C14-31

223
R2

R1

R3

R2
PhO2S

OR4

R1

R4

H

Bz

H

Bz

Bz

Bz

Bz

R1

Me

Me

n-C6H13

Me

n-Bu

BnO

BnO

R3

R2

Me

Me

Me

Me

—(CH2)2CH(t-Bu)(CH2)2—

H

H

R3

n-Bu

n-Bu

PhCH2CH2

PhCH2CH2

(E)-PhCH=CH

(E)-PhCH=C(Me)

SO2Ph

R2

R1

R1

H2C=CH

4-Tol

4-Tol

4-Tol

n-C10H21

n-C10H21

n-C10H21

4-Tol

4-Tol

R2

AcO

Cl

Cl

AcO

Cl

AcO

AcO

BzO

TsO

(26)

(30)

(95)

(53)

(89)

(50)

(48)

(35)

(75)

See table.

Reagents

Na/Hg

Na/Hg

Mg, HgCl2

Na/Hg

Mg, HgCl2

Na/Hg

Mg, HgCl2

Na/Hg

Na/Hg

Solvent

THF/MeOH

THF/MeOH

EtOH

THF/MeOH

EtOH

THF/MeOH

EtOH

THF/MeOH

THF/MeOH

Temp

–20°
–20°

rt

–20°
rt

–20°
rt

–20°
–20°

Time

30 min

30 min

1 h

30 min

1 h

30 min

1 h

30 min

30 min

SmI2, additive, THF

(69)

(73)

(66)

(84)

(85)

(82)

(91)

Temp

0°
–78°

0°
–84°

–78° to rt

rt

rt

Time

1 h

1 h

1 h

1 h

15 h

2 h

2 h

Z:E

—

—

45:55

37:63

—

37:63

50:50

Additive

HMPA

HMPA

HMPA

HMPA

HMPA

DMPU

DMPU

588

C15-17

389Na/Hg, Na2HPO4, MeOH,

  –40° to –20°, 1 h

R CF2SO2Ph

OMs

R1 OH
R2 Ts

C15-19

(n-Bu)3SnH, AIBN, C6H6,

  reflux, 2 h

62

C15-25

204Na/Hg, Na2HPO4, MeOH, 

  0°, 1 h
TMS R2

SO2Ph

OMs
R1

TMS R2

R1 R1

Me

    —(CH2)3—

    —(CH2)4—

Me2C=CH

Et

    —(CH2)5—

Ph

Ph

R2

Me

H

Et

H

Ph

(—)  Z:E = —

Ph
SO2Ph

OAc
712Ph (98)Mg, HgCl2, EtOH, rt, 2 h

C16

Na/Hg, Na2HPO4, MeOH, 

  –20° O

H
OH

(65) 711

R CF2H

OH

(70)

(60)

(84)

R

4-BrC6H4

Ph

PhCH2CH2

R1

R2

R1

H

Me

H

H

H

H

R2

n-Bu

Me2C=CHCH2

Me2C=CH(CH2)2

n-C6H13

Bn

n-C8H17

(53)

(85)

(62)

(63)

(100)

(92)

O O

SO2Ph

H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

O

PhO2S

OO
OO

OH

(77) 713SmI2, HMPA, THF, 

  rt, 45 min

O

OO

SO2Ph

OO

HO

(80)SmI2, HMPA, THF, 

  rt, 15 min

713

Na/Hg, MeOH, rt, 2 h 416

OH

PhO2S NHBoc Na/Hg, Na2HPO4,

  THF/MeOH

NHBoc (72) 183

O

PhO2S

HO

[CrII(EDTA)2–], DMF/H2O,

  rt, 36 h

233
O

SO2R2

OAc

AcO

AcO

R1

C16

(25-30)

O

R1

H

AcOCH2

AcOCH2

(80)

(>95)

(>95)

R2

2-pyridyl

2-pyridyl

2-benzothiazolyl

O

AcO

AcO

R1

C16-21

590

C17

Na/Hg, Na2HPO4, MeOH 553BocHN

OH

SO2Ph

OH BocHN OH
(82)

198Na/Hg, THF/MeOH, –20°

C17-18

C16-22

102SmI2, THF, rt

241Na/Hg, NaH2PO4, MeOH, rt (—)SO2
O2S

R1

Me2C=CH

Me2C=CH

PhCH2CH2

PhCH2CH2

R2

Ph

(E)-PhCH=CH

Me2C=CH

PhCH2CH2

N

N
Me

S
O2

R2

R1

OH

R1

R2

(87)

(78)

(84)

(55)

Z:E

83:17

100:0

83:17

75:25

O

R3

R2

R1

Ts

R1

Me

H

H

R2

H

Me

Me

R3

H

H

Me

R3

R2

R1

OH

(70)

(62)

(89)

Z:E

30:70

20:80

0:100

591



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C18

713

C17-29

714Li/C10H8, THF, –78°OO

O SO2Ph

OR

RO

241Na/Hg, NaH2PO4, MeOH, rt (—)

O2S
SO2

(77)

(84)

(79)

(86)

(81)

(81)

(79)

R4

OO

R2

R3

R1

n

HO

C17-19

O

Ts

Ph

Na/Hg, Na2HPO4,

MeOH, 0° to rt, 1.5 h
Ph OH (45) 135

O

R4

OO

R2

R3
SO2Ph

n

2

1

1

1

1

1

1

R1

H

H

H

H

MeO2C

Me

MeO2C

R2

H

H

H

MeO2C

H

MeO2C

Me

R3

H

H

Me

H

H

H

H

R4

H

Me

H

H

H

H

H

R1

n

SmI2, HMPA, THF, rt

Time

10 min

10 min

15 min

10 min

10 min

10 min

20 min

R

Me

Bn

Bz

OO

O

RO

(85)

(95)

(82)

592

Na, EtOH/THF, 10-15°, 1.5 h 416

AcO SO2Ph

(90)

Na, THF/EtOH, 10-15°, 1.5 h 416

SO2Ph

AcO

O SO2Ph

AcO
OAc

AcO

SmI2, THF, HMPA, rt, 1 h 715

O
AcO

OAc

(—)

135
Ts

OH

Ph OH

Na/Hg, Na2HPO4,

  MeOH, 0° to rt, 1.5 h Ph OH
(69)

716Na/Hg, Na2HPO4, MeOH, 

  rt, 2 h

SO2Ph

OMs

717(n-Bu)3SnH, AIBN, C6H6,

  80°, 2 h

(90)
C5H11-n

(5)(30)  Z:E = 17:83

+

SO2Ph

C5H11-n

NO2

(70)
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

OPh

C18-20

OPh SO2Ph

OR

R

Ac

N N

S

718

719

R2

R3

R1

(63)

(79)

(79)

(76)

C19

SO2Ph

SO2Ph
(65) 239Na/Hg, NaH2PO4, MeOH, 

  rt, overnight

241Na/Hg, NaH2PO4, MeOH, rt (—)

(46)

(52)

Reagents

SmI2, HMPA

(n-Bu)3SnH, AIBN

Solvent

THF

toluene, heat

See table.

R2

SO2Ph

NO2

R3

R1

R1

Me2C=CHCH2CH2

H

H

H

R2

H

Me

n-C7H15

n-C7H15

R3

H

n-C5H11

H

Me

(n-Bu)3SnH, AIBN

Time

0.5 h

2 h

0.5 h

2 h

Temp

110°
80°

110°
80°

Solvent

toluene

C6H6

toluene

C6H6

O2S
SO2

594

C19-35

SmI2, HMPA, THF, 

  rt, 15-20 min

229, 228

O SO2Ph

OR1

R3O

OAcR2O

R1

—CMe2—

Ac

Ac

Ac

Ac

Bn

R2

Ac

                  —CHPh—

Bn

O

OAcO
O

O

OAc
OAc

AcO

AcO

AcO

R3

Ac

Ac

Ac

Ac

Bn

O

OR1

R3O

R2O

(98)

(98)

(98)

(93)

(95)

(96)

717(n-Bu)3SnH, AIBN, C6H6,

  80°, 2 hSO2Ph

C5H11-n

NO2 (81)
C5H11-n
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C19-40

203Na/Hg, Na2HPO4, MeOH, 

  –20° to –15°, 30 min

R1

NHTs

R2
(—)

Z:E

20:80

10:90

20:80

20:80

25:75

9:91

20:80

25:75

25:75

25:75

12:88

25:75

10:90

25:75

25:75

25:75

R1

NHTs

R2

SO2Ph

OH

R1

Me

Me

Me

Me

Bn

Bn

Bn

Bn

TBDPSOCH2

      "

TBDPSOCH2

TBDPSOCH2

TBDPSOCH2

N
TBDMS

N
TBDMS

N
TBDMS

R2

Me

i-Pr

i-Bu

n-C6H13

Me

i-Pr

i-Bu

n-C6H13

Me

Me

i-Pr

i-Bu
i-Pr

i-Bu

n-C6H13

n-C6H13

596

720Mg, HgCl2, EtOH/THF, 

  rt, 2 h

(65)

N
CO2Me

H H

OH

C20-24

721Na/Hg, KH2PO4, MeOH, rt

N
CO2Me

H H

OAc

SO2Ph

AcO

Et

NHR

SO2Ph

SO2Ph

C20

241Na/Hg, NaH2PO4, MeOH, rt (—)

239Na/Hg, NaH2PO4, MeOH, 

  rt, overnight
SO2Ph

SO2Ph
(69)

R

H

Alloc

Et

NHR

(—)

(80)

Time

2 h

30 min

O2S
SO2
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C20-28

1. Na/Hg, THF/MeOH, –5°
2. TBAF, THF, 20°

202

Na/Hg, THF/MeOH 564

C21

(77)

H

OMOMOHOMOM
O

HTs

239Na/Hg, NaH2PO4, MeOH, 

  rt, overnight
SO2Ph

SO2Ph
(61)

Na/Hg, NaH2PO4, MeOH, 

  rt, overnight
SO2Ph

SO2Ph
(84)

R1
R2

OTBDMS

(71)

(95)

(87)

(81)

(75)

(75)

(76)

Z:E

13:87

33:67

12:88

11:89

13:87

33:67

33:67

R1
R2

OTBDMS

OH

PhO2S

R1

i-Pr

Me

i-Pr

i-Pr

i-Pr

Ph

n-C6H13

R2

Me

Ph

Ph

PhCH2OCH2

Ph

Ph

O

O

239

Na/Hg, Na2HPO4, MeOH, 20° 722
O

(70)  Z:E = 14:86O

SO2Ph

OH

598
C21-24

Na/Hg, Na2HPO4, MeOH, 

  –15°, 1.5 h
R NHPMB

(43)

(54)

(59)

(62)

Z:E

5:95

4:96

4:96

4:96

199

200Na/Hg, Na2HPO4, MeOH, 

  0° to rt

NPMB

O OR

PhO2S

R

(E)-MeCH=CH

Me2C=CH

(E)-MeCH=C(Me)

Ph

HO NHBn

R1 R2

Ts

R1

    —(CH2)4—

t-Bu

    —(CH2)5—

4-MeOC6H4

R2

H

H

C21-23

103

OR

SO2Ph

R

H

Ac

OO

MeO

R1 NHBn

R2

I

+
HO NHBn

R1 R2

II

I

(52)

(98)

(48)

(61)

II

(20)

(0)

(14)

(0)

Z:E

—

0:100

—

33:67

SmI2, HMPA, THF, rt

Time

2 h

0.25 h

(59)

(92)

Z:E

12:88

20:80

OO

MeO
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C22

239Na/Hg, NaH2PO4, MeOH, 

  rt, overnight
SO2Ph

SO2Ph
(61)

