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Preface

Historically, main-group organometallics and metallorganics have played a major
role in modern organic synthesis. The Grignard reagent has played quite a signifi-
cant role in this field of chemistry for more than one hundred years. For most
chemists, this type of magnesium compound is probably the first organometallic
reagent that is encountered in their first organic-chemistry course. Although the
use of Grignard reagents is truly impressive, the actual mechanistic details of re-
actions of these well-known organometallic compounds are still vague. Recent ad-
vances in various analytical technologies have allowed us to understand some of
details of reactions that use the classical reagent. In light of the elucidation of var-
ious mechanisms, we now recognize the role of Grignard reagents in organic syn-
thesis to be even greater than first anticipated.

Now that we are able to understand the chemical behavior of many main-group
elements such as lithium, silicon, boron, and aluminum, the purpose of this book
is to summarize these recent developments and show the promising future roles
of complexes of these metals in modern organic synthesis. In fact, these reagents
are both useful and much safer than most transition-metal compounds.

This volume focuses on areas of main-group organometallic and metallorganic
reagents selected for their significant development during the last decade. Each
author is very knowledgeable in their particular field of chemistry, and is able to
provide a valuable perspective from a synthetic point of view. We are grateful to
the distinguished chemists for their willingness to devote their time and effort to
provide us with these valuable contributions.

Hisashi Yamamoto and Koichioro Oshima
Chicago and Kyoto
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Lithium in Organic Synthesis

KarsuHiko Tomooxka and Masato Ito

1.1
Introduction

Organolithium compounds are central to many aspects of synthetic organic chem-
istry and are primarily used as carbanions to construct carbon skeletons of a wide
variety of organic compounds. Despite the strictly anhydrous conditions generally
required for successful performance of reactions using organolithium com-
pounds, their fundamental significance in synthetic organic chemistry remains
unchanged. Tremendous efforts have therefore been devoted to the development
of convenient methods for generation of tailor-made organolithium compounds
and useful reactions using conventional organolithium compounds.

Because comprehensive literature [1-8] covering various aspects of organo-
lithium chemistry has recently become available, the purpose of this chapter is to
highlight “powerful synthetic tools” involving organolithium compounds. The
definition of “organolithium” is here limited to those compounds in which there
is a clear C-Li bond; compounds with enolate or ynolate structures or with hetero-
atom (Y)-Li bonds, etc., have been excluded.

This chapter is roughly divided into three sections. The nature of organolithium
compounds, their structures, the configurational stability of their C-Li bond, and
general guidelines regarding the handling organolithium compounds are briefly
considered first (Section 1.2). The next section concerns the classification of useful
methods for generation of organolithium compounds in which new C-Li bonds
are created either by reduction, using lithium metal itself, or by the conversion of
a C-Li bond into a less reactive C-Li bond (Section 1.3). The last section primarily
describes potential methods for construction of the carbon framework, driven by
conversion of a C-Li bond into a less reactive Y-Li bond (Section 1.4). All the ex-
amples dealt with in the last two sections have been selected on the basis of the
distinct advantages of employing organolithium compounds compared with other
organometallic reagents. We will not detail pioneering works underlying the estab-
lishment of selected examples, because we are concerned that excessive compre-
hensiveness might obscure their marked synthetic importance. There is no doubt,
however, that modern synthetic technology has been developed on the basis of the
considerable efforts of our forefathers, and readers are strongly recommended to

Main Group Metals in Organic Synthesis. Edited by H. Yamamoto, K. Oshima
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30508-4
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refer to other books or reviews cited in this chapter for historical aspects and
other issues regarding organolithium chemistry.

1.2
Nature of Organolithium Compounds

1.2.1
Overview

Because organolithium compounds are generally sensitive to oxygen and mois-
ture, rigorous exclusion is required to prevent decomposition. They are, however,
stable in anhydrous hydrocarbons under a nitrogen or, preferably, argon atmo-
sphere at ambient temperature, and the solutions can be stored for longer at low-

Tab. 1.1  Commercially available organolithium compounds

Organolithium compound Abbreviation Solvent Concn
(M)
Methyllithium MeLi Diethyl ether 1.0
1.49
Methyllithium-lithium MeLi-LiBr Diethyl ether 1.59
bromide complex 2.2%
Methyllithium-lithium MeLi-Lil Diethyl ether 1.09
iodide complex
n-Butyllithium n-BuLi Hexane 1.6
259
2.6
3.09
10.09
Cyclohexane 2.0
Pentane 2.09
s-Butyllithium s-BuLi Cyclohexane 1.0%
1.39
1.4
-Butyllithium -BuLi Pentane 1.5%
1.79
Phenyllithium PhLi Cyclohexane-diethyl 1.09
ether 1.89
1.9”
Dibutyl ether 2.0
Lithium acetylide-ethylene- HC=CLi-H,NC,H,NH, None -
diamine complex (powder ca. 90% purity)
Toluene L

(suspension 25%, w/w)

a) Kanto Kagaku. b) Wako Chemicals. c) Sigma-Aldrich.
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er temperatures [1, 2]. Simple organolithium starting materials listed in Tab. 1.1
are commercially available as solutions in such solvents. Exceptionally, the lithium
acetylide-ethylenediamine complex is available as a solid. Hydrocarbon solutions
of n-, s, and t-Buli are the ultimate source of most organolithium compounds,
and their availability has greatly contributed to the advancement of organolithium
chemistry. In general, ethereal solvents such as diethyl ether or tetrahydrofuran
are most frequently used either in the preparation of organolithium compounds
or in their reactions, because they reduce the extent of aggregation of organo-
lithium compounds and hence increase their reactivity (Section 1.2.2). To in-
crease their reactivity further, N,N,N’,N-tetramethylethylenediamine (TMEDA),
1,3-dimethyl-3,4,5,6-tetrahydro-2(1 H)-pyrimidine (DMPU), or hexamethylphos-
phoramide (HMPA) are effective co-solvents, because of their high coordinating
ability. It should be noted that organolithium compounds are thermally unstable
in ethereal solvents; their half-lives [1, 9, 10] are summarized in Tab. 1.2. Thermal
decomposition arises as a result of deprotonation of ethereal solvents by organo-

Tab. 1.2 Half-lives of organolithium compounds in common ethereal solvents

RLi Solvent -70°C —40°C -20°C 0°Cc +20°C +35°C
t-BulLi DME 11 min

THF 56h 42 min

ether 8h 1.0h
s-BulLi DME 20h 2 min

THF 1.3 h

ether 20h 23h
n-BulLi DME 1.8 h <5 min

THF 17 h 1.8h 10 min

ether 153 h 31h
PhLi ether 12 days
MelLi ether 3 months

s
( ) s @ B\" — e 2oL + RH
o \FC‘J' H

a-deprotonation
=
! — H
Ll‘R’
p-deprotonation

Scheme 1.1
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lithium compounds, because of their high basicity, leading to a variety of decom-
position products with Li—O bonds, as illustrated in Scheme 1.1.

1.2.2
Structural Features

The electron-deficient lithium atom of an organolithium compound requires
greater stabilization than can be provided by a single carbanionic ligand, and
freezing measurements indicate that in hydrocarbon solution organolithium com-
pounds are invariably aggregated as hexamers, tetramers, or dimers [11] (Tab. 1.3).
The structures of these aggregates in solution can be deduced to some extent
from the crystal structures of organolithium compounds [12] or by calculation
[13]: the tetramers approximate to lithium atom tetrahedra unsymmetrically
bridged by the organic ligands [4, 5]. The aggregation state of simple, unfunctio-
nalized organolithium compounds depends primarily on steric hindrance. Pri-
mary organolithium compounds are hexamers in hydrocarbons, except when
branching f to the lithium atom leads to tetramers. Secondary and tertiary orga-
nolithium compounds are tetramers whereas benzyllithium and very bulky alkyl-
lithium compounds are dimers [1, 11].

Coordinating ligands such as ethers or amines, or even metal alkoxides can pro-
vide an alternative source of electron density for the electron-deficient lithium
atoms. These ligands can stabilize the aggregates by coordinating to the lithium
atoms at their vertices; this enables the organolithium compounds to shift to an
entropically favored lower degree of aggregation. As shown in Tab. 1.3, the pres-
ence of ethereal solvents typically causes a shift down in the aggregation state, but
only occasionally results in complete deaggregation to the monomer [1]. Methyl-
lithium and butyllithium remain tetramers in diethyl ether, THF, or DME, with
some dimers forming at low temperatures; t-Buli becomes dimeric in diethyl

Tab. 1.3 Aggregation states of typical organolithium compounds

RLi In hydrocarbon solvent In ethereal solvent
MelLi - Tetramer

EtLi Hexamer Tetramer

n-BulLi Hexamer Tetramer

i-BuLi Tetramer -

BnlLi Dimer Monomer

i-PrLi Tetramer Dimer

s-BuLi - Dimer

PhLi - Dimer

t-BulLi Tetramer Dimer
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ether and monomeric in THF at low temperatures [14-17]. Coordinating solvents
also greatly increase the reactivity of the organolithium compounds, and an ether
or amine solvent is indispensable in almost all organolithium reactions.

1.2.3
Configurational Stability

In principle, the configurational stability at the metal-bearing stereogenic carbon
in organometallic compounds decreases as the ionic character of the carbon-me-
tal bond increases. Because organolithium compounds contain one of the most
electropositive elements some charge separation occurs in their C-Li bonds. Coor-
dinating solvents greatly enhance the extent of charge separation. Enantio-en-
riched organolithium compounds, if successfully generated, usually, therefore, un-
dergo racemization, which can be explained by migration of the Li cation from
one face of the anion to the other. For example, the half-lives for racemization of
secondary, unfunctionalized organolithium compounds in diethyl ether are only
seconds at —70°C, even though those in non-polar solvents can be lengthened to
hours at —40°C and to minutes at 0°C [18]. Accordingly, the design of stereoselec-
tive reactions with enantio-enriched organolithium compounds has long been un-
attractive to the synthetic organic community. The last decade, however, has wit-
nessed a significant advance in this area, and a number of functionalized organo-
lithium compounds with a configurationally stable C-Li bond have been found by
taking advantage of the Hoffmann test [19], which provides a qualitative guide to
the configurational stability of an organolithium compound.

The Hoffmann test, the essence of which is described briefly below, comprises
of two experiments using a suitable chiral electrophile such as an aldehyde in
either the racemic or enantiomerically pure form. The occurrence of sufficient ki-
netic resolution on reaction of a racemic organolithium compound (+)-1 with a
chiral electrophile 2 is established in the first experiment by using 2 in the race-
mic form. In a second experiment the organolithium compound (+)-1 is added to
the enantiomerically pure 2 and the ratios (@ and a') of the diastereomeric prod-
ucts 3 and 4 resulting from the two experiments are compared. If they are identi-
cal (a=a’) at conversions of >50%, the organolithium compound 1 is configura-
tionally labile on the time-scale set by the rate of its addition to 2. If there is an
analytically significant difference between the diastereomer ratios (a#a’), enantio-
mer equilibration of the organolithium compound is slower than its addition to
the electrophile (Chart 1.1).
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experiment |
NBn, NBn, NBn,
KK/ Ph /l\/l\/ )\l/v
()1 ()-2 (£)-3 (£)-4
diastereomer ratio a = (+)-3/(+)-4
if a = 1, test is insensitive.
If a # 1, go to Experiment (I,
experiment 11
NBn2 NBn2
’/lv Ph /l\/l\/ )\l/y
(-1 2 3 4

diastereomer ratio a' = 3/4

If a'= a, 1 is configurationally unstable.
If a'# a, 1 is configurationally stable.

Chart 1.1 The Hoffmann test

1.2.4
Titration of Organolithium Compounds

One can easily and reliably check the identity, purity, and concentration of an orga-
nolithium compound in solution by several methods. One of the most standard meth-
ods is titration of the organolithium solution with alcohols such as 2-butanol (5) or
(-)-menthol (6) in the presence of a small amount of 2,2"-bipyridine (7) or 1,10-phe-
nanthroline (8) as a color indicator. This method is based on the color difference
between the C-Li and O-Li compounds, with the ligands used as color indicators
(Scheme 1.2). For example, addition of a spatula tip of 8 to a solution of an organo-
lithium species in an ether or a hydrocarbon produces a characteristic rust-red charge-
transfer (CT) complex. Titration with a standardized solution of 5 in xylene until com-
plete decoloration enables determination of the concentration of the organolithium
compound [20]. To minimize the experimental complexity a variety of indicators [21—
25] bearing a functional group to coordinate to lithium and another to develop a color
within the same molecule have been developed, as shown in Tab. 1.4. However, one
should select appropriate color indicators depending on the structure of the organo-
lithium compounds that correlate with the sharpness of color development.
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Tab. 1.4 Color indicators in titration

Color indicator Color change Suitable Refer-
RLi ence
/FE )Pifo _ )Pirou MeL.i [21]
X N .
Ph”” “CO,H Ph . Ph n-BuLi
OLi OLi
colorless yellow
Ph Ph Ph Li\ Li MelLi
H \J\ Li — N n-BuLi
Ph X 22
PhJ\\N'N‘Ts P S Nors N T tBuli (221
colorless orange PhLi
Li—O .
OH oLi L Meld
—_— n-BuLi 23]
Ph Ph Bh s-Buli
colorless orange red Bl
OLi OLi s-BuLi [23]
Ph Ph Ph tBuLi
colorless bright yellow
CO.H n-Buli
/©/ colorless —_— deep red s-BuLi [23]
Ph + t-BuLi
PhyCH
H N._tB N._tB i
N t-Bu \\( -Bu Y u MeLi
OoLi . n-BuLi
fo) 1 e OLi .
Li s-BuLi [24]
Ph Ph PH t-BuLi
colorless yellow orange Phti
< N < N < K
@(\N' “Ph @\N’ Ph ©\AN' *Ph MeLi
) ) n-BuLi [25]
OH OLi OLi t-BuLi
yellow red
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N N N R'OH N
R-Li R-Li_ RO-Li_ + R-H

N N
rust-red yellow
R-OH;\;/\gl (N N / \g ?f )
28 = TOH =N N=/ =N N=
5 P 7 8
6
Scheme 1.2
13

Methods for the Preparation of Organolithium Compounds

1.3.1
Overview

A C-Li bond can be created by one of two principally different methods. One is
the de novo creation of C-Li bonds in which the lithium metal undergoes reduc-
tive insertion to an organic compound with the leaving group Z; the other
involves construction of new C-Li bonds by another organolithium reagent
(Scheme 1.3). The former method, detailed in Section 1.3.2, is still the most
straightforward and often also the most rational approach; it is therefore used in
the industrial production of typical organolithium compounds. The latter method

Deprotonation (Y = H)
Halogen-Lithium Exchange [ Y = halogen)
Transmetaliation (Y = metallic element)

R-Y

R'—Li

R-Z \' R-Li

Li—2Z

Reductive Lithiation

Carbolithiation

Scheme 1.3
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can be divided most simply into four distinct methods — deprotonation, halogen-
lithium exchange, transmetallation with other organolithium compounds, and car-
bolithiation of the carbon-carbon unsaturated bond. The details of these methods
are outlined in Section 1.3.3.

13.2
Reductive Lithiation using Lithium Metal

Simple, unfunctionalized organolithium compounds are usually prepared by re-
ductive lithiation of alkyl halides with lithium metal at ambient temperature or
above [26]. Reductive lithiation is fastest for alkyllithium compounds (the more
substituted the better) and slowest for aryllithium compounds. The order of reac-
tivity follows logically from the relative stabilities of the intermediate radicals,
whose formation is the rate-determining step of the sequence.

R'R"R"”CLi > RCH,Li > vinyllithium > aryllithium.

The use of lithium metal can pose problems, however, primarily because of the
temperatures required. The newly formed organolithium compounds can attack
unreacted starting materials or solvents. For example, the reductive lithiation of al-
lyl and benzyl halides leads only to the formation of Wultz-type coupling products
(Scheme 1.4). Also, secondary and tertiary alkyllithium compounds attack ethereal
solvents even at temperatures around or below -25°C (vide supra). One of the
most promising solutions to these problems is the use of lithium arenide
(Scheme 1.5). Arenes such as naphthalene (Np), (1-dimethylamino)naphthalene
(DMAN) [27], and, in particular, 4,4'-bis(t-butyl)biphenyl (DBB) [28] can form solu-
ble radical anions by accepting one electron from lithium metal; this facilitates
the reductive lithiation. The homogeneity reduces the temperatures required for
the critical electron-transfer process and minimizes the duration of contact be-
tween the organolithium compounds and their halogenated precursors. Recent
studies have shown, that a catalytic amount of the arenes only is sufficient for the
reductive lithiation [29]. These methods enable not only the efficient reductive
lithiation of carbon-halogen bonds but also carbon-oxygen or carbon-sulfur
bonds [26, 30]. The carbon-oxygen bond-cleavage reactions are particularly useful

R-X + Li R—Li +  Li—X

R = allyl, benzyl, etc

X = halogen R=X | Wultz-type coupling

R-R +  Li—X
Scheme 1.4
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+
Li *+ arene _— Li

arene

lithium arenide

NMe2
Np DMAN DBB

Scheme 1.5

lithium arenide
XSopp ————— X +  PhoLi

lithium arenide

Ph” SOPh ————= ph” L *+ PhOLi
Scheme 1.6
@ PhSH, H* ©\ LDBB ©\
+  PhSLi
0 SPh Li
Scheme 1.7

for preparation of allyl [31] or benzyl lithium compounds [32] from allyl or benzyl
ethers (Scheme 1.6). Of a wider range of synthetic reactions involving carbon—sul-
fur bond cleavage, vinyllithium synthesis using Li with DBB (LDBB), shown in
Scheme 1.7 [33], is attractive as a useful alternative to the Shapiro reaction (vide
infra).

133
Preparation of Organolithium Compounds from Another Organolithium Compounds

1.3.3.1 Deprotonation

Because hydrogen is a poor nucleofugal leaving group, the reductive lithiation of
C-H bonds with lithium metal plays only a very marginal role in the generation
of organolithium compounds. In contrast, prototropic hydrogen transfer from or-
ganic compounds to organolithium compounds or lithium amides is the method
of choice whenever applicable. In principle, a C-Li bond undergoes a permuta-
tional exchange with a C-H bond of lower basicity to generate a new organo-
lithium with a more stable C-Li bond. In contrast, deprotonating lithiation of a
C-H bond without sufficient acidity is often facilitated by introduction of hetero-
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easier deprotonation

o] 0 0o 0 0
—c= J H 8. _H S _H mo-P_H
C=C-H R G.- R-' -Ca R-’ '-C—- RO}, '\-C/
A £ FaA RO s\
£
: L L
“'-.C‘.-'v \H C,JH C/H
| /N /N
i
R-—g;j -
Sc-H CC_H Sig-H RoPLH .S _H
R /A R /N bt
DG R ol
= R C R °C”
FAAY PR
H
DG: directing group based on heteroatom substitution
Chart 1.2 Reactivity in deprotonation
9 10
HH O BuLi/9or10 Li--o H‘/(Il'i-ji
- S-BuLli or N or ‘
R)\O)J\NR1R2 T R>\O)J\NR1R2 R” ~0” "NR'R?
9

Scheme 1.8
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atom functionality at a neighboring position, because the dynamic acidity of the
C-H bond increases owing to intramolecular coordination of the electron-deficient
lithium atom by the adjacent heteroatom. Readily available alkyllithium com-
pounds such as n-, s-, and t-Buli are sufficiently basic for deprotonating lithiation
of a wide range of organic substrates. The feasibility of the deprotonation of such
substrates decreases in the order illustrated in Chart 1.2.

It should be noted that lithium amides, including lithium diisopropylamide
(LDA) and lithium 2,2,6,6-tetramethylpiperidide (LTMP), are also used for the
deprotonating lithiation, because of their high basicity, especially when selective
deprotonation by organolithium compounds is hampered by their nucleophilicity.
Alkyllithium compounds with an sp*hybridized C-Li bond are synthetically valu-
able because they can be prepared enantioselectively by use of organolithium com-
pounds modified with (-)-sparteine 9 or (S,S)-bis(oxazoline) 10 as chiral depro-
tonating agents [34-39] (Scheme 1.8).

1.3.3.2 Halogen-Lithium Exchange
Halogen-lithium exchange is an equilibrium process favoring formation of the
more stable, less basic, organolithium compounds. As shown in Tab. 1.5, the equi-
librium constants for iodine-lithium exchange of Phl with different organo-
lithium compounds (RLi) [40] can be correlated with the pK, of RH.
Halogen-lithium exchange is useful for generation of organolithium com-
pounds unless the organohalogen compounds formed in the exchange electrophil-
ically quench the desired organolithium compounds. This problem is solved by
use of two equivalents of t-BuLi; this has become a standard means of preparation

Tab. 1.5 Odine-lithium exchange and pK,

Keq

Ph—l *+ R-L +&——= Ph—Li *+ R—I
RLi Keg pK, RLi Keq pKa
ZU 4x103 36.5 \]/ Li 4 x 104 42

PhLi 1 37 >|/\ Li 3x10° 42
i}
>~ 10 39 0\ g 10 43

U 3x10° 42 O\L, 107 44
]

~~  Tsx10? 42
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t-BuLi t-BuLi
R-X K\ } X \ N /K + t-Bu—H
H LiX
R—Li
Scheme 1.9

of organolithium compounds by halogen-lithium exchange. An extra equivalent
of t-BuLi not only makes the exchange irreversible but also protects the desired or-
ganolithium sacrificially. Thus the t-BuX formed in the exchange is quickly con-
verted into harmless isobutane and isobutylene, as shown in Scheme 1.9 [41, 42].

The rate of halogen-lithium exchange decreases in the order RI>RBr>RCl >>
RF, and the last two are not synthetically useful, because of their high tendency
to undergo dehydrohalogenation. Halogen-lithium exchange of aryl or vinyl bro-
mides and their iodo congeners, leading to organolithium compounds with an
sp>hybridized C-Li bond, and that of alkyl iodides to an sp’-hybridized C-Li
bond are of great synthetic value. Owing to the mildness of this reaction even or-
ganolithium compounds with other polar functional groups can be generated. It
should be noted that halogen-lithium exchange is accelerated by the presence of
ethereal solvents, and the best solvent systems for use with alkyl halides are
ether—pentane mixtures. Although TMEDA accelerates halogen-lithium exchange,
it is not advisable to use because it also further accelerates deprotonation.

1.3.3.3 Transmetallation

Several organometallic compounds, including B, Si, Sn, Pb, Sb, and Hg, are
known to undergo transmetallation with organolithium compounds; a related ex-
change reaction can also be found in organochalcogenides and organophosphorus
compounds. In this area the term “transmetallation” is, however, almost synon-
ymous with tin-lithium exchange, because of its great synthetic potential. Organo-
lithium compounds react rapidly and reversibly with organotin compounds, ex-
changing the alkyl group of the organolithium compound for one of their alkyl
groups. The tin-lithium exchange proceeds via an ate complex and produces the
most stable organolithium [43, 44]. Notably, transmetallation of chiral a-alkoxy-
stannanes has been widely used to generate enantio-enriched a-alkoxyorgano-
lithium compounds [45]; this reaction is quite likely to proceed with retention, as
shown in Scheme 1.10.

~-0--0Bn n-Buli -0 -0Bn MeZSO4. ~-0--0Bn

SnBus Li
Scheme 1.10
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1.3.3.4 Carbolithiation

The addition of an organolithium to an unactivated, non-polarized alkene can pro-
vide access to a new organolithium compound. This carbolithiation is a viable syn-
thetic method, unless the product organolithium undergoes further carbolithiation
leading to undesirable anionic polymerization. Carbolithiation is an equilibrium
process favoring formation of the more stable, less basic organolithium com-
pounds, and the rate of carbolithiation to an alkene essentially decreases in the or-
der tertiary>secondary>primary organolithium. Intermolecular carbolithiations
proceed smoothly with functionalized alkenes whose product organolithium com-
pounds can be stabilized, either by conjugation or by coordination (Scheme 1.11).
Unfortunately, however, their synthetic utility is limited, because of varying regios-
electivity depending on the substrate structure. In contrast, several useful intramo-
lecular carbolithiations of unfunctionalized alkenyllithium have been reported.
Although organolithium compounds bearing a three- or four-membered ring at a
position a to the C-Li bond undergo rapid ring-opening to give 3-butenyllithium
or 4-pentenyllithium, for which anionic cyclization is difficult without careful de-
sign of the starting material, both five- and six-membered rings can be formed
from 5-hexenyllithium and 6-heptenyllithium, respectively, and the corresponding
cyclized organolithium compounds do not undergo a reverse ring-opening reac-
tion (Scheme 1.12). The anionic cyclization of 5-hexenyllithium has been exten-
sively studied and is now widely used as a synthetic method for the formation of
five-membered carbocyclic rings [46, 47] (Tab. 1.6, Scheme 1.13). Finally, it should
be noted that activation of the starting material by TMEDA, DABCO, or (-)-spar-
teine is sometimes advantageous, and chiral activators such as (—)-sparteine en-
able enantioselective carbolithiation [48, 49] (Scheme 1.14).

. Li
RLi
N R \/\\1%
Y- X .
/\) RLi Li-
= R

Scheme 1.11

Scheme 1.12
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Tab. 1.6 Stereoselectivity for carbolithiation of 5-hexenyllithium compounds

5-Hexenyllithium Cyclopentylmethyllithium dr

Li Li
Eg 1:10

o g
(8] %
LA
\pw ™ 5" <D

r L

S = b |- o

Scheme 1.13
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Scheme 1.14

1.3.3.5 Miscellaneous

Siloxy-substituted Allyllithium Compounds via [1,2]-Brook Rearrangement
Organolithium compounds with siloxy groups at different positions can be pre-
pared by [1,n]-Brook rearrangements (n=2-5) of lithium alkoxides bearing a C-Si
bond (Scheme 1.15); these reactions are generally believed to proceed intramolecu-
larly via pentacoordinate silicon-containing intermediates and to be driven by the
favorable formation of the stronger Si-O bond compared with the Si-C bond. The
equilibria resulting from the potential reverse process (retro-Brook rearrange-
ments) limit their utility unless the product organolithium compound is also sta-
bilized by introduction of second-row elements or conjugating groups. One of the
most significant synthetic reactions is the preparation of siloxy-substituted allyl-
lithium compounds via [1,2]-Brook rearrangements [50-55] (Scheme 1.16). Addi-
tion of a vinyllithium compound to an acylsilane and addition of a silyllithium
compound to an enone both enable effective preparation of the requisite sub-
strates, and thus the fabricated starting alkoxides undergo [1,2]-Brook rearrange-
ment to afford the corresponding allyllithium compounds, which are synthetically
valuable as homoenolate equivalents. An example of synthetic application of this
procedure is shown in scheme 1.17 [55].

Lt

SiR, Rs | [1,n]-Brook Li
LiO — o> R3SiO

n-2 [1,n]-retro-Brook 2 n-2
Scheme 1.15

OLi [1,2}-Brook Li- - -OSiMe;

\ _—

R1/\/tSiMe3 R1)\\7kRz

R

Scheme 1.16
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oL Me3S|J\m O LiO SiMe; OSiMe;
ﬁ J)‘\)ﬁ\ [1,2]-Brook
: OSiMe; o)
[3 3] U Q
R R’ R R

Scheme 1.17

OSiMe;

Vinyllithium via the Shapiro Reaction

The reaction of arenesulfonylhydrazones (11) with alkyllithium compounds,
known as the Shapiro reaction [56-58], is one of the most reliable ways of making
vinyllithium reagents. Double-deprotonation of arenesulfonylhydrazone with two
equivalents of Buli leads to an azaenolate such as 12 which decomposes between
0 and 25°C into vinyllithium compound 13 with extrusion of N, and lithium sul-
finate (Scheme 1.18). Because 11 are readily accessible by condensation of ketones
with arenesulfonylhydrazines, the Shapiro reaction enables efficient access to vi-
nyllithium compounds from ketonic substrates. The second deprotonation usually
occurs syn to the N-sulfonyl substituent, because of the kinetic activating effect of
the lithiosulfonamide group. Therefore, two regioisomeric vinyllithium com-
pounds 13 and 14 can be formed, depending on the stereochemistry of 11, from
unsymmetric ketones (Scheme 1.19). Condensation of an unsymmetrical ketone
with arenesulfonylhydrazine usually yields an E-11 whereas the Z-11 can be pre-
pared by deprotonation of a symmetric hydrazone then alkylation. Trisylhydrazone
(11; Ar=2,4,6-triisopropylphenyl) is the most suitable substrate among readily
available arenesulfonylhydrazones, because it is resistant to ortholithiation by
BulLi, which is typically formed if tosylhydrazone is used. Examples of synthetic
application of this procedure are shown in Schemes 1.20 and 1.21 [59, 60]. It
should be noted that related hydrazones based on 1-amino-2-phenylaziridine are
useful alternatives to arenesulfonylhydrazones [61] and are sometimes superior
for alkene synthesis, because they need only a catalytic amount of LDA [62]
(Scheme 1.22).




18 | 1 Lithium in Organic Synthesis

R H,NNHSOAr R
‘>:O %N\
N_SOZAF
H

E11

R R
=
N—SOAr

Scheme 1.18

>:N\ n-BuLi —N RX
N—SOZAF
H

\
N—SO,Ar

. |

Li

Scheme 1.19

n-BulLi Br/\)\

ArO,SN J\
2
rQy \N

Scheme 1.20

R
D d
}3‘ \'.“-Fs‘ozAr N _>V

n-BuLi R
>»u

13
N

N,
&

Li LiSORAr
12

=N, n-BuLi 4/>~Li
N—SO,Ar TMEDA R
H

R

14

Z n-BuLi, TMEDA

oralicin



1.3 Methods for the Preparation of Organolithium Compounds | 19

OTBS OTBS 0TBS
n-BuLi RCHO
R
Li :
OH

NNHSO,Ar
TPSO OBn
Ar= g R=
1i'?n. . 0
o
Scheme 1.21
R’ R' N3 R
R . R R
J>\—H~NiL —~ ‘&N:Nu . ‘g\fu
R" R" R"
Ph Ph/\
Scheme 1.22

Acyllithium and Iminoacyllithium using CO and Isonitriles

Carbon monoxide, and isonitriles bearing no a-hydrogen atoms, have been known
to undergo insertion into C-Li bonds to produce acyllithium and iminoacyl-
lithium compounds. While acyllithium compounds are too reactive as inter-
mediates to be used in practical synthetic reactions unless the starting material is
carefully designed, iminoacyllithium compounds can usually be used as an acyl
anion equivalent for preparation of a variety of carbonyl compounds [63-65]
(Scheme 1.23). They are also useful for preparation of nitrogen-containing com-
pounds; one of the most elegant examples is the indole synthesis based on the in-
tramolecular reaction of (o-lithiomethyl)phenylisonitriles [66, 67] (Scheme 1.24).

RN=C NR' R"X 0
RLi —
R L R” "R
Scheme 1.23
R R
~ Li <X
RO — RL )L
<c

Scheme 1.24
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Alkynyllithium Compounds from Aldehydes

Vinyllithium compounds with a halogen in the a-position, which are readily acces-
sible by halogen-lithium exchange of gem-dihaloalkenes with n- or t-Buli, under-
go a Fritsh-Buttenberg-Wiechell-type rearrangement to give alkynes when at least
one of the two f-substituents is aryl, alkenyl, cyclopropyl, or H [68] (Scheme 1.25).
The hydride shift in 1-bromo- and 1-chlorolithioalkenes occurs at temperatures
above —70°C, and alkynyllithium compounds can be obtained by subsequent de-
protonation when excess BulLi is used in the initial halogen-lithium exchange.
The combination of this reaction with the Corey-Fuchs method [69] for prepara-
tion of gem-dibromoalkenes from aldehydes with CBr,~PPh; reagents is a particu-

X X
n-BuLi R . n-Buli
R\%\X__,R/U_.\IV R R R—=—Li
R

. R' in case of
R R'=H

R' = H, alkenyl, aryl

Scheme 1.25
S n-BuLi S
. —_— S ———  (+)leinamycin
TBSO N TBSO N N
| R
Br Br
Scheme 1.26
R H R R SiR'3
X X S4
o o CBrs, PPhy Br x5 ipa Rsicl
o) X Br
V4
D Y Br x Z N\
H R R R'3Si R
Scheme 1.27
OBn CBr.. PPh OBn Br Buli  Mel OBn
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N H .
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Scheme 1.28
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larly valuable route for converting aldehydes into alkynes in two steps. Examples of
synthetic application of this procedure are shown in Schemes 1.26-1.28 [70-72].

1.4
Methods for Construction of Carbon Frameworks by Use
of Organolithium Compounds

1.4.1
Overview

As a natural consequence of the conversion of a C-Li bond into a less reactive
Y-Li bond organolithium compounds become either carbanion synthetic equiva-
lents toward electrophiles or reactive starting materials for subsequent skeletal re-
arrangement. Although numerous examples of

C-H, C-C, and C-heteroatom bond-forming reactions based on such reactivity are
known, one can distinguish reactions in which organolithium compounds must
be used from those that are possible with other organometallic reagents. Syntheti-
cally we will focus on methods characteristic of organolithium compounds and
not mention those in which organolithium compounds are probably not the most
suitable reagents. In this section, we first mention stereospecificity in the reaction
of organolithium compounds with electrophiles, which serves as the basis of a
strategy for stereoselective construction of a new carbon framework. In the illus-
trative examples that follow it will become clear that organolithium chemistry is
now enjoying a wide range of application in stereoselective organic synthesis, tak-
ing advantage of effective methods for generating enantio-enriched organolithium
compounds.

1.4.2
Stereospecificity

Possible pathways for electrophilic substitution of organolithium compounds are
formally divided into two classes, depending upon whether cleavage of a C-Li bond
and formation of a C-E bond occur sequentially or concurrently. The former path-
way (Sgl mechanism) can proceed via single-electron transfer, inevitably resulting
in complete loss of stereospecificity. The latter affords two possibilities, referred to
as Sgi and Sg2, respectively [7, 8, 73] (Scheme 1.29). The Sgi-type mechanism would
proceed via a symmetry-forbidden transition state; it involves an interaction between
the lithium cation and the leaving group X and hence requires retention of stereo-
chemistry at the electrophilic center. In contrast, the symmetry-allowed Sg2-type
mechanism, which operates most frequently, gives rise to inversion at the electro-
philic center, because there is no interaction between Li and X in the transition
state. In this mechanism, the stereochemistry at the nucleophilic center can be
either retentive or invertive, although the former examples dominate.
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Because stereospecificity does not become a matter of concern unless the orga-
nolithium itself is configurationally stable, only organolithium compounds with at
least some configurational stability are dealt with herein. Before going into the de-
tail of the stereochemistry at the nucleophilic center of the Li-bearing sp*-hybrid-
ized carbon, that of the Li-bearing sp’-hybridized carbon is worth noting. With
use of two stereoisomeric alkenyllithium compounds whose geometry was con-
firmed by their NMR coupling constants the reaction of alkenyllithium com-
pounds proceeds reliably with retention of stereochemistry [74] (Scheme 1.30).
Likewise, the reaction of alkyllithium compounds generally proceeds in a highly
retentive manner (Sg2-Ret.). The stereospecificity changes dramatically, however,
when the alkyl moiety in the alkyllithium compounds has a z-system that can sta-
bilize the adjacent C-Li bond. For such C-Li bonds, typically found in benzylic or
allylic organolithium compounds (stabilized organolithium compounds), there is a
greater possibility of attack by electrophiles on the rear lobe, because more pro-
nounced p-character, owing to the stabilization, should increase the planarity of
its nucleophilic center (Scheme 1.31). Accordingly, several enantio-enriched, stabi-
lized organolithium compounds have been found to undergo inversion of config-
uration at their nucleophilic center on treatment with electrophiles (Sg2-Inv.). Un-
fortunately, however, mechanistic proposals accounting for each individual stereo-
chemical outcome hinge on the structure of the nucleophiles and electrophiles,
and some uncertainty remains in this area.

Hb Hb

. E
Li I /\/E
H, Li E
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E
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Scheme 1.30
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It should be noted that a high level of inversion of stereochemistry at the nu-
cleophilic center (Sg2-Inv.) is usually observed in Wittig rearrangements, even
though the starting organolithium compounds are non-stabilized (non-benzylic or
allylic organolithium compounds) [75-80]. Wittig rearrangements, in which a
lithium atom in lithiated allylic or benzylic ethers migrates from C to O, might,
presumably, be facilitated by pre-coordination of ethereal oxygen to the electron-
deficient Li atom, which enables the least motion of Li in the transition states
(Scheme 1.32). Accordingly, migrating allylic or benzylic groups favor attack on
the rear lobe of Li-bearing carbon.

Ph
H R R -
R\;rSnBu3 n-BuLi L./:(H [1,2] H%@f‘\f\'R R\ErH
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R\E(S”B“3 nBuli /:(H | [2,3] RxfrH
—— 0 L
o | OJ Inv. OLi
Scheme 1.32
1.43

Synthetic Application

1.4.3.1 C-C Bond Formation: Conversion of C-Li to Halogen—Li

Organolithium compounds can react with a variety of halogen (X)-containing or-
ganic compounds to give C—C bond-formation products with the concomitant for-
mation of LiX (Scheme 1.33).

RLi + RX R-R + LiX

Scheme 1.33
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Akyl halides without acidic f-hydrogen electrophilically alkylate organolithium
compounds, giving the corresponding C-C(sp®) coupling products. Mel, allyl ha-
lides, and benzyl halides are typical alkylating agents which are sufficiently reac-
tive to be used alone whereas others often require addition of highly coordinating
solvents such as HMPA for successful C-C(sp’) coupling. Because this type of re-
action using acylanion equivalents is of great synthetic importance [81], several ex-
amples are shown here [63-65, 82] (Schemes 1.34-1.36).
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Esters or amides can be prepared by reaction of a wide variety of organolithium
compounds with chloroformates or chlorocarbamates, which can be regarded as
halogen (X)-containing electrophiles, leading to C-C(sp®) coupling products
(Scheme 1.37).

O O
RLi + —_— + LiCl
CI)J\OR' R)J\OR'
i X
RLi + —_— + LiCl
Cl )J\ NR", R NR",

Scheme 1.37
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Acid halides or imidoyl halides are also basically good electrophiles for C-C(sp?)
coupling, but organolithium compounds are unsuitable nucleophiles for these re-
actions, because the product ketones or imines are not sufficiently inert to organo-
lithium compounds and it is difficult to protect them from further nucleophilic at-
tack. Alkenylhalides and alkynylhalides have little electrofugal activity at their hal-
ogen-containing carbon and their C-C(sp?) or C-C(sp) coupling reactions using
organolithium compounds are of no general importance.

1.43.2 C-C Bond Formation: Conversion of C-Li to O-Li

The reaction of organolithium compounds with oxygen-containing organic com-
pounds in which the conversion of a C-Li bond to a less reactive O-Li bond pro-
vides a fundamental driving force and constitutes a major part of synthetic organ-
ic transformations. Several useful reactions in which an O-Li bond is finally
formed can be classified as C-C(sp?) or C-C(sp?) coupling reactions, and are out-
lined in this order.

The C—C(sp?) Coupling Reaction

On treatment with CO, organolithium compounds can be converted to the corre-
sponding lithium carboxylates. The high efficiency and operational simplicity of
this reaction make it a general route for carboxylic acid synthesis [83-86]
(Scheme 1.38). For example, optically active carboxylic acids are accessible by de-
protonation followed by the subsequent CO, treatment in the presence of 10 [85]
(Scheme 1.39).

o)
RL 202 L

R OLi
Scheme 1.38
OMe OMe
t-BulLi, 10 C02 COOH
95% ee
{enantiomeric excess)
Scheme 1.39

The reaction of organolithium compounds with CO generates highly reactive
acyllithium compounds which usually decompose into several compounds. The
reaction becomes controllable, however, on introduction of a silyl group into these
transient intermediates. a-Silylalkyllithium compounds react with CO, efficiently
affording lithium enolates of acylsilanes [87] (Scheme 1.40). The potential of silyl
groups for 1,2-anionic rearrangement is manifested after insertion of CO to con-

25
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vert intermediary acyllithium compounds into the lithium enolates. As a result of
this C-C(sp?) coupling reaction a variety of acylsilanes or their silyl enolates can
be obtained in high yield. Introduction of diazo group in addition to the silyl
group at the Li-bearing carbon alters the reactivity of acyllithium compounds com-
pletely. Lithiated silyldiazomethanes react with CO to give the corresponding acyl-
lithium compounds, which now undergo anionic Wolff-type rearrangement in-
stead of 1,2-silicon shift, to give lithium silylynolates efficiently, as shown in
Scheme 1.41 [88|.