723

C21-26

C21-41

235

211Na/Hg, EtOAc/MeOH, 

  –20°, 10 h

Ph

SO2Ph

OAc

Ph
(93)

Time

2.5 h

1.5 h

Na/Hg, Na2HPO4, MeOH, rt

R1
R2

OPO(OR3)2

SO2Ph

R1

Ph

c-C6H11

c-C6H11

1-adamantyl

CO2Me

MOMO

R2

n-Pr

n-Pr

i-Pr

H

R3

Et

Et

Et

Ph

Ph
OBz

Reagents, THF

Reagents

Na/Hg

Na/NH3

Na/NH3

Na/NH3

Na/Hg

Temp

rt

–33°
–33°
–33°

rt

Time

20 min

—

—

—

20 min

R1 R2

I

+

II
R1

R2

I

(74)

(74)

(78)

(51)

(50)

II

(0)

(0)

(0)

(15)

(0)

I

(—)

(64)

II

(—)

(24)

O R

OHHO
OH

O R

OHHO

I II+

R

H

OTHP

OH

O R

OHHO

SO2Ph
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C22-28

717

717

100

239

239

239

O

CO2Me

AcO

SO2Ph

O

CO2Me (57)Na/Hg, EtOAc/MeOH, 

  0°, 3 h

724

Na/Hg, EtOAc/MeOH, 

  –20°, 10 h

211

C22-27

OR1

R2

SO2Ph

C23

636Mg, HgCl2, EtOH/THF,

  ultrasound, 7 dO
O

F
F

BnO

PhO2S

O

O
O

F
F

BnO

OH

(37)

SO2Ph

R

R

O2N

O2N

PhO2S

PhO2S

PhO2S

PhO2S

(60)

(60)

(91)

(91)

(90)

(95)

Reagents

(n-Bu)3SnH, AIBN

(n-Bu)3SnH, AIBN

SmI2

Na/Hg, NaH2PO4

Na

Li/Hg

Solvent

C6H6

toluene

HMPA, THF

MeOH

toluene

toluene

Temp

80°
110°
–20°
–20°

reflux

rt

Time

2 h

0.5 h

0.5 h

10 h

2 h

14 h

See table.

R1

Ac

Ac

Bz

R2

H

H2C=

H

(—)

R2
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

O

O

F
F

R1

R2

BnO

PhO2S

O
R1

H

Me

Me

R2

H

H

Me
O

O

F
F

R1

R2

BnO
HO

(50)

(70)

(61)

C23-25

636Mg, HgCl2, EtOH/THF, 

  0°, 5 h

Na/Hg, Na2HPO4, MeOH, 

  rt, 4 hN

TIPSO SO2Ph

OH
H

N

TIPSO H

(73) 207

N
Me

TIPSO H SO2Ph

+
Na/Hg, Na2HPO4, MeOH, 

  rt, 6 h

246(71)

N
Me

TIPSO

SO2Ph

OAc

Na/Hg, Na2HPO4, MeOH, 0° 725(88)  Z:E = 17:83

Na/Hg, EtOAc/MeOH, 

  –20°, 10 h

211(—)Ph

C23

Ph

PhO2S
OAc

C23-26

726

N
Boc

CO2Me

O

N
Boc

CO2Me

O

Ts

RO

See table.

602
Na/Hg, NaH2PO4, MeOH/THF,

  –10° to rt , overnight

C23-34

727

C24

(n-Bu)3SnH, AIBN, toluene, 

  110°, 0.5 h

719

Ph

Ph

(65)

Ph

Ph

NO2

SO2Ph

O
(65)  Z:E = 14:86 269

728Na/Hg, Na2HPO4, THF/EtOAc,

  –10° to rt, 12 h

Na, EtOH/THF, –78°, 1 h

O

OAc

Ts

SO2Ph

OAcCN
(55)  Z:E = 33:67CN

729Na/Hg, –24°
CO2Me

OTBDMS

(—)CO2Me

OTBDMSPhO2S

OAc

OBn
F SO2Ph

OAc
n

R

Ac

Ac

Boc

(28)

(48)

(74)

Reagents

SmI2, HMPA

5% Na/Hg, B(OH)3

20% Na/Hg, B(OH)3

Solvent

THF

THF/MeOH

THF/MeOH

Temp

—

0° to 20°
0° to 20°

Time

—

1 h

1 h

(80)

(77)

(86)

(46)

Z:E

75:25

67:33

67:33

29:71

n

3

7

12

14

OBn

F

n
603



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

N
Me

TIPSO H
SO2Ph

OH
+

Na/Hg, Na2HPO4, MeOH, 

  rt, 5 h

246

N
Me

OH

TIPSO

(82)  Z:E = 54:46

C25

Ph

Ph OCS2Me

PhO2S
Na/Hg, THF/MeOH, 

  –20°, 3.5 h

730

Na/Hg, THF/MeOH, 

  –20°, 3 h

I (50) 730
Ph

Ph

PhO2S

OAc

731Na/Hg, Na2HPO4, MeOH,

  –20°, 5-7 h
Ph

(—)
Ph

OAc

Ts

TMS

OMs

SO2Ph

129Na/Hg

Na/Hg, Na2HPO4, MeOH, 0° 725

TMS (7)  Z:E = 33:67

(—)

AcHN

SO2Ph

OAc

AcHN

N
Me

TIPSO
H

SO2Ph

+ N
Me

OTIPS

(64) 246Na/Hg, Na2HPO4, MeOH,

  rt, 8 h

C24

Ph

Ph

(>95)

I

604

C26

235Na/NH3, THF, –78°

211Na/Hg, EtOAc/MeOH, 

  –20°, 10 h

(—)
C6H13-n

Na/Hg, THF/MeOH, –20° 355

SO2Ph
Ph

OAc

(56)  Z:E = 15:85

Ph

241Na/Hg, NaH2PO4, MeOH, rt (—)

732

C26-33

Na/Hg, Na2HPO4, MeOH, rt
O

MeO H

H

H

H

R

PhO2S
OH

O

MeO H

H

H

H
(62)

(19)

(66)BocN

R Time

4 h

2 h

2.5 h

N

Z:E

32:68

0:100

0:100

NMeN

R

C6H13-n

PhO2S
OBz

SO2Ph

OPO(NMe2)2

Pr-i
10

Pr-i
(75)

10

O2S
SO2
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

PhO2S

n-Bu

OC(O)C6H4CF3-3

CO2Me

Na/Hg, THF/MeOH, –20°,

  22 h; 0°, 8 h
CO2Men-Bu (—)  Z:E = 38:62 733

C27

Na/Hg, MeOH 268

OAc CO2Et

OAc

SO2Ph

OAc CO2Et

(—)  Z:E = 14:86

O
O

OH

SO2Ph

OBn

NHBoc

734Na/Hg, Na2HPO4, MeOH, 

  0°, 3 h
O

O

OBn

NHBoc

(80)  Z:E = 20:80

C27-33

735Na/Hg, THF/MeOH
NC R

(—)

(—)

R

Me

NC R

O

SO2Ph

OBz

213

O

TBDMSO

OMe

R2

R3

C27-45

O

TBDMSO

OMe

PhO2S

R1O
R2

R3

Na/Hg

606

Na/C10H8, THF, –73° 736

C28

(25)
Ph

Ph

OBz

Ts

738

C28-30

R

MeO OMe

CO2Me

OMeO

O

C8H17-n

OAc

SO2Ph

Na/Hg, Na2HPO4, MeOH,

  –20°, 2 h

737

OMeO

O

C8H17-n
(92)  Z:E = 36:64

R1

H

H

Ms

H

PhCO

PhCO

Ms

R2

H

H

H

Me

H

H

H

R3

n-C5H11

Ph

n-C6H13

Ph

Me(CH2)4CH(OTBDMS)

O

O

O

O

Solvent

THF/MeOH

MeOH

THF/MeOH

MeOH

THF/MeOH

THF/MeOH

MeOH

Base

—

—

Na2HPO4

—

—

—

Na2HPO4

Temp

–20°

rt

–20°
rt

–20°

–20°
–40°

Time

3 h

3 h

3 h

14 h

3 h

3 h

—

(—)

(70)

(—)

(62)

(—)

(53)

(67)

Z:E

—

—

0:100

—

—

0:100

—

R

Ph

Ph

PhCH2CH2

PhCH2CH2

R
CO2Me

OBz

PhO2S OMe OMe

(82)

(75)

(76)

(78)

Z:E

18:82

64:36

22:78

50:50

Reagents

Na/Hg

SmI2

Na/Hg

SmI2

Solvent

MeOH

HMPA, THF

MeOH

HMPA, THF

Temp

–20°
rt

–20°
rt

Time

~6 h

10 min

~6 h

10 min

See table.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C29-31

740

741

Na/Hg, Na2HPO4, EtOAc/MeOH,

  –50°, 4-8 h

C29-30

739

742

743

742

742

742

C29-43

R1O

Y R2O

OAc

SO2Ph OMe

OMe

R1

t-BuCO

t-Bu

Y

H2

O

R2

TBDMS

PMB

R1O

Y R2O OMe

OMe

Z:E

0:100

25:75

(—)

(—)

Ph
Ph

R1

PhO2S

OH

R2

R1

BocNH

H

R2

H

TBDMSOCH2

Na/Hg, Na2HPO4, MeOH, 0°

Time

overnight

4 h

Ph
Ph

R1

R2

(—)

(—)

Z:E

14:86

12:88

R1

H

BnO

H

H

H

R2

H

(S)-Me

Bn

H

Bn

R3

H

H

H

Bn

Bn

R4

TBDMS

THP

TBDMS

TBDMS

TBDMS

OR4

N
R1 BocH

PhO2S

OH

R2 R3

Time

overnight

4 h

overnight

overnight

overnight

Na/Hg, Na2HPO4, MeOH, 0°

I Z:E

14:86

0:100

14:86

14:86

0:100

I:II

100:0

100:0

100:0

91:9

78:22

OR4

N
R1 BocH

I   (—)

OR4

R1

II  (—)  Z:E = —

R2 R3

OH

R2 R3

+

608

C30

235

OPO(OPh)2

SO2Ph

Na/NH3, THF, –78° (52) + (6)  Z:E = —

+ (8)

O

241Na/Hg, NaH2PO4, MeOH, rt (—)

Ph
Ph

745Na/Hg, Na2HPO4, MeOH, 

  –20°, 1 h

OMs

SO2Ph

OMOMO
O

TBDMSO

OMOMO
O

TBDMSO

(—)

Na/Hg, MeOH, rt 744

O2S
S

Ph
Ph

O2

OH

SO2Ph

OMe

H

H H

H

OMe

(77)

H
H

HH

609



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C31

SmI2, HMPA, THF, 

  rt, 0.5 h

SO2Ph
OH

OTBDPS 103
OTBDPS

(53)

N

SO2Ph
HTIPSO

Bn

+
N
Bn

TIPSO

(75) 246Na/Hg, Na2HPO4, MeOH, 

  rt, 5 h

746Na/Hg, Na2HPO4, EtOAc/MeOH,

  –20°, 6.5 h

Na/Hg, NaHCO3, THF/MeOH,

  –40°, 1.5 h

747
O

O
OMe

OMe

SO2PhTMS

TBDMSO

(—)  Z:E = 7:93

TMS

TBDMSO

CO2H

MeO OMe

C31-33

103

MEMO

OMTM

OAc

SO2Ph
H

O

O

H

(64)

MEMO

OMTM
H

O

O

H

R2
TBDMSO Z:E = 0:100

R2

SO2Ph

OR1

TBDMSO Reagents, rt

610

OAc

TsOMe

PhS

OMe
C32

Na/Hg, Na2HPO4, MeOH,

  –20°, 5-7 h

OMe

PhS

OMe

(—) 731

Na/Hg, Na2HPO4, MeOH,

  rt, 2 h

N
Boc

H

H

OMOM

Bu-n

(—) 748

N
Boc

H

H

OMOM

PhO2S

Bu-n

OH

OR
BocN

O

SO2Ph

OH

C32-37

Na/Hg, Na2HPO4, MeOH,

  –20°, 2 h

749

O

O

R1

H

H

H

Ac

Ac

R2

"

"

"

Time

2 h

2 h

3 h

1 h

2 h

(82)

(58)

(39)

(83)

(77)

Reagents

SmI2

Na/Hg, Na2HPO4

Na/Hg, Na2HPO4

SmI2

Na/Hg, Na2HPO4

Solvent

HMPA, THF

THF/MeOH

THF/MeOH

HMPA, THF

THF/MeOH

OR
BocN

O
R

Me

TBDMS

(70)

(71)

Z:E

25:75

~25:75

611



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

160SmI2, THF, 20°

O

OBn

OBn

OBn

(76)

C33

714Li/C10H8, THF, –78°O

SO2Ph

OBn

O

O

Ph

BnO

(30)
O

O

O

Ph

BnO

Na/Hg, THF/MeOH, 

  –30°, 1 h

324

OTHP

THPO
SO2Ph

OBz

Na/Hg, Na2HPO4,

  THF/MeOH, –15°
OTHP

THPO
(55) 751

750Na/Hg, THF/MeOH, –20°

OBz

Ts

(49)  Z:E = 9:91

OS
O2

O

OBn

OBn

OBn

N

N
Me

Ac

SO2Ph

OBz

OTBDMS

2 2

(77)  Z:E = 10:90

OTBDMS

2 2

612

Na/Hg, EtOAc/MeOH,

  –40° to –50°, 50 min

752

O
O

OTBDMS

CO2Me

O

SO2Ph

3

Ac

Na/Hg, Na2HPO4, MeOH,

  –20° to rt, 1.5 h

753

C34-36

103

OH

OMe

SO2Ph
CH2OBnHO

BnO

BnO
754Na/Hg, Na2HPO4, MeOH,

  –20° to rt, 5 h

OH

CH2OBnHO
BnO

BnO
(60)

OTBDPS

OR

SO2Ph

Ph

R

H

Ac

Ac

C35

O
O

Ts OH
BocHN

11

OH

OH

NHBoc

(60)
11

Time

1 h

0.5 h

3 h

SmI2, HMPA, THF

Temp

rt

rt

–30° to –10°

OTBDPS
Ph

(30)

(81)

(78)

Z:E

26:74

48:52

22:78

(—)  Z:E = 7:93

O
O

OTBDMS

CO2Me

3

613



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

Na/Hg, Na2HPO4, MeOH, 

  –40° to –20°, 1.5 h

755
O

OPMB

PhO2S

OH

OTBDMS

O

OPMB

(81)

OTBDMS

219

TBDMSO

O

O
O

SO2Ph

OMs
OBn

Li/NH3, THF, –78°

TBDMSO

O

OBn

O
O

(—)

C36

Na/Hg, MeOH, 50°, 1 h 478
AcO O

O OBn
H

H

OAc

SO2Ph

(—)
HO O

O OBn
H

H

Na/Hg, KH2PO4,

  THF/MeOH, –20°, 12 h

757
S

S

OMe

OTBDMS

OMe

(—)  Z:E = 33:67 to 29:71

Na/Hg, Na2HPO4, MeOH, 

  4°, 16 h

756

C35

S

S

OMe

OTBDMS

OMe

OAc

SO2

Ph

OH

O O

OMe

O2S

Ph
H

H

HH

(54)
O O

OMe

H

H H

H

614

C36-49

Na/Hg, KH2PO4, MeOH, 

  –40° O
OMe

H H
OR

(—)

(—)

758

C37

O

PhO2S OAc
TBDMSO

OMe

OMe

MeO

MeO

MeO

759Mg, Hg2Cl2, EtOH, 

  rt, 50 min

761Na/Hg, Na2HPO4, THF/MeOH,

  –20°, 8 h
N

O

OTBDMS

OAc

SO2Ph

Teoc

N

O

OTBDMS

(89)

Teoc

N
Boc

OMOM

OTBDMS

SO2Ph

NHCbzOAc

Na/Hg, Na2HPO4, MeOH,

  –20°, 8 h N
Boc

OMOM

OTBDMS

NHCbz

(~100)  Z:E = 17:83 760

O
OMe

H H

SO2Ph

OBz

OR

O

O

R

TBDPSO
O

O

TBDMSO

OMe

OMe
MeO

MeO

MeO (—)  Z:E = 47:53

615



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C38

O
OTES

OTESPhO2S

OBz

Na/Hg, Na2HPO4, THF/MeOH,

  –20°, 1 h

763

CbzHN OTHP

R2

R1

(—)

(95)

Na/Hg, Na2HPO4, MeOH,

  0°, 2 h

762

C37-44

(67)
O

OTES

OTES

OBz

764

599

764

C38-41

Na/Hg, THF/MeOH, rt

CbzHN OTHP

R2

R1

BzO

(4-MeOC6H4)2CHNHCO

R1

R2

Boc

i-Pr

PhO2S

OH

THPO

C( )R1
3 C( )R1

3

C( )R1
3

( )R2
3

SO2Ph

C ( )R2
3C

( )R2
3C

OR3
H

H H

H

THPO

+
H

I, Z:E = —

H

H H

R2

D

H

H

R3

H

H

TMS

I

(48-52)

(52)

(55)

R1

D

F

H

Time

4 h

1.5 h

4 h

Additive

—

Na2HPO4

—

II

(28)

(14)

(31)

THPO

OH

II

H
H

H H

616

Na/Hg, MeOH 765

O
O

O
O

NHCOCF3

EtO
SO2Ph

OBz

O
O

O
O

NHCOCF3

EtO (—)  Z:E = 17:83

C39

Na/Hg, Na2HPO4, THF/MeOH,

  –20°, 1 h

766
O

S

S

O
H

(—)
PMBO

O

S

S

O
H

PMBO
OAc

SO2Ph

701Na/Hg, MeOH/EtOAc,

  –30°

767Na/Hg, Na2HPO4, MeOH

OMe

OTES

OTBDMSSO2Ph

OBz

OMe

OTES

OTBDMS

(—)

C40

768Na/Hg, THF/MeOH, 

  –20°, 2 h
OBz

OBz
PhO2S

SO2Ph

(54)OBz

SO2Ph

N
TBDMSO

PhO2S

OBz
4

N
TBDMSO

(—)  EE:EZ = 80:20

4
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

769Na/Hg, EtOAc/MeOH,

  –30° to –40°, 38 h

Li/NH3, THF, –78° 770OBn

O O

OTBDMS

SO2Ph

Ph(O)CO

C41

OH

O O

OTBDMS

(—)  Z:E = 10:90

771Mg, TMSCl, MeOH, 

  rt, 1 h

Cl

THPO

CO2Me

OTHP (—)

Z:E = 17:83

C41-48

C40 Et OBz

PhO2S

O

O

MeO2C

2

2 (57)

Et

O

O

MeO2C

2

2

Cl

THPO

AcO

SO2Ph
OTHP

CO2Me

R1O

OR2

PhO2S H

Pr-i

R3

H

Reagents, MeOH/THF

R1O

H
I  (—) + II  (—)

H

Pr-i
R3

OR1

H H

Pr-i
R3

2 2

618

772

96

96

96

773Na/Hg, Na2HPO4, MeOH, 

  –20°, 2 h

THPO OTBDMS

TBDMSO

Ts

OAc

C42

TBDMSO

Ts

OBz

CO2Et

Na/C10H8, THF, –73°,

  20 min

736
TBDMSO

CO2Et

(38)  Z:E = —

(—)  Z:E = 50:50

THPO OTBDMS

TBDMSO

R2

Ac

Ac

TMS

Bz

R3

H

Me

Me

Me

R1

TBDMS

Bz

Bz

Bz

Reagents

Na/Hg

Na/Hg

Li/Hg

Na/Hg

Time

9 h

—

3.5 h

3 h

Temp

–20° to rt

–20°
–20°
–20°

I:II

100:0

100:0

100:0

64:36
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

209
Na/Hg, Na2HPO4, THF/MeOH, 0°

C42-44

C43

774Na/Hg, Na2HPO4, MeOH,  

  rt, 12 h

Ph

N

NHBoc

Ph

Bn Boc

OAc

SO2Ph

(—)Ph

N

NHBoc

Ph

Bn Boc

751Na/Hg, Na2HPO4, THF/MeOH,  

  –20°
PhO 2S

OBz

2
2 2

2

(—)2
2 2

2

THPO

R2

OR 1

R1

Ac

H

R2

H

CF3

R3

MOM

THP

R4

CF3

Me

PhO 2S

R4
OR 3

R4

H

HH

(73)

(67)

THPO

R2

R4
OR 3

R4

H H

H

620

OBn

NHBoc

SO2Ph

OH

TBDPSO

O
O

C44

775Na/Hg, Na2HPO4, MeOH, 

  0°, 2 h

OBn

NHBoc

TBDPSO

O
O

(78)  Z:E = <1:99

+

TIPSO

O
O

OAc

SO2Ph

OPMB
Mg, HgCl2, EtOH, 

  rt, 1.5 h

270

TIPSO

O
O

OPMB

(—)  Z:E = <9:91

248

C44-49

OTBDMS

O

O

OTIPS

OR

SO2Ph

R

Ac

Bz

Na/Hg, NaHCO3, THF/MeOH,

  –35°

Time

—

2 h

OTBDMS

O

O

OTIPS

Z:E

36:64

8:92

(—)

(63)

OBn

NHBocOR2

OR1

O
O

R1

TBDPS

H

R2

H

TBDPS

(6)

(6)
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C45

Na/Hg, Na2HPO4, MeOH, 

  4°, 15 h

756

776NH /Na3

OBn

OBz

SO2Ph

Na/Hg, NaH2PO4, MeOH,

  0°, 20 min

777, 778(71)

OMe OBnTBDMSO O

OMe

OTBDMS
C48-50

779

780

OMe SO2

OH

OBnTBDMSO O

OMe

OTBDMS

Ph

Na/Hg, Na2HPO4

Z:E

9:91

8:92

Temp

–30°
–35°

Time

3 h

3.5 h

Solvent

MeOH

THF/MeOH

(—)

(63)

OR

O

OR

OR

H

R

TBDMS

Bn

O Et

CO2Me OH

Ts

OH

O2S
O O

AcO N
N

NPh

O

O

Ph

H H

H
O O

AcO N
N

NPh

O

O

(44)
H H

H

O

OR

H
O

Et

CO2Me

(93)

OBn

622

781

C8H17-n

H

OR2R1

(—)

(—)

C48-53

Na/Hg, H3BO3, MeOH, rt 782

C49

C49-53

Na/Hg, Na2HPO4, MeOH 783

O
O

O
O

BzO

SO2Ph 9

6

(83)  Z:E = 25:75

O
O

O
O

9

6

H

TBDMSO OTBDMS

OR

R = mixture of TES and Ac

PhO2S
OAc

H

H

TBDMSO OTBDMS

OR

(—)