0 wishit | OL o
) . CO [1,2])-silyl shift
RS RS Ay /\SiR3 Ase

Scheme 1.40

Scheme 1.41 R3Si———0Li

Another, final, example of C-C(sp?) coupling is the so-called Peterson olefina-
tion [89, 90] (Scheme 1.42). Lithium f-silylethylalkoxides, accessible either by reac-
tion of e-silylalkyllithium compounds with carbonyl compounds or of organo-
lithium compounds with a-silylcarbonyl compounds, readily extrude lithium silox-
ides to leave C=C double-bond products. a-Silylalkyllithium compounds can there-
fore be regarded as alkylidenating agents for carbonyls.

0
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Scheme 1.42
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The C—C(sp®) Coupling Reaction

Organolithium compounds react with a wide variety of carbonyl compounds, in-
cluding aldehydes, ketones, and esters, to give the C-C(sp’) coupling products
[91]. In their reactions with prochiral aldehydes and ketones stereocontrol of the
newly formed lithium alkoxides of chiral secondary and tertiary alcohols is an im-
portant issue that should be addressed. In general, stereoselective generation of
chiral organolithium compounds in an enantio-enriched form, or chiral modifica-
tion of achiral organolithium compounds by the external chiral ligand do not lead
to high stereocontrol. On the other hand, however, introduction of stereogenic
center into the carbonyls at neighboring positions leads to some level of diastereo-
facial selectivity. The origin of such stereocontrol can be interpreted in terms of
chelation or non-chelation control [92] (Scheme 1.43). Chelation control, in which
the facial selectivity is effected by coordination of a lithium atom to the hetero-
atom substituent on the stereogenic center and to the carbonyl oxygen, does not
exert such high stereoselectivity for organolithium compounds as it does for other
organometallic reagents. In contrast, non-chelation control, in which steric hin-
drance offered by substituents on the stereogenic center determines facial selectiv-
ity, is important in the reaction with organolithium compounds and the diastereo-
selectivity is usually predictable by the Felkin-Anh model.

chelation control

D Y
/ O : 2
— H = . R’ ’ R
5 .
Y ( R HO R
z R2 R_
RLi + R1/\W |
0] 5 v
R1 ] - R2
Y- R /R>'/"OH
\ _
R? HR
non-chelation control
Scheme 1.43 Felkin-Anh model (Y > R")

Wittig rearrangements are an interesting class of C-C(sp?) coupling reaction which
are also driven by the favorable formation of an O-Li bond from a C-Li bond. Of
particular synthetic importance are [1,2]- and [2,3]-Wittig rearrangements [93-96].
1,2-Migration of an alkyl group from oxygen to carbon in a-alkoxyorganolithium com-
pounds, furnishing alkoxides, are known as the [1,2]-Wittig rearrangement and it is
now well-established that this reaction proceeds via formation of radical pairs and
their recombination. [1,2]-Wittig rearrangements have therefore become syntheti-
cally useful when both migrating group and the organolithium substituent are rad-
ical-stabilizing. They also have some level of stereospecificity, as mentioned pre-
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viously. The stereochemical course of the Li-bearing carbon is invertive and that of
migrating alkyl group is retentive. It should be noted that the radical recombination
step can be enantio-controlled by the external chiral ligand. For example, [1,2]-Wittig
rearrangements with dibenzyl ethers proceed in the presence of a catalytic amount of
10 to provide the corresponding chiral alcohols in good enantiomeric excesses (ees)
[97] (Scheme 1.44). Acetals, including glucosides, extend the potential of [1,2]-Wittig
rearrangement, because the stability of radicals at the anomeric center is beneficial to
the formation of synthetically useful C-glucosides [98-100] (Scheme 1.45).
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The mechanism of the vinylogous variant [2,3]-Wittig rearrangement in which a-
allyloxyorganolithium compounds rearrange into lithium alkoxides of homoallyl
alcohols differs substantially from that of [1,2]-Wittig rearrangement [101-105].
The [2,3]-Wittig rearrangement proceeds via a suprafacial six-electron pericyclic tran-
sition state which leads to its high stereochemical control on the allylic systems. In
the [2,3]-Wittig rearrangement of secondary allyl ethers, e.g. 15, trans homoallyl al-
cohols are generally obtained presumably because the R group favorably adopts a
pseudoequatorial position in their envelope-like transition state (Scheme 1.46). On
the other hand, the double bond geometry in crotyl ether systems can be translated
into the syn/anti-relative stereochemistry in the products. The best stereospecificity
was demonstrated in the reaction of crotyl propargyl ethers as illustrated in Scheme
1.47 [106, 107]. Furthermore, a high level of 1,3-chirality transfer is generally
achieved in [2,3]-Wittig rearrangements of chiral non-racemic allyl ethers, owing
to the suprafacial nature of this process (Scheme 1.48) [108]. In addition to the
allylic stereocontrol, stereospecificity of the Li-bearing carbon in this process should
be noted. As already mentioned, this reaction proceeds stereospecifically with inver-
sion of stereochemistry at the Li-bearing carbon and stereoselective lithiation at the
allyloxy-bearing carbon leads to enantioselective synthesis of sec-homoallyl alcohols.
Lithiation using a chiral base or RLi-chiral coordinating agent is effective for this
purpose [109-111] (Schemes 1.49, 1.50).
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1.4.3.3 C-C Bond Formation: Conversion of C-Li to N-Li

Similarly to Section 1.4.3.2, several useful C-C bond formation reactions, driven
by the favorable formation of a nitrogen-lithium bond from a carbon-lithium
bond, can be divided into the C-C(sp?) coupling and C-C(sp®) coupling reactions,
and they are considered in this order.
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C—C(sp?) Coupling Reactions

N-formyl dialkylamines can react as electrophilic formylating agents, because reac-
tion of organolithium compounds with N-formyl dialkylamines selectively pro-
duces lithium alkoxides of N,O-hemiacetals which release aldehydes and dialkyla-
mine on hydrolysis. Among various N-formyl dialkylamines, N-formylpiperidine
is synthetically useful and a variety of organolithium compounds are convertible
to the corresponding aldehydes [112] (Scheme 1.51).

RLi  + { N-CHO RCHO + ¢« NH + LiOH

Scheme 1.51

So-called Weinreb amides, higher analogs of N-formyl dialkylamines, are of par-
ticular importance. Weinreb amides, readily prepared by condensation of N-meth-
oxymethylamine and carboxylic acids, undergo nucleophilic attack of organo-
lithium compounds to generate intermediary N,O-acetals which produce the corre-
sponding ketones on hydrolysis (Scheme 1.52). A methoxy substituent in the
Weinreb amide is situated to stabilize the N,O-acetal structure by chelation and to
prevent further nucleophilic attack on the carbonyl group [113, 114]. An example
of synthetic application of this procedure is shown in Scheme 1.53 [100].

o ] OMe
RLi + _OMe — + iN
)J\N = )J\R LiN

Scheme 1.52

O

MeO. OB
IS
R Li C1 side chain of
T]/ Rfj\l/OBn zaragozic acid A

Scheme 1.53

R= -CzH4OTBS

C—C(sp?®) Coupling Reactions

Organolithium compounds undergo C-C(sp®) coupling with aldimines and keti-
mines, providing lithium amides of sec- and tert-amines, respectively. In contrast
with the oxa analog, enantioselective addition of organolithium compounds to pro-
chiral imines has been developed and higher levels of stereocontrol have been
achieved by chiral modification of organolithium compounds with external chiral
ligands [115]. Examples of synthetic application of this procedure are shown in
schemes 1.54 and 1.55 [116, 117].
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Aza-Wittig rearrangements, regarded as nitrogen analogs of Wittig rearrange-
ments, are also an important class of synthetically valuable C-C(sp®) bond-forming
reactions. Successful aza-Wittig rearrangements are designed to compensate for the
relatively small energy gained by aza-Wittig rearrangement compared with that of
the original Wittig rearrangement (R,NLi compared with ROLi). The strain released
in small ring systems has been used in this reaction. For example, [2,3]-type rearran-
gements with vinyl-substituted f-lactams and aziridines proceed smoothly to give
the corresponding unsaturated e-caprolactams [118] and piperidines [119], respec-
tively (Schemes 1.56 and 1.57), and [1,2]-type rearrangements with phenyl-substi-
tuted f-lactams afford saturated y-butyrolactams in high yields [118]. It was discov-
ered quite recently that use of HMPA significantly facilitates the aza-[2,3]-Wittig re-
arrangement of acyclic allyl amines with no ring strain and leads to highly stereo-
selective synthesis of homoallylic amines [120, 121] (Scheme 1.58).
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o}
Scheme 1.56
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Scheme 1.57
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2

Rubidium and Cesium in Organic Synthesis
SEIJTRO MATSUBARA

2.1
Introduction

Rubidium and cesium metals are strong electron donors. They release one elec-
tron easily to form ionic salts, in which they become +1 ions. Their ionic radii are
the largest among the metal ions except for Fr and Ra — the Pauling radius for
Rb* is 1.48 A and that for Cs* is 1.69 A. Their electron negativity is smallest
among the elements (for both Rb and Cs it is 0.9). This large ionic radius and
small electron negativity are the keys to understanding their characteristic proper-
ties in reagents. The salts tends to form “naked anions”.

Use of rubidium in organic reactions is less common than that of cesium. Ce-
sium compounds are important reagents in fluorine chemistry and are also used
as unique bases in organic reactions.

2.2
Organo-, Silyl-, Germyl-, and Stannylmetal

Because rubidium and cesium are the strongest electron donors of the group 1
metals, preparations of the corresponding organometallic compounds by direct re-
ductions of organic halides with metals tend to proceed by Wurtz coupling. Treat-
ment of toluene with cesium metal gives benzylcesium with evolution of hydro-
gen [1]. Alkylrubidium and -cesium are normally prepared by transmetalation
from dialkylmercury. Deprotonation by trialkylsilylmethylcesium also gives a vari-
ety of organocesium compounds. These organometallic compounds have received
little attention because of their high instability.

Structural studies of allylmetal derivatives have also been performed [2]. In allyl
compounds in ethereal solvents, the cesium ion is well solvated and an allyl anion
is formed. Crystals of cyclopentadienyl rubidium and cesium, which complexed
with 18-crown-6, have been isolated and analyzed by X-ray diffraction [3].

Compounds containing Si-Rb or Si-Cs bonds can be prepared by a direct re-
duction of chlorotriphenylsilane with rubidium or cesium metal (Scheme 2.1).
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The reaction affords triphenylsilylrubidium and -cesium, via the disilane, in situ
[4]. Trifurylgermane adds to a,f-unsaturated carbonyl compounds in the presence
of catalytic amount of cesium carbonate (Scheme 2.2) [5]. The Ge-H bond in tri-
furylgermane releases a proton to form the Ge-Cs compound.

Mtl (Cs, Rb) - Mtl )
2 Ph3SiCl PhsSiMtl + PhsSiCl ——»  Ph3SiSiPhg 2 Ph,SiMmtl
Cs: 38%
Scheme 2.1 Rb: 69%
0 10 mol% Cs,CO3 O
& GeH / Ge
+ \ / e \
0 3 DMI, 20 °C, 10min 3 \/\p)/
84%

10 mol% 032003 Q.
B GeH \ /7TCe NH;
\ /
o 3 DMI, 20 °C, 10min 3 \/\g/

Scheme 2.2 87%

Alternatively, trialkylstannylcesium compounds can be prepared by fluoride ion-
induced desilylation. Treatment of (trimethysilyl)tributylstannane with cesium
fluoride affords a tributylstanyl anion. The anion reacts with a C-I bond to form a
vinyl anion that promotes intramolecular cyclization [6]. The spiro ketone ob-
tained is converted into a natural sesquiterpene acorone (Scheme 2.3).

CO.Me o) O,

MesSiSnBus SnBu,

CsF, DMF

Scheme 2.3

2.3
Fluoride lon Source

Introduction of the fluorine atom into organic compounds has been important in
organic syntheses. For this purpose the fluoride ion (F7) has been regarded as the
nucleophilic fluorination species to an organic molecule. It can, moreover, be
used not only for nucleophilic introduction of a fluorine atom to organic com-
pounds but also for desilylation. Although it might be assumed that a metal fluor-
ide could be used as a source of fluoride ion, the strong affinity of the metal atom



2.3 Fluoride lon Source

for the fluoride ion often results in difficulty releasing the fluoride ion. The elec-
tron positive character and large ionic radius of cesium ion facilitate loss of the
fluoride ion from the corresponding salt (CsF), especially in the presence of a co-
ordinating solvent, and cesium fluoride has been widely used for this purpose.

2.3.1
Nucleophilic Fluorination

Because of the low nucleophilicity of the fluoride ion, nucleophilic fluorination is
not very easy. The reaction conditions and the reagent are, however, sufficiently
mild to produce unstable compounds. Perfluoroalkylnitrile can be fluorinated with
bromine and cesium fluoride (Scheme 2.4). The N-haloimines obtained are poten-
tially unstable compounds [7].

Rt

Br,, CsF )\
Rf-CN X,

F N—Br

Scheme 2.4

Although direct nucleophilic addition is limited because of the low nucleophilic-
ity of the fluoride ion, a palladium-catalyzed reaction enables the weak nucleo-
phile to participate the addition reaction. In the presence of cesium fluoride, palla-
dium-catalyzed carbonylation of an aryl halide gives the acyl fluoride in good yield
(Scheme 2.5) [8].

0]
I CsF, CO(150 atm)
cat. (Ph;P),PdCl, F
in benzene, 150 °C 91%
Scheme 2.5
2.3.2

Desilylation Reactions

Desilylation with cesium fluoride has been the most common use of cesium com-
pounds in organic synthesis. HI and tetraalkylammonium fluoride are also com-
monly used for desilylation but these reagents are difficult to use under anhy-
drous conditions. The cesium fluoride-induced reaction can be performed easily
under anhydrous conditions, so desilylation produces carbanion-equivalent species
which can be used for further C-C bond-forming reactions. The reaction seems to

37



38 | 2 Rubidium and Cesium in Organic Synthesis

form organocesium species, but care should be taken because the reactive species
is sometimes a pentacoordinated silicate with a cesium ion. It should also be
borne in mind that protiodesilylation is also an important transformation.

2.3.2.1 Carbanion Equivalent Formation

Carbanion equivalents with anion stabilizing groups are prepared by desilylation
of the corresponding materials with cesium fluoride [9-15]. In Scheme 2.6 treat-
ment of aryltrimethylsilanes with cesium fluoride affords carbanion equivalents
which add to the carbonyl compounds. The reactive species are not simple orga-
nocesium compounds but react as nucleophilic carbanion equivalents.

o]
S _
o S oF (CHg)s—OH
SiMe; —— /
+ /> ; \<
N THF N O g%
0
OHG OMe
NEt
CONE2 1.CsF/DMF O D
+
Mo SiMes 2. TsOH meO
OMe OMe OMe O OMe
Scheme 2.6 MeO 51%

Trichloromethyl(trimethyl)silane and cesium fluoride give the trichloromethyl
nucleophile. This reacts with nitroalkenes by 1,4-addition (Scheme 2.7) [16]. Be-
cause the corresponding metal compounds, for example trichloromethyllithium or
-magnesium, are too unstable to use even under mild conditions, this method is a
convenient means of producing such anionic species.

CCl,
CsF

F,h/\/NO? + Cl,CSiMes Ph
THF

Scheme 2.7

Scheme 2.8 shows a facile preparation of thiiranes. Desilylation with cesium
fluoride induces formation of a sulfur-stabilized anion equivalent. This adds to
the aldehyde and subsequent deoxygenation gives the thiirane [17].
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S
SCH.SIM RCHO, CsF ﬂ/ >
N/ M8 —epeN /" —Ss %
Scheme 2.8

Desilylation with cesium fluoride also affords ylides, which can be used for the
Wittig and Horner-Wadworth-Emmons reactions [18-20].

H-Si and C-Si bonds are activated by cesium fluoride to yield a hydride-equiva-
lent species via a silicate intermediate. Enones are selectively reduced by 1,2-addi-
tion with cesium fluoride and triethoxysilane (Scheme 2.9) [21].

o OH
CsF

o XN+ HSI(OE, Ph/\/k

Scheme 2.9 100%

The fused salt obtained from a mixture of CsF and CsOH undergoes desilyla-
tion much more effectively to give the corresponding anionic nucleophile [22]. In
this process desilylation of the alkynyltrimethylsilane proceeds even at —20°C and
affords the acetylide equivalent (Scheme 2.10).

OH
CHO
CsF-CsOH
Ph————SiMe; + O m
MeO -20 °C MeO Ph
90%
Scheme 2.10

Treatment of trifluoromethyl(trimethyl)silane with the fused salt gives the tri-
fluoromethyl anion-equivalent species. This adds to the aldehyde in good yield to
form the alcohol with a trifluoromethyl group (Scheme 2.11).

OH

CHO csF-csoH CF,
CFSiMes +
MeO 0°C MeO

86%

Scheme 2.11

Treatment of Si(OEt), with cesium fluoride produces a base which is good med-
iator for 1,4-addition of amines and amides to enones (Scheme 2.12) [23].
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9 0
NH Si(OEY), N COE
+ /\COZEt T’
Scheme 2.12

2.3.2.2 Desilylation-Elimination

It is possible for organosilyl compounds with a leaving group at the S position to
undergo E2-type reactions induced by cesium fluoride. In deprotonation-elimina-
tion, a strong base such as amide or alkoxide is required; the conjugated acid pro-
duced by deprotonation (e.g. amine or alcohol) may react with the elimination
product. In the case of cesium fluoride-induced desilylation-elimination, the
formed conjugated acid is silyl fluoride which is unreactive. The production of un-
stable products such as cyclopropene (Scheme 2.13), cyclohexene-3-yne (Scheme
2.14), or orthoquinodimethane has been reported [24-29].

Cl al
cl CsF
diglyme 80 °C
SiMe3
Scheme 2.13

Ph

———
0 oh
SiMe; =
G | . OB
Br ) DMI

Ph 30%

Scheme 2.14

a-Elimination as well as f-elimination has also been examined for production of
carbene species [30]. The species obtained from a-trimethylsilylbenzyl bromide
and cesium fluoride undergoes a self-coupling reaction and insertion into the C—
N bond. These reactions can be explained by the formation of carbenoid species
(Scheme 2.15).
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Br
Ph CsF ph/\/Ph
< DMF, tt o
SiMe, 89%
Br MeO, MeO,
CsF NMe
Ph + — OMPA 45000~
< ~NMel” HMPA, 120°C - _
iMe;  MeO € Ph
53%
Scheme 2.15

2-Aza-1,3-diene can be synthesized by treatment of an aldehyde with N,N-bis
(trimethylsilyl)enamine in the presence of CsF. The reaction eliminates siloxane
without forming water. This is an extremely useful means of producing such acid-
sensitive compounds (Scheme 2.16) [31].

SiMe;
| CsF, DMF o Na ~Ph
N + PhCHO ——— I X
xR “SiMe, 80 °C 80%
(-]
Scheme 2.16
24

Electrophilic Fluorination — Cesium Fluorosulfate

Electrophilic fluorination is regarded as a useful means of introducing a fluorine
atom to an organic compound, but also suffers from the problem of finding a
source of F'. Fluorine gas seems to be the most convenient means of obtaining
F*, but is also a source of radicals. It is also difficult to handle in the laboratory,
although it is common reagent in industry. Cesium fluoroxysulfate (CsOSO,OF)
fits for the purpose as a means of electrophilic fluorination and is reasonably
stable for handling in the laboratory.

Alkenes can be converted into fluorinated products electrophilically with
CsOSO,0F, by incorporating solvents or external nucleophiles in the reaction
(Scheme 2.17) [32].

HX

X
— F
C—=—C + Cs0S80,0 F/\/ (X: OMe, OAG, F)

Scheme 2.17

This reaction is mild enough to enable some functional groups to remain in-
tact. It has, for example, been applied to the preparation of fluorinated uracil.
Treatment of 1,3-dimethyluracil with CsOSO,OF in acetonitrile results in recovery
of the starting material whereas in methanol a cis adduct is obtained diastereose-
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lectively. Subsequent treatment with triethylamine affords 1,3-dimethyl-5-fluorou-

racil (Scheme 2.18) [33].
0 _ Q f -
Me Me F
Me._ N F SN
N +
l + CsOSO,0F )\ L.,
5 MeOH e N Me o) ’\Il "OMe
y

N
b : b
L 11.5 1 =
0
Me\N F

NEt, |
MeOH )\ 89%
H,0 0 f\ll

Me

Scheme 2.18

Phenol is also fluorinated electrophilically with CsOSO,OF in acetonitrile. The
fluorination occurs selectively at the ortho position (Scheme 2.19) [34].

OR oR OR
F
CsOSO,0F .
MeCN R=H: 6.211
H,O Me: 2.8 : 1
270-80% Bu: 1.8:1
Scheme 2.19

Electrophilic fluorination of organotin compounds has also been examined. Or-
ganotin compounds can be oxidatively converted into the corresponding halides.
In methanol trimethyltin-substituted alkenes are converted regiospecifically into
the fluoroalkenes (Scheme 2.20) [35].

SnMe; F
\ + CsOS0,0F \
N MeOH N
st bTS

Scheme 2.20
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Aldehydes are converted into acid fluorides in good yields. The reaction path-
way might be via a radical mechanism (Scheme 2.21) [36].

PhCHO + CsOSO,0F PhCOF
MeCN 86%

Scheme 2.21

2.5

Cesium Salts as Bases

Cesium carbonate and fluoride are often used as bases. The cesium ion plays a
characteristic role as a counter ion. The ionic radius of a cesium ion is ideal for
the template effect for polyethers of particular ring size [37]. A typical example is
the formation of a 20-membered polyether. The yield is excellent compared with
the other large ring annulation method (Scheme 2.22).

N
NS
Scheme 2.22 N 85%

Hozc@c:ozH . CscO, S o
X ' Br/\P \%;\Br DMF, 48h = | o]

The basicity of cesium carbonate is strong enough to deprotonate tosyl amides
[38]. Although lithium, calcium, and rubidium carbonates have also been exam-
ined for use of the same reaction for cyclization of ditosyl amide, they do not work
efficiently compared with cesium carbonate (Scheme 2.23). Cesium carbonate is also
important base for the preparation of calix[4]arenes and carcerands [39].

Ts
H N
NTs  Br(CHoeBr /
TsN (CHy)s
| 5 CsCOj3, DMF \
H /N 5 72
Scheme 2.23 Ts

The superiority of the cesium ion has also been demonstrated for simple lac-
tonization. Lactonization of 15-iodopentadecanoic acid has been examined with a
variety of metal carbonates at a concentration of 0.1 M. Cesium carbonate gives
outstanding results among the alkali metal compounds for formation of a lactone
(Scheme 2.24) [40]. The “naked” carboxylate anion might be present when cesium
carbonate is used.
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o}
CsCO 0o Li,COy  ~0%
I-(CH,)14,CO.H S 16 Na,CO; 54
DMF, 40 °C KGOy 67
Rb,CO, 68
Cs:COs 80
Ag,CO; 53
Scheme 2.24 TI,.CO3 64

Cesium carbonate has also been used as the base used to form the Horner—
Wadsworth-Emmons reagent (Scheme 2.25) [41]. Even in the presence of an N-H
bond in the substrate the reaction proceeds with deprotonation of the crucial car-
bon atom. The transformation gives an a,f-unsaturated ester with an amine sub-
stituent.

S G S

1,4-dioxane
i H,0, 70 °C H © g%

Scheme 2.25

Alkylation of alcohols with haloalkanes is promoted by cesium hydroxide [42].
This Williamson ether synthesis proceeds with efficiency that can be explained by
dissociation of the cesium compound into ions. The alkoxide is highly nucleophil-
ic. Treatment of a chiral mandelate with Mel and cesium carbonate is accompa-
nied by partial racemization (Scheme 2.26).

CsOH, 4A MS
or CsCOq
ROH: primary and secondary alcohol, R'X: primary halide

OH
Mel, Cs,CO;4 {Me

Ph CO,Me DMF,23°C,1h Ph CO,Me

ROH + R'X (X=Cl, Br, I) R-O-R'

Scheme 2.26 90% (17% loss of optical purity)

Addition of tetrabutylammonium iodide and use of a higher reaction tempera-
ture changes the product of the above Williamson ether synthesis. In the reaction
depicted by Scheme 2.27 the carbonates are obtained directly whereas reaction
with a secondary halide resulted in the production of a formate (Scheme 2.28)
[43]. Formation of the formate is explained by formation of the Vilsmeier-Haack
salt from DMF.
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Cs,C04, BU,N'I  RO_ _OR'
ROH + R'X (X=Cl, Br, ) 2% % _ Y
DMF, 90~100 °C o)

ROH: primary and secondary alcohol, R'X: primary halide

Cs,COg, BuyN*I
DMF, 100 °C lol
HO H™O

Scheme 2.27

86%

Inversion of the configuration of an alcohol by cesium carboxylate has also been
demonstrated. This Mitsunobu-type reaction is sometimes more convenient than
the classical phosphine-based reaction. Although a small amount of the E2 elimi-
nation reaction also occurs, carboxylation of the mesylate of the alcohol proceeds
perfectly with inversion of configuration (Scheme 2.28) [44].

CsOCOR (5 eq)
DMAP (0.5 eq)

o toluene, reflux B
MsO" B2 RCOZ H R=Me, 68%
Ph, 68%

CsOCOR (5 eq)
DMAP (0.5 eq)

OMs
O-LCR R=Me, 20%

toluene, reflux E
N Ph, 63%

/:\

Scheme 2.28

The ring-opening reaction of 3-substituted f-lactones is promoted by cesium
fluoride (Scheme 2.29) [45], which works as a base to form the S—Cs compound.
f-Lactones are converted into f-arylthiocarboxylic acids efficiently without elimina-
tion.

Bn SPh

CsF )\/COZH

+ PhSH Bn
0—X\ DMF, 30 °C
0 92%

Scheme 2.29
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2.6
Cesium Enolate

Metal enolates are expected to have individual selectivities depending on the char-
acter of metal atom. The structure of cesium enolate, and its reaction, have been
well studied kinetically and theoretically by Streitwieser [46].

Desilylation of silyl enol ethers with cesium fluoride also gives the correspond-
ing enolate equivalent. Under the action of cesium fluoride 1,1-disiloxydiene re-
acts with aldehydes at the f position (Scheme 2.30) [47].

Ph OH

oSiMea CsF
X
W +PRCHO e CO,H
OSiMe;

78%

Scheme 2.30

CsF-Si(OMe),4 has also been used for formation of enolates. Treatment of a mix-
ture of ketone and enone with Si(OMe),~CsF gives a Michael reaction adduct
(Scheme 2.31) [48]. Deprotonation of 2-methylcyclohexanone occurs kinetically to
form the enolate which reacts with the enone by 1,4-addition.

(¢]
0
CsF—Sl(OMe)4
25°C

70%
Scheme 2.31

The fused salt CsSOH-CsF acts as a desilylating reagent on ketene silyl acetals to
give the equivalent enolate. The reaction proceeds at —60°C. The equivalent reac-
tion with methyl vinyl ketone proceeds by 1,4-addition (Scheme 2.32) [22].

Ph

) O

OSiMe; CsF-CsOH OEt

Ph % )j\/ o
\/\oa + .60 °C

Scheme 2.32
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Palladium-catalyzed alkylation of enolate requires the presence of a base, and
rubidium and cesium carbonates have been used for this purpose (Scheme 2.33)
[48, 49]. After metal ion tuning, outstanding effects are often observed for these
metal ions. The effect of the metal ion in these reactions is difficult to explain
clearly.

o)
Pd(PPhs), (20 mol%)
N<gn Cs,CO;, (3 eq)
60%
o) A~ O
O,N PN O,N.,.
PdL*, RbF
57% (38%ee)
o

—\_O/—’ ‘
L*: o @

Scheme 2.33 Q

2.7
Catalytic Use

Use of a cesium salt as a catalytic base is very attractive method. Treatment of the Schiff
base of glycine with an enone in the presence of 10 mol% cesium carbonate gives a 1,4
adduct. Hydrogenation gives proline derivative in 78% yield (Scheme 2.34) [50].

Ph

Ph Cs,C03 (10 mol%) >—N
/\n/ . >:N P O
o Ph N\——co,Me THF

e

CO,Me

Hl

H,, Pd/C \(NjCone

Scheme 2.34 78%
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Cesium hydroxide has unique properties as a catalytic base. Catalytic processes
using cesium hydroxide have been well studied by Knochel. The method will be
applied to industrial scale production. Alcohols and amines add to phenylacety-
lene in the presence of catalytic amounts of cesium hydroxide (Scheme 2.35) [51].

CsOH-H,0 (20 mol%) Ph OR (or NPhR)
R-OH, Ph-NRH + Ph—===—H — —
40~90%
Scheme 2.35 : Z selective

Even formation of an acetylide which adds to ketones and aldehydes can be pro-
moted by a catalytic amount of cesium hydroxide (Scheme 2.36). Propargylamine,
which has an acidic proton, is deprotonated efficiently to form an acetylide. This
adds to aldehydes in good yield without forming an imine (Scheme 2.37) [52].

OH
o CsOH-H,0 (20 mol%) ~
+ Bu——-~H = Bu
NMP, -78 °C
Scheme 2.36 96%
CsOH-H,O (30 mol%) H,N CH(CH,CHj),

HoN =
(CHaCH,),CHCHO +HaN_— =
s — "' THF/DMSO, 25 °C OH 70
Scheme 2.37 °

This catalytic system is also effective for formation of a stabilized carbanion
which undergoes carbometalation to acetylene (Scheme 2.38) [53].

CN
ph/\/\/\ CsOH-H,0 (20 mol%) Ph
H NMP, 60 °C CN

65%

SOPh o H

Ph/\/\/ CsOH-H,0 (20 mol%) Ph

NMP, 20 °C SOPh

76%

Scheme 2.38
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Cesium and rubidium have important and unique positions in organic synthesis.
To understand their role, their properties as metal ions should be kept in mind.
They are large, highly electron-positive ions. The salts release the counter anion
easily and always tend to form the “naked anion”. This is important aspect of
their use as catalysts. These metal compounds will not take the leading part very
often but always appear in supporting roles in organic reactions.
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3

Magnesium in Organic Synthesis
AtsusH1 INoUE and KorcHiro OSHIMA

3.1
Introduction

The generation of organomagnesium compounds was first reported in 1859. After
that several attempts were made to prepare dialkylmagnesium compounds and in-
vestigate their reactivity. In 1875, Wagner and Saytzeff reported that generation of
the organozinc compound from an alkyl iodide and zinc in the presence of a car-
bonyl compound provided the desired carbinol. In 1898, Barbier improved the re-
action by substituting the more reactive magnesium for zinc. He characterized
the reaction as shown in Scheme 3.1.

o} OMgl
M + Mel + Mg Et,0 M
oM
o Ho OH
S — I + MglOH

Scheme 3.1

Victor Grignard, studying under the direction of Barbier, found that a com-
pound of general formula RMgX was generated as an intermediate and that an
ethereal solution of the organomagnesium reagent could be prepared by the reac-
tion of the corresponding alkyl halide and magnesium in Et,0. The resulting re-
agents in turn reacted with carbonyl compounds to afford the corresponding car-
binols (Scheme 3.2). The first report on the new reagents appeared in 1900.
Grignard received the Nobel Prize for his discovery in 1912, and organomagne-
sium halides are now called Grignard reagents in his honor.

O

OH
Mel + M Ph Me Hzo
e 9 Et,0 MeMgl| Ph/ijMe
Scheme 3.2
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After this sensational discovery, Grignard reagents soon became the most im-
portant tools of all organometallic compounds in the chemical laboratory. Numer-
ous reports have been published on preparative methods, synthetic applications,
chemical and physical properties, structures, the mechanism of formation, and re-
actions of the reagents. Many industrial applications of Grignard reagents have
also been reported. Here we will describe the preparation of organomagnesium
compounds and the synthetic application of those compounds. Recent develop-
ment, specially halogen-magnesium exchange reactions and radical reactions with
Grignard reagents are main topics of this chapter. Before those topics, several im-
portant reactions such as addition to carbonyl compounds, copper- or nickel-cata-
lyzed coupling reactions, and deprotonation with magnesium amides will be dis-
cussed briefly.

3.2
Preparation of Organomagnesium Compounds

Grignard reagents have proved to be extremely powerful synthetic tools because of
their easy accessibility and high reactivity; they enable the nucleophilic introduc-
tion of organic groups as carbanion equivalents and for that reason are in stan-
dard repertoires for both organic and organometallic synthesis.

3.21
Preparation from Alkyl Halides and Mg Metal [1]

By far the commonest method for preparing organomagnesium compounds re-
mains the classical Grignard reaction of magnesium with organic halides, and
most of those commercially available are solutions prepared in this way. Several
manufacturers have facilities for preparing Grignard reagents on a “fine chemi-
cals” scale, and a surprising number are offered for sale as laboratory chemicals.

A variety of methods for preparing organomagnesium compounds utilize ele-
mental magnesium, and for many of these the purity and form of the metal is
important or even critical. Magnesium turnings are often sold as “for Grignard re-
agents”, and are convenient to use and often sufficiently reactive in many cases.
Their reactivity is enhanced by the presence of surface dislocations resulting from
their preparation.

Grignard introduced the entrainment procedure consisting in adding one
equivalent of ethyl bromide to the ethereal solution of the refractory halide and
dropping this mixture slowly on to sufficient magnesium to react with both ha-
lides. The auxiliary halide keeps the magnesium clean and active, possibly func-
tioning by an exchange reaction. Ethylene dibromide is also used as entrainment
reagent — it reacts with magnesium to form ethylene and magnesium bromide
(Scheme 3.3). It cleanses and activates the magnesium for reaction with inert ha-
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lide without introducing a second Grignard reagent. This procedure consistently
gives yields higher than those obtained by entrainment with ethyl bromide.

BrCH,CH,Br + Mg CH,=CH, + MgBr,

Scheme 3.3

Diethyl ether is the most commonly used solvent for alkylmagnesium com-
pounds, and almost all the classical studies involved Grignard reagents in diethyl
ether. It continues to be a good general-purpose choice. Most alkylmagnesium com-
pounds are soluble in it, and it is a convenient solvent for conventional work-up pro-
cedures, although its low boiling point is sometimes a disadvantage. For many reac-
tions it is adequately dried by use of sodium wire, and its high vapor pressure at
room temperature creates a “blanket” over the surface of the solution, which some-
times makes the provision of a nitrogen or argon atmosphere unnecessary. The haz-
ardous properties of diethyl ether — its flammability, tendency to form peroxides, and
toxicity — are well known, and appropriate safety precautions should be taken.

The general procedure for preparation of alkyl Grignard reagents is as follows.
The required amount of magnesium turnings is placed in a flask, nitrogen is
passed in, and both parts of the empty dropping funnel are flushed with the gas.
When the air has been displaced, the flask is heated gently with a free flame un-
der continued flow of nitrogen to ensure elimination of any moisture adhering to
the surface of the glass or to the metal; use of nitrogen prevents surface oxidation
of the warm metal. When the flask has cooled completely, the nitrogen flow is re-
duced to a barely perceptible rate and small quantities of halogen compound and
ether are introduced through the funnel. The stirrer is started even though very
little liquid is present, for the crushing of pieces of light magnesium is often ef-
fective in initiating reaction. If stirring alone is ineffective, one expedient is to in-
sert a flattened stirring rod and crush a piece of metal with a twisting motion
against the bottom of the flask. Another is to add a little methylmagnesium io-
dide or a small crystal of iodine; bromine is more effective as a starter than io-
dine.

The structure of a Grignard reagent, an important influence on reactions, is
more elaborate than implied by the formula RMgX. In solution a Grignard re-
agent is a mixture (Schlenk equilibrium, Scheme 3.4) of RMgX, R,Mg, and MgX,,
the composition varying with solvent and X. Mg is most commonly four-coordi-
nate in solids but might have even higher coordination; all evidence indicates sim-
ilar coordination in solution. The additional bonds to Mg result from some combi-
nation of association by bridging of the X atom (or R group) between two Mg
atoms and coordination by donor molecules (usually solvent). Coordination by do-
nor groups of substrates can play an important role in reactions.

2RMgX RzMg + MgX,

Scheme 3.4



54 | 3 Magnesium in Organic Synthesis

3.22
Preparation with Rieke Magnesium [2]

Numerous procedures have been used to activate the magnesium surface; often
the procedures are empirical — it is not known whether they work merely by
cleaning or etching the metal surface or whether the formation of an intermedi-
ate reactive magnesium compound is involved. Several procedures are well-known
and widely used:

1. activation by halogens,
2. activation by alloying, and
3. activation by entrainment.

Examples of 1 and 3 have already been described above. Activation of magnesium
by amalgamation or by alloying with copper or different transition metals has
been reported, but these means of activation rarely offer advantages over other
methods, and involve toxicity hazards and/or the risk of promoting side reactions.
They are, therefore, not usually recommended, although the amalgamation meth-
od is occasionally useful.

Rieke has developed a procedure for preparing slurries of highly reactive magne-
sium (Rieke magnesium). He reduced magnesium halides to the metal by use of
alkali metals, for example reaction of magnesium chloride with potassium in the
presence of potassium iodide with THF as the medium. This procedure is, how-
ever, somewhat hazardous and a more recent procedure, in which the magnesium
halide is reduced with lithium, with naphthalene as electron carrier, is safer and
gives a slurry of activity comparable with that of the original Rieke magnesium.

Despite being 100 years old, the Grignard reagent still plays a central role in
synthetic chemistry, although few functionalized Grignard reagents have been pre-
pared because of low tolerance of functional groups. In 1998, several functional-
ized aromatic and vinylic Grignard reagents were prepared by iodine-magnesium
exchange by using excess diisopropylmagnesium as metalating agent at a low
temperature (—40°C). The yields were excellent to moderate after reaction with
allyl bromide or benzaldehyde as electrophiles. The thermodynamic nature of the
equilibrium of exchange limits the range of substrates to arylic and vinylic
halides, however, and transmetalation failed to afford functionalized Grignard
reagents from brominated substrates. Chromium salts can form functionalized
organochromium compounds, but the chromium salts needed a catalyst for the
oxidative addition step and the functionalized organochromium compounds have
so far reacted with aldehydes only [3].

In general the low functional group tolerance of Grignard reagents precludes
the use of most groups in the same molecule. If, however, the oxidative addition
reaction is conducted at low temperatures (-78 °C), the functionalized Grignard re-
agents are stable for a limited time. Functionalized Grignard reagents have been
successfully prepared by direct oxidative addition to aryl bromide substrates con-
taining a nitrile, ester, or chloride group, by use of highly active magnesium
(Rieke magnesium) at low temperature (-78 °C). The oxidative addition was rapid
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even at this temperature and was complete in 15 min. Reaction with the electro-
philes (PhCHO, allyl iodide, and PhCOCI using 10% Cul) was conducted at low
temperatures (—78, —40°C) within ca 1h, and the yields were good to moderate
(Scheme 3.5). Rieke magnesium (Mg*) can be purchased from Rieke Metals, Inc.
The preparative procedure is given in the literature [4].

COOBuU
t
COOBY ) Mg*rTHF, -78 °C on
o [ ] 2) PhCHO 86%
OH
CN
CN 1) Mg*/THF, 78 °C /©/
2) PhCOCI PhC 62%
Br cat. Cul If
o}
Scheme 3.5
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Transmetalation

The preparation of organomagnesium reagents by addition of one equivalent of a
magnesium halide to a solution of an organoalkali metal compound is a com-
monly used procedure, giving products which certainly resemble conventional
Grignard reagents in their reactions. The procedure is most commonly applied to
organolithium compounds, although examples involving organosodium and orga-
nopotassium compounds have been described (Scheme 3.6). The use of magne-
sium bromide, magnesium chloride, and magnesium iodide has been described,
but for practical purposes magnesium bromide is preferred, because it is readily
prepared in the anhydrous form (often in situ).

"Buli + MgBr, "BuMgBr

Scheme 3.6

The reaction of dialkylmercury compounds with magnesium is valuable for pre-
paring dialkylmagnesium compounds, free from traces of halide, and either as
solids or in a variety of solvents (Scheme 3.7). It has been used particularly to pre-
pare samples for physicochemical studies. The reaction can be performed in the
absence of solvent, in which case the product is extracted from the magnesium
amalgam formed by use of a suitable solvent. In a solvent such as diethyl ether
the reaction may be very slow, but proceeds in virtually quantitative yield.

RoHg + Mg —= R,Mg + Hg

Scheme 3.7
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The reactions represented by Scheme 3.8 (Egs. 1 and 2) have both been used to
prepare symmetrical dialkylmagnesium compounds. Under suitable conditions
good results can be obtained, although alternative routes are available for these
compounds. For example, addition of dioxane to the Grignard reagent (RMgX) re-
sults in precipitation of magnesium halide and R,Mg. The reaction of Eq. (1) can
also be used to prepare unsymmetrical dialkylmagnesium compounds, for which
few alternative methods are available.