H

C8H17-n

H

OR2R1

Ts
BzO

R1

H

TBDMSO

R2

PhCO

TBDMS

Na/Hg, THF/MeOH, –20°

Time

1.5 h

2 h
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C49-56

C50

236Na/Hg, THF/DMSO, 

 0°, 6 h

TBDMSO OTBDMS

C8H17-n

H

Ts
(EtO)2OPO

784

386

785

Na/Hg, Na2HPO4

Solvent

MeOH

THF/MeOH

THF/MeOH

Temp

rt

5°

4°

Time

6 h

3 h

—

OTBDMSTBDMSO

R4

R2R1

SO2Ph

OR3

OTHF

O

O

R4R1

H2C=

H

H

R2

H

H2C=

H TESO

R3

H

H

Ac Et

H

H

H

OTBDMSTBDMSO

R2

R4

R1

(25)

(55)

(—)

H

H

TBDMSO OTBDMS

C8H17-n

H
(56)

624

C50-51

Na/Hg, Na2HPO4, MeOH,

  0° to rt, 30 min

C51

788Na/Hg, THF/MeOH, 

  –20°, 2 h

Na/Hg, THF/MeOH, 

  –20°, 1 h

789

786

787

787

O

OTBDPS

OTBDMS

OAc

PhO2S H O

(—)  Z:E = 63:37

O

OTBDPS

OTBDMS

H O

O

MeO2C OBz

PhO2S

N
SEM

H

H

O

H H

(—)
O

MeO2C

N
SEM

H

H

O

H H

R1

Ac

TBDMS

TBDMS

R2

AcO

H

H

R3

Ac

H

Ms

OR3

SO2Ph

O

O

R1O

R2

N
N

NPh
O

O

H

H H

R1

H

TBDMS

TBDMS

R2

OH

H

H

(98)

(69)

(77)

O

O

R1O

R2

N
N

NPh
O

O

H

H H

625



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

Na/Hg, Na2HPO4, MeOH, 0° 790

791

C51-91

Na/Hg, Na2HPO4, MeOH,

  0°, 35 h

C51

(—)
OTES OTES OBn O

OMe

OBn
2

OTES OTES SO2

OH

OBn O
OMe

OBn
2

Ph

MeO

OMe

OAc

SO2Ph

TBDMSO OMTM

OPiv

R2

R1

O
OMe

OTESO OTES

ODMPM

OTr

TESO OTES

R2

CH2OTES

OTES

O O

R1

H

H

H

Me

TESO

OTBDMS
22

TES TES

MeO

OMe

TBDMSO OMTM

OPiv

R2

R1

Z:E

10:90

9:91

9:91

9:91

(—)

626

C52

O

OPMB

OHPhO2S

OAc

O OTBDMS

MOMO

792Na/Hg, Na2HPO4, MeOH,

  –20°, 2 h; rt, 0.5 h

O

OPMB

OH

O OTBDMS

MOMO

(—)

Z:E = 23:77

C53

Na/Hg, EtOAc/MeOH, –20° 793

705

C52-55
OBn OMe

SO2Ph

OAc

R

HOCH2

S

S

OTBDPS R

OMPM
TBDPSO

O
O

O

(—)

O
TBDPSO

O
O

O

OAc

SO2Ph
MPM

Na/Hg, KH2PO4, THF/MeOH,

  –20°

Time

1 h

45 min

Z:E

0:100

40:60

(65)

(85)

OBn OMe

OTBDPS R
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

O

OTBDMS

AcO
SO2Ph

O
H

OTBDMS

OPMB

TBDMSO

C54

Mg, HgCl2, EtOH/THF,

  0° to rt, 5.25 h

O

OTBDMS

O
H

OTBDMS

OPMB

TBDMSO

(74)  Z:E = <5:95

217

Na/Hg, KH2PO4,

  THF/MeOH, 0°
794

OH

O

O

SO2Ph

OAc

O

O

NH

O

H

H

n-Pr

TBDMSO

(—)  Z:E = 20:80

OH

O

O

O

O

NH

O

H

H

n-Pr

TBDMSO

795Na/Hg, Na2HPO4,

  MeOH/EtOAcSEMO

OAc

MeO

O OTBDMS

SO2Ph

Sn(Bu-n)3

OTBDMS

(—)

SEMO

MeO

O OTBDMS Sn(Bu-n)3

OTBDMS

C53

628

C55

Na/Hg, THF/MeOH, 

  –20°, 8 h

798(72)

O

TIPSO

OR OR

S S

O

TIPSO

OR OR

R = TBDMS
S S

OBz

PhO2S

799Na/Hg, THF/MeOH, 

  –40°, 20 min

C56

Na/Hg, Na2HPO4, MeOH,

  –30° to –20°, 5 h

797

OTBDMSPh

OMe

OMe

O

O

SO2Ph

OBz

OMe

TBDMS

OTBDMSPh

OMe

OMe

O

O

(—)

OMe

TBDMS

796Na/Hg (—)
O

O O

O OBz

OTBDMS

OTBDMS

O

O O

O OBz

OTBDMS

OBz

TsTBDMSO

OBzO O

RO

R = TBDMS

O

CO2Me
H

H

OH

SO2Ph
2

(50)  Z:E = 11:89

OBzO O

RO
O

CO2Me
H

H 2
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

C59

Na/C10H8 570

O O O O

MsO

PhO2S

PMBO Pr-i

O

O

O

OTBDMSO

C58

215Na/Hg, KH2PO4, THF/MeOH

O

O

OTBDPS

BnO

OBn

(40)

O

O

OTBDPS

BnO

OBn

OH

SO2Ph

Na/Hg, MeOH 215

O

OTBDMS

OH

H

TBDMSO O

OTBDMS

O

CO2Me

SO2Ph

HO

O

OTBDMS

OH

H

TBDMSO O

OTBDMS

O

CO2Me (—)

(—)

O O O O

O

O

O

OTBDMSO

i-Pr OPMB630

801Na/Hg

C62

C60

OBnO Ts

OCS2Me

O

OBn

OBn

TBDPSO

98
OBnO

O

OBn

OBn

TBDPSO

(86)(n-Bu)3SnH, AIBN, toluene, 

  95°

800Na/Hg, Na2HPO4, THF/MeOH,

  –20°, 3 h

THPO O OO O

TBDMSO

O

O

AcO

PhO2S

Pr-iPMBO

(62)

THPO O OO O

TBDMSO

O

Oi-Pr OPMB

802Na/Hg, THF/MeOH, –20°

O O

TBDMSO

OMe

HN
Ts

OBz

O OTBDPS

(40)

O O

TBDMSO

OMe

HN

O OTBDPS

SO2Ph

BzO CO2Me

OMe

O
H

OTBDPS

O

CO2Me

OMe

O
H

OTBDPS

O

(—)
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. REDUCTIVE ELIMINATION (Continued)

803

C64

791

C65

803

SEMO

(58)

O

O

SEMO

O

H

R

OTBDMS

CO2H

R = OTES

O

O

SEMO

OTBDMS

O

O O

H

SEMO

R

SO2Ph

MeO

OMe

TBDMSO OTES

OPiv

OAc

SO2Ph

OTr

(58)  Z:E = 16:84

(71)

MeO

OMe

TBDMSO OTES

OPiv

OTr

O

O

SEMO

O

SEMO
H

R

OTBDMS

CO2H

O

O

SEMO

OTBDMS

O

O O

H

SEMO

R

SO2Ph

OMe

R = OTES

Na/Hg, Na2HPO4, MeOH,

0°, 8 h

Na/Hg, Na2HPO4, MeOH,

  0°, 100 min

Na/Hg, Na2HPO4, MeOH,

0°, 3 h
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C67

804Na/Hg, Na2HPO4,

Na/Hg, Na2HPO4,

  THF/MeOH, –40°

C74

805

  THF/MeOH, –30°, 30 min
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TABLE 8. REDUCTIVE ELIMINATION (Continued)

C77

Na/Hg, EtOAc/MeOH,  

  –30°, 5 h

806

Et

PMBO O

O

O

Mes

TBDMS

(82)

ODMPMTBDPSO

Et

PMBO O

O

O
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ODMPMTBDPSO

AcO SO2Ph
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Na/Hg, EtOAc/MeOH, –20° 807
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O
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HO

O
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O
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H
N

O
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NMe2

OMe
2

(—)

N

O

O
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O

OMeOO

HO

O
(TMSCH2CH2O)2P

O

H
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O
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NMe2

OMe
2
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C86

808Na/Hg, Na2HPO4, EtOAc/MeOH, 

  –35°

O O

OTBDMS

O
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OTES

OMe H

MeO

BzO
SO2Ph

MeO

MeO

CO2All

O

O
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O O
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O
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809
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C87

Na/Hg, Na2HPO4, EtOAc/MeOH, 

  –20°, 4 h; 0°, 2 h

OTBDPSO

OH

O
OMe

TESO

H

OTBDPS

OTBDMS

OTBDMS

(32)
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TABLE 8. REDUCTIVE ELIMINATION (Continued)

C107

811Na/Hg, Na2HPO4, EtOAc/MeOH,

  –20°

O O

OAcTBDPSO
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O
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O

O
OMe H

MeO

BzO
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O O
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O
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O

O
OMe H
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O
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O
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(72)  Z:E = 8:92

C87
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812Na/Hg, NaHCO3, THF/MeOH,

  –40°, 5 min; –30°, 55 min
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39 Nájera, C.; Sansano, J. M. Tetrahedron 1994, 50, 3491.
40 Michael, J. P.; de Koning, C. B.; Malafetse, T. J.; Yillah, I. Org. Biomol. Chem. 2004, 2, 3510.
41 Thyagarajan, B. S.; Majumdar, K. C.; Bates, D. K. J. Heterocycl. Chem. 1975, 12, 59.
42 Keck, G. E.; Savin, K. A.; Weglarz, M. A. J. Org. Chem. 1995, 60, 3194.
43 Kumareswaran, R.; Hassner, A. Tetrahedron: Asymmetry 2001, 12, 2001.
44 Guo, H.; Zhang, Y. Synth. Commun. 2000, 30, 1879.
45 Nishiguchi, I.; Matsumoto, T.; Kuwahara, T.; Kyoda, M.; Maekawa, H. Chem. Lett. 2002, 478.
46 Bremner, J.; Julia, M.; Launay, M.; Stacino, J.-P. Tetrahedron Lett. 1982, 23, 3265.



DESULFONYLATION REACTIONS 639

47 Harris, A. R.; Mason, T. J.; Hannah, R. J. Chem. Res. (S) 1990, 218.
48 Cuvigny, T.; du Penhoat, C. H.; Julia, M. Tetrahedron 1987, 43, 859.
49 Julia, M.; Lauron, H.; Stacino, J. P.; Verpeaux, J. N.; Jeannin, Y.; Dromzee, Y. Tetrahedron

1986, 42, 2475.
50 Sauer, G.; Junghans, K.; Eder, U.; Haffer, G.; Neef, G.; Wiechert, R.; Cleve, G.; Hoyer, G.-A.

Liebigs Ann. Chem. 1982, 431.
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230 Fernández-Mayoralas, A.; Marra, A.; Trumtel, M.; Veyrières, A.; Sinaÿ, P. Carbohydr. Res.
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589 Solladié, G.; Colobert, A. A. F. Synlett 1992, 167.
590 Trost, B. M.; Verhoeven, T. R. J. Am. Chem. Soc. 1976, 98, 630.
591 White, J. D.; Avery, M. A.; Choudhry, S. C.; Dhingra, O. P.; Kang, M.; Whittle, A. J. J. Am.

Chem. Soc. 1983, 105, 6517.
592 White, J. D.; Choudhry, S. C.; Kang, M. Tetrahedron Lett. 1984, 25, 3671.
593 Godleski, S. A.; Villhauer, E. B. J. Org. Chem. 1986, 51, 486.
594 Araki, K.; Saito, K.; Arimoto, H.; Uemura, D. Angew. Chem. Int. Ed. 2004, 43, 81.
595 Gandula, S. R. V.; Kumar, P. Tetrahedron 2006, 62, 9942.
596 Chun, J.; Li, G.; Byun, H.-S.; Bittman, R. J. Org. Chem. 2002, 67, 2600.
597 Chun, J.; Li, G.; Byun, H.-S.; Bittman, R. Tetrahedron Lett. 2002, 43, 375.
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700 Chéry F.; Pillard, C.; Tatibouët, A.; De Lucchi, O.; Rollin, P. Tetrahedron 2006, 62, 5141.
701 Yu, S.; Pu, X.; Cheng, T.; Wang, R.; Ma, D. Org. Lett. 2006, 8, 3179.
702 Zeng, Z.; Xu, X. Tetrahedron Lett. 2000, 41, 3459.
703 Back, T. G.; Proudfoot, J. R.; Djerassi, C. Tetrahedron Lett. 1986, 27, 2187.
704 Horvath, R. F.; Linde, R. G., II; Hayward, C. M.; Joglar, J.; Yohannes, D.; Danishefsky, S. L.

Tetrahedron Lett. 1993, 34, 3993.
705 Chen, S.-H.; Horvath, R. F.; Joglar, J.; Fisher, M. J.; Danishefsky, S. L. J. Org. Chem. 1991, 56,

5834.
706 Carter, R. G.; Graves, D. E.; Gronemeyer, M. A.; Tschumper, G. S. Org. Lett. 2002, 4, 2181.
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718 Lacrampe, F.; Léost, F.; Doutheau, A. Tetrahedron Lett. 2000, 41, 4773.
719 Ono, N.; Kamimura, A.; Kaji, A. J. Org. Chem. 1988, 53, 251.
720 Morita, Y.; Tokuyama, H.; Fukuyama, T. Org. Lett. 2005, 7, 4337.



654 ORGANIC REACTIONS

721 Mann, S.; Carillon, S.; Breyne, O.; Duhayon, C.; Hamon, L.; Marquet, A. Eur. J. Org. Chem.
2002, 736.

722 Davidson, A. H.; Eggleton, N.; Wallace, I. H. J. Chem. Soc., Chem. Commun. 1991, 378.
723 Roush, W. R.; Russo-Rodriguez, S. J. Org. Chem. 1985, 50, 5465.
724 Kraus, G. A.; Jeon, I. Tetrahedron 2005, 61, 2111.
725 Ichikawa, Y. J. Chem. Soc., Perkin Trans. 1 1992, 2135.
726 Hodgson, D. M.; Hachisu, S.; Andrews, M. D. J. Org. Chem. 2005, 70, 8866.
727 Asakura, N.; Usuki, Y.; Lio, H.; Tanaka, T. J. Fluorine Chem. 2006, 127, 800.
728 Kitano, Y.; Ito, T.; Suzuki, T.; Nogata, Y.; Shinshima, K.; Yoshimura, E.; Chiba, K.; Tada, M.;

Sakaguchi, I. J. Chem. Soc., Perkin Trans. 1 2002, 2251.
729 Hirama, M.; Uei, M. J. Am. Chem. Soc. 1982, 104, 4251.
730 Kazmaier, U.; Wesquet, A. Synlett 2005, 1271.
731 Adjé, N.; Domon, L.; Vogeleisen-Mutterer, F.; Uguen, D. Tetrahedron Lett. 2000, 41, 5495.
732 Takadoi, M.; Katoh, T.; Ishiwata, A.; Terashima, S. Tetrahedron 2002, 58, 9903.
733 Galkina, A.; Buff, A.; Schulz, E.; Hennig, L.; Findeisen, M.; Reinhard, G.; Oehme, R.;

Welzel, P. Eur. J. Org. Chem. 2003, 4640.
734 Ermolenko, L.; Sasaki, N. A.; Potier, P. Tetrahedron Lett. 1999, 40, 5187.
735 Takeda, K.; Sato, M.; Yoshii, E. Tetrahedron Lett. 1986, 27, 3903.
736 Cox, C. M.; Whiting, D. A. J. Chem. Soc., Perkin Trans. 1 1991, 1907.
737 Shimamura, H.; Sunazuka, T.; Izuhara, T.; Hirose, T.; Shiomi, K.; Omura, S. Org. Lett. 2007, 9,

65.
738 Demont, E.; Lopez, R.; Férézou, J.-P. Synlett 1998, 1223.
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60, 1026.
741 Wiktelius, D.; Berts, W.; Jenmalm, A.; Gullbo, J.; Saitton, S.; Csöregh, I.; Luthman, K. Tetra-
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CHAPTER AND TOPIC INDEX, VOLUMES 1–72

Many chapters contain brief discussions of reactions and comparisons of alter-
native synthetic methods related to the reaction that is the subject of the chapter.
These related reactions and alternative methods are not usually listed in this
index. In this index, the volume number is in boldface, the chapter number is in
ordinary type.

Acetoacetic ester condensation, 1, 9
Acetylenes:

cotrimerizations of, 68, 1
oxidation by dioxirane, 69, 1
reactions with Fischer carbene

complexes,
phenol and quinone formation, 70, 2

synthesis of, 5, 1; 23, 3; 32, 2
Acid halides:

reactions with esters, 1, 9
reactions with organometallic

compounds, 8, 2
α-Acylamino acid mixed anhydrides,

12, 4
α-Acylamino acids, azlactonization of,

3, 5
Acylation:

of esters with acid chlorides, 1, 9
intramolecular, to form cyclic ketones,

2, 4; 23, 2
of ketones to form diketones, 8, 3

Acyl fluorides, synthesis of, 21, 1; 34, 2;
35, 3

Acyl hypohalites, reactions of, 9, 5
Acyloins, 4, 4; 15, 1; 23, 2
Alcohols:

conversion to fluorides, 21, 1, 2; 34, 2;
35, 3

conversion to olefins, 12, 2
oxidation of, 6, 5; 39, 3; 53, 1

replacement of hydroxy group by
nucleophiles, 29, 1; 42, 2

resolution of, 2, 9
Alcohols, synthesis:

by allylstannane addition to aldehydes,
64, 1

by base-promoted isomerization of
epoxides, 29, 3

by hydroboration, 13, 1
by hydroxylation of ethylenic

compounds, 7, 7
by organochromium reagents to

carbonyl compounds, 64, 3
by reduction, 6, 10; 8, 1; 71, 1
from organoboranes, 33, 1

Aldehydes, additions of allyl, allenyl,
propargyl stannanes, 64, 1

Aldehydes, catalyzed addition to double
bonds, 40, 4

Aldehydes, synthesis of, 4, 7; 5, 10; 8, 4,
5; 9, 2; 33, 1

Aldol condensation, 16; 67, 1
catalytic, enantioselective, 67, 1
directed, 28, 3
with boron enolates, 51, 1

Aliphatic fluorides, 2, 2; 21, 1, 2; 34, 2;
35, 3

Alkanes: by reduction
of alkyl halides with organochromium

reagents, 64, 3
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Alkanes: by reduction (Continued )
of carbonyl groups with organosilanes,

71, 1
oxidation of, 69, 1

Alkenes:
arylation of, 11, 3; 24, 3; 27, 2
asymmetric dihydroxylation, 66, 2
cyclopropanes from, 20, 1
cyclization in intramolecular Heck

reactions, 60, 2
from carbonyl compounds with

organochromium reagents, 64, 3
dioxirane epoxidation of, 61, 2
epoxidation and hydroxylation of, 7, 7
free-radical additions to, 13, 3, 4
hydroboration of, 13, 1
hydrogenation with homogeneous

catalysts, 24, 1
reactions with diazoacetic esters, 18, 3
reactions with nitrones, 36, 1
reduction by:

alkoxyaluminum hydrides, 34, 1
diimides, 40, 2
organosilanes, 71, 1

Alkenes, synthesis:
from amines, 11, 5
from aryl and vinyl halides, 27, 2
by Bamford-Stevens reaction, 23, 3
by Claisen and Cope rearrangements,

22, 1
by dehydrocyanation of nitriles, 31
by deoxygenation of vicinal diols, 30, 2
from α-halosulfones, 25, 1; 62, 2
by palladium-catalyzed vinylation,

27, 2
from phosphoryl-stabilized anions,

25, 2
by pyrolysis of xanthates, 12, 2
from silicon-stabilized anions, 38, 1
from tosylhydrazones, 23, 3; 39, 1
by Wittig reaction, 14, 3

Alkenyl- and alkynylaluminum reagents,
32, 2

Alkenyllithiums, formation of, 39, 1
Alkoxyaluminum hydride reductions,

34, 1; 36, 3
Alkoxyphosphonium cations, nucleophilic

displacements on, 29, 1

Alkylation:
of allylic and benzylic carbanions,

27, 1
with amines and ammonium salts, 7, 3
of aromatic compounds, 3, 1
of esters and nitriles, 9, 4
γ-, of dianions of β-dicarbonyl

compounds, 17, 2
of metallic acetylides, 5, 1
of nitrile-stabilized carbanions, 31
with organopalladium complexes,

27, 2
Alkylidenation by titanium-based reagents,

43, 1
Alkylidenesuccinic acids, synthesis and

reactions of, 6, 1
Alkylidene triphenylphosphoranes,

synthesis and reactions of, 14, 3
Allenylsilanes, electrophilic substitution

reactions of, 37, 2
Allylic alcohols, synthesis:

from epoxides, 29, 3
by Wittig rearrangement, 46, 2

Allylic and benzylic carbanions,
heteroatom-substituted, 27, 1

Allylic hydroperoxides, in
photooxygenations, 20, 2

Allylic rearrangements, transformation of
glycols into 2,3-unsaturated glycosyl
derivatives, 62, 4

Allylic rearrangements, trihaloacetimidate,
66, 1

π-Allylnickel complexes, 19, 2
Allylphenols, synthesis by Claisen

rearrangement, 2, 1; 22, 1
Allylsilanes, electrophilic substitution

reactions of, 37, 2
Aluminum alkoxides:

in Meerwein-Ponndorf-Verley
reduction, 2, 5

in Oppenauer oxidation, 6, 5
Amide formation by oxime rearrangement,

35, 1
α-Amidoalkylations at carbon, 14, 2
Amination:

electrophilic, of carbanions and
enolates, 72, 1

of heterocyclic bases by alkali amides,
1, 4
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of hydroxy compounds by Bucherer
reaction, 1, 5

Amine oxides:
Polonovski reaction of, 39, 2
pyrolysis of, 11, 5

Amines:
from allylstannane addition to imines,

64, 1
oxidation of, 69, 1
synthesis from organoboranes, 33, 1
synthesis by reductive alkylation, 4, 3;

5, 7
synthesis by Zinin reaction, 20, 4
reactions with cyanogen bromide, 7, 4

α-Aminoacid synthesis, via Strecker
Reaction, 70, 1

α-Aminoalkylation of activated olefins,
51, 2

Aminophenols from anilines, 35, 2
Anhydrides of aliphatic dibasic acids,

Friedel-Crafts reaction with, 5, 5
Anion-assisted sigmatropic

rearrangements, 43, 2
Anthracene homologs, synthesis of, 1, 6
Anti-Markownikoff hydration of alkenes,