BRM + R'MgX RMgR' + MX (1)
2RM + MgX, R;Mg + 2MX (2)
Scheme 3.8
324

Sulfoxide-Magnesium Exchange
(Ligand Exchange Reaction of Sulfoxides with Grignard Reagent)

It is known that on treatment of alkyl aryl sulfoxide 1 with alkylmetal (alkyl-
lithium or Grignard reagent) sulfur—aryl (path a) or sulfur-alkyl (path b) bond
cleavage occurs to give arylmetal 2 or alkylmetal 3 (Scheme 3.9). This reaction is
commonly called the ligand exchange reaction of sulfoxides. Although the pre-
dominant path of this reaction depends on the structure of the sulfoxide 1, this
dependence remains somewhat obscure at present.

2 7
" R-s—m ¥ Arg/let
? R'Met
= Li, MgX
R_S—Ar Met = Li, Mg . o
1 —_— 4
A—s—ar * R!:\inet
Scheme 3.9

Recently, Satol’s group extensively studied application of the ligand exchange re-
action of sulfoxides in the development of new synthetic methods. They found [5]
that magnesium alkylidene carbenoids were generated from 1-halovinyl sulfoxides
derived from ketones and aryl halomethyl sulfoxide by the ligand exchange reaction
of sulfoxides with Grignard reagents. The magnesium alkylidene carbenoids gener-
ated were found to be stable at =78 °C for over 30 min. Although the carbenoids re-
acted with aldehydes to give the adducts in moderate yields, they were found to be
relatively unreactive toward the usual electrophiles (Scheme 3.10).

The magnesium alkylidene carbenoid generated occurs in equilibrium between
an a-halo alkenyl Grignard reagent and an alkylidene carbene-magnesium halide
complex. 1-Chlorovinyl sulfoxide 4 reacted with EtMgBr to give a mixture of chlo-
ride 10 and bromide 11 (Scheme 3.11). This strange result implies that the struc-
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Cl EtvMgCl _cl
c= c —-(CH 7 Cc= c
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Scheme 3.10

ture of the magnesium alkylidene carbenoid is not a simple vinylmagnesium
compound such as 7 but is in equilibrium between the alkylidene carbene-magne-
sium complex 8 and 7. This result is deduced from the presence of an equilib-
rium between 7 and 9 through the magnesium complex 8.

_Cl EtMgBr
~SOTol

Al s (CH,)[s C=C:MgBICI
(CHZ)k_/C C Br ( 2)&/ N g

(CHz)j\_/o cZ
4

~~_ __Br | H,0
_— CH C= C\ —_—
(CHa)ya ¢ MgCl

9

~~ Cl - Br
=C7 C:C:

10 1
115

Scheme 3.11

Further evidence for the alkylidene carbene-magnesium complex and the presence
of the equilibrium was obtained experimentally. 1-Chlorovinyl sulfoxide 4 was added
to a solution of EtMgCl in THF at =80 °C and after 3 min a solution of MgBr, ether-
ate in ether was added to the reaction mixture. The reaction mixture was stirred for
15 min and quenched to give a mixture of 10 and 11 in a ratio of 1:2 in good yield.
The result also suggested that there is an equilibrium between the complex of alkyl-
idene carbene with magnesium chloride and magnesium bromide.

This sulfoxide-magnesium exchange reaction could be successfully applied to a
new synthesis of allenes (Scheme 3.12) [6]. The procedure is a novel method for
synthesis of allenes from three components, ketones, chloromethyl p-tolyl sulfox-
ide, and sulfones, in relatively short steps. A key step is an attack of the lithium
a-sulfonyl carbanion on the electron-deficient carbene carbon. f-Elimination of the
sulfoxyl group then occurs to give the allene.

Q cl f cl
[ ><:>=< 1) EBL,:AMg?Iéo .5 eq.) “>=< P— %>:: MgCl,
o s(0)Tol 2 EMaCt (389 MgCl
12 13 14

THF, -78 °C

= Ph

=y =P X =<

‘) \)

Ph 0 H

PhCHSO.Ph  H 17
16

Ph8020 (Li)HPh

Scheme 3.12
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Although molecules containing magnesium bound to an asymmetric carbon
atom are not usually configurationally stable, there are some exceptions to this
generalization, notably some cyclopropylmagnesium halides [7]; reaction of these
magnesium proceeds with significant retention of configuration (Scheme 3.13) [8].

CeHs «CHy (i) THF, 65 °C CgHs WCHg
CeHs X (i CO, CeHs COOH
X =Cl 05h 81% (optical purity 27%)
3h 89% (optical purity 26%)
X =Br 05h 70% (optical purity 19%)
3h 79% (optical purity 11%)
Scheme 3.13

Magnesium cyclopropylidenes were generated from 1-chlorocyclopropyl phenyl
sulfoxides with Grignard reagents (EtMgCl or ‘PrMgCl) in THF at —78°C in high
yields by means of a sulfoxide-magnesium exchange reaction. The magnesium cy-
clopropylidenes generated were found to be stable at below —60°C for at least 3 h.
It was also found that pyramidal inversion of the magnesium carbenoid was quite
slow at below —60°C [9]. The cyclopropyl sulfoxide 18 was treated with 2.5 equiva-
lents of EtMgCl at —78°C for 5 min to give the desulfinylated product 20 in 82%
yield without any trace of the starting sulfoxide 18. Even ‘PrMgCl reacted quickly
with 18 at —78°C to give the desulfinylated product 20 in good yield. Quenching
of these two reactions with CD;O0D gave the deuterated chlorocyclopropane with
over 90% deuterium incorporation. These results showed that the intermediate of
these reactions was the magnesium cyclopropylidene 19 (Scheme 3.14). Treatment
of 21 with ‘PrMgCl under the same reaction conditions gave the desulfinylated
product 23 in the same yield. The stereochemistry of 20 and 23 were determined
by the examination of the NOESY spectra of both compounds.

NC}E\
o] cl
, cl H
Ha(\:.\<f”sph PMgCl_ HiC MO MG
o [y ~/NOE
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° R=CH304©f
éPh NOE/EOE
HaC _ MgCl
3\\\<f”0| 'PrMgCl HaC, ,,,g H0 HaC\&q
e T8 e O NN
CH30 21 22 23 H

Scheme 3.14
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Satoh et al. also reported [10] the preparation and reaction of aziridinylmagne-
sium compounds. Treatment of sulfinylaziridines, which were synthesized from 1-
chloroalkyl p-tolyl sulfoxides and imines, with ethylmagnesium bromide gave non-
stabilized aziridinylmagnesiums by a sulfoxide-magnesium exchange reaction.
Cross-coupling of the aziridinylmagnesiums with different alkyl halides was real-
ized in high yields by use of Cu(l) iodide as catalyst, and the reaction was found
to be stereospecific (Schemes 3.15 and 3.16). The coupling products were hydroge-
nated with Pd(OH), in alcohol to give amines with a quaternary chiral center in
quantitative yield. Synthesis of both enantiomers of the amines bearing a quater-
nary chiral center was realized starting from optically active (R)-chloromethyl p-to-
lyl sulfoxide; overall yields were good and asymmetric induction was perfect.

Ph Ph Etl (3.5eq) Ph
CHz N Ph EtMgBr (3.5 eq.) CHa N Ph | Cul (10 mol%) CH; N Ph
JX THF X THF, 1.t 2
TolS(O) H _78°C—r.t BrMg H 86% Et H
24 25 26

Scheme 3.15
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(20 A= CHSO@(CHZ)S
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CHg(CHp)g,NHPh :
R” "CH,Ph

(S)-(+)-80 R = CHg (99%) [a)p>2 +41.3" (c 0.11, acetone)
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R, NHPh

CHy(CHz)g CH,Ph

(R)-(-)-36 R=CHjz (93%) [a]p®®—41.7" (c 0.14, acetone)
(S)-(-)-37 R= CHSOQ(CHz)s (85%) [op?® —4.4° (c 0.12, acetone)

Scheme 3.16
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This sulfoxide-magnesium exchange reaction has been successfully applied to the
generation of a-haloalkylmagnesium compound with high enantiomeric purity [11].
a-Heterosubstituted organolithium compounds 38 are chiral d' synthons. Of these,
it is mainly the a-oxygenated and a-amino-substituted representatives which are
used in stereoselective synthesis [12], because these compounds are configuration-
ally stable at or above —78°C for extended periods of time (Scheme 3.17).

\‘/ ~ 38: M=Li
X % 39: M=Mg
Scheme 3.17

In contrast with the former, the configurational stability of a-arylthio- or e-aryl-
selenoalkyllithium compounds is so low that racemization or epimerization oc-
curs during the time needed to generate these lithium compounds and to trap
them with electrophiles. There are indications that the corresponding a-heterosub-
stituted Grignard reagents 39 would have a substantially higher configurational
stability. Yet, before the study by Hoffmann there were no practical means of pre-
paring species such as 39 in an enantiomerically pure form.

a-Chloro- and a-bromoalkyl Grignard reagents 40 and 41 with >97% ee (enan-
tiomeric excess) were generated by a sulfoxide-magnesium exchange reaction
from the enantiomerically and diastereomerically pure sulfoxides 42 and 46. The
resulting a-haloalkyl Grignard reagents are configurationally stable at -78°C.
Racemization begins at or above —60°C, especially when the solution contains
bromide ions. In the absence of halide ions, the configurational stability extends
to —20°C, when chemical decomposition commences.

Sulfoxide-magnesium exchange on the a-chloroalkyl sulfoxide 42 was performed
with ethylmagnesium bromide followed by trapping with benzaldehyde-dimethyl-
aluminum chloride, to furnish 99% of the sulfoxide 43 with 99% ee. Chlorohy-
drins 44 were obtained in 56% yield as a 94:6 diastereomer mixture. After conver-
sion to the epoxide 45, the latter had an ee of >98% (Scheme 3.18).
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Scheme 3.18
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The a-bromoalkyl Grignard reagent 41 was generated from the a-bromoalkyl
sulfoxide 46 (Scheme 3.19): bromohydrins 47 were obtained as a 92:8 mixture of
diastereomers. On closure to the epoxides the resulting 45 had an ee of merely
85%, even though the starting sulfoxide 46 had an ee of 99%, which was reflected
in the enantiomeric purity of the coproduct, sulfoxide 43 (99% ee). Very recently,
Hoffmann and Hélzer have reported the stereochemistry of the transmetalation of
Grignard reagents to copper using the enantiomerically enriched Grignard re-
agent 40 [13].

o] o)
Y+ ot
S SN BrMg
/@/ \I/\Ph EtMgBr /©/ Et , Y\Ph PhCHO
cl Br cl Br Me,AlCI
a6 43 a1
OH OH Ph 0
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B o2s Br 90:10
a7 ’ 45 )
Scheme 3.19
3.2.5

Hydromagnesation

Thirty years ago it was reported that reactions of Grignard reagents with 1-al-
kenes, catalyzed by titanium tetrachloride, led to organomagnesium compounds,
formally derived by addition of HMgX to the carbon-carbon double bond
(Scheme 3.20) [14].

"PrMgBr

CH3CH20H20H=CH2 Ticl CHscHchchQCHzMgX
4

Scheme 3.20

The reaction has since been extended to a variety of alkenes (including dienes
and styrenes) and alkynes [15], and it has been established that the hydrogen
atoms transferred are f-hydrogen atoms from the Grignard reagent.

Dicyclopentadienyltitanium dichloride is possibly superior to titanium tetrachlo-
ride as a catalyst. Nickel(II) compounds are also active, but with these catalysts con-
current addition of the organomagnesium compounds to carbon-carbon multiple
bonds causes complications. Examples of hydromagnesation by Grignard reagents
are shown in Scheme 3.21. As is apparent from these reactions, addition to alkynes
proceeds in syn fashion. The regiochemistry is also usually predictable, one regio-
isomer is obtained mainly or exclusively.

61
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. Cp,TiCl Et JEt
EtC=CEt  +/BuMgBr —2—% ‘c=¢

H MgBr
n
; CsHo SiMe.
. , 3
NC,HoC=CSiMey + BuMgBr P21 c=¢
H MgBr
Scheme 3.21

More recently, a related reaction has been reported in which active forms of
magnesium hydride, prepared in situ or pre-prepared, undergo addition to al-
kenes, catalyzed by titanium or zirconium(IV) halides, to give dialkylmagnesium
compounds (Scheme 3.22) [16]. These reactions give high yields with 1-alkenes
but are less satisfactory with alkynes or non-terminal alkenes.

ZrCl,

or
Cp,TiCl,

2RCH=CH, + MgH, (RCH,CH,),Mg

Scheme 3.22

Although the attempted TiCl,-catalyzed olefin hydromagnesation did not work
on conjugated dienes, switching the catalyst from TiCl, to Cp,TiCl, dramatically
increased the efficiency of the hydromagnesation. Thus, under these reaction con-
ditions 2-alkyl-1,3-butadienes generally afforded allyl Grignard reagents in excel-
lent yields. More surprisingly, a single regioisomer of the allyl Grignard reagent is
exclusively formed, as shown in Scheme 3.23; this was verified by the subsequent
reactions with electrophiles [17].

R "PrMgXx R
A TChaTiC xMg A
Scheme 3.23

The observed regioselectivity of hydromagnesation is identical with that of the
hydrotitanation of the same substrates with a stoichiometric amount of Cp,Ti-H.
This fact strongly suggests that the regioselection of Scheme 2.23 originates in
the hydrotitanation step (Scheme 3.24).
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Although the hydrolysis of the allyl Grignard reagents tends to yield a mixture
of regio- and stereoisomeric olefins, reaction with carbon electrophiles such as car-
bonyl compounds and nitriles wusually afforded a single regioisomer
(Scheme 3.25).
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Scheme 3.25

3.2.6
Metalation (Deprotonation from Strong Carbon Acids)

The preparation of organomagnesium compounds by metalation was of value
only for quite strong carbon acids (pK, <25), e.g. alkynes and cyclopentadienes,
which are metalated by Grignard reagents. Dialkylmagnesium compounds are
also reactive towards this type of substrate, the n-butyl-s-butylmagnesium reagent
being particularly useful. Grignard reagents are also effective with some polyhalo-
genated compounds, but reactions such as the versatile ortho metalation of substi-
tuted aromatic compounds by organolithium compounds were poor with organo-
magnesium compounds. It has, however, since been reported that sterically hin-
dered magnesium amides, analogous to lithium diisopropylamide (LDA) and
lithium 2,2,6,6-tetramethylpiperidide (LTMP), are effective metalating reagents.
They are probably less powerful than the lithium reagents, but have the advantage
of being stable even in boiling THF [18]. a-Metalation of carbonyl compounds
(enolization) and other o-metalations by organomagnesium compounds also oc-
cur, but their use has been overshadowed by the corresponding reactions of LDA
and organolithium compounds; enolization by hindered magnesium amides such
as BrMgTMP [19] promises to be useful, however. We will deal with recent devel-
opments in the use of magnesium amides in the next section.

Extensive studies have been made of the metalation of 1-alkynes by organomag-
nesium compounds. For preparative purposes, metalation by Grignard reagents
(commonly ethylmagnesium bromide) in diethyl ether or THF is usually straight-
forward and convenient (Scheme 3.26).

RC=CH + CoHsMgBr —— RC=CMgBr + C,Hs

Scheme 3.26
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3.2.7
Other Preparative Methods

The addition of organolithium reagents to vinylsilanes is one of the most power-
ful methods for the generation of synthetically useful a-silyl carbanions. Although
Grignard reagents are viable alternatives for this addition reaction, serious limita-
tions are associated with the carbomagnesation methodology:

e activating groups on silicon (e.g. chloro, alkoxy, and amino groups) are needed
for the addition (no reaction with trialkyl(vinyl)silanes);

e substitutions at the silicon atom are often observed as unavoidable side reac-
tions when these activating groups are used; and

e primary alkyl Grignard reagents cannot be used in the reaction.

These drawbacks profoundly reduce the synthetic usefulness of this otherwise at-
tractive methodology. Highly efficient carbomagnesation of vinylsilanes utilizing
the 2-pyridyldimethylsilyl group as a removable directing group has been re-
ported [20]. Treatment of 2-pyridyldimethylvinylsilane 48 with ‘PrMgCl in ether at
room temperature for 3 h gave the corresponding a-silyl organomagnesium com-
pound, and 50 was isolated after aqueous work-up in 91% yield (Scheme 3.27).
Not only secondary alkyl Grignard reagents but also primary alkylmagnesium re-
agents such as "BuMgCl add easily to the vinylsilane.

Z2N| RMgCl ~ "N--MgCl =" "N H
-l S R
S_/\/ 2 N . AN R
i I\SAI Si

2 R 49 Mez R
. 50
HR=Pr:91% R=H,R="Bu :93%
H R=Ph:73% R="Bu,R'="Bu:91%

Scheme 3.27

The reaction presumably involves a pre-equilibrium complex of 48 and R'MgX,
and this makes the subsequent carbomagnesation step intramolecular in nature.
The importance of this pre-equilibrium complex was further supported by the ob-
servation of dramatic solvent effects — weakly coordinating solvents such as Et,0
favor this reaction whereas strongly coordinating solvents such as THF suppress
it. These results may be attributed to inhibition of the formation of the pre-equi-
librium complex by the coordinating solvent.

Cp,ZrCl, or related zirconocene derivatives are effective catalysts of the carbo-
magnesation of 1-alkenes and some bi- and tricyclic alkenes under mild reaction
conditions (<25°C). The reaction of aliphatic 1-alkenes with EtMgX is highly re-
gioselective (Scheme 3.28), with internal double bonds being unreactive; 1-alkenes
with functional groups (e.g. OR, OH, SR, NR,, TMS) on the chain react similarly
and allylic alcohols and ethers are active substrates. Addition to 1-alkenes with
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aromatic substituents, e.g. styrene, mainly occurs with regioselectivity opposite to
that of Scheme 3.28 to form a benzylic Grignard, and the disubstituted f-methyl-
styrene is also ethylmagnesated. MgEt, is more active than EtMgX (with activity
varying in the order X=Cl>Br>I) in these zirconium-catalyzed reactions,
although Grignard reagents do give good yields of the products in diethyl ether or
THF. Hydrocarbon solvents are suitable if the stoichiometric complexes
R'MgX - NRj are employed. Mechanistic studies have implicated alkene-zircono-
cene complexes (zirconacyclopropanes) and zirconacyclopentanes 51 as intermedi-
ates in these reactions, and one possible pathway for the catalytic reaction is illus-
trated in Scheme 3.28 [21]. Variations on Scheme 3.28 must occur, however; the
formation of 1,4-di-Grignard reagents under some conditions can involve Zr-Mg
transmetalation and cleavage of both Zr-C bonds of zirconacyclopentane 51
(Scheme 3.29b); the formation of unsaturated Grignards in reactions of higher
alkylmagnesium reagents (Scheme 3.29¢) must involve a f-hydrogen elimination
step after head-to-tail coupling of alkene units to form the intermediate zirconacy-
clopentane [22]. A variety of alkenylmagnesium products has been noted in zirco-
nium-catalyzed reactions of 1-octene and "PrMgBr.

CoHg
Cp,ZrCly oMaX szertz—L*szzr - A
Et
CpoZr CpuzZr °t
R 244 2 CpoZr.
Et R R
MgX 51
or MgX Al
MgX
Ar
MgX
Scheme 3.28

Et
Cp,ZICl
Xy + EtMgx—2&~2, Rkng (a)

()
O _ EtMox . \ MgX  (b)

N “Cat. Cp,2iCl, MgX
-
™
R MgX
BNF + RN"gx CpoZrCl, ©
R

Scheme 3.29
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Metal-halogen exchange between Grignard reagents and organic halides is an al-
ternative useful method for the preparation of organomagnesium compounds
(Scheme 3.30). We will discuss this method in detail in Section 3.4.

RX + R'MgX—— RMgX+ R'X

Scheme 3.30

33
Reaction of Organomagnesium Compounds

Almost 100 years have passed since Victor Grignard published his first paper on
the preparation of ethereal solutions of compounds in which carbon is bonded to
magnesium. Since then Grignard reagents have been an obvious choice for organ-
ic chemists in many preparations of complex molecules. The chemical literature
on Grignard reagents and related organomagnesium compounds contains tens of
thousands of references and the industrial production of Grignard reagents for
captive use or for sale is estimated to exceed 50000 tons annually. The scope and
potential of the Grignard reaction continues to grow and new discoveries and im-
provements in method are regularly reported. Here, we will describe very briefly
the fundamental reactions:

e preparation and reaction of organomagnesium amides;
Cp,TiCl,- or Cp,ZrCly-catalyzed reaction with Grignard reagents;
substitution with Grignard reagents; and

addition to carbon-carbon multiple bonds.

Recent topics related to halogen-magnesium exchange reactions and organomag-
nesium-mediated radical reactions will be discussed in subsequent sections.

3.3.1
Reaction with Organomagnesium Amides

3.3.1.1 Preparation of Magnesium Monoamides and Bisamides

A simple synthetic route to compounds of the type R'"Mg(NR’R’) is the reaction
of equimolar amounts of MgR} and a secondary amine, HNR’R®. By this method
sterically hindered 1,3,6,8-tetra-t-butylcarbazole and diethylmagnesium in THF af-
ford 52 as the bistetrahydrofuran adduct, and hexamethyldisilazane (HN(TMS),)
and "BuMg’Bu in heptane form nonsolvated 53 [23]. Metalation of activated C-H
groups by the amide bases Mg(TMP), (TMPH = 2,2,6,6-tetramethylpiperidine) or
Mg(N'Pr,), can also produce organomagnesium amides. Reactions of metal amide
(MNR?R® (M = Li or Na)) with the appropriate Grignard reagent have been used
to produce 54 [24] and 55 [25] (Scheme 3.31).
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*Bu — CHePh

T™s, Mg Tms :N‘M N Bu

NN, Mg Mg -
™SS Mg /TMS = \N/ /N/ H N—MgEt

P ~ —=
*Bu PhcHs — W H

53 54 55

Scheme 3.31

Several routes to Mg bisamides have been developed. These include the direct
reaction between the metal and a protic amine, a variety of transmetalation strate-
gies, disproportionation of alkylmagnesium amides, and transamination reactions
(Scheme 3.32). On the other hand, the most straightforward and most routine
synthesis involves the reaction of a dialkylmagnesium with two equivalents of
amine. In some instances the amination reaction ceases after transfer of one ami-
no function but gentle heating of the reaction mixture is usually sufficient to en-
sure complete conversion to the bisamide. Without doubt this route is now the
method of choice, because ether-free Bu,Mg (supplied as a 1:1 mixture of n- and
s-butyl, with 5% n-octyl, in heptane) has become commercially available (Aldrich).

2R,NH + Mg — Mg(NRy); + Hj
Ho(NRz)z + Mg ——— Mg(NRp), + Hg
2RMgNR2 — Mg(NRz), + MgR;
Mg(NRy); + 2R,NH ——— Mg(NRZ); + 2Ry NH
[2R2NH + RyMg ——— Mg(NRy), + 2RH)

Scheme 3.32

3.3.1.2 Reaction with Organomagnesium Amide [26]

Removal of an acidic proton by a Mg bisamide is a versatile reaction akin to that
of the widely used lithium amides, although differences between the reactivity
(and thermal stability) of the bases often leads to different and complementary
selectivity.

Eaton first developed the use of magnesium bis(2,2,6,6-tetramethylpiperidide),
(TMP),Mg, as a selective proton abstractor [18]. Of particular note is the ease with
which ortho-magnesation reactions can be accomplished in the presence of esters,
which are normally more susceptible to nucleophilic attack if conventional Li-
based reagents are used. For example, reaction of methyl benzoate for 45 min
with excess (TMP),Mg in THF at room temperature then quenching with carbon
dioxide, acidification, and esterification gave dimethyl phthalate in 81% isolated
yield (Scheme 3.33). Apparently, the intermediate organometallic, formulated as
R'MgTMP, is not very reactive; an ester group can coexist with it for some time.
Such R'MgNR, species are called “amide-Grignards”. The amine substituent mod-



68 | 3 Magnesium in Organic Synthesis

erates the Grignard reactivity of such compounds by reducing nucleophilicity and/
or the tendency to complex with substrate. Electronic and/or steric reasons can be
invoked. The mild reactivity of the Mg reagents also enables carbocubane systems
to be selectively monometalated (adjacent to each amide unit) and subsequently
carboxylated (Scheme 3.34). THF solutions of the base (TMP),Mg were found to
be stable on heating to reflux over several hours; this led to its application with
relatively unreactive or low-solubility substrates. In a similar “high-temperature”
metalation strategy, indoles can be deprotonated exclusively at the 2 position by
(‘Pr,N),Mg. Subsequent quenching with a variety of electrophiles leads to 2-substi-
tuted indoles in good to excellent yields (Scheme 3.35).

CO,CHy CO,CHg CO,CHjy
(TMP);Mg MgTMP 4 co, CO,CHg
2. CH,N,
Scheme 3.33
_ HaCOLC ,
CON'Pr; 1) (TMP),Mg CONPr;
iPr,NOC 3) CH,N, 'PraNOC
CO,CH,
Scheme 3.34
R R
i N
N — PraNH N “MgNPr,
R THF,r.t,15h R
- f Electrophile
R = SO,;Ph or CO,'Bu THF, 1. 12 h

R'=H, Me, CO,Me or CN .
E = CH(OH)Ph, |, CO,Me, R
CH,CH=CHj or Ph |

N E
R
Scheme 3.35

Mg bisamides can also be used as strong and selective bases in the formation
of synthetically useful enolates. Less highly substituted silyl enol ethers are regio-
specifically prepared in high yield, at approximately room temperature under
kinetic conditions, from unsymmetrical cyclic ketones and magnesium bis(diiso-
propylamide)[(DA),Mg] in THF/heptane (Scheme 3.36) [27].

This high kinetic regioselectivity is markedly higher than these reported by
Krafft and Holton when using DAMgBr/TMSCI/Et;N/HMPA under kinetic condi-
tions in THF (77:23) or in dimethoxyethane (DME) (87:13) and is even reversed
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(0] OSiMes OSiMe;
Mg amide .
MegSiCl
56k 56t
entry 1 Mg(N'Prp),/ THF 100 - 0
2 BrMgN'Pry / THF 77 23
3 BrMgN'Pr, / DME 87 13
4 BrMgN'Pr; / ether 3 97

Scheme 3.36

in ether (3:97) [28]. One interesting aspect of these results is that this regiospeci-
ficity can be achieved at room temperature with (DA),Mg in a relative short time.

In addition, high E-enolization stereoselectivity is observed for benzylic ketones
(Scheme 3.37) [26].

OSiMe,
P Ph D BaNEMY S en Ph/\[

o] 2) MegSiCl OSiMes Ph
R=Pr 9 o9
R = Me;Si 2 : 98

Scheme 3.37

A series of novel, optically pure Mg-bisamides have been prepared and used to
mediate enantioselective deprotonations of conformationally locked ketones. The
most remarkable feature of these reactions is the level of asymmetric induction
produced by using a structurally very simple amide base. For comparison, the en-
antioselective deprotonation of tert-butylcyclohexanone using the lithiated deriva-
tive of the same amine, (R)-N-benzyl-a-methylbenzylamine, gives a much-reduced
enantiomeric ratio of 75.5:24.5. The Mg-based approach has the advantage over
existing methods that the amine is commercially available (Aldrich) and is rela-
tively inexpensive. In addition, the more practically acceptable additive N,N'-di-
methyl-N,N'-propylene urea (DMPU) can be used to replace HMPA with com-
parable conversions (R='Bu; 89%) and enantioselectivity (R='Bu, 90:10 e.r)
(Scheme 3.38).

The deprotonation of cis-2,6-dimethylcyclohexanone results in an excellent e.r. of
97:3 using the Mg base, and is a dramatic improvement over the analogous
lithium-mediated reaction using the same base, for which a very modest
64.5:35.5 e.r. was achieved using acetic anhydride as a trapping agent. The high
selectivity of the Mg-based transformation is, furthermore, not unduly affected by
significantly raising the reaction temperature (=78 to —40°C) but the conversion
achieved increases substantially (17% to >99%). The potential to perform these
reactions at elevated temperatures is clearly exciting in terms of the more wide-
spread use of the Mg reagents.
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Ph/'\”/\Ph + BupMg —— ( /L PN

Ph” "N } Ph
A 2Mg
OSiMeg ¢ OSiMe,
Me
TMSCI TMSCI
-78°C -78°C
R THF/HMPA THF/HMPA
e.r. e.r.
R="Bu 91:9 -78°C 97:3
R=Ph 87:13 —-60 °C 93:7
R=Me 91:9 —40 °C 92:8

Scheme 3.38

Novel and readily accessible polymer-supported chiral magnesium amide re-
agents have been prepared and shown to be effective in the asymmetric deproto-
nation of a series of prochiral cyclohexanones, affording good to excellent conver-
sion and enantiomeric ratio (up to 93:7); the Merrifield-based chiral amine spe-

cies has been shown to be readily recyclable (Scheme 3.39) [29].

o OTMS

resin A or B, BusMg,

TMSCI, 0.5 equiv DMPU,
THF, -78 °C, 75 min

By Bu
: N : N
) H
resin A resin B
— Merrifield resin: 77:23 e.r. — soluble polystyrene resin; 85:15 e.r.
Scheme 3.39

Mg enolates generated from Mg bisamides can be used in aldol addition reac-
tions with alkyl, aryl, and cyclic ketones. As shown in Scheme 3.40, these reac-
tions are significant in that the self-coupling of ketones in aldol reactions to give
tertiary f-hydroxyketones are also possible. More specifically, these transforma-
tions are achieved principally by the use of relatively high reaction temperatures
between 25°C and 60°C. Such conditions are a notable departure from the widely
used lithium-mediated aldol additions, where increasing the reaction temperature
results in retro-aldol processes and also elimination of LiOH to give enone prod-

ucts [30].
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OH

0 2m3 O
- R°R*CO
MesSi}oN}sM + AN .
{(Me3Si)oN}oMg R‘)J\ R1MR2

Hs

Scheme 3.40

The thermal stability of the Mg aldolates is most probably a consequence of the
strong chelation of the carbonyl function with the highly Lewis acidic metal with-
in their dimeric structures. The molecular structure of the amide/aldolate derived
from the self-coupled aldol reaction between pinacolone and [(Me;Si),N],Mg has
been reported [26].

Heathcock et al. have reported [19] the preparation of each of the four possible
stereoisomeric a-alkyl-p-hydroxy carboxylic acids from a single chiral aldol reagent.
Procedures have been devised whereby all four possible stereoisomeric a-alkyl-fS-
hydroxy carboxylic acids can be derived from a single aldol reagent, hydroxy ke-
tone 57. Compound 57, obtained in enantiomerically homogeneous form in 50%
overall yield from tert-butylglycine, is used for aldol reactions in the form of its tri-
methylsilyl derivative 58. Treatment of 58 with LDA or Bu,BOTf/'Pr,NEt provides
Z lithium enolate or Z boron enolate. The Z lithium and Z boron enolates of 58
react with a variety of aldehydes to give erythro aldols 59 and 60, respectively. In
contrast, deprotonation of 58 by bromomagnesium 2,2,6,6-tetramethylpiperidide
(BrMgTMP) gives the E enolate, which can be trapped by trimethylsilyl chloride
to furnish the E silyl enol ether 61. The E bromomagnesium enolate of 58 reacts
with aldehydes to give threo aldols of structure 62 (Scheme 3.41).

t;
Bu\‘/COOH By By
NH, OH 57 OSiMe; 58
OBBu, O OH o OH
t) 1 - b
55 Ei)uzauon Bu\l)\/ RCHO Bu R Bu\‘)\‘ﬁR
PraNEt  MegsiO MesSiO  Me MesSi0O  Me
59 60
OMgBr <5:95
'Bu o OH
~ t -
58 BrMgTMP s RCHO Bu R
esl MesSIO  Me
lMessiCI 62
OSiMe;
t,
Bu e
Me,SiO 61

Scheme 3.41
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Optically active magnesium amide can add to a,f-unsaturated esters such as
tert-butyl cinnamate to give f-amino esters with excellent diastereoselectivity
(>95% d.e.) and in good yield (90%) (Scheme 3.42).

/LN/\Ph
MgBr

AN
Ph O'Bu
2) NH4CI PhMOtBu
Scheme 3.42
3.3.2

Cp,TiCl,- or Cp,ZrCl,-catalyzed Reaction with Grignard Reagents

Titanocene dichloride catalyzes the reduction of alkyl, aryl, and vinyl bromides,
aryl chlorides, alkoxy- and halosilanes; ketones, esters, and carboxylic acids with
alkyl Grignard reagents. This Cp,TiCl,/RMgX system can also be used for the hy-
dromagnesation of alkynes, dienes, and alkenes (Section 3.2.5). Kambe et al. have
reported a new type of titanocene-catalyzed transformation with vinyl Grignard re-
agents and chlorosilanes to furnish 1,4-disilyl-2-butenes, as shown in Scheme 3.43
31].

cat. Cp,TiCly

- > ReSI_ o gim,
THF, 0 °C, 10 min

ZMgBr + RySIC

Scheme 3.43

Treatment of a mixture of chlorodimethylphenylsilane and a catalytic amount of
titanocene dichloride with vinyl Grignard reagent at 0°C afforded 1,4-bis(di-
methylphenylsilyl)-2-butene in 94% yield with an E/Z ratio of 74:26. Only a trace
amount of CH,=CHSiMe,Ph (<1%) was found as a byproduct, probably via direct
reaction of CH,=CHMgBr with PhMe,SiCl.

When dichlorodiphenylsilane (0.5 equiv.) was treated with vinyl Grignard re-
agent at —20°C for 3 h, cyclization predominated to afford 1,1-diphenyl-1-silacyclo-
3-pentene (63) in 73% yield (Scheme 3.44).

Cp,TiCl, (5 mol%) .
ZMgBr + Ph,SICl, T:F _:0 3t E&Phg
' ' 63

Scheme 3.44

A plausible reaction pathway is shown in Scheme 3.45. Titanocene dichloride re-
acts with 2 equiv. CH,=CHMgBr to generate divinyltitanocene complex 64, which
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readily forms titanocene-butadiene complex 65 or its s-trans isomer via reductive cou-
pling. Then 65 isomerized to titanacyclopentene 66. The successive transmetalation
of 66 with vinyl Grignard reagent affords allylmagnesium species 67, which reacts
with chlorosilane to give allylsilane 68 carrying a titanocene group on the other allylic
position. Subsequent transmetalation of 68 with CH,=CHMgBr followed by trap-
ping with a chlorosilane gives the corresponding product with regeneration of 64.

A
Cp,Ti.
P2 <
65 \

e
27 MgBr = 66
Cp2T|C|2 CPZTl N PN
=
64 MgBr
BrMg NG WaN SiRg =
CpoTi
. P2 \/\r"ﬂ\ Mg Br
R3Si-Cl 67
Z :
ReSix A\~ gin MgBr o~ 0 RsSI-C
3 CpoTi
P2 \/\FH\ Si Ra
68
Scheme 3.45

An alternative pathway from 66 to 68 might be assumed — reaction of 66 with
R3SiCl to give Cp,TiCICH,CH=CHCH,SiR; followed by transmetalation with
CH,=CHMgBr leading to 68. This possibility might, however, be ruled out by the
evidence that reaction of Cp,TiCl, with 2 equiv. CH,=CHMgBr in the presence of
Me;SiCl followed by protonolysis afforded no silylated products.

Zirconocene complexes catalyze the addition of organometallic reagents, such
as organoaluminum, -zinc, and -magnesium compounds, to alkenes and alkynes.
These reactions are synthetically useful for preparation of organometallic reagents
with concomitant formation of carbon-carbon bonds, wherein anionic alkyl, allyl,
or benzyl groups are introduced to a carbon atom of the unsaturated bonds. Zirco-
nocene-catalyzed alkylation of aryl alkenes with alkyl tosylates, sulfates, and bro-
mides has recently been reported [32]. This reaction proceeds under mild condi-
tions using a catalytic amount of a zirconocene complex in the presence of a
Grignard reagent to give saturated alkylation products in which an alkyl moiety is
electrophilically introduced at the benzylic carbons regioselectively (Scheme 3.46).

CpoZrCl, (cat), "BuMgCl ATY
—butene, -MgCiX R

A~ + BRX
(X = OTs, OSO4R, Br)

Scheme 3.46
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For instance, addition of "BuMgCl to a mixture of styrene, octyl tosylate, and a
catalytic amount of zirconocene dichloride in THF at 20°C gave 2-phenyldecane
in 62% yield. In this reaction octane was formed by the reduction of octyl tosylate
as a byproduct in trace amounts (<3% based on octyl tosylate) along with dode-
cane (<1%) probably formed by direct reaction of octyl tosylate with "BuMgCL

The reaction failed when ethyl triflate was used as the alkylating reagent, be-
cause of its rapid reaction with the Grignard reagent, whereas ethyl sulfate af-
forded 2-phenylbutane in 76% yield. Although 1-bromooctane gave 2-phenylde-
cane in 34% yield only under the same conditions, 2-phenyldecane was formed in
65% yield, based on 1-bromooctane, when excess styrene and "BuMgCl were
used. Under the same conditions, Cp,TiCl, and Cp,H{Cl, were ineffective.

Treatment of styrene with ethyl tosylate in the presence of "Cy4H,9MgCl using
a catalytic amount of “Cp,Zr”, prepared from Cp,ZrCl, and 2 equiv. "BuMgCl via
Cp,Zr"Bu,, furnished nearly equal amounts of non-deuterated products 2-phenyl-
butane and 1-tetradecene on quenching the reaction with D,O. This result sug-
gests that the f-hydrogen of the tetradecyl group was removed and transferred
into the terminal carbon of styrene leading to 2-phenylbutane.

On the basis of this result and several other control experiments a plausible re-
action pathway has been proposed (Scheme 3.47). It is possible that a zirconate
complex 69 or a benzylmagnesium compound 70 serves as the key intermediate
which reacts with an alkylating reagent at the benzylic carbon leading to the dial-
kyl zirconocene complex 71. The successive hydrogen abstraction proceeds exclu-
sively at the less hindered butyl group to afford the corresponding alkylated prod-
uct 72 and a Cp,Zr(butene) complex which acts as a “Cp,Zr” to complete the cata-
Iytic cycle.

Ar
Et \/ szzl’\{
"BuMgCl
Az
Et
"BuMgCl
cp,Ticl, 22UMICL o zemBu, g oz Al - A
szzlrd + === CpplI: By MgCl
nBu MgCl
69 70
AI’Y\ R—X
H
R Ar
72 — MgCIX

Cpgzr\nBu R
ra)
Scheme 3.47
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Although chlorosilanes are the most readily available silylating reagents, their
use in catalytic silylation has not yet been achieved, probably because of the diffi-
culty of oxidative addition of the Si—Cl bonds to transition metal centers. The first
example of the transition metal-catalyzed silylation of alkenes with chlorosilanes
and silylsulfides, silylselenides, and silyltellurides has been reported [33]. This re-
action proceeds under mild conditions with a catalytic amount of a zirconocene
complex in the presence of a Grignard reagent to give alkenylsilanes and/or allyl-
silanes.

For example, styrene reacted with chlorotriethylsilane under reflux in THF in
the presence of "BuMgCl and a catalytic amount of zirconocene dichloride to give
the E isomer of alkenylsilane 73a in 93% yield and with greater than 99% regio-
and stereoselectivity (Scheme 3.48). In this reaction, only a trace amount of
Et3Si"Bu (<5%) was formed as byproduct, probably by direct reaction of Et;SiCl
with "BuMgCL

cat. CpZrCl,  ppy A~

Ph.__~ + EtSiCl
~F ¢ "BuMgClI

SiEty
73a, 93%

Scheme 3.48

When Cp,TiCl, was used instead of Cp,ZrCl, 73a was obtained in 21% yield
only. The use of ‘BuMgCl and EtMgBr in place of "BuMgCl afforded 73a in yields
of 78 and 57%, respectively, but no reaction occurred with MeMgCl and ‘BuMgCL
When Me;SiCl was used as the silylating reagent, (E)-2-phenyl-1-(trimethylsilyl)
ethylene (73b) was obtained in only a moderate yield, with unchanged styrene,
probably because of the low boiling point of Me;SiCl. This problem was solved by
employing Me;SiSPh, which afforded 73b in an excellent yield. The reaction also
proceeded when Me;SiSePh and Me;SiTePh were used as the silylating reagents.

Interestingly, when f-methylstyrene was employed as an internal alkene, allylsi-
lane 74 was obtained in 22% yield as the sole product rather than the correspond-
ing alkenylsilane (Scheme 3.49). This result can be explained by assuming that in
the reaction medium f-methylstyrene was isomerized to allylbenzene, which then
underwent silylation to give 74. Indeed, when allylbenzene was employed, 74 was
obtained in 46% yield under the same conditions. A trimethylsilyl group could be
introduced efficiently by use of either Me;SiCl or Me;SiSPh.

. cat. CpoZrCly !
Ph\/\ + EtaSlC' T———’ Ph\/\/S|Et3
BuMgCl 74

Scheme 3.49

A labeling experiment was performed to prove the f-elimination mechanism.
The reaction of PhCH=CD, with Et3SiCl (2 equiv.) and "CgH;7;MgCl (1.5 equiv.)
in the presence of “Cp,Zr” (5mol%), prepared in situ from [Cp,ZrCl,] and
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"BuMgCl (2 equiv.), was conducted under reflux for 40 min (Scheme 3.50). Addi-
tion of benzaldehyde to trap the remaining "CgH;;MgCl then quenching with
aqueous 0.1 M HCI gave nearly equal amounts of monodeuterated product 75
(deuterium content > 98%) and 76 (deuterium content >95%). This result con-
firms that one of the deuterium atoms of PhCH=CD, was transferred to the ter-
minal carbon atom of the octyl group by f-elimination from 77.

5 mol% "CpoZr"

D \j\ n

iCl+ 7 S0 R, + "CgHy7D
Ph .= + Et3SiCl + "CgH47MgCl — Ph.__~ ) gH17
\)\D Dequiv 15 equiv THF, reflux, 40 min . SIEt,

76
D
Ph N
. D
CpoZre SiEt,
"CgH17
77

Scheme 3.50

Plausible pathways have been proposed for this zirconocene-catalyzed silylation
reaction (Scheme 3.51).

R SiR ‘ R
ey CPeZr--
path A [FaSIX "B R H
2"BuMgC! BuMgCl .
CpoZrCly, ———— = "CpoZr" —j > CpZZr\ SiR's
R~ "Bu
path B R# R'3SiX .
L=, \cpzr--|| |4 j ~"BuH
"BuMgCi f MgClI
Bu g R
opszt SR
Scheme 3.51
333

Substitution at Carbon by Organomagnesium Compounds

In organic synthesis a good general method for creating carbon-carbon bonds by
formal nucleophilic substitution would be invaluable. Unfortunately the appar-
ently obvious methods, e.g. reactions of organometallic compounds with organic
halides, are often far from satisfactory. Accordingly, many variations of both the
nucleophilic component and the leaving group have been tried, and the mechanis-
tic complexities of the reactions — they are rarely straightforward nucleophilic sub-
stitutions — have been extensively studied. The reaction (R'MgX'+ R*X* —
R'R? + MgX'X?) has significant limitations, even though organomagnesium com-
pounds are somewhat less susceptible than organolithium compounds to side re-
actions involving metal-halogen exchange or deprotonation. The simple, uncata-
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lyzed reaction indeed gives acceptable results for a fairly narrow range of organic
halides only.

Reactions of saturated alkyl halides with saturated alkyl Grignard reagents are
usually relatively slow and frequently produce little cross-coupling product. Reac-
tion of Grignard reagents RMgBr with alkyl halides R"Hal, to give coupled products
R-R’ can, however, be effected in good yield in THF solution in the presence of a
catalytic amount of dilithium tetrachlorocuprate, Li,CuCly, itself easily prepared
from lithium chloride and copper(II) chloride. Primary halides react best, secondary
and tertiary halides giving only poor yields of coupled products, but a wide variety of
different Grignard reagents has been used. Even better results have been obtained
with primary tosylates (Scheme 3.52). The catalytically active species in these reac-
tions is believed to be an organocopper(I) complex produced by rapid metathesis be-
tween copper(I) and copper(Il) halides and the Grignard reagents.

cat. Li,CuCly

THF CgH17“fBU

1CgH.7OTs + ‘BuMgBr

Scheme 3.52

Primary allylic acetates also react readily with Grignard reagents in the presence
of a catalytic amount of a copper(I) salt, with direct replacement of the acetate
group (Scheme 3.53). Allylic ethers behave similarly, but here reaction might be
accompanied by allylic rearrangement. This reaction has been extended to a,f-un-
saturated acetals. In THF solution, in the presence of a catalytic amount of a cop-
per(I) salt, they react with Grignard reagents with complete allylic rearrangement,
to give the enol ether of an aldehyde. The reaction thus provides a useful route
from an alkyl halide to an aldehyde containing three more carbon atoms
(Scheme 3.54). Analogous substitution of propargyl esters or ethers leads to al-
lenes (Scheme 3.55).

A X"Sopac + "BuMgBr —HF_—> gy

2.5% Cusl
c R 88%
o +mBumgar [
OAc 2.5% Cugly "Bu

Scheme 3.53

HiO" ¢
f 3
Bu._ -~ OEt —=— Bu\/\CHO

> + ‘BuMgBr
CH(OEY, 95 0% CusBr,

Scheme 3.54

-~ cat. CuzBrZ
MeO+C=C— + PhMgBr 2% /E

Scheme 3.55
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In 1995 Hoveyda et al. reported [34] that treatment of allylic ether 78 with
PhMgBr in the presence of 5 mol% (PPh;),NiCl, furnished equal amounts of 79
and 80 in only 10% total yield (Scheme 3.56). In contrast, when phosphine-con-
taining allylic ether 81 is used, 82 is formed regioselectively (82/83 = 8:1) within
3 h. Whereas ether 78 furnishes 79 and 80 in 10% yield, allylic substitution prod-
ucts from 81 (82 and 83) are obtained in 70-75% isolated yield (Scheme 3.57).
When the tether length is increased by one methylene unit (84 as substrate), C-C
bond formation is more sluggish (24 h for 84 compared with 3h for 81), but
somewhat unexpectedly, regioselectivity is enhanced to >99:1 (Scheme 3.58). The
influence of the resident Lewis basic phosphine is especially evident in reactions
in which MeMgBr is used as the alkylating agent. With substrate 78, <2% prod-
uct is detected after 18 h. In contrast, when 84 is treated with 5 equiv. MeMgBr
and 5mol% (PPh;),NiCl, (THF, 22°C), 86 is obtained in 74% isolated yield
(Scheme 3.59). Moreover, C-C bond formation occurs with complete control of
regiochemistry and the product alkene is exclusively cis.

OMe
A "C,4He PhMgBr ”C4H9 . P "C4Hg
Me cat. ( Phap)leclz Me
78
Scheme 3.56
OMePPh, Ph PPh, Ph
~ PhMgBr _ + N PPh
i 2
Me cat. (PhyP)sNiCly Ve L
81 82 83
Scheme 3.57
PPh PPh
OMe 2 Ph 2
. PhMgBr _ _
cat. (Ph3P),NiCly regioselectivity
Me  ga Me 85 >99:1
Scheme 3.58
Me PPh,
8 MeMgBr P

cat. (PhaP)2NiCl;
Me 86

Scheme 3.59
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Consiglio and coworkers have shown that in the presence of an appropriate
chiral Ni catalyst addition of EtMgBr to cyclic allylic phenyl ethers occurs with
high enantioselection and excellent yield (>84%) [35]. Thus, in the presence of
2mol% Ni(II) bromide or chloride complexes of (+)-(R,R)-cyclopentane-1,2-diyl-
bis(diphenylphosphine) (87), reaction of cyclopentenyl ether 88 with EtMgBr re-
sults in the formation of 3-ethylcyclopentene (S)-89 in 92% yield with 83% ee.
Higher levels of enantiocontrol are observed when (R)-6,6-dimethylbiphenyl-2,2'-
diyl)bisdiphenylphosphine (diphemp, 90) is used as the chiral ligand; (S)-89 is ob-
tained in 93% ee and 90% yield. Variation of catalyst structure revealed that the
enantioselectivity is dependent on steric rather than electronic factors; in contrast,
the nature of the leaving group, solvent, or halide of the Grignard reagent proved
not to affect the outcome of catalytic alkylations. Catalytic allylic substitutions with
cyclohexenyl substrate 91 follow similar overall trends but with generally lower
levels of enantioselection (Scheme 3.60). Consiglio has suggested that this differ-
ence in enantiofacial selectivity might be attributable to the more rigid allyl moi-
ety in the five-membered-ring starting material 88. This catalytic enantioselective
C—C bond-forming reaction is only appreciably enantioselective when EtMgBr is
used (e.g. 12% ee with MeMgBr and 71% ee with "PrMgBr). Nonetheless this
study is a critical first step towards the development of this class of catalytic asym-
metric reactions and does enable ready access to a variety of optically enriched
cyclic hydrocarbons.

OPh

= Ehz e O Fh,
" \ N\
cat 90 U NGl SNiBr
y P/ Me WP
Ph Phy
88 (S)-89 2
20

93% ee, 90% yield 87
OPh Et
@ O 84% ee, 84% yield
91 (S)92
Scheme 3.60

Yamamoto et al. have reported selective y-coupling of an allylmagnesium re-
agent with diphenylphosphates [36]. Reaction of (E)-2-decenyl 1-diphenylphosphate
with 1.1 equiv. 2-cyclopentylideneethylmagnesium chloride in THF at -20°C gave
the y-alkylated product in 86% yield with a y/a ratio of 99:1 (Eq. 1). Thus, the y-
carbon of the Grignard reagent attacked the primary carbon of the phosphate
(Scheme 3.61).

They also reported transition metal-catalyzed regioselective substitution reac-
tions of allylic diphenylphosphates with Grignard reagents — Sy2-selective cou-
pling with Ni or Fe as catalyst and Sy2'-selective coupling reactions with a cataly-
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Y = MgCli 9
m + C;Hys._~__OP(OPh),
o n
THF, —-20 °C C7H15V/\Q%

86% yield ¥
(y:oe = 99:1)

Scheme 3.61

tic amount of CuCN - 2LiCl (Scheme 3.62) [37, 38]. The reaction was applied to
the asymmetric y-methylation of allylic Grignard reagents. Optically active methyl
1,1"-binaphthyl-2,2'-diylphosphate reacted with a variety of cinnamyl Grignard re-
agents to afford the corresponding y-methylated products with up to 48% ee [39].

R
MBuMgCl + R~ OPO(OPh), ﬁ‘T—HM%. R~ B 4 Y N
"Bu

_n
R="CH1s Sn2 Sn2'

Fe(acac); 99:1
CuCNe2LiC| 1:99

Scheme 3.62

Very recently, Kambe et al. have developed nickel-catalyzed cross-coupling reac-
tions of Grignard reagents with alkyl halides and tosylates (Scheme 3.63) [40]. In
1972, Kumada’s group and Corriu’s group independently reported cross-coupling
of Grignard reagents with aryl and alkenyl halides catalyzed by nickel(II) ha-
lides [41]. The catalytic cycle, which involves oxidative addition, transmetalation,
and reductive elimination steps, has become a prototype of a more practical Pd-
catalyzed cross-coupling reaction. These reactions proceed smoothly with a variety
of organometallic reagents containing B, Mg, Li, Sn, Al, and Zn as the metal con-
necting to alkyl, alkenyl, aryl, alkynyl, allyl, and benzyl groups as the organic part.
The coupling partner is, however, generally limited to aryl and alkenyl moieties.
The use of alkyl halides, triflates, or tosylates usually gives unsatisfactory results,
mainly because of the slow oxidative addition to transition metal catalysts and the
facile f-elimination from the alkylmetal intermediates. Thus, the alkyl-alkyl cross-
coupling reaction catalyzed by transition metal complexes has remained an inter-
esting and challenging theme to be solved in this field. They have found that Ni
catalyzes the cross-coupling reaction of alkyl chlorides, bromides, and tosylates
with Grignard reagents in the presence of a 1,3-butadiene as additive.

For example, reaction of n-decyl bromide with n-butylmagnesium chloride
(1.3 equiv.) in the presence of isoprene (1.0 equiv.) and NiCl, (0.03 equiv.) at 25°C
for 3 h gave tetradecane in 92% yield with trace amounts of decane (<1%) and de-
cenes (2%). In the absence of isoprene, tetradecane was obtained in only 2% yield
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cat. NiCl,

+ ¢ —_n
AX R'MgX 1,3-butadiene R-R
R = alkyl R' = alkyl, aryl
X =Cl, Br, OTs
Scheme 3.63

and significant amounts of decane and decenes were formed. The use of Ni(acac),
and Ni(cod), also afforded tetradecane in high yields. Optimization of the reaction
conditions using 1,3-butadiene revealed that use of only 1mol% NiCl, and
10 mol% 1,3-butadiene, based on the halides, at 0°C afforded coupling products
quantitatively in the reaction of primary bromides with primary alkyl Grignard re-
agents. Interestingly, the bromo substituent on the aryl ring remained intact in
this reaction system. This cross-coupling reaction also proceeds efficiently when
alkyl tosylates are used. It should be noted that alkyl chlorides can also undergo
this cross-coupling reaction, giving rise to the desired products in good yields.
This is the first example of cross-coupling of inactivated alkyl chlorides. Aryl and
secondary alkyl Grignard reagents also afforded the corresponding products in
moderate to good yields, but no reaction occurred with CH,=CHMgBr and
PhC=CMgCl under similar conditions, and most of the alkyl bromides were re-
covered. On the basis of results from several experiments performed to elucidate
the reaction pathway, the following mechanism was assumed (Scheme 3.64).

o & - e
/ ot N __ R_.
Ni(0) Ni R—MgX { Nl RN
o R‘ Mg X R
| |
R-R'
Scheme 3.64

Not surprisingly, attempts at uncatalyzed cross-coupling between organomagne-
sium compounds and vinyl or aryl halides generally fail, and early studies of transi-
tion metal catalysis led to a variety of products, notably derived from homo-coupling
(2RMgX — R-R), reduction, and elimination. Catalysts which lead to good yields of
the desired products are now available, however, although small amounts of homo-
coupling and reduction products are also commonly obtained and rearrangement of
the organic group of the organomagnesium compound can also occur.

Alkenyl iodides are also readily alkylated by Grignard reagents under catalytic
conditions to yield the corresponding alkenes with retention of the configuration
of the double bonds (Scheme 3.65). Yields are usually higher than in the reaction
with dialkylcuprates. Because alkenyl iodides themselves are readily obtained by a
variety of procedures, the sequence provides a general route to di- or tri-substi-
tuted alkenes. The reactive intermediate is believed to be a homocuprate.



82| 3 Magnesium in Organic Synthesis

Et, [ Et. 'Bu
c=c|  +Bumgsr —SRC_, T
"Bu H THF,-20°C gy~ H
Scheme 3.65

The most generally applicable catalysts are diphosphine complexes of nickel(II)
halides, notably dichloro[1,3-bis(diphenylphosphino)propane]nickel(Il), “NiCl,
(dppp)”, and to a lesser extent analogous palladium(II) complexes. Many examples
are listed in reviews [42—44].

For instance, treatment of a solution of 1,2-dichlorobenzene with "BuMgBr
(2.0 equiv.) in the presence of catalytic amount of NiCl,(dppp) afforded 1,2-dibutyl-
benzene in 83% yield (Scheme 3.66) [45].

Cl NC4H
@[ "BuMgBr @ 4Hg
cat. NiCl(d
cl 2(dppp) "M,
Scheme 3.66

The nature of the phosphine ligand can occasionally be critical, and some suc-
cess has been achieved in inducing asymmetry by use of chiral ligands. A notable
example is shown in Scheme 3.67 [46].

e
s o0

93 (S)-(+) 94% ee
Scheme 3.67

In contrast, cross-coupling between arylmagnesium chlorides and aryl bromides
is catalyzed by nickel(II) chloride, without any bidentate ligand (Scheme 3.68) [47].

Gl CHs

Ci CHs
NiCl,
e Nats

Scheme 3.68
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334
Addition to Carbon-Carbon Multiple Bonds

Cp,TiCl,-catalyzed hydromagnesation of alkynes, alkenes, and conjugated dienes
has been described in Section 3.2, in which the method of preparation of organo-
magnesium compounds was discussed. Here, carbomagnesation of acetylenic
bonds in the presence or absence of a copper catalyst will be discussed.

Acetylene is known to be metalated by Grignard reagents. In the presence of
5% copper(I) salt, however, 35-40% syn addition occurs (Scheme 3.69) [48].

" CuBr H H  CHsCHO H_ _H
CyH;sMgBr + HC=CH —— c=c. EE—. c=c
nC7H15 MgBr nC7H15 ICH_Csz
OH

Scheme 3.69

Grignard reagents undergo conjugate addition reactions to some acetylenic
acids, esters, and nitriles in the presence or absence of a copper catalyst
(Scheme 3.70) [49].

1

R
R'MgX + R2C=C—COOR® 2\/C=C—COOR3
R

Scheme 3.70

The enhanced reactivity of allylic Grignard reagents enables them to react with
acetylenic alcohols by an anti-addition process (Scheme 3.71) [50].

_~_MgX +RC=CCH,OH

R = CHg, Me3Si, CgHs R

Scheme 3.71

The reaction is clearly oxygen-assisted, because the yield drops to 7% for 6-hy-
droxy-2-hexyne, and 0% for 7-hydroxy-2-heptyne in which the heteroatom is too
far removed for efficient assistance.

Grignard reagents other than those of the allylic type do not add as well to alky-
nols. Propargyl alcohols react with vinylmagnesium chloride in tetrahydrofuran
(60%) and also with methyl, ethyl, i-propyl, and phenyl Grignard reagents in ben-
zene (Scheme 3.72) [51].

83
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n "C4Hg R
RMgX + "C4HgC=C~CH,OH ———— c=C_
PhH H CH,0H
reflux, 2—45 h

Scheme 3.72

In the presence of 10% copper(l) iodide, however, most Grignard reagents (ex-
cept vinyl) can undergo addition under much milder conditions and, still, in an
anti fashion (Scheme 3.73) [52].

2 1 2
tcu R R R H
cat “c=C + c=C

R'MgBr + R®C=C-CH,0OH c=C_ 4
0°C,1h H CH,0H R’ CH,OH

R'= Me, Et, Pr, 'Bu, Ph, allyl  RZ = H, Me, "Bu, Ph, Me;Si

Scheme 3.73

Synthetically more useful is the reaction of silylated alkynes with methylmagne-
sium bromide catalyzed by 10 mol% of the 1:1 complex of nickel acetylacetonate
and trimethylaluminum; in this reaction the regioselectivity is imposed by the
bulky trimethylsilyl group (Scheme 3.74) [53].

10% Ni(ll)/MegAl
THF, 24 h

80%

MeMgBr + nCsH13—CEC—SiME3

nCeH13\ /SiMea nC6H13 R /MgBl’
C=C C=

s N + Ve N
Me MgBr Me SiMe;
90:10

Scheme 3.74

Platinum- or copper-catalyzed silylmagnesation of acetylene with PhMe,SiMgMe,
derived from PhMe,SiLi and MeMglI, then aqueous quenching provided exclusively
(E)-1-silyl-1-alkenes. For instance, treatment of 1-dodecyne with PhMe,SiMgMe in
the presence of a catalytic amount of PtCl,(P"Bus), gave (E)-1-(dimethylphenylsi-
lyl)-1-dodecene in 90% yield (Scheme 3.75) [54].

_ ) cat. PtCI,(P"Bus), R, _H
RC=CH + PhMe,SiMgMe L=C__
R = "CyoHa; H SiMesPh

Scheme 3.75
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This method provides not only simple silyl-substituted alkenes but also func-
tionalized alkenylsilanes. Some electrophiles react with the alkenylmetal species
without difficulty. For example, treatment of the intermediate derived from
PtCl,(P"Bus),-catalyzed silylmagnesation of 1-dodecyne with iodine, methyl iodide,
and valeraldehyde gave the corresponding silylalkenes carrying the electrophilic
partner in the E configuration (Scheme 3.76). All these electrophiles reacted at
25°C within 1 h.

nC1oH21\C C/H E+ ”C1°H21\ H E =1, 79%)
= = c=c
% N . N Me (Mel, 90%)
MeM SiMe,Ph E SiMesPh
9 2 2 CH(OH)Bu (BuCHO, 82%)
MegSi (MeSiCl, 64%)

Scheme 3.76

Silylmagnesation of 1,2-cyclopentadecadiene then quenching with Mel gave 3-
methyl-2-(dimethylphenylsilyl)-1-cyclopentadecene (77% yield). Epoxidation (97%)
and oxirane ring-opening (47%) gave the hydroxysilane. Final oxidation of the hy-
droxysilane produced dl-muscone (96%, Scheme 3.77) [55].

B o SiMesPh o SiMesPh
H.. CHj CHg
SiMeoPh
HO CHy O CHs

a: "BuLi, —48 °C

d e b: PhMesSiMgMe—Cul, Mel
c: mCPBA
d: LiAlH,
e NaZCr2O7

dl-muscone
Scheme 3.77

Eisch and Husk reported the stereoselective addition of allylmagnesium halides
to cyclic unsaturated alcohol (Scheme 3.78) [56]. The stereochemical outcome ob-
served clearly implies involvement of the alcohol function as a directing unit.
Felkin et al. subsequently reported that cinnamyl alcohol reacts with allylmagne-
sium bromide to afford the corresponding addition product in good yield [57].
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Hoveyda et al. have reported that allylic alcohols readily react in the presence of
5mol% Cp,ZrCl, to afford the corresponding diols diastereoselectively
(Scheme 3.79) [58].

OH 1) EtMgClI OH OH s i
ynjanti
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9 2)0 oM™ Y
2 £ THF 11/89

Scheme 3.79

Allylic ethers also undergo catalytic ethylmagnesation with excellent selectivity
and in good yield. There are, however, notable differences between the reactions
of allylic ethers and alcohols:

e Zr-catalyzed reactions of allylic ethers afford the anti diastereomers predomi-
nantly (the syn isomers observed for alcohols); and

e as the size of the a-alkyl substituent increases, reaction selectivity is also in-
creased, which is also in contrast with the reactions of allylic alcohols.

Another notable difference between the Zr-catalyzed ethylmagnesations of allylic
ethers and alcohols is the effect of solvent Lewis basicity on reaction selectivity.
Thus, as illustrated in Scheme 3.79, whereas reactions with allylic ethers are entirely
insensitive to variations in solvent structure, those of allylic alcohols are strongly in-
fluenced. These observations led Hoveyda and coworkers to conclude that for allylic
alcohols (allylic alkoxides after rapid deprotonation by the Grignard reagent) there is
chelation between the Lewis basic heteroatom and a metal center (Zr or Mg); this
association, which gives rise to transition state organization and high diastereocon-
trol, is altered in the presence of Lewis basic THF, with diminution in selectivity.
On the basis of extensive mechanistic studies they proposed [59] the mechanis-
tic paradigm shown in Scheme 3.80. Some notable features of this proposed path-
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way include the involvement of two zirconocene units (94 — 95 — 96), internal
chelation between the resident metal alkoxide and the bound zirconocene (95),
and heteroatom-directed cleavage of the intermediate zirconacyclopentane
(97 — 98 — 99).

CiMgO  MgClI ”_ZFCF’z CIMg0  MgCl

OMe n
)\/ "C9H19)\ﬁ AN 09H19/k|i/

anH19 )Zprg
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99 Me
@
CiMgo- ~MgCl
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n &
CoHyg " %GCz
_ | |zCps Etvga 98 T Et
®
cimgo  MgCl
nc e :
oH1g H %GCz
97 Et
o T
Et I £t ® CIMgo
o —ZrCpp — ~ ZrCp,|MgCl
CIMgO  ZrCp, CiMgQ — &Pz "Cots” T 216p,
n
"CqH1g @ CoH1o vl zZrcp, 96
o1 CIM 95 "CpoZr"
+EtMgCl
Scheme 3.80

Hoveyda and coworkers applied this new method to the enantioselective alkyla-
tion of alkenes. In the presence of 2.5-10 mol% non-racemic (EBTHI)ZrCl, (100)
(or (EBTHI)Zr-binol) and EtMgCl as the alkylating agent, five-, six-, and seven-
membered unsaturated heterocycles undergo facile asymmetric ethylmagnesation
(EBTHI = ethylenebistetrahydroindenyl) (Scheme 3.81) [60]. The rate of the catalyt-
ic alkylation of the product terminal alkenes is sufficiently slower that unsaturated
alcohols and amines can be isolated in high yield (the second alkylation is not
generally diastereoselective). Zr-catalyzed asymmetric alkene alkylation thus af-
fords non-racemic reaction products that bear alkene and a carbinol units, func-
tional groups that are readily amenable to a wide range of subsequent derivatiza-
tion procedures.
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Scheme 3.81

335
Addition of Organomagnesium Compounds to Carbonyl Groups

The addition of organomagnesium compounds to the carbonyl group of aldehydes
and ketones has a long history, and remains one of the most important reactions
for carbon-carbon bond formation. Although the overall reaction is simple, it is
susceptible to a number of side reactions, and its mechanism might be far from
straightforward. The mechanistic complexities are not merely academic, because
an appreciation of these might be important in maximizing yields and minimiz-
ing side reactions.

Although many of these reactions proceed in nearly quantitative yield, a few re-
sult in poor yields. Poor yields are most likely to be encountered in the synthesis
of tertiary alcohols with bulky alkyl groups in which side reactions compete more
effectively. The two most important side reactions are enolization and reduction.
Enolization can occur if the ketone has at least one hydrogen atom on either of
the a-carbons and reduction can occur when the R of the Grignard reagent has
hydrogen on its f-carbon.

Addition of an organomagnesium compound to an aldehyde is an excellent gen-
eral method for preparing secondary alcohols, and the side reactions referred to
above are a problem only in particularly unfavorable cases. Many examples have
been described in Organic Synthesis. «,f-Unsaturated aldehydes normally under-
go mainly, or exclusively, 1,2-addition (Scheme 3.82) [61].

MeCH=CHCHO + MeMgCl — MeCH=CHCH(OH)Me
Scheme 3.82

Although the reactivity of aldehydes towards organomagnesium compounds is
greater than that of ketones, selective reactions of conventional Grignard reagents
with formyl groups in the presence of oxo groups are not usually viable. It has,
however, been reported that ligand exchange between organolithium compounds
and magnesium carboxylates and sulfonates gives reagents with much greater se-
lectivity (Scheme 3.83) [62].
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R
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Scheme 3.83

Addition of an organomagnesium compound to an aldehyde gives rise to a new
asymmetric carbon atom, and much effort has been devoted to maximizing the
stereoselectivity of such additions. Three types of reaction have been studied: diaster-
eoselective addition of organomagnesium compounds to a-chiral aldehydes, diaster-
eoselective addition of chiral organomagnesium compounds to achiral aldehydes,
and enantioselective additions of achiral organomagnesium compounds to achiral
aldehydes in the presence of chiral ligands. Of these, the first is the most impor-
tant. Cram attributed the diastereoselectivity observed in the addition of organomag-
nesium compounds to a-chiral aldehydes to steric approach control. A typical exam-
ple was the reaction of Grignard reagents with 2-phenylpropanal depicted in
Scheme 3.84 (only one enantiomer shown for convenience). For methylmagnesium
bromide or iodide the ratio of Cram (103) to anti-Cram (104) products was approxi-
mately 2:1 to 7:3 [63], and for methylmagnesium chloride at —=78°C the ratio was
approximately 87.5:12.5. For butylmagnesium chloride at —=78°C the ratio was ap-
proximately 90.6:9.4, falling to 83.9:16.1 at 22°C. These ratios are somewhat lower
than those obtained from use of methyllithium and butyllithium [64].

Me Me Me
z o : HG OH
H:t g ;; :Mgf Ph v |=vhj ' (//Me
Ph H 3 H
103 104
Scheme 3.84

The stereochemistry of reactions of aldehydes with chiral organomagnesium
compounds has been less extensively studied, but good diastereoselectivity has
been reported [65]. In Scheme 3.85 the organomagnesium reagent is more stereo-
selective than the organolithium compound from which it is prepared (or than a
corresponding organotitanium reagent) [66].
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Scheme 3.85
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Asymmetric synthesis using reactions of achiral carbonyl compounds with
achiral organomagnesium compounds in the presence of recoverable chiral solvat-
ing ligands would be very attractive. Unfortunately, only modest enantioselectivity
has been achieved [67], although improvements are being made and, surprisingly,
reactions with aldehydes are less promising than those with ketones (Scheme
3.86) [68].

Me oy | 0 PhCHO oH
R o] .
S e Mg + EtMgBr
Ph>\Et o d S Ph/'\Et
98% ee 70% ee
Scheme 3.86
3.4

Halogen-Magnesium Exchange Reactions

Halogen-magnesium exchange is a very important means of preparation of organo-
magnesium reagents, in addition to the direct methods described in Section 3.2.
Although exchange reactions between organomagnesium species and alkyl halides
were observed in the early 1930s (Scheme 3.87) [69, 70], they were far from useful
in organic synthesis. These reactions are generalized in Scheme 3.88. To shift the
equilibrium to right, it is necessary for the resulting organomagnesium species to
be much more stable than the Grignard reagent used for the reaction.

EtMgBr .
ph g, ——*Etzgo Ph” " “MgBr

14%
QBr _EtgBr QMQB,
Et,O
12%
Scheme 3.87
RX + R'MgX RMgX' + R'X
Scheme 3.88

Although the mechanism of halogen-metal exchange reactions is not clear,
three mechanisms are supposed — reaction via four-centered transition states, via
radical intermediates, and via halogen ate complexes.

The order of reactivity of the halides as substrates is [ > Br >> Cl >> F. Although
iodides are most reactive, the use of bromides is favored because of their availabil-
ity and stability. The chlorides are used rarely.
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The effect of solvents on the exchange reactions has been studied [67]. The ex-
tent of exchange is proportional to the solvating power of the solvent and in-
creases in the order diethyl ether < diethoxyethane < methoxyethoxyethane < di-
glym < tetrahydrofuran < dimethoxyethane.

In Section 3.4.1 practical examples of the halogen-magnesium exchange reac-
tions are introduced. First, the preparation of perfluoroorganomagnesium com-
pounds and polyhalogenated arylmagnesium compounds is described. Next, the
exchange of polyhalomethanes and related compounds for the preparation of mag-
nesium carbenoids is described, as is the formation of magnesium enolates via an
exchange reaction. Last, other examples of the exchange reactions are summa-
rized. 'PrMgBr-mediated halogen-magnesium exchange for the preparation of
polyfunctional organomagnesium reagents is described in Section 3.4.2 and in
Section 3.4.3 halogen-magnesium exchange reactions via trialkylmagnesate re-
agents are described. The exchange of gem-dibromo compounds followed by alky-
lation via 1,2-migration of an alkyl group is discussed in Section 3.4.4.

3.4.1
Practical Examples of Halogen-Magnesium Exchange Reactions

3.4.1.1 Perfluoro Organomagnesium Reagents [72-78]

The direct preparation of perfluoroalkylmagnesium reagents from a perfluoroalkyl
halide and metallic magnesium does not give satisfactory results. McBee and co-
workers were the first to employ a metal-halogen exchange reaction as a means of
preparation of n-heptafluoropropylmagnesium bromide [72]. Since then examples
of the preparation of perfluoro organomagnesium reagents have been reported.
Representative examples are listed in Tab. 3.1.

Several points are worth making.

o Perfluoroalkyl and perfluoroalkenyl halides can be converted into the corre-
sponding magnesium compounds with PhMgBr or EtMgBr in Et,0 or THF.

e The exchange reaction is usually conducted at low temperatures (below 0°C),
because of the thermal lability of the resulting magnesium species.

e Dimagnesium species can be prepared by treatment of 1,6-dibromoperfluoro-
hexane with two equivalents of EtMgBr (entry 13).

e The resulting magnesium species are trapped by a variety of electrophiles such
as aldehydes, ketones, chlorosilanes, and carbon dioxide.

e The reaction with ¢,f-unsaturated aldehydes provides 1,2-adducts exclusively
(entries 9 and 10).

e Brook rearrangement does not occur for acylsilanes, in contrast with the reac-
tion of lithium analogs, and the corresponding alcohols are obtained (entries 11
and 12).
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Tab. 3.1 Preparation of perfluoro organomagnesium reagents

Entry Substrate Reagent  Temp. Electrophile Product Yield (%)
Solvent  Time

PhMgBr -78 °C "CsF7

EL,O 15 min 8

1169] 1C4F|
OH

"C4F; OH

X
o)
[69] n PhMgBr -78°C
2 Caf7! EL,O  15min %0
0
PhJ\ Me
o)

_78° 1C4F7. PN
PhMgBr 78 °C 3 7\]<Me 77

[69] n
3 CF7 Epo  15min

PhMgBr -70°C \|< %
Et,0O 15 min )k OH

PhMgBr —70°C

470 "cgFyl

5(70 "CqF 471 THE 15 min Me,SiCl "C4F47SiMes 77
F o F
(71] F EtMgBr -70°C Fo = CF3 55
6 %I Et,0 05h oF )J\CF3 CF,
F 8 F OH
F F
7A72) "Cdﬂa%Br g‘;gga' g;c CH4CHO "CsFm%/CHS 75
F F  OH
F F
8l72] "CF 13 EtMgBr 0°C Q CoFra A PN g0
Z "Br EL,0 5h Ph)LMe Mo
F F  OH
73] PhMgBr —40°C = C, F5Y\/
° CaFsl EL,O  5min 7 ~CHO L g0
0 1CsF x._Ph
PhMgBr —40°C sl 13
1009 CFl 0 amn NP cHo ﬁoj\/ 60
o (o] C.F Ph
[74] EtMgBr —45°C 2F5 )
1 CaFsl ELO  05h ph)J\SiMea ﬁS'Mes 83
(0] n "CsH
MgBr —45°C CeF13 sHN
12[74] nC6F13| Et g SiMe fBu 70
Etzo 05h nC5H11)LSiM62rBU OH 2

2EtMgBr -70°C

EfO 15 i cOo, HO,C(CFp)sCO:H 81

1371 Br(CF,)sBr

3.41.2 Polyhalogenated Arylmagnesium Reagents [79-83]

The exchange reactions of polyhalogenated arenes have been investigated by Tam-
borskis group. Bromopentafluorobenzene and its derivatives are converted into
the corresponding magnesium compounds by the action of EtMgBr in THF, by
bromine-magnesium exchange [82]. Representative examples are shown in
Tab. 3.2. Not only iodo- and bromo- but also chloropentafluorobenzene can be con-



verted into pentafluorophenylmagnesium bromide in good yield. Reaction of 1,4
dibromo-2,3,5,6-tetrafluorobenzene with two equivalents of EtMgBr provided p-di-

magnesium species (Scheme 3.89) [82].

Tab. 3.2 Preparation of polyfluorinated arylmagnesium reagents®

3.4 Halogen-Magnesium Exchange Reactions

Entry Substrate Temp. Time Yield (%)

R F

1 F‘QI 0°C 1 min 100
F F
F F

2 FQ& 0°C 1 min 96
F F
R F

3 F—Q—CI r.t 1h 85
F F
[ F

4 BrAQBr 0°C 1 min 90
F F
Br. F

5 FAQ—Br 0°C 15 min 95
F F
R Br

6 FAQ& 0°C 1 min 93
F F
R F

7 N/ \ Br 0°C 6 min 96
F F

a) EtMgBr is used for the exchange reaction. All reactions are
performed in THF.
b) Yields of protonation products.
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F F R F F F
EtMgBr (2 equi
Br Br —oMgBr@equt) o vio— N—mgBr + Br MgBr
THF, 0 °C, 15 min —
F F F F F F
93% 4%
Scheme 3.89

The bromine-magnesium exchange of hexabromobenzene is also achieved by
the reaction with EtMgBr or PhMgBr (Scheme 3.90) [83]. Subsequent reaction
with electrophiles affords the corresponding coupling products in moderate to
good yields. Transmetalation with CuBr followed by the addition of oxygen or ben-
zoyl chloride provided pentabromophenol or pentabromophenyl phenyl ketone, re-

spectively.
Br Br EtMgBr (4 h) Br Br Br Br
PhMgBr (1 h) Me3SiCl .
Br Br——— = Br MgBr— Br SiMes
THF, 0 °C
Br Br Br Br Br Br
84%
Br Br
Me,HSICl
Br SiHMe,
Br Br
CuBr 95%
Br Br
1)8
Br SH
2) Hs0*
Br Br
58%
Br Br Br Br
1) Oz
Br / \/-—Cu —q———bBr OH
— 2) Hz0*
Br Br Br Br
84%
Br Br
PhCOCI
Br COPh
Br Br
90%

Scheme 3.90



3.4 Halogen-Magnesium Exchange Reactions

o-Haloarylmagnesium species are known to decompose to form benzyne deriva-
tives as intermediates; these readily react with the coexistent organometallic com-
pounds (Scheme 3.91) [84-91]. Hart has reported the synthesis of terphenyls and
alkenylbenzenes via a halogen-magnesium exchange and trapping of arynes. Ex-
amples are shown in Tab. 3.3.

X MgB
Qe O O
v —ArX v —MgBrY
(X, Y = Halogen)
A
e O = L
MgBr E

Scheme 3.91

Biphenyls (entry 1)[84] or styrene derivatives (entries 2-4) [85], p-terphenyls
(entry 5) [86], and m-terphenyls (entries 6-9) [87, 88] are synthesized from 2-bro-
mo-1-iodobenzene, 2,5-dibromo-1,4-diiodobenzene, and 2,6-dibromo- or 2,6-di-
chloro-1-iodobenzene, respectively, in moderate to good yields.

3.4.1.3 Exchange of Polyhalomethane Derivatives [92-99]

Magnesium carbenoids, which have magnesium and halogen on the same carbon
atom, can be prepared by halogen-magnesium exchange with polyhalomethane
derivatives. Although halogen atoms inductively stabilize the resulting anion, they
are still quite unstable. Thus the reactions must be conducted at low tempera-
tures, and occasionally with an electrophile present. Tab. 3.4 shows some exam-
ples. Halomethyl-, dihalomethyl-, and trihalomethylmagnesium species are gener-
ated and trapped with electrophiles. Silyl- or alkyl-substituted carbenoids can be
also prepared (entries 4, 5, and 11).

Enantioselective halogen-magnesium exchange of 1,1-diiodoalkane has been re-
ported by Hoffmann (Scheme 3.92) [95]. Treatment of diiodoalkane with the chiral
isopropylmagnesium reagent induces iodine-magnesium exchange to generate the
carbenoid species, which is configurationally stable under the conditions used. Ad-
dition of benzaldehyde and dimethylaluminum chloride affords the cis iodohydrin
in 53% ee.

3.4.1.4 Preparation of Magnesiated Nitrogen-Heterocycles [100-106]

Direct access to pyridylmagnesium halides by use of metallic magnesium is diffi-
cult to achieve, and halogen-magnesium exchange is thus favored for the prepara-
tion of pyridylmagnesium reagents.
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Tab. 3.3 Reaction via aryne intermediates 2

Entry Substrate Reagent E* Product Yield (%)
I
1 @E Me—@—MgBr H,0 Me 71
Br .
(2 equiv)
SiMeg
2 :< H,0 Q_/( 62
MgBr SiMeg
(2 equiv)

3 I 62
SiMeg

4 CO, 55
SiMe3

Br I C0H
5 ]ij[ PhMgBr H20 Ph@Ph 54
| Br (6 equiv)
|
Br Br Ph Ph
6 PhMgBr H,0 77
(3.5 equiv)
|
Ph Ph
7 Iy 88
|
Cl Cl MgBr Q
8 Ho0 O 70

(3 equiv)

Br

0 Bra O 62

[/
\

a) Reactions are performed at r.t. (entries 1, 5-7) or 40°C (entries 2—4), or
under reflux in THF (entries 8, 9).



Tab. 3.4 Preparation of magnesium carbenoids®

3.4 Halogen-Magnesium Exchange Reactions

Entry Substrate Temp.  Carbenoid E Product Yield (%)
OH
[88] g0 1) PhCHO
1 CHJBr, 78°C  BrCH,MgCl 2) Et,NH EtzN\/J\Ph 50
OH
(8] g 1) PhCHO
2 CHal, 78 °C  ICH,MgCI 2) Et,NH EtzN\/}\Ph 45
389 cH,lcl -78°C  CICH,MgCl good®
4191 "BycHICI  —70°C  "BuCHCIMgCI goodP
|
59 PhCHoCHI, —78 °C PhCHoCHIMgCl D0 08
Ph
J\D
OH
6l%8  cHel, —70°C  CHCI,MgCl PhCHO 25
Clo,CH™ ~Ph
OH
7188 CHBr, ~78°C  CHBraMgCl PhCHO 71
Br,CH™ “Ph
glo2l MesSiCl  BroCHSiMes 78
9%l CHBr,Cl -95°C  CHBrCIMgCl MesSiCl  BrCICHSIMes 63
1002 CHI, —85°C  CHl,MgCl MesSiCl |2CHSiMeg 77
11921 Me,SICBry —85°C  MegSiCBr,MgCl  MesSiCl (Me3Si),CBr, 56
OH
12881 ccy, -115°C  CClgMgCl PhCHO 74
ClsC” Ph

a) 'PrMgCl is used as reagent. Exchange reactions are conducted in THF ex-
cept for entry 1 (THF-Et,0).
b) Subsequent reaction with an electrophile was not reported.