13, 1
π-Arenechromium tricarbonyls, reaction

with nitrile-stabilized carbanions,
31

η6-(Arene)chromium complexes, 67, 2
Arndt-Eistert reaction, 1, 2
Aromatic aldehydes, synthesis of, 5, 6;

28, 1
Aromatic compounds, chloromethylation

of, 1, 3
Aromatic fluorides, synthesis of, 5, 4
Aromatic hydrocarbons, synthesis of, 1, 6;

30, 1
Aromatic substitution by the SRN1

reaction, 54, 1
Arsinic acids, 2, 10
Arsonic acids, 2, 10
Arylacetic acids, synthesis of, 1, 2; 22, 4
β-Arylacrylic acids, synthesis of, 1, 8
Arylamines, synthesis and reactions of,

1, 5
Arylation:

by aryl halides, 27, 2
by diazonium salts, 11, 3; 24, 3

γ-, of dianions of β-dicarbonyl
compounds, 17, 2

of nitrile-stabilized carbanions, 31
of alkenes, 11, 3; 24, 3; 27, 2

Arylglyoxals, condensation with aromatic
hydrocarbons, 4, 5

Arylsulfonic acids, synthesis of, 3, 4
Aryl halides, homocoupling of, 63, 3
Aryl thiocyanates, 3, 6
Asymmetric aldol reactions using boron

enolates, 51, 1
Asymmetric cyclopropanation, 57, 1
Asymmetric dihydroxylation, 66, 2
Asymmetric epoxidation, 48, 1; 61, 2
Asymmetric reduction, 71, 1
Asymmetric Strecker reaction, 70, 1
Atom transfer preparation of radicals,

48, 2
Aza-Payne rearrangements, 60, 1
Azaphenanthrenes, synthesis by

photocyclization, 30, 1
Azides, synthesis and rearrangement of,

3, 9
Azlactones, 3, 5

Baeyer-Villiger reaction, 9, 3; 43, 3
Bamford-Stevens reaction, 23, 3
Barbier Reaction, 58, 2
Bart reaction, 2, 10
Barton fragmentation reaction, 48, 2
Béchamp reaction, 2, 10
Beckmann rearrangement, 11, 1; 35, 1
Benzils, reduction of, 4, 5
Benzoin condensation, 4, 5
Benzoquinones:

acetoxylation of, 19, 3
in Nenitzescu reaction, 20, 3
synthesis of, 4, 6

Benzylic carbanions, 27, 1; 67, 2
Biaryls, synthesis of, 2, 6; 63, 3
Bicyclobutanes, from cyclopropenes,

18, 3
Biginelli dihydropyrimidine synthesis,

63, 1
Birch reaction, 23, 1; 42, 1
Bischler-Napieralski reaction, 6, 2
Bis(chloromethyl) ether, 1, 3; 19, warning
Borane reduction, chiral, 52, 2
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Borohydride reduction, chiral, 52, 2
in reductive amination, 59, 1

Boron enolates, 51, 1
Boyland-Sims oxidation, 35, 2
Bucherer reaction, 1, 5

Cannizzaro reaction, 2, 3
Carbanion, electrophilic amination, 72, 1
Carbene complexes in phenol and quinone

synthesis, 70, 2
Carbenes, 13, 2; 26, 2; 28, 1
Carbenoid cyclopropanation, 57, 1; 58, 1
Carbohydrates, deoxy, synthesis of, 30, 2
Carbo/metallocupration, 41, 2
Carbon-carbon bond formation:

by acetoacetic ester condensation, 1, 9
by acyloin condensation, 23, 2
by aldol condensation, 16; 28, 3; 46, 1;

67, 1
by alkylation with amines and

ammonium salts, 7, 3
by γ-alkylation and arylation, 17, 2
by allylic and benzylic carbanions,

27, 1
by amidoalkylation, 14, 2
by Cannizzaro reaction, 2, 3
by Claisen rearrangement, 2, 1; 22, 1
by Cope rearrangement, 22, 1
by cyclopropanation reaction, 13, 2;

20, 1
by Darzens condensation, 5, 10
by diazonium salt coupling, 10, 1;

11, 3; 24, 3
by Dieckmann condensation, 15, 1
by Diels-Alder reaction, 4, 1, 2; 5, 3;

32, 1
by free-radical additions to alkenes,

13, 3
by Friedel-Crafts reaction, 3, 1; 5, 5
by Knoevenagel condensation, 15, 2
by Mannich reaction, 1, 10; 7, 3
by Michael addition, 10, 3
by nitrile-stabilized carbanions, 31
by organoboranes and organoborates,

33, 1
by organocopper reagents, 19, 1; 38, 2;

41, 2
by organopalladium complexes, 27, 2
by organozinc reagents, 20, 1

by rearrangement of α-halosulfones,
25, 1; 62, 2

by Reformatsky reaction, 1, 1; 28, 3
by trivalent manganese, 49, 3
by Vilsmeier reaction, 49, 1; 56, 2
by vinylcyclopropane-cyclopentene

rearrangement, 33, 2
Carbon-fluorine bond formation, 21, 1;

34, 2; 35, 3; 69, 2
Carbon-halogen bond formation,

by replacement of hydroxy groups,
29, 1

Carbon-heteroatom bond formation:
by free-radical chain additions to

carbon-carbon multiple bonds,
13, 4

by organoboranes and organoborates,
33, 1

Carbon-nitrogen bond formation,
by reductive amination, 59, 1

Carbon-phosphorus bond formation, 36, 2
Carbonyl compounds, addition of

organochromium reagents, 64, 3
Carbonyl compounds, α,β-unsaturated:

formation by selenoxide elimination,
44, 1

vicinal difunctionalization of, 38, 2
Carbonyl compounds, from nitro

compounds, 38, 3
in the Passerini Reaction, 65, 1
oxidation with hypervalent iodine

reagents, 54, 2
reductive amination of, 59, 1

Carbonylation as part of intramolecular
Heck reaction, 60, 2

Carboxylic acid derivatives, conversion to
fluorides, 21, 1, 2; 34, 2; 35, 3

Carboxylic acids:
synthesis from organoboranes, 33, 1
reaction with organolithium reagents,

18, 1
Catalytic enantioselective aldol addition,

67, 1
Chapman rearrangement, 14, 1; 18, 2
Chloromethylation of aromatic

compounds, 2, 3; 9, warning
Cholanthrenes, synthesis of, 1, 6
Chromium reagents, 64, 3; 67, 2
Chugaev reaction, 12, 2
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Claisen condensation, 1, 8
Claisen rearrangement, 2, 1; 22, 1
Cleavage:

of benzyl-oxygen, benzyl-nitrogen, and
benzyl-sulfur bonds, 7, 5

of carbon-carbon bonds by periodic
acid, 2, 8

of esters via SN2-type dealkylation,
24, 2

of non-enolizable ketones with sodium
amide, 9, 1

in sensitized photooxidation, 20, 2
Clemmensen reduction, 1, 7; 22, 3
Collins reagent, 53, 1
Condensation:

acetoacetic ester, 1, 9
acyloin, 4, 4; 23, 2
aldol, 16
benzoin, 4, 5
Biginelli, 63, 1
Claisen, 1, 8
Darzens, 5, 10; 31
Dieckmann, 1, 9; 6, 9; 15, 1
directed aldol, 28, 3
Knoevenagel, 1, 8; 15, 2
Stobbe, 6, 1
Thorpe-Ziegler, 15, 1; 31

Conjugate addition:
of hydrogen cyanide, 25, 3
of organocopper reagents, 19, 1; 41, 2

Cope rearrangement, 22, 1; 41, 1; 43, 2
Copper-Grignard complexes, conjugate

additions of, 19, 1; 41, 2
Corey-Winter reaction, 30, 2
Coumarins, synthesis of, 7, 1; 20, 3
Coupling reaction of organostannanes,

50, 1
Cuprate reagents, 19, 1; 38, 2; 41, 2
Curtius rearrangement, 3, 7, 9
Cyanation, of N-heteroaromatic

compounds, 70, 1
Cyanoborohydride, in reductive

aminations, 59, 1
Cyanoethylation, 5, 2
Cyanogen bromide, reactions with tertiary

amines, 7, 4
Cyclic ketones, formation by

intramolecular acylation, 2, 4; 23, 2
Cyclization:

of alkyl dihalides, 19, 2
of aryl-substituted aliphatic acids, acid

chlorides, and anhydrides, 2, 4;
23, 2

of α-carbonyl carbenes and carbenoids,
26, 2

cycloheptenones from α-bromoketones,
29, 2

of diesters and dinitriles, 15, 1
Fischer indole, 10, 2
intramolecular by acylation, 2, 4
intramolecular by acyloin

condensation, 4, 4
intramolecular by Diels-Alder reaction,

32, 1
intramolecular by Heck reaction, 60, 2
intramolecular by Michael reaction,

47, 2
Nazarov, 45, 1
by radical reactions, 48, 2
of stilbenes, 30, 1
tandem cyclization by Heck reaction,

60, 2
Cycloaddition reactions,

of cyclenones and quinones, 5, 3
cyclobutanes, synthesis of, 12, 1;

44, 2
cyclotrimerization of acetylenes, 68, 1
Diels-Alder, acetylenes and alkenes,

4, 2
Diels-Alder, imino dienophiles, 65, 2
Diels-Alder, intramolecular, 32, 1
Diels-Alder, maleic anhydride, 4, 1
[4 + 3], 51, 3
of enones, 44, 2
of ketenes, 45, 2
of nitrones and alkenes, 36, 1
Pauson-Khand, 40, 1
photochemical, 44, 2
retro-Diels-Alder reaction, 52, 1; 53, 2
[6 + 4], 49, 2
[3 + 2], 61, 1

Cyclobutanes, synthesis:
from nitrile-stabilized carbanions, 31
by thermal cycloaddition reactions,

12, 1
Cycloheptadienes, from

divinylcyclopropanes, 41, 1
polyhalo ketones, 29, 2
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π-Cyclopentadienyl transition metal
carbonyls, 17, 1

Cyclopentenones:
annulation, 45, 1
synthesis, 40, 1; 45, 1

Cyclopropane carboxylates, from
diazoacetic esters, 18, 3

Cyclopropanes:
from α-diazocarbonyl compounds,

26, 2
from metal-catalyzed decomposition of

diazo compounds, 57, 1
from nitrile-stabilized carbanions, 31
from tosylhydrazones, 23, 3
from unsaturated compounds,

methylene iodide, and zinc-copper
couple, 20, 1; 58, 1; 58, 2

Cyclopropenes, synthesis of, 18, 3

Darzens glycidic ester condensation, 5, 10;
31

DAST, 34, 2; 35, 3
Deamination of aromatic primary amines,

2, 7
Debenzylation, 7, 5; 18, 4
Decarboxylation of acids, 9, 5; 19, 4
Dehalogenation of α-haloacyl halides, 3, 3
Dehydrogenation:

in synthesis of acetylenes, 5, 1
in synthesis of ketenes, 3, 3

Demjanov reaction, 11, 2
Deoxygenation of vicinal diols, 30, 2
Desoxybenzoins, conversion to benzoins,

4, 5
Dess-Martin Oxidation, 53, 1
Desulfonylation reactions, 72, 2
Desulfurization:

of α-(alkylthio)nitriles, 31
in alkene synthesis, 30, 2
with Raney nickel, 12, 5

Diazo compounds, carbenoids derived
from, 57, 1

Diazoacetic esters, reactions with alkenes,
alkynes, heterocyclic and aromatic
compounds, 18, 3; 26, 2