Ph L,

N

iPng{ *

N

Scheme 3.92

THF, -78 °C, 1.5 h

Ph g’

PhCHO I
N Me,AICI K
*> -t . Ph\/\;/ Ph
N OH
73% (93% ds)
53% ee
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The exchange reactions of 2-, 3-, and 4-iodopyridine have been reported to pro-
ceed on treatment with EtMgBr in THF at room temperature [100]. Subsequent
addition of aldehydes affords the corresponding alcohols (Scheme 3.93).

OH
N
/N | | EtMgBr /N | MgBr Ph\/\CHO > | = Ph
N THF, r.t., 25 min . N
89%
N
/N [ EtMgBr /N | PhCHO = |
1 i S Ph
x | THF, r.t., 25 min MgBr
OH
81%
N N
/N | EtMgBr = | PhCHO = |
NS THEF, r.t., 25 min NS NS
MgBr Ph” OH
85%
Scheme 3.93

Quéguiner has examined the exchange reactions of bromopyridines, which are
cheaper than iodopyridines and often commercially available [101, 102]. The ex-
change reactions occur with ‘PrMgCl in THF at room temperature. Tab. 3.5 shows
the results of exchange reactions and subsequent trapping by electrophiles.

The exchange reaction of 2-, 3-, and 4-bromopyridine with ‘PrMgCl proceeds
smoothly to provide the corresponding magnesium species. The reaction of dibro-
mopyridines affords mono-magnesium species, with complete regioselectivity for
2,3- and 2,5-dibromopyridine.

Examples of the preparation of other heterocyclic magnesium compounds are
shown in Tab. 3.6. The preparation of Grignard reagents derived from bromofur-
an, bromothiophene, and bromoselenophene has been reported, but no synthetic
application has been attempted [106].

3.4.1.5 Formation of Enolates by Halogen-Magnesium Exchange [107-113]
The halogen-magnesium exchange of a-halo carbonyl compounds has been re-
ported to afford magnesium enolates which react with aldehydes to yield aldol
products [107, 108]. The application of this reaction to the synthesis of penicillin
derivatives has been reported (Scheme 3.94) [109-111].

The exchange reactions of a-iodo ketones and a,a-dibromo ketones have been re-
ported [112, 113]. Subsequent addition of aldehydes affords the corresponding f-
hydroxy ketones in good yields. Representative examples are shown in Tab. 3.7.



3.4 Halogen-Magnesium Exchange Reactions

Tab. 3.5 Preparation and reaction of pyridylmagnesium reagents

Entry  Substrate Time E* Product Yield (%)
OH
1 N | Br 2h PhcHO N e e
N N
N N
- o s |
2 e | 5 1h PhCHO N Ph 84
r
OH
N N
] S
3 X 1h PhCHO x 64
Br Ph” ™OH
Br N Br Br N D
’ s
4 | 2h D0 | 95
N NS
N N
e el
5 | 1h DO - | 82
Br = Br Br D
N Br N Br
o o
6 “ l 5 1h PhCHO @(Ph g2
r
OH
Br N Br N
v e
7 S I B 1h PhCHO N I Ph 86
r
OH

a) 'PrMgCl is used for a reagent. Reactions are conducted in THF at room
temperature.
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Tab. 3.6 Preparation of heterocyclic Grignard reagents

Entry Substrate Reagent  Temp. E Product Yield (%)
Solvent Time
Br Br
N e} N
R o - SR U
Br— N\~ B 2 Ph” Ph Bry Ph
PMB PMB Pph
Br Br
N IN
\ EtMgBr  reflux \
29 g N)\SCHzPh EL,O0  3h Ha0* H N/\SCHZPh 81
LOMe ‘\OMe

| . OH
N EtMgBr .t e
[100] gor - L N
8 Z/ B CH.Cl, 05h CHaCHO 7 83
N 22 3
N

CPhs CPhs
OMe OMe
N~ j N~
gl1o1 PrMgCl .t PhCHO \ 78
N | | THF 05h N I Ph
OMe OH OH
OMe OMe
Br Br
N* i N~
sho1l PrMgCt .t EtoD \
N | THF 05h N | 88
Br ) D
OMe OMe
OMe OMe
i . N
gl101] 2N PrMgClI 0°C PhCHO | 69
I THF 1h \N)\(Ph
N |
OH
SMe j‘\Me
701 NN PrMgcl - 0°C PhCHO ol 57
N THF 05h Mrph
|
OH
N
N n ° 7
glto1] ~ BuMgCl 0°C
[\ ]\ THF 05h PhCHO \N | Ph 5o
N |
OH

a) PMB = p-methoxybenzyl.



3.4 Halogen-Magnesium Exchange Reactions | 101
Br H gr H
Br -8 MeMgBr | =S
N\_)< THF, —78 °C, 20 min N\)<
0 A BrMgO -
CO,CH,Ph CO,CHPh
H
cHyoto 1O -8 ,
_— N\)< + Other isomers
o) -
CO,CHyPh
68% 24%
Scheme 3.94
Tab. 3.7 Aldol reaction of enolates derived from a-halo carbonyl compounds®
Entry Substrate Reagent Aldehyde Product Yield (%) e/t
O O OH
1 Ph)K( PhMgBr nC6H13CHO Ph/“\ﬁncus 75 64/36
|
O O OH
2 nC3H7)j\’/ Et  EtmgBr PhCHO "03H7)J\(k Ph 81 39/61
I Et
O O OH
3 MeJ\% EtMgBr  ‘PrCHO Me)%"Pr 96
|
0O O OH
4 Ph/lg\/ PhMgBr  PhCHO Ph)S(kPh 81 50/50
Br Br Br
0 O OH
5 nCSH13/U>( PhMgBr PhCHO "C6H13/u>(i\Ph 87 50/50
Br Br Br

a) All reactions are conducted in Et,O at 0°C.



102

3 Magnesium in Organic Synthesis
3.4.1.6 Miscellaneous Reactions

Exchange Reaction of Alkynyl Halides [114]
Reaction of phenylethynyl bromide and MeMgBr affords phenylethynylmagnesi-
um bromide, as shown in Scheme 3.95.

R
Ph— g —MIBT o — MgBr — 22 ph—=—=t
Et,0, reflux, 1 h 89%
O, .
=22, ph—=——CO,H
55%

Scheme 3.95

Exchange Reaction of Allenyl lodides [115]

lodine-magnesium exchange reaction of allenyl iodides occurs by the action of
‘PrMgBr in Et,0. Subsequent reaction with aldehydes or ketones provides homo-
propargyl alcohols with high regioselectivity (Scheme 3.96).

'PrMgBr
~~! "E,0,0°C,05h

0
OH
e VRZ
—_ - H1

"CoHyy "CsH14

P
\'\/ MgBr

"CsHyy
R'=Ph,R2=H 80% (eft = 43/57)
R'="Bu, R?=H 58% (eft = <1/>99)

R = "CgHyg, R% = Me 67% (eft = 47/53)

Scheme 3.96

Exchange Reaction of Aryl Halides
Aryl iodides bearing no stabilizing group react with ‘PrMgCl in THF at room tem-
perature to provide arylmagnesium species (Scheme 3.97) [116].

i H O+
THF, 0°C,05h

R = H, MeO R=H :98%
R =MeO:95%

Scheme 3.97



3.4 Halogen-Magnesium Exchange Reactions

In contrast, normal aryl bromides are much less reactive than aryl iodides.
Some examples are shown in Tab. 3.8 [117].

Tab. 3.8 Bromine-magnesium exchange of aryl bromides®

Entry Substrate equiv of 'PrMgCI Time (h) Product® Yield (%)
MeO MeO
1 @\ 7.5 19 \©\ 28
Br H
OMe OMe
2 @ 7.5 16 @[ 64
Br H
OMe OMe
3 /@: 2.0 5 /@ 93
Br Br Br H
Br Br
OMe OMe
4 25 3 95
Br H
Br Br
OMe OMe
5 1.3 1 79
Br Br Br H

a) Reaction with ‘PrMgCl in THF at 40°C. > Quenched with H;0".

As is apparent from Tab. 3.8, an ortho methoxy group acts as a metal-directing
group. Thus selective exchange occurs at the ortho position of a methoxy group.
More than two bromines are necessary to complete the reaction.

The reaction of 1,2-bis(diisopropylamino)-3-iodocyclopropenium perchlorate
with PhMgBr in Et,0/CH,Cl, (2:1) provides the magnesium derivative. Addition
of electrophiles gives the coupling products in good yields (Scheme 3.98) [118].

ProN NPr  ppmger  PreN NPr2  Me,S0, Pr2N N'Pr,
Vao‘; Etz0—CH,Cly \V/CIO; Vglog
I @:1) MgBr Me
84%
ProN N'Pr.
PhCHO - 2
cio;
Ph” ~OH

Scheme 3.98 quant.
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3.4.2
‘PrMgBr-induced Halogen-Magnesium Exchange for the Preparation
of Polyfunctional Organomagnesium Reagents

Organomagnesium compounds are highly reactive toward functional groups such
as esters. Thus generation of polyfunctional organomagnesium reagents is
achieved at low temperatures only. Knochel has reported the use of halogen-mag-
nesium exchange for the preparation of polyfunctional organomagnesium re-
agents [119, 120]. Aryl, heteroaryl, and alkenyl halides bearing electron-withdraw-
ing groups or metal-directing groups can be converted into the corresponding
magnesium reagents by the action of ‘PrMgBr or ‘Pr,Mg in THF at low tempera-
tures.

3.4.2.1 Exchange Reaction of Aryl Halides

Iodine-magnesium exchange of aryl iodides bearing a functional group proceeds
at low temperatures to provide the corresponding arylmagnesium compounds,
which react with electrophiles [121]. Some examples are shown in Tab. 3.9.

Tab. 3.9 lodine-magnesium exchange of aryl iodides®

Entry Substrate Reagent  Temp. E Product Yield (%)
Time
B
Br 5°C '
1 Q PrMg ;25 C PhcHo Ph 93
|
OH
0
o)
EtO
|
OH
N °C CHa=CHCH,B oN
i —40 o= Pl=g
8 @ PraMa o5h cat. cucNezLicl 89
! N
NC
NC °c
4 \©\ ProMg I PhCHO Ph 94
|
OH
o) o
i _25°C  CHyp=CHCH,Br
5 C‘NJ\O\ PreM8 95h  cat, CuCNe2LICH O“ 81
| B

a) All reactions are conducted in THF.



3.4 Halogen-Magnesium Exchange Reactions

In these examples, functional groups such as ester, amide, nitrile, or halogen
act as electron-withdrawing groups. The exchange reaction thus goes to comple-
tion under mild conditions.

The resulting magnesium species can be used in transition metal-catalyzed re-
actions. In the presence of a catalytic amount of a copper(I) salt and chlorotri-
methylsilane, conjugate addition to a variety of enones occurs (Scheme 3.99) [122].

COLEt CO,Et CO,Et
PrMgBr
_— 74%
THF cat. Cule2LiCl
' 40°c,1h MgBr  Messicl
—40°C,1h
Scheme 3.99

Coupling reactions of polyfunctional organomagnesium reagents with alkyl
[123], alkenyl [124], or pyridyl halides [125] are achieved by use of Cu, Fe, or Pd
catalysis (Scheme 3.100).

o o)
iPrMgBr I C0,E CO,Et
MeO 9  ~MeO 2~ 60%
THF cat. CuCNe#2LiCl
' 20°C,05h -5°C,24h
o) I o
IPrMgBr "By
EtO J EtO 60%
THF cat. Fe(acac)s P
I 20°c,1h  —20°C,05h "Bu
Br /N
o

MeO

o

iPrMgCl \
86%
THF cat. Pd(dba)gldppf N
| _40°C, 40 min —40°C, 6 h >

A chloromethyl group can also be introduced into magnesium reagents, which react
with aldehydes leading to the corresponding isobenzofurans (Scheme 3.101) [126].

iPrMgBr PhCHO
cl g cl o 82%
| THF ~10°C,1 h, OMgX
Ph - Ph

—-10°C,1.5h thenreflux, 12h

Scheme 3.100

Scheme 3.101
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Bromine-magnesium exchange of polyfunctionalized aryl bromides is achieved
only occasionally. The effect of electron-withdrawing groups on the reactivity of
aryl bromides has been studied (Scheme 3.102) [127]. To complete the exchange
reaction at low temperatures strong activation with electron-withdrawing groups is
needed. An metal-directing group at the ortho position is also effective (Scheme
3.103) [128].

= | ‘PrmgBr @\ PhCHO
% > Ph
E /- Br THF F / MgBr g/

n n n OH
3-fluoro r.t.,3h 50%
2,5-difluoro r.t,2h 75%
2,4,5-trifluoro -10°C,1h 85%
2,3,4,5,6-pentafluoro -78°C,0.5h 88%

Scheme 3.102

J@[O\] iPryMg /\|/O\] _CHp=CHCHBr _
OEt THF /k/L OFEt cat. CuCN°2L|CI
NG gy : =
80%

—30°C,2h NC Mg
Pr
NM NM NM
Br H/ 2 BrMg . m C2 €2

N 'PrMgBr N _CHp=CHCHBr _

THF cat. CuCN°2L|CI
NC Br _10°C,15hNC Br

85%

Scheme 3.103

3.4.2.2 Exchange Reaction of Heterocyclic Halides
Polyfunctionalized heteroaromatic organomagnesium reagents are prepared from
the corresponding halides by halogen-magnesium exchange with ‘PrMgBr or
'Pr,Mg in THF [129-131]. Examples are shown in Tab. 3.10. Magnesiated hetero-
cycles, e.g. pyridines, pyrimidines, pyrroles, indoles, imidazoles, thiazoles, thio-
phenes, or furans, can be prepared and trapped with electrophiles. With dihalides
or trihalides the exchange proceeds with complete regioselectivity.

Exchange of 5-iodouracils [132] or 4-iodoantipyrines [131] provided the corre-
sponding magnesium compounds (Scheme 3.104).



3.4 Halogen-Magnesium Exchange Reactions

Tab. 3.10 Halogen-magnesium exchange of heteroaryl halides®

Entry  Substrate Reagent E Product Yield (%)
Temp., Time
/N| cl . /NI cl
'PrMgBr CHy=CHCH,Br
NN
! &g:coza —40°C,05h  cat. CUCN CO,Et 82
[ =
FLN_F
AP CO,Et ]
| iPngBr 1 2 F X E
2 Xy A CHy=CCH,Br 80
F F  —40°C,05h cat CLON
Br
CO,Et
7 N iPrvgBr CHa=CHCH,Br 7 N -
8 B'*CNF' 80 °C, 10 min B { 81
N
Ph Ph
( iPngBr ( OH
4 BN B s 1n PhCHO g N 73
U L e
SO,Ph S0,Ph
N 'PrMgB CHp=CHCH,B N o
| Frviger 2= 2Br
5 w -80°C, 2h cat. CUCN W 84
| I
Lo A
s BT N_N Privger CHp=CHoH Br £r0” N N o1
—40°C,1h CuCN
EtO ! EtO
e} o) N\
Br /(\
/\N&N i /NN
;7 EtO . PrMgBr CH,=CHCH,Br EtO . 57
H —40°C, 1h CuCN H
Br Br Br Br
Lo A
8 go NN PMeBr NCCO,Et eo’ N N 59
):< —40°C,1h \—/
Br  Br NC Br
/\NJ*N 'PrMgBr CHy=CHCH,Br /\NL\N
<] 2 2
B0 \—( —0°C7h CucN EtO w 68
NC Br NC
Br Br
A 'PrMgBr CH,=CHCH,Br A
10 $ "N 4 , 2= 2 $" N 81
— —80 °C, 10 min CuCN

Bf  COEt
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Tab. 3.10 (continued)

Entry  Substrate Reagent E Product Yield (%)
Temp., Time
. B Ss_Br iPMgBr CHp=CHCH,Br  Br— S o
\ -30°C, 2h cat. CUCN W
CO,Et CO,Et
CO,Et
OS50 iPrMger CHp=CHCH.Br  Cl— S o
\§_/Z/ r.t,2h cat. CuCN N/
cl Ci cl o CO2E

45 Et02C— O~ Br iPrMgBr CHp=CHCH,Br Et0,C — 80
W —30°C, 1 h cat. CuCN \

a) All reactions are performed in THF, except for entry 7 (Et,O).

o o}
PR N | 'PrmgBr PhCHO pp~ N | 60%
AN THF Py Ph
©" N T —-40°C 45 min o N
OH
Me ) Me
N iPr,Mg/BuOMe  PhCHO N
PN | PhN | 86%
CHzCl; Ph
4 -25°C,2h 3 o

Scheme 3.104

3.4.2.3 Exchange Reaction of Alkenyl Halides

Iodine-magnesium exchange of a normal alkenyl iodide with ‘Pr,Mg requires a re-
action time of 18 h at 25°C for complete conversion (Scheme 3.105) [133]. f-Iodo-
styrene derivatives bearing an oxygen-functionalized directing group can be con-
verted into the corresponding alkenylmagnesium compounds at low temperatures
(Scheme 3.106) [133].

'ProMg TsCN
"CoHis” T T THE
25°C, 18 h

Mg'P 2 CN 719
anH13/\/ grr nCSH13/\/ 71%

Scheme 3.105



3.4 Halogen-Magnesium Exchange Reactions

Ph i Ph
MeO | PrMgBr PhCHO  MeO | o5%
THF Ph
I -70°C,12h
OH
i 1
Ph Ph
MezNJ\O | PrMgBr PhSSPh MesN~ O | 64%
THF
I -70°C,12h PhS
S O/j( Ph ipiMgBr  TsCN 0™ " o
EtO P> THF EtO
I ~70°C, 12 h NC
o} o}

Scheme 3.106

As is apparent from Scheme 3.105, 2- or 3-iodo enoates undergo iodine-magne-
sium exchange under the action of ‘PrMgX in THF at low temperatures [134,
135].

, CHO
CO2Et  ipmgny <} Et0,C  OH .
&~
S/' THF =
-20°C,2h

_ PhCOCI
COEt  ipmger  cuCNeolic  EtO2C O oot
5! THF \\‘)LPh
b -20°C.2h b

>< O><O

o 0 iPrMgCl PhCHO
P P 81%
o Ph THF o] Ph
| ~30°C,05h

Ph™ "OH

Scheme 3.107

Bromine-magnesium exchange of alkenyl bromides proceeds only occasionally
[136]. The presence of an electron-withdrawing group at the position a to the bro-
mine facilitates the exchange reactions. Functionalized alkenyl bromides, e.g. bro-
monitriles and the bromosulfones are converted to the corresponding organomag-
nesium derivatives at low temperatures (Scheme 3.108).
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CN iPrMgBr CN CH,=CHCH,Br CN 77%
%\Br THF /LMgBr cat. CuCN /‘\/\ (El1Z=9/1)
Ph -50°C,0.5h Ph Ph
. N 'PrMgBr neaH /CN Me;SiCl o /CN 93%
s 7% Br THF s 7Yk MgBr 3 7%SiMe3
NCaHy —40 °C, 15 min NCaHy NCaHy
SOPh  ip By SOPh Lo SOzPh
g - _— Ph 67%
%Br THF /k MgBr %ﬁ/
Ph —45°C,1h  pp Ph OH

Scheme 3.108

3.4.2.4 Halogen-Magnesium Exchange of Other Halides

Functionalized Cyclopropylmagnesium Reagents

Iodine-magnesium exchange of 2-iodocyclopropanecarboxylates proceeds with
'PrMgCl in THF at —40°C for 15 min to afford the corresponding cyclopropylmag-
nesium species with retention of configuration [137]. Examples of the reaction are
shown in Scheme 3.109.

H H i H H = H H
A PrMgCl A CH, CHCHQ?r N 5%
Et0,C | THF EtO,C MgCl cat. CUCNe2LiCl EtO,C AN
—40 °C, 15 min
H, H
PhCHO b 90%
oA Ph (65/35)

0
HAJ ‘PrMgCl HAMQC' PhCOCI HA\\\Ph 65%
y < ——————r y N ——————————————————— o
Et0,C H THF EtO,C H CuCNe2LiCl  Et0,C H
—40 °C, 15 min

Scheme 3.109

Selective exchange of gem-dihalocyclopropanecarboxylates is achieved in
Et,0 [137]. The use of THF as a solvent reduces selectivity. Halogen-magnesium
exchange occurs at the same side of an ester group, which acts effectively as a me-
tal-directing group in a weakly coordinating solvent such as Et,O. The resulting
carbenoid species react with electrophiles with retention of configuration
(Scheme 3.110).
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Me, Br i Me, Br Me, Br
A PrMgCl A PhCHO A 60%
(¢]

EtO,C Br Et0  Et0,C MgCl o ph (92/8)
-50 °C, 10 min
Py Me, Br
_ — 85%
Et0,C [
MEA' "PrMgCl Me/A\I (BrCloC)» Me’)ﬁ{\' s
EtO,C I Et,0 Et0,C MgCl EtO,C Br
-50 °C, 10 min

Scheme 3.110

Functionalized Magnesium Carbenoids

The reaction of iodomethyl carboxylates with ‘PrMgCl in THF/N-butylpyrrolidi-
none (NBP) (5:1) at —-78°C affords the corresponding magnesium carbenoids,
which react with a variety of electrophiles (Scheme 3.111) [138].

o iPrMgCl 0 PhCHO .
o~ T o~ _— Ph 78%
0" ™ THF-NBP (5:1) 0" MgCl TMSC
—78 °C, 15 min OH
CHO
0 j o Q 0
PrMgCi
__PrMgdl | 88%
'Bu)J\O/\I THF-NBP (5:1) 'BU)J\OAMQCI T™SCI By SO

-78 °C, 15 min OH
Scheme 3.111

3.4.2.5 Halogen-Magnesium Exchange of Resin-bound Halides
The halogen-magnesium exchange reaction with ‘PrMgBr can be used to generate
an organomagnesium reagent on a polymer support; it therefore has applications
in combinatorial chemistry. Aryl and heteroaryl halides attached to Wang resin by
an ester function are converted into the magnesium derivatives, which are
trapped with electrophiles. After cleavage from the resin with TFA the expected
carboxylic acids are obtained in good to excellent purity (Tab. 3.11) [121].

Exchange reaction of (Z)-alkenyl and aryl iodides attached to Wang resin by an
ether function then addition of aldehydes and subsequent cleavage with TFA pro-
vides 2,5-dihydrofurans and 1,3-dihydroisobenzofurans (Scheme 3.112) [139].
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Tab. 3.11 Solid-phase synthesis via halogen-magnesium exchange

Entry  Substrate E Product Purity (%)
o) 0
[ X CHp=CHCH,Br
1 OJ\©\ CuCNezLici O 98
| x
0
HO
2 PhCHO 95
Ph
OH
0 o
[} | CN
3 o) TSCN HO 92
o o
4 .\o |° g TsON HO |° o %
Y/ Y
o) o
@ s CHp=CHCH_Br s =
5 © T )—s cuonztic MO o

a) Resin-bound aryl halides are treated with ‘PrMgBr (ca. 7 equiv.) in THF at —35°C for 15-30 min.
Addition of electrophiles then washing with DMF, MeOH, and CH,Cl, (six cycles) and treatment
with CF3;CO,H (4 mL CF3CO,H/CH,Cl,/H,0, 9:1:1) for 20 min provided the desired acids in >90%
yields.

Ph i Ph
e} PrMgCl PhCHO o]
® @® o

| THFE-NMP (40:1) —40°C,2h Ph

—40°C,1.5h then MeOH
TFA o 98% purity
CH,Cly 89% yield
r.t., 10 min

Ph
.(“o ‘PrMgCl PhcHo @ O
THF-NMP (40:1) —40°C,2h Ph
: ~40°C,15h  then MeOH
OH
TFA o 93% purity
CH,Clp 95% yield

Scheme 3.112 r.t., 10 min PH
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343
Trialkylmagnesate-induced Halogen-Magnesium Exchange Reaction [140, 141]

As described in Section 3.4.2, polyfunctional organomagnesium reagents are pre-
pared by halogen-magnesium exchange at low temperatures. However, substrates
are often limited to rather electron-poor aryl or alkenyl halides, particularly the
bromides. In this section, trialkylmagnesate (R3MgLi)-induced halogen-magne-
sium exchange reactions are described. This reagent is highly effective for the
preparation of polyfunctional aryl- and alkenylmagnesium compounds from the
corresponding halides at low temperatures, because it is more reactive than
Grignard reagents.

3.43.1 lodine-Magnesium Exchange of Aryl lodides

The iodine-magnesium exchange of aryl iodides with "Bu;MgLi, which is pre-
pared by mixing "BuMgBr and "Buli in a 1:2 ratio in THF at 0°C, proceeds
smoothly at 0°C or —78°C within 0.5 h, and the resulting arylmagnesium species
are trapped by electrophiles. Examples are shown in Tab. 3.12.

Even electron-rich aryl iodides can be converted into the corresponding arylmag-
nesium compounds at =78 °C (entries 2—4). A half equivalent of the reagent is suf-
ficient for complete exchange (entries 2 and 5). This procedure is applicable to the
preparation of polyfunctional organomagnesium compounds. Iodobenzoates are
converted into the magnesium species without a loss of the ester group (entries 5
and 6). The ester group of ethyl (2-iodophenoxy)acetate can survive under the re-
action conditions, and 3-coumaranone is obtained by intramolecular attack of the
resulting magnesium reagent (entry 7).

3.4.3.2 Bromine-Magnesium Exchange of Aryl Bromides
The bromine-magnesium exchange of aryl bromides proceeds on treatment with
"BusMglLi at 0°C. Representative examples are shown in Tab. 3.13.

In contrast with aryl iodides, the exchange reaction of aryl bromides does not
go to completion at —78°C. Thus, the more powerful reagent ‘Pr"Bu,MglLi, which
is prepared by mixing ‘PrMgBr and "Buli in a 1:2 ratio, is used for the prepara-
tion of polyfunctionalized arylmagnesium reagents from the corresponding bro-
mides. Examples are shown in Tab. 3.14.

Functional groups such as ester, amide, or cyano groups are tolerated during
the exchange procedure. The exchange reaction also proceeds smoothly at —-40°C
with 0.5 equiv. "BuzsMgLi (Scheme 3.113).

Treatment of the resulting functionalized arylmagnesium compounds with
TiCly affords the corresponding biaryls in good yields (Scheme 3.114).
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Tab. 3.12 lodine-magnesium exchange of aryl iodides with "BusMgLi®

Entry  Substrate Temp. E Product Yield (%)
1 ©\ 0°C  "CgHy3CHO "CeH1a 80
I
OH
Me
Me
2 \©\ -78°C  EtCHO \©\(Et 75
I OH
MeO
MeO
3 \©\ —78°C "CgH;3CHO "CeHis 94
' OH
OMe
OMe
4 C[ _78°C  PhCHO Ph 92
! OH
o} @)

v e CHp=CHCHBr
5 BuO/u\©\ 78°C  Cat CuCNeoLicl 'BUO 5
| e
0
6° @ij\otau ~78°C  "CgH;3CHO @O 72
7

"CeHys

o}
|
o)
o o)
@[ \/lkOEt -78°C ©:<\ 85
0

a) Substrates are treated with "BuzMgLi (1.2 equiv.) in THF for 0.5 h.

b) "Bu3MgLi (0.5 equiv.) is used for exchange.

¢) A solution of "BusMgli is added to a THF solution of the substrate and heptanal, and the mixture
is stirred for 1.5 h.
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Tab. 3.13 Bromine-magnesium exchange of aryl bromides®

Entry  Substrate E Product Yield (%)
MeO MeO
1b Q PhCHO Ph &5
B
' OH
Me2N MEQN
2 \©\ EtCHO Et 94
Bi
' OH
CFs CFs
3 E:[ nCsH1SCHO nCGH13 76
Br
OH
=
X
4° E:(\ EtCHO Oi;a 62
Br
OH
Br X
5 CHo=CHCH4Br OO 97
. CHy=CHCH,Br 03
Br cat. CUCNe2LiCI S
el =
CH,=CHCHzBr _
7 cat, CUCN#2LiCl 100
\

a) "Bu3Mgli (1.2 equiv.) is used as reagent. All reactions were performed in THF at 0°C for 0.5 h.

b) "Bu3MgLi (0.5 equiv.) is used.
¢) "BuMe,MglLi (1.0 equiv.) is used.
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Tab. 3.14 Bromine-magnesium exchange of aryl bromides bearing reactive functional groups®

Entry Substrate E Product Yield (%)
0o o}
¢ CHa=CHCH,Br .
dLO Bu  Cat. CuCNezLicl O'Bu 99
Br X
0]
2 "CgH13CHO : @iﬁo 61
"CeH3
o)
t
BuO
3  Buo "CeH13CHO 71
)‘\©\ o )K©\(CGH13
Br
(@]

CHo=CHCH,Br
) @NEQ cat. CuCNe2LiCl NEt, 8o
Br
CHz=CHCHBr
5 EtzNJ\©\ cat. CUCNe2LiCl EQNJ\@\/\ [

CH,=CHCH,Br

cat. CUCNs2LiCl 87

a) 'Pr"Bu,MglLi (1.2 equiv.) is used as reagent. All reactions are performed in THF at —78°C for 1 h.
CN ) ) CH2=CHCH28‘|’ CN

@ "BusMgLi (0.5 equiv) cat. CuCNe2LICl @A a0

cl

° —40°C,0.5h

Br THF, -40 °C, 0.5 h SN

Scheme 3.113

"BuzMgLi (0.5 equiv)
THF, -40 °C, 05 h
O

Br .
TiCly EtzNC Q Q CNEt, 72%
—-40°C—>0

Scheme 3.114

EtoN
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3.4.3.3 Halogen-Magnesium Exchange of Dihaloarenes
The selective halogen-magnesium exchange of dihaloarenes has been examined
(Tab. 3.15).

Tab. 3.15 Halogen-magnesium exchange of dihaloarenes?®

Entry Substrate Conditions E Product Yield (%)

i . Et
'Pr'Bu,MgLi (1.0)
7scosh | ECHO Br L

Br©—|
Br
iP"Bu,MgLi (1.0) Et
Br 0 ot EtCHO 78
0. OH
n . Et
3 Br@—Br BugMaLi (1.0)  ¢10h0 Br©—< 85
0°C,05h
OH
e
-0
or

. t Et

"BusMgli (10) | E 60

-78°C,05h o oH

"BuMeoMgli (10) [ 0| Et o

—78°C,0.5h < > <OH

"BugMgLi 2.0)

—78°C, 05 h BICHO  Et Et 48
"BuMe,MgLi (1.0)

7 BrBr_78 “C.05h DO D D 100

a) All reactions were conducted in THF.

With p-bromoiodobenzene the iodine-magnesium exchange occurs (entry 1).
Only one of the two bromides of m- or p-dibromobenzene is exchanged (entries 2
and 3). p-Diiodobenzene, on the other hand, is converted into dimagnesated ben-
zene on treatment with 1.0 equiv. "BusMgLi (entry 4) whereas dimetalation of m-
diiodobenzene requires 2.0 equiv. of the reagent to furnish m-dimagnesiobenzene
(entry 6). The reagent "BuMe,MglLi is employed to induce selective mono-metala-
tion of p-dilodobenzene (entry 5). Dimagnesated biphenyl is formed by the double
exchange reaction of 4,4'-dibromobiphenyl (entry 7).
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3.4.3.4 Halogen-Magnesium Exchange of Halopyridines

The halogen-magnesium exchange of halopyridines has been achieved by use of
"BuMe,MglLi, which is prepared by mixing "BuMgBr and MelLi in a 1:2 ratio. Use
of "BusMgLi reduces the yields. Examples are shown in Tab. 3.16.

Tab. 3.16 Halogen-magnesium exchange of halopyridines

Entry  Substrate E Product Yield (%)
N | OH
= N
1 l EtCHO = Et 58
X l
x
OH
N Br
~ N
2 | EtCHO = Et 67
N |
x
N Z N
~ |
3 | EtCHO N Et 73
X Br
OH
o} N |
n
CsHy4
4 "CsH1y” "CsHyy QJ\’Z"CsHﬂ “

OH

a) "BuMe,MglLi was used as reagent. All reactions are conducted in THF at 0°C for 0.5 h

The exchange of 2,6-dibromopyridine is pertormed on a kilogram-scale
(Scheme 3.115) [142-144].

N_ _CHO
Br N | Br nguMglLi(0.35eq) DMF (1.3eq) o= | 019
s Toluene, —10°C, 3 h X
34.9 kg 25.0 kg

Scheme 3.115

3.4.3.5 Halogen-Magnesium Exchange of Alkenyl Halides

The iodine-magnesium exchange of alkenyl iodides proceeds at 0°C or —78°C
with complete retention of configuration of the double bond (Tab. 3.17). The pres-
ence of an ester functionality is compatible with the formation of the alkenylmag-
nesium reagent at =78 °C (entry 7).

In contrast, the bromine-magnesium exchange of alkenyl bromides does not
give satisfactory results (Scheme 3.116). Because the exchange is slow, dehydrobro-
mination and deprotonation affording magnesium acetylides compete with the ex-
change reaction.
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Tab. 3.17 lodine-magnesium exchange of alkenyl iodides®

Entry  Substrate E* Product Yield

1 "CroHarnA~,| Me,SiCI "CroHet g, 95°

2 CHyCOCH, nCmHmN &
OH

"C‘°H2\1 | MegSiCi ncwHi SiMeg 8"

CHo=CHCHoBr  "CqoHas

4 cat. CUCN-2LiCl W 70
H
n, 5 11
CsHy4
"CsHyq Ph
5 o, \/kl PhCHO 87
OH
"CsH14 "CsH14
6 K(' PhSSPh K]/SPh 77
"CsHy CsH14
o) 0
o T a0 A
7 BuO s | EICHO BuO 8q®
OH
E/Z=11/89 EIZ=11/89

a) 'Pr"Bu,Mgli is used. Reactions are conducted in THF at 0°C for 1 h.
b) The exchange reaction is performed at —-78°C.

n PrBu,MgLi  MesSiCl n .
CioHa1~ .~ 2Mg 3 CioHa1~ g +"CigHr——=——SiMe
" Br THF. 0°C, 05 h T siMegt CroHze 3
71% 29%
"CioHa1 iPrBuMgLi  MegSicl  "Crotzi e o= SiMe
=B THF.0°C,05h SiMes 1ot ®
27% 59%

Scheme 3.116

The exchange of 1-silyl-substituted alkenyl halides proceeds in good yields with
isomerization of the double bond (Tab. 3.18). The bulky silyl groups prefer trans
orientation of the alkyl group.
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Tab. 3.18 Halogen-magnesium exchange of 1-silylalkenyl iodides®

Entry  Substrate (E/Z) Product (E/Z) Yield (%)
SiMe; SiMeg
85/15 32/68 98
"CsH13-~\‘/\I ( ) "CeHls%D ( )
iMe,'Bu

S D

"CeH13 ‘H)\I (84118)  ngep, 4 “-/J\SiM o,'Bu (96/4) 89
SiMe, D

"CeH4 3-\\‘)\&_ (100/0) CsHA 3‘/I\SiMe3 (83/7) 90
D

4 H‘/SliMeeru (84/16) ©@37) 86
"CsH13m 2 "CeH
613 Ber 6 13“‘/\SiMe2’Bu

a) 'Pr"Bu,MgLi was used as reagent. The reactions were performed in THF at 0°C for
1 h and quenched with D,0.

344
Bromine-Magnesium Exchange of gem-Dibromo Compounds
and Subsequent Migration of an Alkyl Group [145-149]

The bromine-magnesium exchange of gem-dibromo compounds provides the ate-
type carbenoid species, which undergo 1,2-migration of the alkyl group on magne-
sium to the adjacent carbon to form new organomagnesium reagents
(Scheme 3.117).

R1
° ) | N
R M 1,2-migration R2 R!

Rs?)](/ e - R3>I\lll/
Scheme 3.117

In this section, the reactions of gem-dibromocyclopropanes and dibromomethyl-
silanes with trialkylmagnesate reagents are described. Preparation of a chiral sec-
ondary Grignard reagent by alkylation of the chiral magnesium carbenoid species
is also discussed.

3.4.4.1 Reaction of gem-Dibromocyclopropanes [145]

The reaction of gem-dibromocyclopropanes with "BusMgLi provides the butylated
cyclopropylmagnesium species, which react with a variety of electrophiles
(Tab. 3.19 and 3.20).

The mechanism of this reaction is suggested in Scheme 3.118. The bromine-
magnesium exchange occurs mainly at the less hindered bromine atom to afford
the ate-type carbenoid species. Next, the butyl group on magnesium migrates to
the adjacent carbon atom with concomitant elimination of the bromide ion with
inversion of configuration on the cyclopropane carbon.
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Tab. 3.19 Reaction of gem-dibromocyclopropanes with "BusMgLi

R Br  "BugMgLi E* R E R "Bu
+
%Br THF 7<"Bu Z E
-78 °C - 30 °C
A B
Entry Substrate E Yield (%) A/B
n
1 CSH‘S%Br Iy 80 62/38
Br
2 CHp=CHCH,Br 65 51/49
3 Mel 74 45/55
4 PhCHO 78 44/56
Ph B =
5 ' CHp=CHCHBr o 51/49

Br cat. CuCNe2LiCl
6 Br CHy=CHCH,Br 73
Br cat. CUCNe2LiCl

Tab. 3.20 Reaction of bicyclic gem-dibromocyclopropanes with "BusMgLi

Br "BusMgLi E* E "Bu
+
Br THF "Bu E
-78°C—=-30°C
nn=13 n n
A B
Entry Substrate E Yield (%) A/B
Br
1 k I 01 61/39

Br
5 CV CHy=CHCH,Br 89 73/27

cat. CUCNe2LiCl
3 PhCOCI 88 88/12
CuCNs2LiCl
Br

4 lp 86 64/36
Br
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R. B mgugmgLi R (Br R Mg"Bu g+ R E
Z Br  —"BuBr Z YMg"Bu  -LiBr "Bu Z "By
By’

Scheme 3.118

3.4.4.2 Copper(l)-catalyzed Reaction of Dibromomethylsilanes [145, 146]

Treatment of (dibromomethyl)methyldiphenylsilane with "BusMgLi at =78 °C in-
duces clean bromine-magnesium exchange to provide bromomethylsilane. Addi-
tion of CuCN - 2LiCl (30 mol%) and warming to 0°C induces migration of the bu-
tyl group to afford the a-silyl-substituted magnesium species (Scheme 3.119).

"BugMglLi  RgSi. _Mg"Bupli MeOH RsSi._ _H

R3SiCHBr» T’ \|/ m’ Y
_78°C, 10 min Br Br
R3Si = PhoMeSi CuCNe2LiCl (80 mol%) 9%
-78°C —>0°C

R3Si\ng"Bu MeOH Rssi\’/H
"Bu "By
75%
Scheme 3.119

The intermediate a-silylalkylmagnesium species can couple with allyl bromide,
acyl chlorides, or af-unsaturated ketones under the action of the copper catalyst
(Scheme 3.120).

"BugMgLi cat. CuCNe2LiCl RsSi.__Mg'Bu
ReSICHBrp—— Y

THF —78°C »0°C n
—78°C Bu
R4Si = PhoMeSi
=CHCH,B
CHz 25" o R'COCI
vj\ DMI
RSS|\'A/ MessiCI
"Bu
0 o R =Me 63%
79% RasiM RsSi%R. "Pr 74%
pr 63%
n n
Bu B °Pr 69%
79% Ph 77%

Scheme 3.120
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Introduction of a sec-butyl group does not require the addition of a copper salt
(Scheme 3.121).

sBUsMgLi R3S|

Mg®Bu 1) CuCNe2LiCl (20 mol%) RssiYE

RsSiCHBro —TRF \S( 2E I
-78°C>0°C Bu u
+ -— —_
RaSI = thMeS| E*= CHz—CHCHzBl’ 75%
PhCOCI 71%

Scheme 3.121

3.4.4.3 Reaction of Dibromomethylsilanes with Me;MgLi [145, 147]

The reactivity of MesMgli is different from that of "BusMgLi. The reaction of di-
bromomethylsilanes or dibromodisilylmethanes with Me;MglLi affords the mono-
methylation product in good yields (Tab. 3.21).