α-Diazocarbonyl compounds, insertion
and addition reactions, 26, 2

Diazomethane:
in Arndt-Eistert reaction, 1, 2

reactions with aldehydes and ketones,
8, 8

Diazonium fluoroborates, synthesis and
decomposition, 5, 4

Diazonium salts:
coupling with aliphatic compounds, 10,

1, 2
in deamination of aromatic primary

amines, 2, 7
in Meerwein arylation reaction, 11, 3;

24, 3
in ring closure reactions, 9, 7
in synthesis of biaryls and aryl

quinones, 2, 6
Dieckmann condensation, 1, 9; 15, 1

for synthesis of tetrahydrothiophenes,
6, 9

Diels-Alder reaction:
intramolecular, 32, 1
retro-Diels-Alder reaction, 52, 1; 53, 2
with alkynyl and alkenyl dienophiles,

4, 2
with cyclenones and quinones, 5, 3
with imines, 65, 2
with maleic anhydride, 4, 1

Dihydrodiols, 63, 2
Dihydropyrimidine synthesis, 63, 1
Dihydroxylation of alkenes, asymmetric,

66, 2
Diimide, 40, 2
Diketones:

pyrolysis of diaryl, 1, 6
reduction by acid in organic solvents,

22, 3
synthesis by acylation of ketones, 8, 3
synthesis by alkylation of β-diketone

anions, 17, 2
Dimethyl sulfide, in oxidation reactions,

39, 3
Dimethyl sulfoxide, in oxidation reactions,

39, 3
Diols:

deoxygenation of, 30, 2
oxidation of, 2, 8

Dioxetanes, 20, 2
Dioxiranes, 61, 2; 69, 1
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Dioxygenases, 63, 2
Divinyl-aziridines, -cyclopropanes,

-oxiranes, and -thiiranes,
rearrangements of, 41, 1

Doebner reaction, 1, 8

Eastwood reaction, 30, 2
Elbs reaction, 1, 6; 35, 2
Electrophilic

amination, 72, 1
fluorination, 69, 2

Enamines, reaction with quinones, 20, 3
Enantioselective aldol reactions, 67, 1
Ene reaction, in photosensitized

oxygenation, 20, 2
Enolates:

Fluorination of, 69, 2
α-Hydroxylation of, 62, 1
in directed aldol reactions, 28, 3; 46, 1;

51, 1
Enone cycloadditions, 44, 2
Enzymatic reduction, 52, 2
Enzymatic resolution, 37, 1
Epoxidation:

of alkenes, 61, 2
of allylic alcohols, 48, 1
with organic peracids, 7, 7

Epoxide isomerizations, 29, 3
Epoxide

formation, 61, 2
migration, 60, 1

Esters:
acylation with acid chlorides, 1, 9
alkylation of, 9, 4
alkylidenation of, 43, 1
cleavage via SN2-type dealkylation,

24, 2
dimerization, 23, 2
glycidic, synthesis of, 5, 10
hydrolysis, catalyzed by pig liver

esterase, 37, 1
β-hydroxy, synthesis of, 1, 1; 22, 4
β-keto, synthesis of, 15, 1
reaction with organolithium reagents,

18, 1
reduction of, 8, 1; 71, 1
synthesis from diazoacetic esters, 18, 3
synthesis by Mitsunobu reaction, 42, 2

Ethers, synthesis by Mitsunobu reaction,
42, 2

Exhaustive methylation, Hofmann, 11, 5

Favorskii rearrangement, 11, 4
Ferrocenes, 17, 1
Fischer carbene complexes, 70, 2
Fischer indole cyclization, 10, 2
Fluorinating agents, electrophilic, 69, 2
Fluorination of aliphatic compounds, 2, 2;

21, 1, 2; 34, 2; 35, 3; 69, 2
of carbonyl compounds, 69, 2
of heterocycles, 69, 2

Fluorination:
by DAST, 35, 3
by N-F reagents, 69, 2
by sulfur tetrafluoride, 21, 1; 34, 2

Formylation:
by hydroformylation, 56, 1
of alkylphenols, 28, 1
of aromatic hydrocarbons, 5, 6
of aromatic compounds, 49, 1
of non-aromatic compounds, 56, 2

Free radical additions:
to alkenes and alkynes to form

carbon-heteroatom bonds, 13, 4
to alkenes to form carbon-carbon

bonds, 13, 3
Freidel-Crafts catalysts, in nucleoside

synthesis, 55, 1
Friedel-Crafts reaction, 2, 4; 3, 1; 5, 5;

18, 1
Friedländer synthesis of quinolines, 28, 2
Fries reaction, 1, 11

Gattermann aldehyde synthesis, 9, 2
Gattermann-Koch reaction, 5, 6
Germanes, addition to alkenes and

alkynes, 13, 4
Glycals,

fluorination of, 69, 2
transformation in glycosyl derivatives,

62, 4
Glycosides, synthesis of, 64, 2
Glycosylating Agents, 68, 2
Glycosylation on polymer supports, 68, 2
Glycosylation, with sulfoxides and

sulfinates, 64, 2
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Glycidic esters, synthesis and reactions of,
5, 10

Gomberg-Bachmann reaction, 2, 6; 9, 7
Grundmann synthesis of aldehydes, 8, 5

Halides, displacement reactions of, 22, 2;
27, 2

Halide-metal exchange, 58, 2
Halides, synthesis:

from alcohols, 34, 2
by chloromethylation, 1, 3
from organoboranes, 33, 1
from primary and secondary alcohols,

29, 1
Haller-Bauer reaction, 9, 1
Halocarbenes, synthesis and reactions of,

13, 2
Halocyclopropanes, reactions of, 13, 2
Halogen-metal interconversion reactions,

6, 7
α-Haloketones, rearrangement of, 11, 4
α-Halosulfones, synthesis and reactions of,

25, 1; 62, 2
Heck reaction, intramolecular, 60, 2
Helicenes, synthesis by photocyclization,

30, 1
Heterocyclic aromatic systems, lithiation

of, 26, 1
Heterocyclic bases, amination of, 1, 4

in nucleosides, 55, 1
Heterodienophiles, 53, 2
Hilbert-Johnson method, 55, 1
Hoesch reaction, 5, 9
Hofmann elimination reaction, 11, 5; 18, 4
Hofmann reaction of amides, 3, 7, 9
Homocouplings mediated by Cu, Ni, and

Pd, 63, 3
Homogeneous hydrogenation catalysts,

24, 1
Hunsdiecker reaction, 9, 5; 19, 4
Hydration of alkenes, dienes, and alkynes,

13, 1
Hydrazoic acid, reactions and generation

of, 3, 8
Hydroboration, 13, 1
Hydrocyanation of conjugated carbonyl

compounds, 25, 3
Hydroformylation, 56, 1

Hydrogenation catalysts, homogeneous,
24, 1

Hydrogenation of esters, with copper
chromite and Raney nickel, 8, 1

Hydrohalogenation, 13, 4
Hydroxyaldehydes, aromatic, 28, 1
α-Hydroxyalkylation of activated olefins,

51, 2
α-Hydroxyketones:

rearrangement, 62, 3
synthesis of, 23, 2

Hydroxylation:
of enolates, 62, 1
of ethylenic compounds with organic

peracids, 7, 7
Hypervalent iodine reagents, 54, 2; 57, 2

Imidates, rearrangement of, 14, 1
Imines, additions of allyl, allenyl,

propargyl stannanes, 64, 1
additions of cyanide, 70, 1
as dienophiles, 65, 2
synthesis, 70, 1

Iminium ions, 39, 2; 65, 2
Imino Diels-Alder reactions, 65, 2
Indoles, by Nenitzescu reaction, 20, 3

by reaction with TosMIC, 57, 3
Ionic hydrogenation, 71, 1
Isocyanides, in the Passerini reaction,

65, 1
sulfonylmethyl, reactions of, 57, 3

Isoquinolines, synthesis of, 6, 2, 3, 4;
20, 3

Jacobsen reaction, 1, 12
Japp-Klingemann reaction, 10, 2

Katsuki-Sharpless epoxidation, 48, 1
Ketene cycloadditions, 45, 2
Ketenes and ketene dimers, synthesis of,

3, 3; 45, 2
α-Ketol rearrangement, 62, 3
Ketones:

acylation of, 8, 3
alkylidenation of, 43, 1
Baeyer-Villiger oxidation of, 9, 3;

43, 3
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cleavage of non-enolizable, 9, 1
comparison of synthetic methods, 18, 1
conversion to amides, 3, 8; 11, 1
conversion to fluorides, 34, 2; 35, 3
cyclic, synthesis of, 2, 4; 23, 2
cyclization of divinyl ketones, 45, 1
reaction with diazomethane, 8, 8
reduction to aliphatic compounds, 4, 8
reduction by:

alkoxyaluminum hydrides, 34, 1
organosilanes, 71, 1

reduction in anhydrous organic
solvents, 22, 3

synthesis by oxidation of alcohols,
6, 5; 39, 3

synthesis from acid chlorides and
organometallic compounds, 8, 2;
18, 1

synthesis from organoboranes, 33, 1
synthesis from organolithium reagents

and carboxylic acids, 18, 1
synthesis from α,β-unsaturated

carbonyl compounds and metals
in liquid ammonia, 23, 1

Kindler modification of Willgerodt
reaction, 3, 2

Knoevenagel condensation, 1, 8; 15, 2;
57, 3

Koch-Haaf reaction, 17, 3
Kornblum oxidation, 39, 3
Kostaneki synthesis of chromanes,

flavones, and isoflavones, 8, 3

β-Lactams, synthesis of, 9, 6; 26, 2
β-Lactones, synthesis and reactions of,

8, 7
Leuckart reaction, 5, 7
Lithiation:

of allylic and benzylic systems, 27, 1
by halogen-metal exchange, 6, 7
heteroatom facilitated, 26, 1; 47, 1
of heterocyclic and olefinic

compounds, 26, 1
Lithioorganocuprates, 19, 1; 22, 2; 41, 2
Lithium aluminum hydride reductions,

6, 2
chirally modified, 52, 2

Lossen rearrangement, 3, 7, 9

Mannich reaction, 1, 10; 7, 3
Meerwein arylation reaction, 11, 3; 24, 3
Meerwein-Ponndorf-Verley reduction, 2, 5
Mercury hydride method to prepare

radicals, 48, 2
Metalations with organolithium

compounds, 8, 6; 26, 1; 27, 1
Methylenation of carbonyl groups, 43, 1
Methylenecyclopropane, in cycloaddition

reactions, 61, 1
Methylene-transfer reactions, 18, 3; 20, 1;

58, 1
Michael reaction, 10, 3; 15, 1, 2; 19, 1;

20, 3; 46, 1; 47, 2
Microbiological oxygenations, 63, 2
Mitsunobu reaction, 42, 2
Moffatt oxidation, 39, 3; 53, 1
Morita-Baylis-Hillman reaction, 51, 2

Nazarov cyclization, 45, 1
Nef reaction, 38, 3
Nenitzescu reaction, 20, 3
Nitriles:

formation from oximes, 35, 2
synthesis from organoboranes, 33, 1
α,β-unsaturated:

by elimination of selenoxides, 44, 1
Nitrile-stabilized carbanions:

alkylation and arylation of, 31
Nitroamines, 20, 4
Nitro compounds, conversion to carbonyl

compounds, 38, 3
Nitro compounds, synthesis of, 12, 3
Nitrone-olefin cycloadditions, 36, 1
Nitrosation, 2, 6; 7, 6
Nucleosides, synthesis of, 55, 1