Tab. 3.21 Reaction of gem-dibromo compounds with Me;MgLi

R _PR® MesMgLi (1.0 equiv) R~_ R?
Br Br THF, =78 °C, 0.5 h Me Br

Entry R R? Yield (%)
1 PhoMeSi H o8
2 Ph,MeSi  Me 89
3 PhoMeSi MesSi 93
4 PhyMeSi  Ph,MeSi 20
5 MesSi Me3Si 89
6 PhyMeSi EtsGe 03

The resulting monomethylated products are converted into the corresponding
1,1-disilylethenes by dehydrobromination (Scheme 3.122).

R3Si \/Siﬂa DBU (2.0 equiv) Rssiwsma
Me Br DMF,90°C,8h
83-98%
Scheme 3.122

3.4.4.4 Alkylation of Carbenoids with Grignard Reagents [148, 149]

Reaction of diiodoalkanes with excess Grignard reagent induces iodine-magne-
sium exchange and subsequent alkylation to provide the secondary Grignard re-
agent. The use of 'PrMgCl induces a novel rearrangement to afford the tertiary
Grignard reagent (Scheme 3.123) [148].
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MgCl

EtMgCl (3.0 equiv)
Ph Ph 72%
\)\I THF, —78 °C — 20 °C V‘\Et ’

| i . MgCl
PrMgCl (3.0 equiv]
thk gCl (3.0 equiv) Ph + Ph MgCl
| -78°C - -20°C

inTHF  92% (90:10)
inPra0  93% (19:81)

Scheme 3.123

This alkylation process has been used to synthesize a chiral secondary Grignard
reagent [149]. Treatment of the diastereomerically pure a-chloroalkyl sulfoxide
with excess EtMgCl induces sulfoxide-magnesium exchange and alkylation to pro-
vide secondary Grignard reagent of 93% ee. Oxidation of the resulting chiral
Grignard reagent affords the corresponding alcohols of 92% ee (Scheme 3.124,
see also Section 3.2.4).

Q =
\_\

3 . i CIM
S\|/\Ph EtMgCl (5.0 equiv) g\;/\Ph
a THF, =78 °C - -30 °C Et
Cl
Pue HO
MoOQO5 «Py«DMPU \_/\ph
Et
84% (92% e€)

Scheme 3.124

3.5
Radical Reactions Mediated by Grignard Reagents

Since the Grignard reagent was discovered in 1900 it has been widely used for the
construction of organic molecules. It is the most basic and indispensable tool for
organic chemists [150, 151]. There have been reports of radical reactions using
Grignard reagents in the presence or absence of transition metal catalysts [152]. Syn-
thetic applications of this type of reaction have, however, been quite limited so far.

Although most of the so-called “normal” Grignard reagent reactions seem to be
essentially ionic in nature, some reactions, especially among those commonly re-
garded as “abnormal’, are most readily explicable upon the basis of the hypothesis
that the R-MgX bond undergoes homolytic scission. Such reactions might result
in the liberation of free radicals in the reaction system, but the occurrence of free
radicals is by no means an essential feature of a radical reaction. It is therefore
unnecessary, in general, to assume an equilibrium such as that shown in
Scheme 3.125.
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R- + MgX == RMgX == R~ + MgX*

H

1/2 R;Mg + 1/2 MgXo

Scheme 3.125

It is probable that in some “forced” reactions dissociation of the Grignard re-
agent in the sense (R-MgX — Re + eMgX) occurs, but in general no equilibrium
is achieved in such reactions, because of the reactivity of the radicals Re toward
each other or toward other components of the reaction system.

It seems highly probable, however, that, in general, the homolytic dissociation
of the R-MgX bond in Grignard reactions is an induced phenomenon requiring
the participation of a co-reactant. Such induced homolytic dissociations might lib-
erate free radicals by processes like those represented in Eqs (1) and (2) in
Scheme 3.126 [153].

RMgX + AB — R~ + A + MgBX (1)
RMgX + AB' —= R« + -ABMgX ()

Scheme 3.126

First (Section 3.5.1), cross-coupling of alkyl halides with Grignard reagents will
be discussed, then conversion of vicinal methoxyiodoalkanes into (E)-alkenes with
Grignard reagent (Section 3.5.2), radical cyclization of f-iodo allylic acetals with
ethylmagnesium bromide (Section 3.5.3), EtMgBr-iodoalkane-mediated coupling of
arylmagnesium compounds with tetrahydrofuran (Section 3.5.4), and reductive
cross-coupling of a,f-unsaturated carbonyl compounds with aldehydes mediated
by Mg metal (Section 3.5.5) will be described.

3.5.1
Cross-coupling of Alkyl Halides with Grignard Reagents

The cross-coupling reaction is arbitrarily defined as a process of single carbon-car-
bon bond formation between two unlike carbon groups by reaction of an organo-
metallic species with an organic halide or a related electrophilic derivative
(Scheme 3.127).

RIM + R®X — R! R?+ MX
Scheme 3.127

This reaction is one of the most straightforward methods of carbon-carbon
bond formation. It might even be said that if one could achieve any type of cross
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coupling at will most of the problems of organic skeletal construction would be
solved. Despite its inherent simplicity, however, its synthetic utility had been quite
limited until recently.

The scope and mechanism of this reaction have been reviewed concisely by Ne-
gishi [154]. In general, an Sy2 mechanism (two-electron-transfer process) plays a
significant role, and, thus, a primary group for R' is essentially favored. On the
other hand, a radical recombination mechanism (single-electron-transfer process)
is occasionally involved. We can choose the reaction of a tert-alkyl halide with a
Grignard reagent as an example. In dichloromethane, 1-haloadamantane 105 un-
derwent a cross-coupling reaction with Grignard reagents to give bridgehead-sub-
stituted products 106 in moderate yields. Usually 107 was formed in 15-25% yield
in addition to the coupling product 106. Representative results are shown in
Scheme 3.128. In this instance the same kind of halogen in both 105 and a
Grignard reagent was favored; if not, functional exchange (i.e., 105a to 105c) oc-
curred first. The reaction of 105a, 105b, and 105c¢ with the corresponding butyl-
magnesium chloride, bromide, and iodide gave bridgehead-butylated adamantane
106a (R ="Bu) in 55-60% isolated yield [155].

RMgX .
X R H

105 a: X =Cl 106 107

Scheme 3.128

The reaction with 5-hexenylmagnesium bromide as radical probe afforded uncy-
clized/cyclized coupling products (108/109) in a 6:4 ratio (Scheme 3.129). These
facts suggested the significant participation of the single-electron-transfer process
in these reactions. This method could be extended to tert-butylation with some
Grignard reagents. Interestingly, 1,3-dichloro-3-methylbutane (110) coupled with
butylmagnesium chloride selectively at the tertiary position to give 1-chloro-3,3-di-
methylheptane (111) in 70% yield (Scheme 3.130).

+ WM B
@W + @\D
108 109

Scheme 3.129
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cl CHg
n
(CHg)2CCH,CH,Cl + "BuMgCl "Bu—C—CHzCH,ClI
CHs
110 111

Scheme 3.130

3.5.2
Conversion of Vicinal Methoxyiodoalkanes into (E)-Alkenes with Grignard Reagent

A radical intermediate is assumed in the 1,2-elimination reaction of vicinal meth-
oxyiodoalkanes with butylmagnesium bromide providing (E)-alkenes with high
stereoselectivities irrespective of the stereochemistry of the starting alkoxyiodoal-
kane [156]. For example, treatment of erythro-6-iodo-7-methoxydodecane or threo-6-
iodo-7-methoxydodecane with "BuMgBr in ether at 25°C gave the same (E)-6-do-
decene, exclusively, in 92% or 96% yield, respectively (Scheme 3.131). Single-elec-
tron transfer from Grignard reagent into iodoalkanes followed by departure of io-
dide would produce the carbon radical. A second single-electron transfer would
provide a carbanion that collapses to an alkene with elimination of the methoxide
ion. A mixture of (E)- and (Z)-alkenes could be converted into (E)-pure alkene by
sequential treatment with I,/MeOH and butylmagnesium bromide. For example,
trans-cyclododecene (>99:<1) was obtained in 80% overall yield from commer-
cially available cis- and trans-cyclododecene (34:66) (Scheme 3.132).

OMe OMe
n n "BuMgBr . 7CsH
05H11 CsH-” —g> n P UL B
"CsH14 or CgHq4 ether Cshhis
|
Scheme 3.131
1) |o/MeOH
+

2) "BuMgBr

Scheme 3.132

353
Radical Cyclization of f-lodo Allylic Acetals with EtMgBr [157]

Radical cyclization by means of tin hydride has been extensively explored during
the past two decades. Currently, however, it is desirable to avoid the use of tin
compounds, because of their neurotoxicity and the difficulty of completely elimi-
nating them from the reaction products. In contrast, organomagnesium reagents
have few toxicity problems and are readily prepared or commercially available. For
these reasons this facile radical cyclization reaction using Grignard reagents has
significant advantages over tin-mediated radical cyclization reactions.
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Addition of ethylmagnesium bromide to a THF solution of iodo acetal 112 pro-
vided cyclized product 113 as a mixture of sterecisomers in good yield
(Scheme 3.133).

= |
o ~F EtMgBr j):?; jQ_/
Meo)\‘/I THF, r.t.2h MeO MeO

n NCgH NCaH
112 CsHiz 113 27 114 &7

(80/20) 86% (41/40/14/5)

Scheme 3.133

This stereoselectivity is identical with that of "BuzSnH-Et;B-mediated radical cy-
clization of 112. The reaction proceeded very cleanly without any byproducts.
There were no traces of vinyl ethers, which could be derived from elimination of
iodine and an alkoxy group of 112, in the reaction mixture. The use of "BuMgBr
instead of EtMgBr also afforded 113 in a similar yield. The reaction with ‘PrMgBr
was sluggish, however, and took 4 h to reach completion. On this occasion a trace
amount of iodide 114 was observed in the reaction mixture. When methylmagne-
sium iodide was used as a Grignard reagent no reaction occurred and the starting
material 112 was recovered quantitatively. Cyclization of a variety of substrates,
mediated by ethylmagnesium bromide, are summarized in Tab. 3.22.

Interestingly, it was found that the use of DME as a reaction solvent instead of
THEF led to a dramatic change to the course of the reaction and the cyclic magne-
sium compound 116 was formed in good yield. Tetrahydrofuranylmethylmagne-
sium 116 could be coupled with a variety of electrophiles. For example, in the
presence of a catalytic amount of CuCN - 2LiCl 116 reacted with allyl bromide to
give allylated product 117 in good yield (Scheme 3.134).

The reaction mechanism in Scheme 3.135 is proposed. First, EtMgBr or Et,Mg
induces atom transfer radical cyclization of 118 to provide iodide 119. The
Grignard reagent would then reduce iodide 119 to 120 in THF. A molecule of
THF might act as a hydride source in this reduction. In DME, the iodide 119
would be converted into magnesium species 121 via a iodine-magnesium ex-
change reaction.

354
EtMgBr-iodoalkane-mediated Coupling of Arylmagnesium Compounds
with Tetrahydrofuran via a Radical Process

Extremely facile coupling of arylmagnesium compounds and THF by means of an
iodoalkane-EtMgBr system provides 2-aryltetrahydrofurans [158]. Treatment of a
solution of 4-methoxyphenylmagnesium bromide (122) and Etl (4.0 equiv.) with
EtMgBr (2.0 equiv.) in THF at 25°C for 5h afforded 2-(4-methoxyphenyl)tetra-
hydrofuran (123) in 43% yield. Use of a more sterically hindered iodoalkane,
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Tab. 3.22 EtMgBr-mediated radical cyclization reactions®

Entry Substrate Product Yield
E1 oMy
85%
! o~ 2 (50/50)
50/50
"Buo)\/l 50730 "BUO
O/\/\/\ j}\/\/ 54%
2
50/50
nBu o)\/ | nBuo ( )
o y 12%
(50/50)
"BuO
=
o N\F o o0%
r|3uMe23io)><' 'BuMe,SiO (35/65)
N
4 ? I Q‘ 81%
(cisfrans = 70/30)
nCs H 17 nCB H 17
=
5 | Q‘ 83%
. (cisftrans = 73/27)
nCG H 13 CG H1 3

a) In each experiment, substrate (1.0 mmol), EtMgBr (2.0 mL, 1.0 m THF solution, 2.0 mmol), and
THF (5 mL) were employed. The mixture was stirred for 2-3 h at room temperature under an argon
atmosphere.

7CsHy4 7'CsHy1 CsH11 V.
O/\/ EtMgBr o} MgX -~ Br
DME
nBuo)vl "BuO "BuO
115 116 117

Scheme 3.134
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R3 RS
I
o)\/ EtMgBr (Et,Mg) 0

R'0 | atom transfer cyclization RO

119

118

MgX

R0 121

Scheme 3.135

which could hardly react with EtMgBr via an Sy2 or E2 process, e.g. 'PrCH,I or
'BuCHS,I in place of Etl improved the yield of 123 to 74% or 76%, respectively
(Scheme 3.136). The reaction proceeded very cleanly to give only 123 and anisole
without contamination by any byproducts.

MeO\ PN
MeO Rl (4.0 eq.) | h
\©\ EtMgBr (2.0 eq.) P
MgBr THF, r.t,5h
122 123

Rl = Etl: 43% "Bul: 68%
'PrCH,l: 74% 'BuCH,l: 76%

Scheme 3.136

It is well known that arylmagnesium compounds are readily prepared by halo-
gen-magnesium exchange. Thus, it is expected that aryl halides could be con-
verted into arylated tetrahydrofurans in one pot. This was indeed so, and treat-
ment of 2-iodoanisole (124) or 2-bromothiophene (126) with ‘BuCH,I and EtMgBr
in THF provided 125 or 127 in 65% or 54% yields, respectively (Scheme 3.137).

Although the reaction mechanism has not yet been clarified, a possible mecha-
nism might be that envisaged in Scheme 3.138. Single-electron transfer from
EtMgBr to the iodoalkane would provide an ethyl radical which could abstract a
hydrogen from the C2 carbon of THF. The resulting 2-tetrahydrofuryl radical 128
would attack the iodoalkane to give 2-iodotetrahydrofuran 129 which would be
converted into an arylated product by the action of the arylmagnesium compound.
Because 'PrCH,I or ‘BuCH,I would not be wasted by an anionic Sy2 or E2 pro-
cess, the radical process could proceed effectively in the reaction using these io-
dides.
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OMe ‘BuCH,! (6.0 eq.) oMe | OMe
@[ EtMgBr (4.0 eq.) @[ o
124 B - 125

s 'BUCH,! (6.0 eq.) S
(_/7/& EtMgBr (4.0 eq.) Q/MgBr . S 0
THF,r.t,5h L/ 54% \\ /
126 - - 127
Scheme 3.137

R-1 + Et-MgBr
N
| seT A O.
[R-1]* + [ Et-MgBr |} R
@ ArMgBr T
MgBr

Et-H\/\_? Q U

Scheme 3.138

3.5.5
Mg-promoted Reductive Cross-coupling of a,f-unsaturated Carbonyl Compounds with
Aldehydes or Acyl Chlorides

The reaction of ketones with magnesium metal in the absence of protonic sol-
vents leads to the production of ion pairs 130 from the metal cation and the an-
ion radicals which combine to form the salts of pinacols 131 (Scheme 3.139).

Mg CHQ- €]
CHsCOCHy —— T-0 | Mg®* —
CHg )
130
(CHs)zC—O\Mg HO _ (CHg),C—OH
(CH3)2C—O/ (CHg)o,C—OH
131

Scheme 3.139
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Nishiguchi et al. have recently developed several reductive cross-coupling reac-
tion mediated by magnesium metal [159]. Mg-promoted cross-coupling of aro-
matic carbonyl compounds with trimethylsilyl chloride (TMSCI) in DMF at room
temperature brought about reductive carbon-silicon bond formation to give the
corresponding a-trimethylsilylalkyl trimethylsilyl ethers, selectively, in good yields.
For instance, treatment of benzaldehyde with Mg turnings in DMF in the pres-
ence of TMSCI at room temperature afforded a-trimethylsilyl-a-trimethylsiloxy-
toluene in 82% yield with a small amount of the homo-coupling byproduct, 1,2-di-
phenyl-1,2-ethanediol (Scheme 3.140).

Ph Ma/DMF  Fh OSiMes Ph Ph
0=0 + Megsicl —F ped .
H H' SiMes o “oH

Scheme 3.140

Although the detailed role of TMSCI in this reaction remains ambiguous, the
reaction mechanism might be that depicted in Scheme 3.141. The reaction might
be initiated by one-electron transfer from Mg metal, activated by TMSCI, to alde-
hydes 132 to give the corresponding anion radicals 133. The anion radicals 133
then undergo the first electrophilic attack of TMSCI, generating the radical spe-
cies 134, followed by the fast second electron transfer. Subsequently, the formed
anionic cross-coupling intermediates 135 are transformed to the products, a-tri-
methylsilylalkyl trimethylsilyl ethers 136, by a second electrophilic attack of
TMSCL

Ar H Ar H Ar H Ar H
AN N
\”/ . \cl:/- TMSCI cls/- +e cls/e
(0] Oo O\ (0]
T™S T™S
132 133 134 135
T™S
Ar_ /
TMSCI L~y
N 136
™S

Scheme 3.141

The method has been applied to the reductive cross-coupling of ethyl f-arylacrylates
with aldehydes in the presence of TMSCI [160]. Addition of Mg metal to a solution of
ethyl f-arylacrylate, aldehyde, and TMSCI in DMF provided the corresponding y-lac-
tones as a cis/trans stereoisomeric mixture in good to excellent yields (Scheme 3.142).
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Ar
Mg/TMSCI
Al = T .
~""coort  * RCHO —oor Rpﬂn
"0

137 ©

138
Ar = Ph, R = "CgH,: 94% Ar = Ph, R ='C4H,: 64%
Ar = a-CqgHy, R ="CaH7: 68%  Ar = 2-thienyl, R = "CaHy: 47%

Scheme 3.142

The reaction might be initiated by one-electron transfer from magnesium me-
tal, activated by TMSCI, to f-arylacrylates 137 to give the corresponding anion rad-
icals 139 (Scheme 3.143), which might be then subject to electrophilic attack by al-
dehydes 140, activated by TMSCI, generating anionic radical species 141, followed
by the fast second electron transfer. Subsequently, the formed anionic cross-cou-
pling intermediates 142 (possibly coordinated with Mg®* ion or stabilized by
TMSCI) can be transformed to the product, y-lactones 138, by intramolecular cycli-
zation.

Ar._~__OEt 4o A'V,»TOE‘ RCHO
5 0 140
137 139
Ar_ _~_ OEt Ar__~_ OFt Ar
T = T IS
0 0 —EtOTMS -
TMSCI
R™ "0 R™ O-Tms (ormMgoEy ~ O O
141 142 138

Scheme 3.143

Treatment of an aromatic a,f-unsaturated carbonyl compound, e.g. ethyl cinna-
mate, with Mg turnings in the presence of acid anhydrides and TMSCI or acyl
chlorides in DMF brought about facile and efficient cross-coupling to give C-acyla-
tion products which are useful 1,4-dicarbonyl compounds, in good to excellent
yields, in a regio- and stereoselective manner (Scheme 3.144). The reaction also
might be initiated by electron transfer from magnesium to the substrates [161].

RCHO COR
_MgDMF__
X 4+ or X
o (RCO)20 “MegSiCl Ph/K/
X = COOEt, CN 54— 100%

Scheme 3.144
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3.6
Radical Reaction Mediated by Grignard Reagents in the Presence
of Transition Metal Catalyst

3.6.1
Titanocene-catalyzed Double Alkylation or Double Silylation of Styrenes
with Alkyl Halides or Chlorosilanes

Transition metal catalysts are powerful tools for 1,2-addition reactions to carbon-
carbon double bonds, and enable versatile and useful transformations of alkenes
by introducing a variety of functionalities at the olefinic carbons. Kambe et al.
have developed an unprecedented metal-catalyzed double alkylation of alkenes
with alkyl halides (Scheme 3.145) [162]. This reaction proceeds, via use of
Cp,TiCl, in the presence of "BuMgCl, to give rise to vic-dialkylated products regio-
selectively in high yield under mild conditions. For instance, addition of "BuMgCl
to a solution of styrene, 1-bromopentane, and t-butyl bromide in the presence of a
catalytic amount of titanocene dichloride provided 2,2-dimethyl-4-phenylnonane in
88% isolated yield. Representative results are shown in Tab. 3.23. The combined
use of secondary and primary bromides or tertiary and secondary bromides af-
forded the corresponding dialkylated products in good yields with high regioselec-
tivity. Interestingly, when 1,4-dibromobutane was used as the alkylating reagent,
cyclohexylbenzene was obtained in 46% yield.

Ar cat. Cp,TiCl Ar 1
f + R'-Br + R2Br be e Fﬂ?”
R

"BuMgClI, THF, 0 °C

Scheme 3.145

A plausible reaction pathway is shown in Scheme 3.146. Alkyl radicals, formed
by electron transfer to alkyl bromides from a reduced titanocene complex (step 1),
add to the terminal carbon of styrene yielding benzyl radical intermediates (step
2). Recombination of the benzyl radicals with a titanocene complex gives rise to
benzyl-Ti intermediates (step 3) which then undergo transmetalation with
"BuMgCl to afford benzylmagnesium chlorides (step 4). The dialkylated products
are formed by reaction of benzylmagnesium chlorides with the alkyl halides
(step 5).

The reaction with cyclopropylmethyl bromide confirms the proposed pathway.
As might be expected, cyclopropylmethyl and 3-butenyl units were introduced re-
gioselectively giving rise to 143 as the sole dialkylation product in 50% yield
(Scheme 3.147). This result, with the evidence that ring opening of cyclopropyl-
methyl radical to the 3-butenyl radical is a rapid process which is much faster
than the addition of primary radicals to styrene strongly supports the proposal
that the first alkylation step is a radical process but that the second step is not.
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Tab. 3.23 Titanocene-catalyzed double alkylation of olefins with alkyl bromides

Entry Olefin R'-Br, R’-Br Product Yield (%)
ty Ph
Bu—Br Bu
1 Ph.__~
& NCeHy—Br \C\/ 94 (88)
2 Ph 2-Norbornyl—Br Ph 2-Norbornyl
nC5H1 1_Br 91 (79)
‘Pr—er Fh i
3 Ph_ -~ Pr
~F CsH, —Br \(\/\/ 63 (54)
ol = Amyl—Br ptol
4 pol ~ )
Pr—Br p<\ s 52
f CICgH
Bu—Br p-ClCgh, g
5 p-ClCGH4 = u
7 CiCHy)s—Br o 76 (71)
8 Ph._~ P
& o T e
5 Ph n Ph
Oct—Br Me 76 (72)
Me

a) NMR yield. Isolated yield is in parentheses.

R1—B +e . A
—Br .
Step 1 Step 2
Ar n Ar
\(\Fﬂ BuMgCl
TiLy Step 4 MgCl

Scheme 3.146

CpsTiCl, (5 mol%)
Ph_ = o 2 2
Nt Br

"BuMgCl

Scheme 3.147

A~ _, _ Ty

Step 3

rt R*—Br A 1
\(\ Step 5 \|R2AR

Ph
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The use of chlorosilanes instead of alkyl halides afforded 1,2-disilylated prod-
ucts under similar conditions [163]. p-Chlorostyrene afforded 144a in only 29%
yield with a substantial amount of Me,PhSi"Bu upon treatment with "BuMgCl in
the presence of titanocene dichloride catalyst. This result suggests that silylation
of p-chlorostyrene is slow and competes with the direct reaction of Me,PhSiCl
with "BuMgCl. In practice this problem was overcome by using a large amount of
the catalyst and by adopting a dropwise addition procedure (Scheme 3.148).

cat. Cp,TiCl Ar .
Ar\/ + PhMe,SiCl # SiPhMes
"BuMgCl SiPhMey,

144a Ar= p'CICGH4 72%
144b Ar = Ph 64%

Scheme 3.148

Double silylation of 1,3-butadienes with chlorosilanes was found to proceed by
the same procedure. Treatment of a mixture of isoprene, chlorotriethylsilane, and
titanocene dichloride with "BuMgCl provided 2-methyl-1,4-bis(triethylsilyl)-2-bu-
tene in 91% yield (E/Z =91/9) (Scheme 3.149).

R - R
. cat. Cp,TiCly )
+ EtgSiCl ——=——  Et3Si NN
\/& ° "BuMgCl s VK‘ sty

R=H 68% (E/Z = 60/40)
R =Me 91% (E/Z = 91/9)

Scheme 3.149

The method was successfully applied to the regioselective carbosilylation of
alkenes and dienes [164]. To a THF solution of styrene, chlorotriethylsilane
(1.1 equiv.), a catalytic amount of titanocene dichloride (0.05 equiv.), and "BuMgCl
(2.2 equiv.) was added tert-butyl bromide (1.1 equiv.) at 0°C for 10 min under nitro-
gen, and the solution was stirred for 1 h. NMR analysis of the crude mixture indi-
cated the formation of addition product 145 in 96% yield (Scheme 3.150). This reac-
tion is highly regioselective and yields a single regioisomer with tert-butyl group at
the terminal carbon and a triethylsilyl group at the benzylic carbon (Tab. 3.24, entry
1). The reaction proceeds efficiently when secondary bromides are used. Primary
alkyl bromides can also be employed as the alkylating reagents, but the reaction is
somewhat less efficient, affording moderate yields of products (entries 3, 4).

A plausible pathway for this reaction for dienes is outlined in Scheme 3.151. Ti-
tanocene dichloride (146) reacts with "BuMgCl to generate the dibutyltitanate(III)
complex 148 via Cp,TiCl and butyltitanocene (147). One-electron transfer from
148 to alkyl halides leads to cleavage of the C-X bond to give the corresponding
alkyl radical and dibutyltitanocene (149), which readily forms Cp,Ti (150) by f-hy-
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: Ph
cat. Cp,TiCl, \I/\tBu

Ph._” +BuBr + EtsSiCl
"BuMgCt SiEts

Scheme 3.150 145

Tab. 3.24 Titanocene-catalyzed carbosilylation using alkyl halides and chlorosilanes

Entry Alkene or Diene R-X RsSi-Cl Product Yield (%)

1 'Bu—Br Et;Si—Cl
SiEt,

2 iPr—pr Et3Si—Cl @W 85 (84)
SiEt,

3 "Pr—Br EtsSi—Cl @/”Pr 51 (41)

SiEt,
cl ci
4 \©\/ CI(CH,)s—Br EtsSi—Cl 48 (40)
(CH,)sCl
SiEty
Ph Ph
5 \]/ 2-Norbornyl—Br ~ "PrSi—Cl 85 (74)
R
PrsSi

Measi
6 MegSi._  2-Norbomy—Br  "PrSi—Cl . s?/ﬂb 86 (35)
3

7 )\( ‘Bu—8r EtgSi—Cl EtSS'M/
Ehs‘\)ﬁ/\‘/ 76 (64)

E/Z=98/2

83 (78)
E/Z=96/4

8 Bu—Cl EtSi—Cl

a) NMR yield. Isolated yield is in parentheses.

drogen elimination. Addition of the thus-formed alkyl radical to a diene at the ter-
minal carbon affords allyl radical species, which recombines with 150 to give the
corresponding allyl titanium complex 151. Subsequent transmetalation of 151
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with "BuMgCl gives the corresponding allyl Grignard reagent 152, with regenera-
tion of 147. Then 152 reacts with a chlorosilane to give carbosilylation product.

R—X
MgCIX

[CpgTi"Buﬂ'MgGI’

cp T|CI M.. Cp T.CIM. CpoTi"Bu

53|

"BuMgCl ‘/ R Cp,Ti"Buy
)\7/ { )

147
R"sSi—

CIMgHV,
/ﬁ )ﬁ/\ buiane
152

J». n CpaTi bl.rtenes
S BuMgCl

: 150
‘;{ A )\WH_JZ/
CpaTi R
151
Scheme 3.151

3.6.2
Reaction of Grignard Reagents with Organic Halides in the Presence
of Cobaltous Chloride

Kharasch and Fields [165] discovered that reaction of a Grignard reagent with an
organic halide in the presence of a catalytic quantity of cobaltous chloride gave a
coupling product derived from two molecules of the Grignard reagent. They pos-
tulated the following free radical chain reaction in which cobalt sub-chloride is
the chain carrier (Scheme 3.152).

RMgX + CoCly RCoCl + MgXxcCl
2RCoCl Rs + 2Co0
RX + CoCl- CoCIX + R':

(R, R'=alkyl or aryl groups, X = Cl, Br, or I
Scheme 3.152

The following alternative mechanism involving metallic cobalt as the chain car-
rier was subsequently suggested by Wilds and McCormack [166], who believed the
continuously regenerated metal would be in a favorable state of subdivision and
activity (Scheme 3.153).



3.6 Radical Reaction Mediated by Grignard Reagents in the Presence of Transition Metal Catalyst

2RMgX + CoCl, ——= R,CoCl + 2MgXCl
H2C°

Rz + Co
2RX + Co

2R+ + CoXy

Scheme 3.153

Although it is very difficult to clarify the precise reaction mechanism, the reac-
tion between a Grignard reagent and an organic halide in the presence of cobalt
chloride results in the production of free radicals. The effect of varying the reac-
tants has been studied for the cobalt-catalyzed reaction of Grignard reagents with
organic halides in the presence of monosubstituted benzene derivatives [167].

3.6.3
Cobalt-catalyzed Aryl Radical Cyclizations with Grignard Reagent

Although tributyltin hydride-mediated radical cyclizations have proved to be partic-
ularly useful in synthesis, the toxicity of the tin hydride reagent has stimulated
the search for alternative methods of performing such reactions. In the alkyl radi-
cal field several alternatives have been developed, involving a variety of methods.
The greater instability of the aryl radical precludes the application of many of
these methods to aromatic systems, however. The use of cobalt(I) complexes gen-
erated in situ has been explored but suffers from the drawback that such com-
plexes are very unstable and considerable practical expertise is required for their
successful use [168]. When considering this problem, A.]. Clark et al. [169] paid
attention to the early work of Kharasch [165] on the use of Grignard reagents to
which various transition metal salts had been added. This work was followed up
by Hey [167] who performed quantitative studies involving intermolecular trapp-
ing of aryl radicals generated from aryl halides by the cobalt(II) chloride-Grignard
reagent combination. This work shed considerable light on the reaction pathway
and clearly implicated the involvement of aryl radicals.

Reaction of N-methyl-N-acryloyl-2-haloanilines with anhydrous cobalt(II) chlo-
ride and a Grignard reagent has been reported to lead to the formation of indol-
2(3H)-ones by a reductive aryl radical cyclization. Methylmagnesium iodide was
added to a solution of a catalytic amount of CoCl, in THF and the solution was
heated under reflux for several minutes to give a black solution. Addition of the
aryl iodide 153a provided the oxindole 154a. When the aryl iodide was 153 ¢, dihy-
droquinolone 155 ¢ was obtained with 154 ¢ (Scheme 3.154).
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2
| R R?
(@] R1 R1
R" —— +
Me || °
N N~ S0
R2 Me Me
153 154 155
153a R'=R2=H 71% 0%
153b R'=H, R%®=Me 67.5% 0%

153¢ R'=Me, R2=H 52% 17%
Scheme 3.154

3.6.4
Cobalt-catalyzed Phenylative Radical Cyclization with Phenyl Grignard Reagent

Cobalt-catalyzed tandem radical cyclization and cross-coupling reactions have been
reported. Radical reaction with organometallic reagents is a fascinating and devel-
oping area in synthetic radical chemistry. The most attractive feature of this strat-
egy is the generation of a new carbon-metal bond by the capture of a carbon-
centered radical, derived from a radical transformation, with a metallic reagent.
Sequential ionic reaction offers multibond-forming events, i.e. a heterogenerative
process [170] (Scheme 3.155).

Mt Mt-X Radical Mitt' lonic

Reaction Reaction
R-X k/ Re R'e \ R'-Mtl' R-E

Scheme 3.155

Cobalt-catalyzed coupling of halo acetal with a phenyl Grignard reagent pro-
ceeded smoothly, and involved radical cyclization before coupling. A variety of sub-
strates were examined; the results obtained are shown in Tab.3.25 and
Scheme 3.156 [171].

Halo acetals bearing a terminal alkene moiety underwent phenylative cyclization
to give the corresponding benzyl-substituted tetrahydrofuran derivative in good to

X\_\
Y b
/ R Ar R
156a: R=H, X =1,Y = 4-Me-CgHsN  157a: 81% (Ar = Ph)
156b: R = "CgHy4, X=Br,Y=0 157b: 59% (Ar = Ph)
156¢c: R=H,X=1,Y =CH, 157¢: 59% (Ar = 4-MeO-CgH,)

Scheme 3.156
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Tab. 3.25 Cobalt-catalyzed phenylative radical cyclization®

2 1 1
xR OR PhMgBr R OB

RS cat. CoCly(dppe)

0
ﬂﬁs THF, 0 °C, 30 min
R4

Enty X R R R R F Yield®

RS...

1 Br "C4Hg H H "CsHyy H  80% (55/45)
2 I "C4He H H "CsHyy H  78% (55/45)
3 Cl "CyHg H H "CgHyy H N. R.

4 Br (CHy)s H "CsHyy H  71% (51/49)
5 Br (CHy)s Me Me H 84% (62/38)
6 i {CHy)s Me Me H 84% (60/40)
7 Br (CHz)s H H Me 51% (single)
8 | (CHxs H H H 22% (91/9)

a) Substrate (0.5 mmol), CoCl, (dppe) (0.05 mmol),
PhMgBr (1.1 mmol), and THF (1 mL) were employed.
a) Isolated yield. Diastereomer ratios are in parentheses.

CoCly(dppe)
4 eq. PhMgBr

Ph—Ph

[Co(0)Phy(dppe)] (MgBr)» m
158
X NN
PhMgBr | ‘ B
MgBr

[Co(0)Ph(dppe)l(MgBr)  [Col)Phy(dppe)lMgBr)
161 159 A -

= -y

[Co(ll)Phy(dppe)(MgBr)
160

Scheme 3.157

excellent yield (Tab. 3.25). It is worth noting that the stereochemistry of the products
was quite similar to that in the previous reports of radical reaction. This observation
is highly suggestive of the same transition state of the cyclization step in this reac-
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tion as in the free radical reaction. Allylic alcohols, the substrates, were not detected
in the reaction mixture. Thus, f-alkoxy elimination, which could be facilitated by
halogen-metal exchange, did not occur. Therefore, a mechanism involving halo-
gen-cobalt exchange followed by intramolecular carbocobaltation is improbable.

The reaction mechanism assumed is that reaction of CoCl,(dppe) with 4 equiv.
PhMgBr gives [Co(0)Ph,(dppe)](MgBr), (158) with concomitant production of
1 equiv. biphenyl. The zero-valent-ate complex undergoes single-electron transfer
to a substrate to yield an anion radical of the substrate and cobalt(I) complex 159.
The immediate loss of bromide from the anion radical affords the 5-hexenyl radi-
cal intermediate, which is transformed into a cyclopentylmethyl radical. The co-
balt species 159 then recombines with the carbon-centered radical to form diva-
lent cobalt species 160. Subsequent reductive elimination provides the product
and the Co(0) complex 161, which is reconverted into 158 by the action of the re-
maining PhMgBr (Scheme 3.157).

3.6.5
Cobalt-catalyzed Heck-type Reaction of Alkyl Halides with Styrenes

Because the Heck reaction is a powerful tool in organic synthesis its scope and
limitations have been well investigated. The main limitation is that one cannot
use alkyl halides with hydrogen at the position f to the halide atom, because such
substrates suffer from the f-hydride elimination problem. Although there are
some examples of the palladium-catalyzed Heck reaction of alkyl halides, the
reactions employ only bridgehead halides such as 1-adamantyl bromide [172]. A
nickel-catalyzed reaction of alkyl bromides with styrenes has also been reported.
Few alkyl bromides were examined, however, and the yields were moderate. A
similar catalytic transformation with a cobaloxime is known, although photolysis
was required for the successful reaction. Very recently, Kambe et al. have reported
titanocene-catalyzed alkylation of styrenes, using butylmagnesium bromide as
base [173]. This procedure enables use of a variety of alkyl bromides and some
alkyl chlorides as precursors, although yields are still not satisfactory. Functional
group compatibility of this titanocene-based method remained uninvestigated.

A method complementary to the palladium-catalyzed reaction has been re-
ported. A cobalt-phosphine complex catalyzes a Heck-type reaction of alkyl halides
with styrenes in the presence of Me;SiCH,MgCl [174]. Trimethylsilylmethylmag-
nesium chloride was added to a mixture of styrene and bromocyclohexane in
ether in the presence of a catalytic amount of CoCl,(dpph) at 0°C. Heating the re-
action mixture under reflux (35°C) provided 163a in 91% yield (Scheme 3.158).

Not only secondary alkyl bromides but also the primary and tertiary compounds
participated in the alkylation reaction (Tab. 3.26). Reaction of lauryl bromide with
styrene at 20°C yielded f-laurylstyrene in 76% yield. tert-Butyl bromide was less
reactive and required heating to achieve a satisfactory result. Use of lauryl iodide
resulted in a low yield of 163¢ (entry 7). It is particularly noteworthy that alkyl
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cat. CoCly(dpph)

°CgHqyy—Br + = ph MeSiCh MaC! cCGH“\/\Ph
162a ether 163a
86% at 20 °C
Scheme 3.158 91% at35°C
Tab. 3.26 Cobalt-catalyzed alkylation of styrene
Me;SiCH,MgCI (2.5 mmol)
ReX + ZPh CoCl,(dpph) (0.05 mmoi) R~ on
ether
162a 163

(1.5 mmol) (1.0 mmol)

Entry R-X Time/h Temp./°C Product Yield/%

1 "CgHysCH(BCH; 8 20 163b 73

2 C 1 oHos B 8 20 163c 76

3 CoHa5Br 3 a5 163¢ 71

4 Ad-Br? 8 20 163d 87

5 fC4HgBr 8 20 163e 11

6 fC4HgBY 3 35 163e 67

7 CoHps! 3 35 163c 57

8 C2HpsCl 3 35 163c 74

9 Ad-CP? 3 35 163d 90

10 °CeH11Cl 3 35 163a 84

11 CHgl 3 35 163f  55°

a) Ad = 1-adamantyl.
b) p-Chlorostyrene was used instead of styrene.

chlorides, which are usually less reactive in transition metal-catalyzed reactions,
proved to be good alkyl sources in this reaction (entries 8-10). For instance, treat-
ment of a mixture of lauryl chloride and styrene with Me;SiCH,MgCl in ether un-
der reflux furnished 163c in 74% vyield under CoCl,(dpph) catalysis. The reaction
with iodomethane afforded f-methylstyrene 163 f in moderate yield (entry 11).

The reaction tolerates a variety of functionalities (Tab.3.27). Methoxy- and
chlorostyrenes were alkylated efficiently under standard, heated, conditions. Disap-
pointingly, the presence of a carbamoyl group at the para position reduced the
yield of the product. In contrast, the meta isomer 162h underwent efficient alkyla-
tion. A tert-butoxycarbonyl group survived under the reaction conditions. The reac-
tion with cyclopropylmethyl bromide provided a ring-opening product, f-(3-bute-
nyl)styrene (165), in 50% yield (Scheme 3.159). In addition, tetrahydrofuran deri-
vative 167 was obtained when iodo acetal 166 was employed. Ring opening of a
cyclopropylmethyl radical and ring closure of a 5-hexenyl radical are well-known
processes. Generation of an alkyl radical from an alkyl halide is consequently sug-
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gested. It is notable that bisstyrylation of 1,2-dibromoethane proceeded albeit the
yield was low. A mechanism via carbometalation of styrene is unlikely, because a
2-bromoethylmetal reagent undergoes rapid f-bromine elimination.