Olefin formation, by reductive elimination
of β-hydroxysulfones, 72, 2

Olefins, hydroformylation of, 56, 1
Oligomerization of 1,3-dienes, 19, 2
Oligosaccharide synthesis on polymer

support, 68, 2
Oppenauer oxidation, 6, 5
Organoboranes:

formation of carbon-carbon and
carbon-heteroatom bonds from,
33, 1
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Organoboranes: (Continued )
isomerization and oxidation of, 13, 1
reaction with anions of α-chloronitriles,

31, 1
Organochromium reagents:

addition to carbonyl compounds, 64, 3;
67, 2

addition to imines, 67, 2
Organohypervalent iodine reagents, 54, 2;

57, 2
Organometallic compounds:

of aluminum, 25, 3
of chromium, 64, 3; 67, 2
of copper, 19, 1; 22, 2; 38, 2; 41, 2
of lithium, 6, 7; 8, 6; 18, 1; 27, 1
of magnesium, zinc, and cadmium,

8, 2;
of palladium, 27, 2
of tin, 50, 1; 64, 1
of zinc, 1, 1; 20, 1; 22, 4; 58, 2

Organosilicon hydride reductions, 71, 1
Osmium tetroxide asymmetric

dihydroxylation, 66, 2
Overman rearrangement of allylic

imidates, 66, 1
Oxidation:

by dioxiranes, 61, 2; 69, 1
of alcohols and polyhydroxy

compounds, 6, 5; 39, 3; 53, 1
of aldehydes and ketones,

Baeyer-Villiger reaction, 9, 3;
43, 3

of amines, phenols, aminophenols,
diamines, hydroquinones, and
halophenols, 4, 6; 35, 2

of enolates and silyl enol ethers, 62, 1
of α-glycols, α-amino alcohols, and

polyhydroxy compounds by
periodic acid, 2, 8

with hypervalent iodine reagents, 54, 2
of organoboranes, 13, 1
of phenolic compounds, 57, 2
with peracids, 7, 7
by photooxygenation, 20, 2
with selenium dioxide, 5, 8; 24, 4

Oxidative decarboxylation, 19, 4
Oximes, formation by nitrosation, 7, 6
Oxochromium(VI)-amine complexes, 53, 1

Oxo process, 56, 1
Oxygenation of arenes by dioxygenases,

63, 2

Palladium-catalyzed vinylic substitution,
27, 2

Palladium-catalyzed coupling of
organostannanes, 50, 1

Palladium intermediates in Heck reactions,
60, 2

Passerini Reaction, 65, 1
Pauson-Khand reaction to prepare

cyclopentenones, 40, 1
Payne rearrangement, 60, 1
Pechmann reaction, 7, 1
Peptides, synthesis of, 3, 5; 12, 4
Peracids, epoxidation and hydroxylation

with, 7, 7
in Baeyer-Villiger oxidation, 9, 3; 43, 3

Periodic acid oxidation, 2, 8
Perkin reaction, 1, 8
Persulfate oxidation, 35, 2
Peterson olefination, 38, 1
Phenanthrenes, synthesis by

photocyclization, 30, 1
Phenols, dihydric from phenols, 35, 2

oxidation of, 57, 2
synthesis from Fischer carbene

complexes, 70, 2
Phosphinic acids, synthesis of, 6, 6
Phosphonic acids, synthesis of, 6, 6
Phosphonium salts:

halide synthesis, use in, 29, 1
synthesis and reactions of, 14, 3

Phosphorus compounds, addition to
carbonyl group, 6, 6; 14, 3; 25, 2;
36, 2

addition reactions at imine carbon,
36, 2

Phosphoryl-stabilized anions, 25, 2
Photochemical cycloadditions, 44, 2
Photocyclization of stilbenes, 30, 1
Photooxygenation of olefins, 20, 2
Photosensitizers, 20, 2
Pictet-Spengler reaction, 6, 3
Pig liver esterase, 37, 1
Polonovski reaction, 39, 2
Polyalkylbenzenes, in Jacobsen reaction,

1, 12
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Polycyclic aromatic compounds, synthesis
by photocyclization of stilbenes,
30, 1

Polyhalo ketones, reductive
dehalogenation of, 29, 2

Pomeranz-Fritsch reaction, 6, 4
Prévost reaction, 9, 5
Pschorr synthesis, 2, 6; 9, 7
Pummerer reaction, 40, 3
Pyrazolines, intermediates in diazoacetic

ester reactions, 18, 3
Pyridinium chlorochromate, 53, 1
Pyrolysis:

of amine oxides, phosphates, and acyl
derivatives, 11, 5

of ketones and diketones, 1, 6
for synthesis of ketenes, 3, 3
of xanthates, 12, 2

Quaternary ammonium
N-F reagents, 69, 2
salts, rearrangements of, 18, 4

Quinolines, synthesis of,
by Friedländer synthesis, 28, 2
by Skraup synthesis, 7, 2

Quinones:
acetoxylation of, 19, 3
diene additions to, 5, 3
synthesis of, 4, 6
synthesis from Fischer carbene

complexes, 70, 2
in synthesis of 5-hydroxyindoles,

20, 3

Ramberg-Bäcklund rearrangement, 25, 1;
62, 2

Radical formation and cyclization, 48, 2
Rearrangements:

allylic trihaloacetamidate, 66, 1
anion-assisted sigmatropic, 43, 2
Beckmann, 11, 1; 35, 1
Chapman, 14, 1; 18, 2
Claisen, 2, 1; 22, 1
Cope, 22, 1; 41, 1, 43, 2
Curtius, 3, 7, 9
divinylcyclopropane, 41, 1
Favorskii, 11, 4
Lossen, 3, 7, 9

Ramberg-Bäcklund, 25, 1; 62, 2
Smiles, 18, 2
Sommelet-Hauser, 18, 4
Stevens, 18, 4
[2,3] Wittig, 46, 2
vinylcyclopropane-cyclopentene, 33, 2

Reduction:
of acid chlorides to aldehydes, 4, 7;

8, 5
of aromatic compounds, 42, 1
of benzils, 4, 5
of ketones, enantioselective, 52, 2
Clemmensen, 1, 7; 22, 3
desulfurization, 12, 5
with diimide, 40, 2
by dissolving metal, 42, 1
by homogeneous hydrogenation

catalysts, 24, 1
by hydrogenation of esters with

copper chromite and Raney
nickel, 8, 1

hydrogenolysis of benzyl groups, 7, 5
by lithium aluminum hydride, 6, 10
by Meerwein-Ponndorf-Verley reaction,

2, 5
chiral, 52, 2

by metal alkoxyaluminum hydrides,
34, 1; 36, 3

by organosilanes, 71, 1
of mono- and polynitroarenes, 20, 4
of olefins by diimide, 40, 2
of α,β-unsaturated carbonyl

compounds, 23, 1
by samarium(II) iodide, 46, 3
by Wolff-Kishner reaction, 4, 8

Reductive alkylation, synthesis of amines,
4, 3; 5, 7

Reductive amination of carbonyl
compounds, 59, 1; 71, 1

Reductive cyanation, 57, 3
Redutive desulfonylation, 72, 2
Reductive desulfurization of thiol esters,

8, 5
Reformatsky reaction, 1, 1; 22, 4
Reimer-Tiemann reaction, 13, 2; 28, 1
Reissert reaction, 70, 1
Resolution of alcohols, 2, 9
Retro-Diels-Alder reaction, 52, 1; 53, 2
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Ritter reaction, 17, 3
Rosenmund reaction for synthesis of

arsonic acids, 2, 10
Rosenmund reduction, 4, 7

Samarium(II) iodide, 46, 3
Sandmeyer reaction, 2, 7
Schiemann reaction, 5, 4
Schmidt reaction, 3, 8, 9
Selenium dioxide oxidation, 5, 8;

24, 4
Seleno-Pummerer reaction, 40, 3
Selenoxide elimination, 44, 1
Shapiro reaction, 23, 3; 39, 1
Silanes:

addition to olefins and acetylenes,
13, 4

electrophilic substitution reactions,
37, 2

oxidation of, 69, 1
reduction with, 71, 1

Sila-Pummerer reaction, 40, 3
Silyl carbanions, 38, 1
Silyl enol ether, α-hydroxylation, 62, 1
Simmons-Smith reaction, 20, 1; 58, 1
Simonini reaction, 9, 5
Singlet oxygen, 20, 2
Skraup synthesis, 7, 2; 28, 2
Smiles rearrangement, 18, 2
Sommelet-Hauser rearrangement, 18, 4
SRN1 reactions of aromatic systems,

54, 1
Sommelet reaction, 8, 4
Stevens rearrangement, 18, 4
Stetter reaction of aldehydes with olefins,

40, 4
Strecker reaction, catalytic asymmetric,

70, 1
Stilbenes, photocyclization of, 30, 1
Stille reaction, 50, 1
Stobbe condensation, 6, 1
Substitution reactions using organocopper

reagents, 22, 2; 41, 2
Sugars, synthesis by glycosylation with

sulfoxides and sulfinates, 64, 2
Sulfide reduction of nitroarenes, 20, 4
Sulfonation of aromatic hydrocarbons and

aryl halides, 3, 4
Swern oxidation, 39, 3; 53, 1

Tetrahydroisoquinolines, synthesis of,
6, 3

Tetrahydrothiophenes, synthesis of,
6, 9

Thia-Payne rearrangement, 60, 1
Thiazoles, synthesis of, 6, 8
Thiele-Winter acetoxylation of quinones,

19, 3
Thiocarbonates, synthesis of, 17, 3
Thiocyanation of aromatic amines,

phenols, and polynuclear
hydrocarbons, 3, 6

Thiophenes, synthesis of, 6, 9
Thorpe-Ziegler condensation, 15,

1; 31
Tiemann reaction, 3, 9
Tiffeneau-Demjanov reaction, 11, 2
Tin(II) enolates, 46, 1
Tin hydride method to prepare radicals,

48, 2
Tipson-Cohen reaction, 30, 2
Tosylhydrazones, 23, 3; 39, 1
Tosylmethyl isocyanide (TosMIC),

57, 3
Transmetallation reactions, 58, 2
Tricarbonyl(η6-arene)chromium

complexes, 67, 2
Trihaloacetimidate, allylic rearrangements,

66, 1
Trimethylenemethane, [3 + 2]

cycloaddition of, 61, 1
Trimerization, co-, acetylenic compounds,

68, 1

Ullmann reaction:
homocoupling mediated by Cu, Ni, and

Pd, 63, 3
in synthesis of diphenylamines, 14, 1
in synthesis of unsymmetrical biaryls,

2, 6
Unsaturated compounds, synthesis with

alkenyl- and alkynylaluminum
reagents, 32, 2

Vilsmeier reaction, 49, 1; 56, 2
Vinylcyclopropanes, rearrangement to

cyclopentenes, 33, 2
Vinyllithiums, from sulfonylhydrazones,

39, 1
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Vinylsilanes, electrophilic substitution
reactions of, 37, 2

Vinyl substitution, catalyzed by palladium
complexes, 27, 2

von Braun cyanogen bromide reaction,
7, 4

Vorbrüggen reaction, 55, 1

Willgerodt reaction, 3, 2
Wittig reaction, 14, 3; 31
[2,3]-Wittig rearrangement, 46, 2
Wolff-Kishner reaction, 4, 8

Xanthates, synthesis and pyrolysis of,
12, 2

Ylides:
in Stevens rearrangement, 18, 4
in Wittig reaction, structure and

properties, 14, 3

Zinc-copper couple, 20, 1; 58, 1, 2
Zinin reduction of nitroarenes, 20, 4
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