Tab. 3.27 Cobalt-catalyzed alkylation of styrene derivatives

Me,SICH,MgCl (2.5 mmol)

cCBH_l 1—B|‘ + ‘f}:\\ﬁ,_[ COCIE{dpph) (0.05 I‘I1I'I'IDI} C‘CEH1 1 \:,}_‘\Ar
ather, reflux, 3 h
(1.5mmel) 162 (1.0 mmol) 164
Entry 162 Ar 164 Yield/%
2 162¢c CgHa4-p-Cl 164c 85
3 162d CgH4-m-Cl 164d 82
4 162e GEH.{'O-Gl 164e 85
5 1621 CgH4-p-OMe 1641 B2
& 162g CgH,-p-CON(CHoPh); 184g 289
7 162h CgH4-m-CON(CHzPh)> 184h 85
8 162 CzH,-mCOO'C,H, 1641 68
cat. CoCly(dpph)
Me;SiCH,MgClI
> 2 Ph
. W Ph
r
ether, reflux 165 50%
"BuO 0 o
——————————————————— n
\K| \K BUOA/\/\I\/\WPh
166 167 50%
Br Br Ph Ph

- =~

Scheme 3.159

29%

On the basis of these observations the draft mechanism shown in
Scheme 3.160 has been proposed for the catalytic reaction, by analogy with the
previous reaction. The reaction of CoCl,(dpph) with Me;SiCH,MgCl gives com-
plex 168, which is electron-rich, because of coordination of the Grignard reagent.
Complex 168 effects single-electron transfer to an alkyl halide to yield an anion
radical of the halide and cobalt complex 169. Immediate loss of halide from the
anion radical affords an alkyl radical intermediate, which adds to styrene to yield
a benzyl radical. Cobalt species 169 would then recombine with the carbon-cen-
tered radical to form cobalt species 170. Finally, f-hydride elimination provides
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the product and complex 171, which affords 168 as a result of the action of re-
maining Me;SiCH,MgClL.

Co(X) (dpph)Ln 168

Me,Si ) R'-Br
Me3SiCHoMgCl [ R—Br ]" Br -
Co(X+ H)(H){dpph) Ln  Co{X+l}{dpph)Ln V
171 169 R
R'\/\ RI\/.\
Ph = . Ph
“Ph

Co(X+ll)(dpph)Ln

Ph 170
Scheme 3.160

Cobalt-catalyzed cyclization of 6-halo-1-hexenes into methylene cyclopentanes has
also been reported [175]. Iodo acetal 172a was selected as model substrate. Trimethyl-
silylmethylmagnesium chloride (1.0 m THF solution, 1.5 mmol) was added to a mix-
ture of cobalt(Il) chloride (0.05mmol) and 1,4-bis(diphenylphosphino)butane
(0.06 mmol) in THF. The resulting mixture was stirred for 5 min and iodo acetal
172a (0.50 mmol) was then added to the mixture at 0°C. The whole mixture was
heated under reflux for 5 min. Aqueous work-up then silica gel column purification
afforded the desired product 173 a in 84% yield in addition to its saturated analog 174 a
(Scheme 3.161).

nBUO 0o n05H11
cat. CoClsLn
"BuO. _O._ "CsH 2
! \[ (5 " Me,SiCH,MgCI 173a
| X THF, reflux *
"BuO._ O "CgHyy

\q 174a

Ln |DPPM DPPE DPPP DPPB DPPPEN DPPH DPPF

172a

173a/% 58 8 68 84 78 69 81
174a/% 28 74 20 9 8 8 11

Scheme 3.161
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The choice of the ligand was important. Use of DPPM, DPPE, DPPP, DPPPEN,
DPPH, and DPPF furnished 173a in 58, 8, 68, 78, 69, and 81% yields, respec-
tively. Surprisingly, 174a was obtained in 74% yield when DPPE was employed.
No deuterium incorporation into 174a was observed when the reactions were
quenched with DCl/D,0. The formation of 174a would thus involve a radical cy-
clization path, and the corresponding oxacyclopentylmethyl radical would abstract
hydrogen from THF. A radical intermediate similar to that suggested in the for-
mer report [174] was assumed for formation of 173a. Use of a trialkylsilylmethyl
Grignard reagent was essential for successful reaction. For example,
Me;CCH,MgBr was far inferior to Me;SiCH,MgCl, which afforded 173a and
174a in 18% and 60% yields, respectively. Other alkyl Grignard reagents such as
"BuMgBr also yielded 174a as a major product.

These conditions were slightly different from the conditions used for the inter-
molecular reaction [174]. The reaction at ambient temperature was slow and
yielded a slightly complicated crude mixture compared with reaction in THF un-
der reflux. Reaction in ether under reflux resulted in a lower yield of 173a. The
bromo analog of 172a was less suitable than 172a, leading to a lower yield of
173a (59%, with contamination by 20% 174a).

Examples of cobalt-catalyzed intramolecular Heck-type reaction are summarized
in Tab. 3.28. Substrates with terminal alkene moieties 172b—f underwent cycliza-
tion to provide the corresponding products in good yields. For example, reaction
of 172d proceeded smoothly to give 173d in 94% yield. Such substrates bearing
nonsubstituted allyloxy groups were not suitable for the cobalt-catalyzed tandem
cyclization/phenylation reaction. Interestingly, whereas the standard heated condi-
tions provided the expected product 173 ¢ in 79% yield, the Me3SiCH, group was
introduced to give 175 in 20% yield upon treatment of 172¢ at 25°C. The reaction
was effective for construction not only of oxacycles but also aza- and carbocycles
173 e and 173f. For each of 173b—f the level of the saturated analog was less than
9%. Exposure of 172 g to Me3SiCH,MgCl in the presence of CoCl,(dppb) afforded
bicyclic product 173 g with a disubstituted olefin. Cyclization on to a trisubstituted
alkene resulted in a moderate yield of the expected Heck-type product. Use of
DPPP instead of DPPB slightly increased the yield of 173h to 66%. Considerable
amounts of isopropyl-substituted product were obtained in both reactions (DPPB
13%, DPPP 14%).

3.6.6
Radical Cyclization of f-Halo Allylic Acetal with a Grignard Reagent
in the Presence of Manganese(ll) Chloride or Iron(ll) Chloride

Treatment of unsaturated 2-iodoethanal acetal 176a with "BusMnlLi, generated
from MnCl, and three molar equivalents of "BulLi, in THF gave the cyclized prod-
uct 177 in 82% yield. Further investigation proved that the reaction proceeded
with "BuMgBr in the presence of a catalytic amount of MnCl,. For instance, treat-
ment of 176a (1.0 mmol) with "BuMgBr (2.0 mmol) in the presence of MnCl,
(0.1 mmol) at 0°C afforded 177 in 80% yield (Scheme 3.162).
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Tab. 3.28 Cobalt-catalyzed intramolecular Heck-type conversion

Entry  Substrate Product Yield
CsH11 O.-© ,
(J\ \( CsHis  173b: 74%
d.r.=67/33
172b Gy =n

"BuO._ _O nsuo. O
2 \[ 173¢: 79%
x
172¢ f
TBSO
3 I j\ TBSO 173d: 94%
nCaH17 d.r. = 62/38

"CgH17
172d dr.=11
Ts Ts
N N
4 [ 173e: 91%
I ™
172e
5 m Q 173f: 82%
"Hex”™ ™I MHex
172t
"BuO o "BUO
6 \(_D 173g: 82%
1729 d. r. =50/50
dr.=11
, 173h: 58% (DPPB)
66% (DPPP)
172h d.r. =63/37
"Buo_ O
175 SiM63
(0]
o/y\ "BugMnLi
"Buo
"Buo)\/l or "BuMgBr/MnCl,
176a 177

Scheme 3.162
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The mechanism of the catalytic reaction might be that reaction between 176a
and tributylmanganate, derived from "BuMgBr and MnCl,, provides 177 and
"BuMnH which decomposes to Mn(0). Single-electron transfer from this zero-va-
lent manganese to 176a then affords an alkyl radical and a manganese(I) species.
Radical cyclization of the alkyl radical into 178 followed by recombination with
manganese(I) could give 179 (Scheme 3.163) [176].

O/\/k (2.0 molar) (0.1 molar) (0]
|

176a "BuH ;;Z/D
Mn(0) <—¥HMn”Bu
I-Mn(l)
0 (@]
"BuO/Q\( nB“O/Q\{Mn”Bu
178 "BuMgBr 179

Scheme 3.163

A similar cyclization reaction proceeded on treatment of 2-haloethanal allyl ace-
tal and allyl 2-halophenyl ether with Grignard reagents in the presence of an
Fe(Il) salt catalyst [177]. Addition of phenylmagnesium bromide to a solution of 2-
iodoethanal prenyl acetal 176a in the presence of a catalytic amount of Fe(II)Cl,
gave the isopropenyl-substituted tetrahydrofuran derivative 177 in 52% yield with
an isopropyl-substituted product 180 (13%) (Scheme 3.164).

o)
PhMgBr
176a — 2 = 177+ ”BuO/Q\(

cat. FeCly \
52%

180 13%
Scheme 3.164

The distribution of the products (177 and 180) depended heavily on the nature
of the Grignard reagent employed. Use of PhMgBr resulted in less of saturated
product 180 than use of "BuMgBr. This tendency was more clearly seen when 2-
bromoethanal allyl acetals were used as substrates. For instance, whereas treat-
ment of 2-bromoethanol acetal 176b or 181 with PhMgBr gave alkenyl-substituted
tetrahydrofuran derivatives 177 or 182 almost exclusively, reaction with "BuMgBr
provided a mixture of 177 and 180 or 182 and 183 (Scheme 3.165). Thus, the com-
bined use of 2-bromoethanal acetals with phenylmagnesium bromide is recom-
mended for the selective formation of alkenyl-substituted tetrahydrofuran deriva-
tives 177 or 182.
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o/\)\
”BuO/I\/Br

177+ 180

PhMgBr 77% <10%
176b "BuMgBr 40% 43%
0 NF NN DJV /?\/>_/\/
”Buo)\/ Br "BuO 182 " "Buo 183
181 PhMgBr 68% <1%
"BuMgBr 23% 18%

Scheme 3.165

Treatment of 2-iodophenyl prenyl ether 184a with PhMgBr in the presence of a
catalytic amount of FeCl, provided benzofuran derivative 185 as a single product
in 88% yield (Scheme 3.166). Saturated benzofuran derivative, 3-isopropyl-2,3-dihy-
drobenzofuran could not be detected in the reaction mixture. N,N-Diprenyl-2-io-
doaniline 186a gave N-prenyl-3-isopropenyl-2,3-dihydroindole 187 in 98% yield.
Whereas reaction of bromide 186b gave 187 in 86% yield under the same reaction
conditions, use of 2-bromophenyl derivative 184b in place of an iodo compound
afforded 185 in only 21% yield in addition to the recovered starting material 184b
(25%).

X = PhMgBr a:X=1 88%
cat. FeCly J ‘X =Br 21%
(o]
184

b
(o]
185

X a:X=| 98%
= PhMgBr b:X=Br 86%

cat. FeCl, N

N 2 Y
186 187

Scheme 3.166
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Calcium in Organic Synthesis
Jiz Ru Hwu and Ke-Yunc Kineg

4.1
Introduction

One of the most popular reactions in organic chemistry is dissolving metal reduc-
tions [1-3]. Two systems are frequently used — sodium dissolved in ammonia with
alcohol and lithium dissolved in alkylamines [4]. Although calcium is seldom
used, it has been successfully applied to the reduction of a variety of compounds
and functional groups [5], including aromatic hydrocarbons, carbon-carbon dou-
ble and triple bonds, benzyl ethers, allyl ethers, epoxides, esters, aliphatic nitriles,
dithianes, als well as thiophenyl and sulfonyl groups.

The reducing strength of dissolved metals follows the trend Li>K>Rb>Na>Ca.
The weaker reducing strength of calcium enables the use of mild conditions thus
results in Dbetter selectivity for reactions with some organic functional groups dur-
ing the reduction process. This chapter focuses on discussion of recent develop-
ments in the reduction of organic compounds by calcium in amines.

4.2
Reductive Cleavage of Various C-O Bonds

4.2.1
O-Debenzylation

The benzyl group is frequently used for protection of alcohols. The resulting ben-
zyl ethers are stable to most acidic, basic, and oxidative conditions [6]. The system
containing calcium metal in liquid ammonia is a practical means to achieve che-
moselective removal of the benzyl group from benzyl ether substrates containing
other functionalities. For example, in the study of Aplyronine A, a potent antitu-
mor substance of marine origin, Yamada et al. [7] removed two benzyl protecting
groups in 1 with calcium in liquid ammonia to give diol 2 in 98% yield
(Scheme 4.1). The triethylsilyl protecting groups in 2 remain intact. Ley et al. [8]
used calcium metal in ammonia under reflux in the last step of a total synthesis
of the protein phosphatase inhibitor okadaic acid (4). Reductive removal of the
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Scheme 4.1  Selective removal of benzyl groups from benzyl ethers containing
other functionalities with Ca in ammonia
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benzyl group and dephenyldispiroketal in 3 gives 30% yield of 4 without optimiza-
tion; the allylic acetal moiety, however, survives.

Enders and Hundertmark [9] recently reported that debenzylation of 5 with cal-
cium in liquid ammonia gives the corresponding alcohol 6 in quantitative yield
[10]. Similar debenzylation of 7 produces 8 in 83% yield. The use of calcium, in
contrast with the more reactive lithium, circumvents reduction of the existing phe-
nyl ring. They also found that the calcium method is far more reliable than palla-
dium-catalyzed hydrogenolysis, which is very sensitive to catalyst poisoning by
traces of sulfur and tin by-product.

In a total synthesis of sterols, van Tamelen et al. [11] developed a new method
for selective removal of a benzyl group in an alkyne bearing a non-terminal C-C
triple bond. Treatment of polyenyne benzyl ether 9 with 4.4 equiv. calcium in
liquid ammonia gives the corresponding alcohol 10 in 92% yield (Scheme 4.2).
The —C= C- functionality remains intact. In 1986, results from a systematic study
revealed that successful, selective debenzylation of substrates containing a variety
of functional groups could be achieved with 2.2 equiv. calcium (Tab. 4.1) [12].
These groups include benzene, furan, and cyclopropyl rings; allylic, furfuryl, cyclo-
propyalkoxyl, and tert-butyldimethlysilyl ethers; and the C=C triple bond.

I Ca, NH3 \

~ —_—
(92%)
PhCH,0 HO
9 10

Scheme 4.2 Selective removal of a benzyl group from a benzyl ether containing a
non-terminal C=C triple bond with Ca in ammonia

In the synthesis of Aristotelia-type alkaloids, Burkard and Borschberg [13] found
that the best method for elimination of the 2,6-difluorobenzyl group of the indole
derivative 11a was a procedure involving calcium in ammonia. This led to the de-
sired indolyl alcohol 12 in 74% yield (Scheme 4.3). Use of excess dissolved calcium
also enabled simultaneous removal of both the (4-methoxyphenyl)sulfonyl and the
2,6-difluorobenzyl protecting groups from 11b to give 12 in 62% yield [14].

4.2.2
Cleavage of the (O=C)-OAc Single Bond

In the development of a non-oxidative method for ketone transposition, Marshall
and Roebke [15] reductively removed the a-acetoxy group from the ketone 13, to
give 14, by use of calcium in ammonia (Scheme 4.4). This synthetic strategy was
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Tab. 4.1 Selective reduction of benzyl ethers containing a variety of functional groups with
2.2 equiv. calcium metal in liquid ammonia

Entry Substrate Products Yield (%)
1 PhCH,CHZ;CH,OCH,Ph PhCH,CH;CH,0H 100
2 / \ @—\ 69
o OCH,Ph 0 OH
OCHyPh OH
3 : 20
4 OCH,Ph OH 96
#CH:; v)\c}'b
5 t-BuMe,SiOCH,CH,OCH,Ph t-BuMe,SiOCH,CH,0H 93
6 CH3C =CCH,CH,0CH,Ph CH;C=CCH,;CH,0H 90
F
HN HN
H
] © Ca, NH3 ] ©
—_—
L F L
R 1 N 12
R=
a. H (74%)
b. SO,Ph-p-OMe (62%)

Scheme 4.3 Removal of the 2,6-difluorobenzyl group with Ca in ammonia

later applied by Pfizer's team [16] in the synthesis of a 11-ketotigogenin cellobio-
side (pamaqueside), a potent cholesterol absorption inhibitor in the hamster. Un-
der the calcium reductive conditions, both of the C-3 and the C-12 acetoxy groups
are removed from 15 to give ketone 16 in 87% yield.
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0 O
Ca, NH3
———————— i
o (80%) T
AcO I'Ei G
13 14
o
o 1. Ca, NH3, THF
a 2. bromobenzene, H,0
3. THF, MeOH, H,0
(87%) 0
AcO : i
H

H 16

Scheme 4.4 Reduction of a-acetoxyketones with Ca in ammonia

4.2.3
Cleavage of the R,N(O=C)C-O(C=O)R Single Bond

In the reductive cleavage of y-lactone 17, Naito et al. [17] reported that use of cal-
cium in liquid ammonia at —=70°C enables the production of the desired car-
boxylic acid 18 as the sole product in 62% yield (Scheme 4.5). Other procedures
including use of aluminum amalgam, chromium(Il) chloride, and zinc in acetic
acid led to complete recovery of the starting y-lactone 17.

MeQ

MeO Ca, NHg, -70 °C

(62%)

17 0

Scheme 4.5 Reduction of y-lactone 17 to the corresponding carboxylic acid 18 with Ca in ammonia
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4.2.4
Cleavage of the C-O Bond in Dihydropyrans

Zhou et al. [18] reported the use of calcium in ethylenediamine for reductive
cleavage of dihydropyrans (Scheme 4.6). In 5,6-dihydro-2H-pyrans 19, the allylic
C-0 bond is cleaved selectively to give a mixture of alkenyl alcohol 20 and saturat-
ed alcohol 21 in a 98:2 ratio with an overall yield of 58-60%. Application of the
same reducing agent to 3,4-dihydro-2H-pyran (22), however, led to tetrahydro-
pyranyl pentyl ether 23 in 51% yield. This involves reduction followed by an addi-
tion process.

R R' R'
X Ca N .
HoNCH,CHoNH, ,

2 OH "R OH ~R?
0 R (58-60%)
19 20 21
Me H 98 2
H Me

Q) i [ Q] =— Q4
HaNCH,CH,NH, 07 NOCeH, -

o
22

OH
23
(51%) -

Scheme 4.6 Reduction of 5,6-dihydro- and 3,4-dihydro-2H-pyrans with
Ca in ethylenediamine

4.2.5
Conversion of Epoxides to Alcohols

Calcium in ethylenediamine can efficiently reduce epoxides to alcohols in excel-
lent yields. Benkeser et al. [19] reported that reduction of exo-2,3-epoxynorbornane
(24) by calcium gives exo-2-epoxynorbornanol (25) in 89% yield (Scheme 4.7). This
epoxide is rather difficult to reduce with LiAlH,; its use leads to the production of
7-norbornanol as the by-product in 16% yield by rearrangement. For asymmetric
epoxides such as 26, production of the corresponding secondary alcohol 27 over-
whelms that of the primary alcohol 28 (Scheme 4.7).
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(@] H2NCH2CH2NH2 OH
0,
(89%) 25
O Ca
IS~ HoNCH,CHZNH,
26 (89%)
OH
/I\/\/\/ i HO\/\/\/\/
27 28
97 : 3

Scheme 4.7 Reduction of epoxides with Ca in ethylenediamine

43
Reductive Cleavages of Various C-S Bonds

431
Desulfonylation

Alonso and Andersson [20] explored the desulfonylation of aziridine 29, in which
the amino group is protected by a p-MeO-CsH4SO, moiety. They found that a mix-
ture of benzylaziridine 30 and 1,2-diamine 31 is generated by use of Li and Na in
ammonia (Scheme 4.8). Diamine 31 is produced by nucleophilic ring opening
with sodium amide along with an N-desulfonylation process. Because the reduc-
tion potential is lower for Ca than Li and Na, the use of calcium as the reducing
agent led to the desulfonylated aziridine 30 (20% yield) exclusively. In other exam-
ples, calcium could not be used to remove a toluenesulfonyl group from a nitro-
gen atom [21].

CHoPh LCH2Ph _Ph
\V4 M, NH, AV
N —
) H 2N NH,
SOZC5H4-p-OMe
M = 30 31
2 Li (32%) (30%)
Na (15%) (30%)
Ca (20%) (0%)

Scheme 4.8  N-Desulfonylation of aziridine 29 with Li, Na, and Ca
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4.3.2
Cleavage of a (R,NCO)C-S Bond

The cleavage of a C-S bond a to an amido group can be accomplished by use of
calcium in ammonia. In an attempt to remove the (a-methyl)benzyl group from
protected thiazolidinone 32 to give 33 by use of calcium, Hansen et al. [22] ob-
tained a high level of thiol 34 (Scheme 4.9). Use of the dissolved metal under
these conditions causes cleavage of both the C-S bond and the N-C bond in 32.

34

Scheme 4.9 Cleavage of a C-S bond a to an amido group with Ca in ammonia

433
Removal of Dithiolanes from an Allylic Position

Total synthesis has been achieved for (—)-solavetivone [23], which inhibits germina-
tion, germ tube, and mycelial growth. One of the key steps in the synthesis in-
volves removal of the 1,3-dithiolane moiety from an allylic position in the silicon-
containing intermediate 35. Use of calcium in liquid ammonia with ether as the
cosolvent enables the conversion of 35a to 36a in 75% yield (Scheme 4.10). Its
analog, 35b, contains an Me;SiMe,Si— group, in which the Si-Si bond is relative
weak. Nevertheless, this disilyl group remains intact upon exposure of 35b to cal-
cium in ammonia during the conversion of the thioacetal moiety to a methylene
unit in 36b [24]. The 80% yield of 36b obtained by isolation indicates the mild na-
ture of calcium in the reduction process. In contrast, reduction of 35b with so-
dium in liquid ammonia produces 36b in 7% yield only.

The same reductive conditions have also been applied to thioacetal substrates
containing an ester functionality, which is reduced to a hydroxyl group in situ
[25]. Treatment of a diastereomeric mixture of thioacetal esters 37 with excess cal-
cium in liquid ammonia under reflux produces, after separation, alcohol 38a in
32% yield and alcohol 38b in 47% yield.
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RSiMey RSiMe;

Ca, NH3
Et,0

2

1
R Rco,et

St (79%)

37 R1 = R2 = 38
a. SiMe; H (32%)
b. H SiMes (47%)

Scheme 4.10 Reductive removal of dithiolane moieties from silicon-containing compounds
with calcium reagents
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441
Cleavage of a PhC-N Bond

In the synthesis of the antidepressant (—)-Rolipram, Meyers et al. [26] tried to con-
vert bicyclic lactam 39 to hydroxylactam 40 by use of dissolved metals. The in-
creased yield of 40 on going from Li — K — Na parallels the reduction potential of
the metals Li (3.0), K (2.9), and Na (2.7). The reduction potential of calcium is
known to be even lower. When 39 is treated with calcium metal (10 equiv.) in lig-
uid ammonia, the desired 40 is produced in 84% yield (Scheme 4.11). The same
type of reduction is applicable to the conversion of 41 to 42 [27]. Furthermore,
treatment of tricyclic lactam 43 with Et;SiH and TiCly gives poor isolated yield
(22%) of the polar diamino alcohol 44. In contrast, calcium-ammonia reduction
of 43 produces N-unsubstituted hydroxylactam 45 in an excellent yield.

N-Debenzylation with calcium is also used in the synthesis of roseophilin.
Reaction of 46 with calcium in liquid ammonia then reoxidation of the adjacent
carbonyl group leads to the desired macrotricyclic core of intermediate 47
(Scheme 4.12) [28], which is finally converted to roseophilin.
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H @]

Ph o M, NH3
NN -
A Na (40%)
39 Ca (84%)
H Me
Ph
N H ——
H -78 °C
(0]
41
Me_= H
EtsSiH :
HO N NCH,Ph
TiClg
(22%) Ph H
Me H 0
Ph
0 H
\ —
N NCH,Ph
o} Mey M
" Ca. NHs HO s
s, HN NCH,Ph
-78 °C
0 H
45
Scheme 4.11

Removal of benzyl-type blocks from y-lactams by various reducing agents

_tCaNH
'”' ~2poc '”
(50%)

46 47

Scheme 4.12  N-Debenzylation of keto pyrrole 46 by Ca in ammonia



4.5 Reduction of C=C and C=C Bonds

4.4.2
Reduction of Nitriles

Reduction of tertiary nitriles with lithium in ethylamine or sodium in ammonia
often affords reductive decyanation products exclusively. Primary and secondary
nitriles give both the expected amine and decyanation products [29, 30]. Doumaux
[31] found that calcium in ammonia reduces primary, secondary, and tertiary ni-
triles to produce modest, synthetically useful amounts of the expected amines. Lit-
tle decyanation occurs on the basis of the results obtained by use of dodecylcya-
nide as the substrate.

4.5
Reduction of C=C and C=C Bonds

4.5.1
Reduction of Alkynes

In 1945, Campbell and McDermott [32] found that the reduction of dialkylacety-
lenes by calcium hexamine [Ca(NHj3)g] in diethyl ether yielded the corresponding
trans alkenes. In 1984, Benkeser and Belmonte [33] reported results from detailed
studies of the reduction of internal and terminal alkynes by calcium in a mixture
of methylamine and ethylenediamine (1:1 v/v). For example, reduction of 4-oc-
tyne gives a mixture of isomeric trans octenes in 75% overall yield; it includes
trans-2-, 3-, and 4-octenes in the ratio 1:9:88. Treatment of 1-heptyne, a terminal
alkyne, with a fivefold excess of calcium produces 70% of a mixture containing
87% n-heptane, 7% trans-2-heptene, and 3% 1-heptene.

With a more complicated substrate 48, Suzuki et al. [34] removed the benzyl
protecting group by use of calcium in ammonia, in which part of the diol product
underwent partial saturation of the triple bond (Scheme 4.13). Hydrogenation of
this mixture gave the fully saturated diol 49 in 87% yield. A thorough study was
performed on selective reduction of benzyloxy alkyne 50 to give a mixture of hy-
droxy alkyne 51 and hydroxy trans-alkene 52 in 81-93% overall yields
(Scheme 4.14) [12]. The study involved the use of different quantities of calcium
and lithium in liquid ammonia.

OBn
1. Ca, NH3, THF, -78 °C

2. Hy, PtO,, MeOH
(87%)

C7Hss

48

Scheme 4.13  O-Debenzylation and partial saturation of the triple
bond in 48 by Ca
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CH3(CHy)4C =CCH,CH,OH

CHa(CH)eC = CCHRCH,OCH P o2 ?

= _— - +

3(CHa)4 2CHz 2 (81-93%) )
50 CH3(CH2)40=CHCH20H20H

52

Scheme 4.14 Partial reduction of a triple bond occurring simultaneously with debenzylation

4.5.2
Reduction of Strained C=C Bonds

Carbon—carbon double bonds are often stable to dissolved metals. Considerable
amounts of norbornane (54) are obtained when either norbornadiene (53) or nor-
bornene (56) is reduced by calcium in methylamine—ethylenediamine
(Scheme 4.15) [35]. The C-C double bonds in both substrates are highly strained,
which enables the reduction to proceed smoothly. In the reduction of diene 53, a
tricyclic compound 55 is produced as a by-product in 18% yield.

Ca
7 +
MeNHz' H2NCH2CH2NH2
53 54 55
(56%) (18%)
Ca
MeNHz, HzNCHzCHzNHz
56 (70%) 54

Scheme 4.15 Saturation of strained alkenes with calcium in
methylamine—ethylenediamine

453
Reduction of Aryl Rings

Aromatic hydrocarbons can be reduced to cycloalkenes by calcium dissolved in a
mixture of methylamine and ethylenediamine. For example, calcium reduction of
p-xylene (57) and anthracene (59) gives 1,4-dimethyl-1-cyclohexene (58) or decahy-
droanthracene (60) in 84% and 85% yield, respectively (Scheme 4.16). Calcium-—
amine combinations are different from lithium-amine systems in that they have
little or no propensity to reduce internal double bonds despite the large excess of
calcium employed. A grayish white precipitate, seemingly calcium alkyl amide,
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Ca
MeNHz, HzNCHzCHzNHZ
(84%)
57 58
Ca
MeNH,, HoNCH,CH,NH,
(85%)

59 60

Scheme 4.16 Reduction of aromatic hydrocarbons with Ca in amines

often forms during the course of such reductions and remains until hydrolysis.
The reduction rate can be greatly enhanced by addition of small amounts of
HMPA [36].

When tert-butyl alcohol is used with the calcium-amine system, aromatic com-
pounds can be reduced to products identical with those obtained by Birch reduc-
tion of the same substrates [37]. Advantages of the calcium—amine-alcohol proce-
dure are, first, that calcium is much safer to handle than sodium and lithium and
is therefore more amenable to large-scale reductions, and, second, the amine sol-
vents are relatively high-boiling and are, therefore, much easier to manipulate
than liquid ammonia.

Pétrier and Suslick [38] have recently developed an ultrasound method for en-
hancing the reactivity of calcium in the reduction of aromatic hydrocarbons. Un-
der the action of ultrasound the reductions proceed more quickly (x10) and re-
quire less metal than reactions conducted with an efficient mechanical stirrer. In
addition, selective reduction of aromatic hydrocarbons could be accomplished by
addition of specific alcohols under the action of ultrasound at ambient tempera-
ture.

4.6
Calcium Reagents in Different Forms in the Reduction of Organic Halides

Optically active 1-halo-1-methyl-2,2-diphenylcyclopropanes 61 are used as probes
to investigate the mechanisms of calcium reduction [39]. Treatment of 61 with cal-
cium biphenyl (Ca(BPh),) or calcium naphthalene (Ca(NPh),) then addition of
CO, gives a mixture of cyclopropane derivative 62 and the corresponding car-
boxylic acid 63 (Scheme 4.17). Walborsky and Hamdouchi have provided evidence
showing that these reactions occur by single electron transfer to yield free radicals
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Ph, Ph,
1. Ca(NPh), .
e EE— el
or Ca(BPh); o\ RAVA
2.CO,
62 63
Ph, & (40-100%) (0-26%) (GC ratio)
P ; "X
61
Ca PhW Ph\‘/\r
= NH *
a. Cl 8 Ph Ph
b. Br (GC) 64 65

(78%) (22%) (GC ratio)

Ph, & Ca(NH3)s, THE P, & Ph Y\/
e S,
Ph/v\sr Ph/v

-30°C - -10°C

Ph
61b 62 64
(81%) (8%)

Scheme 4.17 Reduction of cyclopropyl halides with calcium reagents in different forms

as intermediates. They suggest that the structures of these complexes should be
viewed as calcium—aromatic anion radicals rather than organocalcium reagents.

On the other hand, reduction of cyclopropyl halides 61 with dissolved calcium
in liquid ammonia at low concentration and at the boiling point of ammonia
gives two ring-opened products 64 (78%) and 65 (22%). This reaction is believed
to involve a solvated electron—calcium cation pair [40—43].

Metallic bronze Ca(NHj3)s can, furthermore, be prepared from calcium—ammonia
solution by evaporation of the ammonia. A bronze solid is obtained, which in THF at
—30°C behaves as a solid surface in its reaction with alkyl halides (Scheme 4.17) [39].
Its application in the reduction of 61b produces a mixture of cyclopropane deriva-
tive 62 (81%) and straight-chain diphenylbutane 64 (8%). The process involves the
formation of a tight anion radical-cation radical as an intermediate. Carbon-halo-
gen bond cleavage occurs on the surface of the metallic cluster.

4.7
Reductive Cleavage of an N-O Bond

During the development of carbapenem (+)-PS-5 as an antibiotic agent, Naito et
al. [44] found that the N-O bond of f-lactam 66 can be cleaved by calcium in
liquid ammonia (Scheme 4.18). In situ, the benzyl group is also removed and the
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OBN  Ca, NH;

(96%)

66 67
Scheme 4.18  Cleavage of the N-O and O-CH,Ph bonds in f-lactam 66 with calcium in ammonia

desired product 67 is obtained in 96% yield. Use of the conventional method in-
volving sodium metal meets with failure.

4.8
Reduction of Various Types of Functional Group

In addition to being more selective, dissolved calcium metal functions in a similar
way to lithium and sodium metals towards organic functional groups [45].
Tab. 4.2 lists reductions giving the same products by the three dissolved metals.
Among these, calcium affords the highest yields for some substrates (entries 1-3).
The compounds in Tab. 4.2 include an aldehyde, indole [46], aryl ketone, enone,
naphthalene [47], pyridine N-oxide [48], benzyl alcohol, styrene, and buckminster-
fullerene.

4.9
Chemoselectivity and Limitation

Tab. 4.3 contains many functional groups in approximate order of decreasing ease
of reduction by dissolved calcium metal [45]. The order is on the basis of the valu-
able information reported by leading groups in the field of metal reductions. Re-
duction proceeds more easily for the functional groups in the first level than the
second level; the second level is easier than the third level. Good chemoselectivity
can be expected for reduction of the functional groups in Level 1 in the presence
of those in Level 3. For bifunctional compounds containing two functional groups
in Levels 1 and 2 or in Levels 2 and 3, reductions often lead to a mixture.
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Tab. 4.2 Reduction of organic compounds containing a variety of functional groups with metal
in liquid ammonia at -33°C

Substrate Ca (equiv)  Li (equiv) Na (equiv)  Product
yield (%) yield (%) yield (%)

CHO o
©:_T 2.0 40 4.0 w
N 80 32 40 N
H H
0 0
2.0 4.0 40
0 0
S 2.0 40 40
30 72 67
CN CN
N 12 2.4 24 X
_ 95 9 91 P
N* N
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Tab. 43 Relative reactivity of functional group toward reduction by use of calcium metal in

liquid ammonia

Level Functional group Product Basis
1 F F
Me + HOR ref 13
OR
F F
PhCH;0R PhCH; + HOR ref 12
PhSR PhSH + HR ref 12
PhSOZR PhH ref 12
S SH
R—< :I RCH; + HS/\/ ref 24
S
S NSNS ref 24
R—< R 0
0
' \ I \ ref 45
2 =
¥ N
o
OH
/\/[OL /\/k ref 45
X
R X H R H
O 0
/\)J\ /\/U\ ref4
R X R’ R R’
O O
/\/U\ /\/u\ ref 45
R X OR' R OR’
R R ref 45
ph N Ph N

(to be continued)
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Tab. 43 (cont.)
Level Functional group Product Basis
2 R/\/\ORI R/\/Me . hom of 18
O /\/OH ref 19
VAN H
H
i )O\ ref 45
Ph R Ph R
Ph”” “OH PhCH, ref 45
OR’ . _H
3 R X XM, LR ref 45
RH ref 12
R—=——R’ —
R
O .
J\ R SOH  + HOR ref 25
R OR'
A\/OR A\ + HOR ref 12
Me
ref 12
0 (0] Me
© @ + @ ref 12
N N N
H H H
R3Si—SiR’3 R3SIH + HSIR’3 ref 24
ref 12

RySIOH + HR'
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4.10
Conclusions

Recent advances in reductions with calcium dissolved in different amine solvents
demonstrate value of calcium in organic synthesis. Use of calcium provides a bet-
ter chance of chemoselectivity than use of lithium and sodium. The reaction con-
ditions are also milder for calcium than for lithium and sodium. It is expected
that, in the coming decade, organic chemists will continue to find that use of cal-
cium in a variety of reaction media has advantages in the synthesis of compli-
cated compounds of significance.
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Barium in Organic Synthesis
AKIRA YANAGISAWA

5.1
Introduction

Although barium compounds are not as popular as magnesium or calcium com-
pounds and have found little application in organic synthesis, with the appear-
ance of allylic barium reagents as selective allylating agents the heavier alkaline-
earth metal compounds have attracted attention of organic chemists [1]. This
chapter focuses on use of barium compounds in carbon—carbon bond-forming re-
actions.

Homo- and cross-coupling reactions of allylic halides and reactions of conju-
gated dienes with dichloroalkanes using reactive barium are reviewed in Section
5.2. The next section covers methods of generating allylic barium reagents and re-
actions of these carbanions with a variety of electrophiles. The last section de-
scribes examples of other carbon-carbon bond forming reactions promoted by bar-
ium compounds.

5.2
Reactive Barium-promoted Carbon-Carbon Bond-forming Reactions

Reactive barium (Ba*) is generally prepared from barium iodide and lithium bi-
phenylide according to Rieke’s procedure for reactive alkaline-earth metals (Mg
and Ca) [2-4], and used immediately for the succeeding reactions (Scheme 5.1)
[1]. The reactive barium is known to be a favorable promoter of homo- and cross-
coupling reactions of allylic halides [5, 6]. These coupling reactions are among the
most basic carbon—carbon bond-forming methods for preparation of 1,5-diene
compounds in organic synthesis. Highly a,a'-selective and stereocontrolled homo-
coupling of allylic bromides or chlorides has been achieved by use of reactive bar-
ium. After early studies by Corey and Hamanaka [7] on the use of nickel carbonyl
as a low-valent metal in the homocoupling of allylic halides, many groups have
made significant contributions to the continuous improvement of this methodolo-
gy and numerous low-valent metals have been examined [8, 9]. Among reactive
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176 | 5 Barium in Organic Synthesis

alkali and alkaline-earth metals, reactive barium has unique a,a’ selectivity in the
homocoupling reaction. For example, when geranyl bromide (1) is treated with 0.7
equiv. reactive barium at low temperature, a 97:3 mixture of a,a’ homocoupling
products (2+3) and @,»" homocoupling product (4) are formed in 47% combined
yield as shown in Scheme 5.1 [5, 6]. Suppression of the configurational isomeriza-
tion (E to Z) of the in-situ generated allylic barium compound during the cou-
pling reaction is noteworthy. By use of this procedure a variety of y-mono- and di-
substituted allyl halides can be converted to the corresponding homocoupling
products with more than 90% a,a’ selectivity, with the exception of (Z)-2-alkenyl
halides. In general, allylic chlorides give higher yields than the corresponding
allylic bromides. (E, E)-Farnesyl chloride (5) is regio- and stereoselectively trans-

Bal, + 2Li*|[Ph—Ph|” ———— Ba*
THF, r.t., 30 min

2 P Y2 Br Ba*
o THF, -78 °C
47% yield

2:3:4=96:1:3

6 (squalene)

CeHy1 I OPO(OCH,CFa)y , nCrHis I~ _O B
o o THF, -95 ~ 78 °C
7 8
69% yield
n-C7Hss
o
n-CgH W\ n—Can / /
s - n-CrHs * oy
9 (o0 product) 10 (oY product)

+ homocoupling products
(9+10):homocoupling products = 86:14; 9:10 = 94:6
Scheme 5.1
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formed into squalene (6). Regioselective cross-coupling of allylic alcohol deriva-
tives and allylic chlorides is also promoted by reactive barium, with bis(2,2,2-tri-
fluoroethyl) phosphate as a leaving group [10]. Reaction of a 1:1 mixture of (E)-2-
octenyl 1-bis(2,2,2-trifluoroethyl)phosphate (7) and (E)-2-decenyl chloride (8) with
an equimolar amount of reactive barium results in the formation of a mixture of
a,a’ cross-coupling product 9 and a,)’ cross-coupling product 10 with 86% selectiv-
ity and an a,d'/a,)’ ratio of 94:6 (Scheme 5.1).

Rieke metals (Mg and Ca) are known to react with 1,3-dienes to generate me-
tal-diene complexes which can react with a variety of electrophiles including alkyl
halides, carboxylic esters, epoxides, and imines [2, 3]. Reactive barium has also
been shown to react smoothly with (E,E)-1,4-diphenyl-1,3-butadiene (11) and on
treatment with 1,n-dichloroalkanes the in situ generated barium-diene complex 12
produces carbocycles [11]. Occasionally the barium complex 12 is more reactive in
the alkylation reaction than the corresponding magnesium metallocycle. A typical
example affording the cyclohexane derivative 13 is shown in Scheme 5.2. This
cyclization occurs with high regio- and stereoselectivity.

Ph
Ph \ / Ph _Q— _Cl(CHa)CI
THF,rt, 2h T78°C~rt o N
n 97% yield 13
Scheme 5.2
5.3

Preparation of Allylic Barium Reagents and Reactions of these Carbanions
with Electrophiles

Allylic barium reagents are known as allylic organometallics which can allylate
electrophiles such as aldehydes or ketones with high a-regioselectivity [1]. Allylic
barium reagents are generally prepared by a direct insertion method or a transme-
talation method. Most of the barium reagents are generated by the former meth-
od using the aforementioned activated barium (Ba*) and allylic chlorides.

When the activated barium is exposed to allylic chloride 14 at -78°C, a slightly
exothermic reaction occurs immediately to give a solution or suspension of allylic
barium reagent 15 that can be used directly for the subsequent reaction (Scheme
5.3) [1, 12, 13]. Allylic bromides or iodides are not suitable substrates for generat-
ing allylic barium reagents because of the homocoupling reaction of these allylic
halides. By use of this direct insertion method stereochemically pure allylic bar-
ium reagents can be generated directly from allylic chlorides. When a y-monosub-
stituted allylic chloride 14 (R'=H or R*=H) is converted into the corresponding
barium reagent 15 at different temperatures followed by quenching with MeOH,
analysis of the E/Z ratios of the resulting alkene 16 reveals that stereoretention is
almost complete below —-75°C (Scheme 5.3) [1, 12]. With the y-disubstituted allylic
barium reagent 15 the double-bond geometry is retained even at -50°C. The

177



178

5 Barium in Organic Synthesis

transmetalation method is used in the preparation of siloxyallylbarium reagents
[14]. The corresponding siloxyallyllithiums can be effectively transmetalated into
the barium reagents by treatment with anhydrous barium iodide.

1 1
R \(\/CI + Ba*t —= R Z BaCl
THF, -78 °C

14 15
1) Ba*, THF
9 2) MeOH
Rw/\/m \l/\
75~0°C
RZ
14
E/Z ratio
Scheme 5.3

Allylic barium reagents prepared in this way can realize highly a-selective reac-
tions with different electrophiles, e.g. cross-coupling reactions with allylic halides
or allylic phosphates, additions to carbonyl compounds or imines, and ring open-
ing of epoxides. A selective Michael addition reaction with an a,f-unsaturated cy-
cloalkanone can also be performed by use of an allylic barium reagent.

Cross-coupling reaction of allylic halides with allylic metal compounds is a useful
means of construction of unsymmetrical 1,5-dienes. Although numerous allylic or-
ganometallics have been developed [8, 9], there have been few excellent regioselec-
tive and stereospecific methods. Among these an allylic barium reagent 17 has un-
usually high a-regioselectivity in the cross-coupling reaction with allylic bromide 18.
In addition, the double-bond geometry of the barium reagent is retained throughout
the reaction at =78 °C. Thus, a,a’ cross-coupling products 19 can be prepared regio-
and stereoselectively by this method (Scheme 5.4) [5, 6]. To obtain superior g,a’ selec-
tivity and yields in the reaction it is more convenient to employ allylic bromides as
electrophiles. For instance, the reaction of (E)-2-decenylbarium reagent 20 with (E)-2-
decenyl bromide (21) and (Z)-2-decenyl bromide (22) gives (8 E,12E)-8,12-eicosadiene
(23) and its (E,Z) isomer 24, respectively, in high yields. Use of (Z)-2-decenylbarium
reagent 25, however, results in a lower yield and a,a’ selectivity in the coupling with
(E)-2-decenyl bromide (21). These cross-coupling reactions using allylic barium re-
agents furnishing exceptionally high a,a" selectivity and stereospecificity are widely
applicable in organic synthesis. Actually, all-E squalene (26) has been synthesized
regio- and stereoselectively by coupling of farnesyl bromide (27) with (E, E)-farnesyl-
barium reagent 28 [15]. Selective syntheses of (35)-2,3-oxidosqualene (29) [16] and
glabrescol-related compound 30 [17] have been also accomplished by taking advan-
tage of this coupling process.

Allylic phosphate is also a useful electrophile in reactions with allylic barium re-
agents as is allylic bromide for the a,a’ regioselective cross-coupling reaction.
Among a variety of phosphate leaving groups bis(2,2,2-trifluoroethyl)phosphate
has remarkable a,a’ regioselectivity in the reaction [10]. For example, when (E)-2-
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R? R?
RIY BaCl /"\/k ~ R! s
\(\/ * Br /R . : Z R*
o THF, -78 °C, 30 min o
R2 18 RZ
17 19
n'C7H15
-CoH BaCl
m-CyHis A Br/\/\n_cﬂ_|15 Br Va
20 21 22
n-C7His
n-C-H \/\/\/\ n-C-H \W BaCl
7H15 Va nCoHys 7H1s Z
23 24 n'C7H15 25
Br BaCl
X A
A \
27 28

Scheme 5.4

octenyl 1-bis(2,2,2-trifluoroethyl)phosphate (7) is treated with (E)-2-decenylbarium
chloride (20) at —=78°C, a 93:7 mixture of the cross-coupling products 9 and 10 is
obtained in 68% combined yield (Scheme 5.5). Geometrical isomerization (E to Z)
of the allylic barium reagent 20 is kept at a minimum during the coupling reac-
tion and the (E) isomer of the a,a’ coupling product 9 is formed as the major iso-
mer. The a,) coupling reaction, in contrast, occurs selectively when the allylic
phosphate 7 is treated with the corresponding allylic magnesium reagent [10].

oy
¥ o
- OPO(OCH,CF
MO AOPOOCHLT) + g ™ nctis T e

7 20
68% yield
n-C7His
o
n'CSHH\/\/\/\ + n'CSHH Z P
o n-C7Hys el
9 (o, o' product) 93:7 10 (oY product)

Scheme 5.5
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The main concern in the utilization of an allylic metal reagent for the synthesis
of homoallylic alcohols is the regio- and stereocontrol of the reaction [18, 19].
y-Monosubstituted allylmetals usually react with carbonyl compounds at the j car-
bon with the exception of sterically hindered ketones [8, 20]. In contrast, the a-re-
gioselective synthesis of homoallylic alcohols remains a challenge in organic syn-
thesis [21,22]. Allylic barium reagents are extraordinary allylic organometallics
which have high a-selectivity and stereospecificity in reactions with carbonyl com-
pounds (Scheme 5.6) [12, 23]. The a/y-selectivity in the addition of allylic metals
to carbonyl compounds depends on the identity of the metal. It is known that
allylic magnesium or calcium compounds furnish predominantly p-substituted
products whereas allylation with a lithium or potassium reagent proceeds less
selectively. An allylic cerium compound is also moderately a-selective [22]. Table 1
shows the generality of the a-selectivity obtained in the reaction of a variety of
aldehydes or ketones with allylic barium reagents 32 generated from the corre-
sponding allylic chlorides 31 in THF at —-78°C. In addition to y-monosubstituted
allylbarium reagents, y,y- and f,y-disubstituted allylbarium reagents also afford
significant a-selectivity. In each reaction the double bond geometry of the allylic
chloride 31 is almost perfectly retained. Although (Z)-y-monosubstituted allylbar-
ium affords comparatively low a-selectivity in the reaction with hexanal (entry 2),
its addition to a bulky ketone produces the a product 33 almost exclusively (entry
3). The presence of an alkyl substituent at the f§ position or a triple bond in allylic
barium reagent does not affect the course of the reaction (entries 5 and 6). 12-Hy-
droxysqualene (35) [12] and oxysterol precursor 36 [24] have been also effectively
synthesized by this a-allylation method.

3 RS 3

R
* 5
RO B, R BaCI RCOR R\H\XRS N R5
« THF,-78°C « -78°C AN
R? R? R' R
31 32 33 (a-product) 34 (y-product)

Scheme 5.6

The a-selectivity can be improved to some extent by using a crown ether as an
additive for the reaction of allylic barium reagents with aldehydes (Scheme 5.7)
[25]. For example, addition of an equimolar amount of 18-crown-6 to geranylbar-
ium reagent 37 in THF at —-78°C followed by treatment with benzaldehyde results
in the formation of a 98:2 mixture of a product 38 and y product 39 in a nearly
quantitative combined yield, whereas reaction without the crown ether results in
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Tab. 5.1 a-Selective allylation reaction of aldehydes or ketones with allylic barium reagents

Entry  Allylic chloride 31 R*cOR’ Combined yield a:y* E:zb°
(%)

1 (E)-n-C;H;sCH=CHCH,CI n-CsH;CHO 82 98:2 97:3

2 (2)-n-C;H;sCH=CHCH,CI n-CsH{;CHO 75 86:14 2:98

3 (2)-n-C;H;sCH=CHCH,Cl  +BuCO(t-Bu) 99 599:1  <1:99

4 WC] PhCHO 90 92:8 98:2
5 /\A/Cl n-CsH;;CHO 64 94:6 >99:1

cl PhCHO 98 91:9 >99:1

a) Isolated yield of a mixture of chromatographed a-product 33 and y-product 34.
b) Determined by GC analysis.
c) The value corresponds to the a-product 33.

an a/y ratio of 92:8. Use of more than 1 equiv. 18-crown-6 is ineffective in raising
the a/y ratio. Complexation of the allylic barium reagent with the crown ether is
assumed to be the reason for the higher a-regioselectivity.

¥ BaCl 18-crown-6 (1 equiv)

+ PhCHO
Z Z o THF, -78 °C, 30 min
37 99% yield
OH OH
Y
= = Ph t N Ph
a —
38 (o-product) 39 (y-product)
oy =98:2
Scheme 5.7 92:8 (without 18-crown-6})

f,y-Unsaturated carboxylic acids and their derivatives are useful synthons of nat-
ural products. Although numerous methods are available for the synthesis of f,)-
unsaturated acids, there is a problem with E/Z stereoselectivity [26]. One direct
way to the acids is reaction of allylmetal compounds with carbon dioxide. With
substituted allylic metals carboxylation usually occurs at the more substituted
allylic terminus (y-carboxylation) [8]. In contrast, an allylic barium reagent under-
goes a-selective carboxylation without isomerization of the double bond [12, 13,
27]. For example, exposure of geranylbarium chloride (37) to carbon dioxide
almost specifically forms the a-carboxylated product, 40, whereas the y product is
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obtained from the corresponding magnesium reagent [8, 27]. In general, allylic
barium reagents prepared from y-mono- and p-disubstituted allyl chlorides afford
high a-selectivity and the double-bond geometry is almost completely retained
throughout the reaction. Even if an alkyl substituent is present at the f position
of an allylic barium reagent the regioselectivity is not affected.

CO, (excess)

y Y/ BaCl . Z Z CO.H
a THF, -78 °C, 30 min o

37 87% yield 40
oy >99:1; E:Z=98:2

Scheme 5.8

Allylic barium reagents can also be generated from the corresponding allylic
lithiums and anhydrous barium iodide (Bal,) by transmetalation. a- or y-Hetero-
atom-substituted allylic metals are homoenolate anion equivalents which are often
used in organic synthesis. Siloxyallylbarium reagents, prepared from Bal, and
siloxyallyllithium, react at the less substituted allylic terminus (the y position in
this instance) with electrophiles, although typical siloxyallylmetal reagents react at
the more substituted allylic terminus (a position) [1, 14]. For example, deprotona-
tion of allyl triisopropylsilyl ether (41) with sec-BuLi then treatment of the result-
ing triisopropylsiloxyallyllithium (42) with Bal, gives the corresponding siloxyallyl-
barium iodide 43 which can react with hexanal to furnish a 94:6 mixture of the y
adduct 44 and the a adduct 45, in 95% combined yield (Scheme 5.9). The y prod-
uct has Z-stereoconfiguration. Allylation with the corresponding lithium reagent,
in contrast, results in moderate a selectivity (44:45=37:63). Condensation of 3-
(triethylsiloxy)pentadienylbarium iodide (46), an a-substituted siloxyallylbarium re-

A sec-BuLi & Bal, Yf/:“\a

T L dsifipn. e em - 1Bat Ogis
OSi(f—Pl’)g THF, -40 °C | OSI(I-PT)3 .78 °C OSI(I—PF);;
4 42 43
I Il
g cro g “cHo
homoenolate anion homoenolate anion
OH OH
Y o
TR n-CsHy = = n-CsH1
—_— + .
IBa* osi(pr, © MOsHNCHO o (HP1)SSIO 0Si(+Prlg
43 L a4 94:6 45
95% yield
OH OH
CHaCORH-H,O-THF
S G Ph)\y/\(\ (i:1:1) Ph X
+ . B ———— . e L ——
IBa" OsiEty  THF, 78~ 0°C OSiEty o KF/MeOH o
46 a7 i 48
85% yield . >99% yield

Scheme 5.9
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agent, with benzaldehyde also occurs at the y carbon to afford the siloxydienol 47,
with Z stereochemistry, in 85% yield without contamination of any regioisomer
(Scheme 5.9) [14]. The triethylsilyl group of 47 can be removed by two methods
leading to the vinyl ketone 48.

Addition of allylic organometallics to imines is a beneficial means of synthesiz-
ing homoallylic amines, which can be further converted to a variety of biologically
important molecules, e.g. f-lactams [8, 28, 29]. An «a adduct (linear product) and/
or y adduct (branched product) are formed when j-substituted allylmetal com-
pounds are employed in the reaction. In general, p-substituted allylic lithium,
magnesium, and zinc reagents are not usefully regioselective in their reactions
with aldimines; allylic barium reagents can, however, give the a and y adducts se-
lectively if the reaction temperature is controlled [30]. If N-benzyl benzaldimine
49 is treated with prenylbarium chloride (50) in THF at -78°C, the y adduct 51 is
obtained in 94% yield. In contrast, the a adduct 52 is almost specifically formed
by reaction at 0°C (Scheme 5.10). The utility of allylic barium reagents for regio-
selective addition to imines has been further proved by asymmetric allylation of
the SAMP-derived chiral hydrazone 53 (SAMP =(S)-(-)-1-amino-2-methoxymethyl-
pyrrolidine). The reaction of 53 with prenylbarium reagent 50 at —78°C furnishes
the y-allylated hydrazine 54 with 98% de, whereas a isomer 55 is obtained as the
major product in 60% de when the reaction is performed at 0°C (Scheme 5.10)
[30]. This regiochemical result is assumed to arise from the reversibility of the ad-

NHBn
% Y
THF, -78 °C, 1 h Ph
NBn 94% yield
51 (y-adduct
)J\ . ¥ = BaCl _| (v )
Ph™ H * NHBn
as 50
-
h
THF,0°C,1.5h % ©
74% yield 52 (o-adduct)

N
HN

[
THF, -78 °C v OMe
. = Ph
N 51% yield
N U BaCl
)j\ OMe * = ] 54 (y-adduct, 98% de)
Ph” "H «

53 50 N

Y
THF,0°C OMe
= Ph
81% yield o

Scheme 5.10 55 (a-adduct, 60% de)
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dition of an allylic barium reagent to an aldimine, in which the y adduct is initial-
ly formed and slowly isomerizes to the more thermodynamically stable a adduct
at higher temperature.

Olefinic alcohols and related compounds are versatile synthetic intermediates of
natural products. Ring opening of epoxides with allylic metal compounds is one
straightforward route to 4-alken-1-ols. To obtain the alcohols selectively numerous
cross-coupling processes have been developed taking advantage of allylic organo-
metallics; however, there is trouble with a/y regioselectivity of the allylating agents
and/or E/Z stereoselectivity of the products [8, 31]. The value of allylic barium re-
agents for nucleophilic addition has been further verified by the reaction with ep-
oxides and significant a selectivity has been seen in the cross-coupling reaction [6,
32]. For instance, a 91:9 mixture of a-coupling product 57 and y-coupling product
58 is formed in 71% combined yield when epoxide 56 is treated with prenylbar-
ium reagent 50 (Scheme 5.11). Characteristic features of the ring opening reac-
tion of a variety of epoxides with allylic barium reagents are:

e both y-mono- and p-disubstituted allylbarium reagents have high a selectivities
and their double bond geometry is retained to some extent even if the reaction
temperature is elevated to 20°C;

o the substitution occurs at the less-substituted carbon of the epoxides; and

e the coupling reaction proceeds with inversion.

This a-regioselective cross-coupling reaction has been used in the synthesis of
cembrol A (59) from the epoxy chloride 60, and cyclization of epoxy allylic barium
compound 61 occurs regioselectively (Scheme 5.11) [15].

0]
/<l . 7/ BaCl »
n-CgHaz o THF, -78 ~20°C
56 50

71% yield
Y\/\(n CieHaz %/ n-CyeHaz
OH
7 (a-product) 91:9 58 (v product)

HO

59 60 (X = Cl)
61 (X = CiBa)

Scheme 5.11

Michael addition of an allylic carbanion to an a,f-unsaturated carbonyl com-
pound is a favorable route to a carbonyl compound with a 2-alkenyl group at the
p position. For this purpose, two allylating methods are frequently employed —
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allylic silanes with TiCl, and allylic copper reagents. Although the usefulness of
these reagents is unambiguous, with the former method it is difficult to achieve
sequential functionalization at the a position and the latter method does not al-
ways provide desirable results. Replacement of the metal of an allylic metal re-
agent with barium also enables 1,4-addition [12]. When 2-cyclopentenone (62) is
treated with allylmagnesium reagent 63 in THF at -78°C, 1,2-adduct 65 is formed
selectively, whereas allylbarium reagent 64 affords exclusive 1,4-selectivity
(Scheme 5.12). As a result, simply by changing magnesium for barium the reac-
tion course is converted from 1,2-addition into 1,4-addition. The in situ generated
barium enolate has adequate nucleophilicity toward electrophiles and thus, one-
pot sequential double alkylation of a,f-unsaturated ketones is attainable (Scheme
5.12). Aldol condensation of the enolate 67, generated by reaction of 2-cyclopente-
none (62) with allylbarium reagent 64, is accomplished by treating it with 2 equiwv.
hexanal to afford a,f-dialkylated cyclopentanone 68 in 85% yield [12]. The trans/cis
and threo/erythro ratios of 68 are >99/1 and 83/17, respectively. Direct alkylation
and acylation of the enolate 67 also proceed with equal efficiency.

o}
0 Ho. /NG
- o +
THF, -78 °C N
63 (M = Mg)
62 64 (M = Ba) 65 (1,2-adduct) 66 (1,4-adduct)

M = Mg: 81% yield (95:5)
M=Ba: 94% yield (<1:99)

OH
Q  H,c=CHcH,Baci | QB3¢ %
64 n-C5H11CHO
_ - _
F.-78°C THF, -78 °C
THF, XN
62 67 85% vyield
Scheme 5.12

5.4
Other Carbon—Carbon Bond-forming Reactions Promoted by Barium Compounds

Barium hydroxide [33, 34] is a strong base which has been employed not only in
organic synthesis but also for other purposes. The commercially available octahy-
drate, Ba(OH), - 8H,0 is often used after transformation to the anhydrous form
at 200-500°C. Dehydrated Ba(OH), activated at 200°C is denoted C-200. It is
known to be a heterogeneous basic catalyst in the Horner-Wadsworth-Emmons
(HWE) reaction of triethyl phosphonoacetate (69) with aldehydes 70 to give the 3-
substituted ethyl acrylates 71 (Scheme 5.13) [35]. The HWE reaction proceeds at
70°C in 1,4-dioxane with a small amount of water. The yields of products 71 are
usually better than those provided by typical basic catalysts such as NaOH or
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K,CO;. No side reactions like the Cannizzaro or Knoevenagel reactions are ob-
served on treatment with C-200. In the reaction with benzaldehyde and furfural
the products 71 (R = Ph and 2-furyl) are formed nearly quantitatively. Bulky aro-
matic aldehydes such as pyrene-1-carboxaldehyde and aliphatic aldehydes are also
suitable substrates for this process. (E)-acyclic a,f-unsaturated ketones 74 can be
prepared by use of a similar HWE reaction of 2-oxoalkanephosphonates 72 with
aliphatic aldehydes 73 under the influence of barium hydroxide C-200 (Scheme
5.14) [36]. The HWE procedure employing activated Ba(OH), is applicable to the
structurally complex, base-sensitive aldehydes which are susceptible to elimination
and/or epimerization under the traditional basic conditions of the HWE reaction
using NaH. For instance, when phosphonate 75 and aldehyde 76 are exposed to
0.8 equiv. activated Ba(OH), in aqueous THF at 20°C, (E)-enone 77 is obtained in
70% yield (Scheme 5.14) [37].

~ Ba(OH), (C-200) R H
(EtO),P(0) COsEt + RCHO - o
69 70 dioxane, H,0, 70 H CO,Et
R = Ph, 2-furyl, 1-pyrenyl, Et 80-100% vyield 7
Scheme 5.13
2 1 R'
R R Ba(OH}, (C-200
(EtO)ZP(O)/\n/ . )\ (OH), ( ) / R2
fo) Ph CHO dioxane, H,O, 70 °C Ph
72(R°=Me, tBu,Ph) 73 (R'=Me, tBU) g4 g5 yield 7a O
BnO . .
activated Ba(OH), (0.8 equiv,
MeO)P©)” Y 4 \/\lj\g/I\CHO (OH); (0.8 equiv)
O\ ,O 1 ’ : ’
fo) 76 /Si\ THF, H,0,20 °C,20 h
75 Bu” 'Bu 70% yield

BnO

Scheme 5.14

A catalytic asymmetric aldol reaction is a favorable route to optically active f-hy-
droxy carbonyl compounds [38]. Although a variety of methods have been devel-
oped, most are the chiral Lewis acid-catalyzed Mukaiyama aldol reactions using
silyl enol ethers or ketene silyl acetals. Organic chemists have recently devoted
much attention to direct catalytic asymmetric aldol reactions, starting from
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unmodified ketones and aldehydes, because of their synthetic utility and atom
economy [39, 40]. An asymmetric barium complex, prepared from a 2.5:1 mixture
of (R)-2-hydroxy-2'-methoxy-1,1"-binaphthyl and Ba(O-i-Pr), in DMF, has been
found to be an effective catalyst for the aldol reaction. For example, the condensa-
tion of acetophenone (78) with the aldehyde 79 in the presence of 5 mol% barium
catalyst in DME at —20°C results in the formation of the (S)-enriched aldol adduct
80 in 99% yield with 70% ee (Scheme 5.15) [41].

Q 9 Ba catalyst (0.05 equiv) O OH
* X OBn
Ph/U\ H&OBH DME, 20 GC, 20 h Ph/“\/x
78 99% yield
& 80 [70% ee (S)]
O‘ OMe
Ba catalyst: + Ba(O-kPr),

U™
(2.5:1)

Scheme 5.15

5.5
Summary and Conclusions

Described herein are examples of organic transformations using barium com-
pounds. Reactive barium has enabled a,a'-selective homo- and cross-coupling reac-
tions of allylic halides and/or allylic phosphates with high E/Z-stereoselectivity.
This barium compound is also effective in reactions of 1,3-dienes with 1,n-di-
chloroalkanes. Allylic barium reagents, mostly generated from the reactive barium
and allylic chlorides, have been often used in organic synthesis and a variety of se-
lective carbon—carbon bond-forming reactions, including cross-coupling reactions
with allylic halides, additions to aldehydes and imines, and ring opening reaction
of epoxides, have been developed. Michael addition with a,f-unsaturated cycloal-
kanones can also be achieved by use of allylic barium reagent. The activated bar-
ium hydroxide-promoted Horner-Wadsworth-Emmons reaction has furnished sig-
nificant E-stereoselectivity and has proven to be an excellent synthetic method for
a,f-unsaturated ketones and esters. The barium complex, prepared from a 1,1"-bi-
2-naphthol derivative, is remarkable as a chiral catalyst for a direct catalytic asym-
metric aldol reaction. These examples clearly indicate that barium compounds are
quite effective in forming carbon—carbon bonds with regio- and stereoselectivity.
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6

Aluminum in Organic Synthesis
Susumu SA1To

6.1
Introduction

Among Lewis acids, aluminum has been the most extensively investigated
(Fig. 6.1). This implies that aluminum species are among the most versatile metal
reagents in organic synthesis. This chapter provides comprehensive and more pro-
found understanding of the recent development of aluminum reagents and their
application not only in simple bimolecular reactions but also in multi-molecular
reactions including polymerization. This chapter excludes as much as possible the
use of classical aluminum reagents (AlX;, RAIX,, R,AlX, etc., where R=organic
group, X=halogen or small heteroatom-containing group) unless particularly note-
worthy features are involved. The reader can refer to earlier reviews or mono-
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Fig. 6.1 The Lewis acids investigated. The data were obtained
by means of SciFinder Scholar 2001 by use of crossover phrase
search: “Lewis acid” and each metal
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graphs for more classical [1-4] and modern [5-7] applications of aluminum re-
agents and asymmetric transformations [8, 9] in organic synthesis.

6.1.1
Natural Abundance and General Properties

Aluminum is one of the most plentiful metal elements in our planet. The list of the
most abundant elements by weight in the Earth’s layers is headed by oxygen (48.9%),
followed by silicon (26.3%), aluminum (7.7%), iron (4.7%), and calcium (3.4%). Or-
ganoaluminum compounds are the cheapest organometallic compounds.

Aluminum(III) reagents have high oxygenophilicity. Trialkylaluminum com-
pounds, especially trimethylaluminum, ignite spontaneously in air at ambient
temperature. All aluminum alkyls react violently with water. Thus special care
must be taken with their handling; this is explicitly indicated in other reviews [7].
Increasing the molecular weight by increasing the number of carbons in trialkyl-
aluminum compounds or by substituting halogens for the alkyl groups generally
reduces pyrophoric reactivity. Replacing alkyl groups by alkoxy or other hetero-
atom-containing groups reduces the mobile nature of the remaining alkyl groups.
For example, Me;Al works as an effective methylating (anionic) agent whereas
methylaluminum Dbis(2,6-di-tert-butyl-4-methylphenoxide) (abbreviated MAD) does
not under similar conditions (Fig. 6.2). The (salen)Al-Me complex is a shelf-stable
compound. The tetraphenylporphyrin (TPP)-based aluminum reagent (TPP)Al-
OMe frequently has higher reactivity in initiating polymerization than (TPP)AI-
Me, as will be demonstrated in later chapters.

6.1.2
Interaction of Aluminum(lll) with Different Functional Groups

6.1.2.1 Coordination and Covalent Bonds in Aluminum(lll)

Neutral aluminum(III) species interact with a variety of functional groups. The
strong Lewis acidity of aluminum(III) species enables formation of a 1:1 complex
by either covalent or coordination bonding — the former bond is constructed by
more reactive anionic species R-M, RO-M or RNH-M (M=metal), and the latter

(salen)Al-Me (TPP)AIMe
Fig. 6.2 The structures of MAD, (salen)Al-Me, and (TPP)AlMe
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by more neutral Lewis bases, including carbonyl compounds, ethers, and nitro-
gen-containing molecules. Whichever bond is preferred, tetracoordination and
even higher coordination e.g. penta- and hexacoordination make an aluminum
atom rather anionic (“ate” complex). Classification of the order of reactivity corro-
borating ligand mobility in such anionic aluminum species has been a major area
of research for the last three decades. In fact, known classical variants expressing
a range of interactions are summarized in Tab. 6.1. The covalent bonds have
discrete mobility and their order of reactivity has been roughly estimated as
H™>alkynyl >vinyl >alkyl. Heteroatom-containing anions RO~, RS, RSe”, RTe,
R3SiT, and R3;Sn™ are sufficiently mobile to create the corresponding carbon-het-
eroatom bonds via, for example, Tischenko reaction or conjugate addition reac-
tion. Interpretation of the instability and the mobile nature of anionic ligands of
aluminum(III) was well reviewed in an earlier monograph [7]. This chapter is con-
cerned with more specialized and current topics on neutral and cationic alumi-
num species whose interaction features are worth mentioning.

Tab. 6.1 Important coordination and covalent bonds in aluminum-Lewis base complexes

191

Bond type Neutral aluminum Reaction type Cationic Reaction

species employed aluminum type

species employed

R\ \C/ \ \C/ \
—/AI---‘I% @ Al---i

/N RPN
R : \
—Al---0=C ---0=
/ @/AI o=C

R > Catalyst

« Activation of A
the corresponding @/A" - 'O'C\—
R / Functional Group

Coordination —Al---0=8=0 by Coordination

Bonds / \ Bond \ 31 /
R + Movement of @/Al‘ -N-CC-

> 7 Covalently-attached A
——/Al-- N R Group W
(R=H,C,O,N,X, etc)

—Al---N=C R’
/

R R
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—AI---0-C
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—Al---N-CZ
/g D
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Tab. 6.1 (cont.)

Bond type  Neutral Reaction type employed Anionic
aluminum aluminum
species species
R sHydride Transfer \@ P

/AI—H (Reduction, Hydroalumination) —Al—H
R
R sp? *C-C bond Formation (Addition of C=0, Carboalumination) o '@
A—C gp2  *Hydride Transter (B-Hydride Elimination) —\AI— C/—
/ Sp *Radical Reaction (Homolytic Cleavage) o \
R\AI—N *C-N Bond Formation \@ '@/
+Deprotonation —A—N
/ R \
*Oxidation (Oppenauer Oxidation)
Covalent R\AI— o *Hydride Transfer (B-Hydride Elimination: \O | 69/
/ Meerwein-Ponndort-Veriey Reduction) —A—0
» C-O Bond Formation (Tischenko Reaction) R
R
Al—S C-S Bond Formation
/ (Michael addition, Tischenko reaction)
F‘\
/AI—SG C-Se Bond Formation
R\
/AI——Te C-Te Bond Formation
R
A—Si C-Si Bond formation
/ (Silytatumination)
R ) .
Al—Sn + Alkylhalide reduction
/ * C-5n bond formation
R Work as Strong Lewis Acids
Al-X Movement of Al-C group
c Source of Aluminum Cation

6.1.2.2 Cationic Aluminum(lll): Structural and Reaction Features
Cationic aluminum species are known to be involved in two main processes —
when the electron-richness of aluminum stabilizing a cationic center is enhanced
by higher coordination or when a vacant aluminum orbital is superimposed on ex-
panded arrays of orbitals provided by the ligand to enable electron delocalization.
Obviously those species have higher Lewis acidity, as would be expected.

In bimolecular reactions the importance of cationic aluminum species has at-
tracted worldwide attention since excess R,AlCl (R=Me, Et) was found to behave
differently from less than 1 equiv. R,AICI in the Diels-Alder reaction between 1
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and 2 (Scheme 6.1) [10]. The diastereoselectivity was dependent upon the stoichio-
metry of the aluminum Lewis acid. The equilibrium 2[EtAICI [Et,Al]" +
[Et,AlCL,]” was suggested by Evans and coworkers to rationalize the high reactivity

and Se]ectl\/lty.
A /_ Lb \Lb
|

0
N * COX*
MNI"- @ COX
)\ -78 ~0 °C
0
Poeoc o7
| + [
Me Me

Et,AICI (0.8 eq): 100%, endo:exo = 15:1, 70% de
Scheme 6.1 Et,AICI (1.4 eq): 100%, endo.exo = 50:1, 90% de

Later Castellino and coworkers focused on a search for the solution structures
of the Et,AlCI-1 complex and supported Evans’s hypothesis [11]. The initially
formed species (1 equiv. Et,AlCl) was assumed to be 3. The species when 2 equiv.
Et,AlCI are present was assumed to be 4. Complex 4 was responsible for high dia-
stereocontrol whereas complex 3 led to poor selectivity, as was observed in the
Diels-Alder reaction. Because ordinary aluminum(III) favors tetracoordination,
which fulfills the electron-octet, the chelation structure 4 should be possible when
the cationic species was generated (Scheme 6.2).

(/ ﬂ@/——lc'\mﬁ\/

Cl

/\/QL x _EtAICI /\)\ x Et,AICI /\)\ /k
° \‘\ .

* 1

U
Low Facial High Facial
Selectivity Selectivity

Scheme 6.2

Further confirmation of the formation of the aluminum chelate was obtained
by generating this intermediate through a separate pathway. Addition of Et,AlCl
(1 equiv.) to the oxazolidinone 1 at —78°C followed by addition of sodium tetra-
kis(bis(3,5-ditrifluoromethyl)phenyl) borate produced 5 (Scheme 6.3). Use of 5 in
the Diels-Alder reaction with cyclopentadiene, however, resulted in an endo/exo ra-
tio and endo facial selectivity not as high as those reported by Evans for the use of
1.4 equiv. Et,AlCI, despite the higher reactivity which caused loss of selectivity.
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CFj

] oo
/\)\Nx + NaB ) - /\)'\Nl 0 cFs + NaCl
\/

4 -78°C
(e} o CF3 &
\\ s
Scheme 6.3
A similar aluminum cation was also available in the Mukaiyama-aldol reaction.
It is worth noting that the t-butyldimethylsilyloxy (TBSO) group, which otherwise
is unable to make chelation complex with neutral bidentate Lewis acids, is under
chelation control with excess Me,AlCl or MeAlCl, [12]. Aldehyde and ketone car-
bonyls are capable of participating in the chelation-controlled aldol reaction to
give anti-6 with high diastereoselectivity (Scheme 6.4).
M%AICIz
Me Me @ Me ——|
Clo AI “AlY
Me O otBs  MeAIC 0 otes  MeoAlct o “otes
H i-Pr H P oo H j-Pr
Me 2v2
Me -78 °C Me
OSiMes
O OH OTBS O OH OTBS t+Bu
+Bu s Y sPr * tBu 3 Y 5 HPr
Me Me
-anti-6 3,5-syn-6
3/5-antt 54%, 92:8 Y
Scheme 6.4

Because those classical aluminum cations might be discovered rather acciden-
tally, the next issue was to design a tailor-made relative. Several well-designed alu-
minum cations were synthesized and structurally characterized by X-ray single-
crystal analysis (Schemes 6.5-6.7). Subtle changes in ligand structure had large
effects on the octahedral geometry of aluminum. Although (salen)Al cations 7-10
contain two identical molecules which occupy two vacant orbital to complete the
sp>d” hybridization orbital, a distinct type of occupation is perceptible. Two H,0
molecules are in a cis relationship in 10 [13], whereas two THF [14], MeOH [15]
or H,0 [15] molecules are in two apical positions corresponding to a trans rela-
tionship in 7-9 (Scheme 6.5). Of particular note is that structure 10 has one of
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X-ray single crystal structure
Scheme 6.5
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the phenoxy oxygen atoms in the apical direction whereas related neutral though
rather anionic species 11 enable the two phenoxy oxygen atoms to take equatorial
positions (Scheme 6.6). Later studies isolated solvent-free, five-coordinate alumi-
num cations 12 (Scheme 6.7) [16]. These species were especially useful in both bi-
molecular and polymerization reactions, which will be discussed in more detail in
forthcoming sections.

©
" | 2Gacl,
—N. N= Bu Bu
a GaCl, e NZ
o” |0 Bu Bu o L%y Bu
Bu cl CH,Cl, e /@'\\
=N* O N
Bu Bu I ®u
Bu
X-ray single
12 crystal structure
Scheme 6.7 Bu

6.1.2.3 Neutral Aluminum(l11): Coordination Aptitude and Molecular Recognition
Among the aforementioned interactions involving aluminum(III), coordination
bonding with neutral aluminum species also plays a significant role in form-
ing Lewis acid-base complexes. The importance of molecular recognition has
been emphasized even in classical aluminum(IIl) Lewis acid-base complexes.
Keay and coworkers clarified the coordination ability of MeAlCl, toward several
Lewis bases [17]. Low-temperature NMR measurement gave the relative basicity
order as: THF>cyclohexenone > cyclohexanone>methyl propionate>methyl acry-
late (Scheme 6.8). It should be noted that conjugated esters are less basic than
nonconjugated esters, but that olefin conjugated ketones and aldehydes are more
basic than the non-conjugated systems. When 2-methylfuran was mixed with
MeAICl, in a 1:1 ratio, polymerization of the furan predominated.

MeAICI, _MeAlCl,

o} e}
o 0 o OI
MeAICl + + — i' % ij @
+ Pa—— +
(0] (o] 0 o)
< ° 7 oM
relative basicity: > > > OMe > | e

Scheme 6.8
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Further experiments have shown that MeAlCl, in catalytic amounts promotes
the intramolecular Diels-Alder reaction of furans because the most basic site in
the system is the reactive site in 13 so that the cycloadduct does not inhibit the
catalysis (Scheme 6.9). In contrast, increasing the number of equivalents of
MeAICl, reduces the conversion because MeAlCl,—-13 interaction is the more
stable of the complexed forms; this might be partly because of the diverse aggre-
gates preferred by MeAlCl,.

MeAICl, MeAICl,
N o) MeAICI, MeAICI o
(1.0 eq) /o (0.1 eq) 7\

0 | e A 1 o |

+ complex aggregates 13 | tast
MeAICl, !
sIowl - :
i 0 = 0
Scheme 6.9

With the understanding gained by fundamental studies, another divergent ex-
perimental observation was rationalized (Scheme 6.10). Intramolecular Diels-Alder
reaction of 14 proceeded catalytically because an unsaturated aldehyde is more ba-
sic than a saturated aldehyde. In contrast, 15 required 1 equiv. MeAlCl, due to
product inhibition, because of the high basicity of the saturated ester compared
with the unsaturated ester.

OTBS
x EtAICI, R = CHO, 0.2 EtAICl,, -78 °C, 62%
_ I ° 0,
- CH,Cl R = CO,/i-Pr, 1.0 EtAICI2, 8 °C, 60%
R OTBS
R
14 : R=CHO
15 : R = CO,/Pr
Scheme 6.10

Classical aluminum reagents (AICl;, Me,AlCl, MeAlCl,, etc.) activate a wide
variety of functional groups of substrates on complexation, and the reactions
usually proceed efficiently but are rather unpredictable. The relatively simple de-
sign of the ligands of classical aluminum reagents leads to monomeric Lewis
acids in organic solvent and consequently to high Lewis-acidity and reactivity.
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Furthermore, on coordination with designed ligand(s), well-designed Lewis acids
have new selectivity. By this means several bulky aluminum reagents were pre-
pared from sterically hindered phenols. Most aluminum reagents exist in solution
as dimeric, trimeric, or higher oligomeric structures [18] whereas MAD [19] and
aluminum tris(2,6-diphenylphenoxide) (ATPH) [20] are monomeric in organic sol-
vent (Fig. 6.3). The Lewis acidity of these reagents decreases on coordination of
more electron-donating aryl oxides, but this can be compensated by loosening of
the aggregation. Compared with classical Lewis acids the steric effect of alumi-
num reagents also plays an important role in selective organic synthesis.

We thus first evaluated the molecular recognition ability of ATPH using com-
petitive binding experiments at low temperatures (-78 to —40°C) (Fig. 6.4) [21].
Two different carbonyl compounds were mixed with ATPH in a 1:1:1 ratio to de-
termine the relative steric and electronic properties of each carbonyl compound
(Fig. 6.5). The results are summarized in Fig. 6.4, where the Kympie/Kpncro ratio
denotes the relative binding constant of each substrate, where the binding con-
stant of PhCHO (24) is defined as unity, and the shift change (Ad=0dpound — Ofree)

MegAl
. (112 equiv) s o o / Rl
toluene / \AI/
or
CH,Cl, ,\|,|e
MAD : R' =Me
MABR : R' =Br
Ph )
Ph MeAl Ph R
R2 (1/3 equiv) 5 o /O
toluene R Al PH
or \
Ph CH.Cl, Ph 0
Ph Ph
M63A| toluene
: or
(1/2 equiv) CH,Cl, g
R
ATPH - R%2 =H
Ph Ph ATPH-Br . R2 =Br
R2 o) 0 R?
7
\AI
Ph | Ph
Me
MAPH : R? =H

Fig. 6.3 Well-designed aluminum reagents
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Fig. 6.4 Molecular recognition ability of ATPH measured by use
of competitive binding experiments at low temperatures

ﬁ 0 ﬁj ©°“° ﬁz

O

CHO /©/CHO ©)k Ph CHO >rCHO
C|/©/ Br
26 27 28 29 30
(o]
O/CHO ©)LOME

Fig. 6.5 Structures of the carbonyl compounds used to mea-
sure the molecular recognition ability of ATPH

_ACHO EO)

is measured by *C NMR and is equal to the changes in chemical shifts of the

carbonyl carbon from free (gee) to bound (dpouna) sSubstrates.
Several characteristic features are apparent.
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e The preference for binding of the aromatic series reduces in the order alde-
hyde >ketone > ester.

e The substitution pattern of the methyl groups on the aromatic rings have a sub-
stantial effect on binding. Electronic and steric effects of these methyl groups
must both be considered to evaluate the relative basicity of each substrate. In
general, the greater the amount of methyl substitution, the stronger the bind-
ing; this is readily understandable from electronic considerations. para substitu-
ents promote binding more than ortho substituents and two ortho methyl
groups reduced binding, presumably because steric constraints override elec-
tronic contributions.

e The para-chloro group resulted in stronger binding than the bromo group, sug-
gesting that the resonance effect overrides the inductive effect.

e Unsaturated aldehydes are better suited for binding than saturated aldehydes.

(2 -Me (2)-Me

Fig. 6.6 The X-ray crystal structures (CPK (upper) and cylinder
(lower) models) of the complexes (a) ATPH-33, (b) ATPH-34,
and (c) ATPH-35
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Fig. 6.7 The X-ray crystal structures (CPK (upper) and cylinder
(lower) models) of the complexes (a) ATPH-36 and (b) ATPH-37

X-ray single crystal structures also enable understanding of the recognition behav-
ior of ATPH at the molecular level. [22] The ATPH complexes of 33-37 are shown
in Figs 6.6 and 6.7. Particularly notable structural features of these ATPH-carbo-
nyl complexes are the Al-O-C angles and Al-O distances (Tab. 6.2), which con-
firm that the size and shape of the cavity change flexibly, depending on the sub-
strate.

The values of the angles 0 and ¢ [23, 24] shed light on the mode of coordination of
carbonyls, and several results obtained from X-ray crystal structures of ATPH—carbo-
nyl complexes are worthy of comment. Except when coordination of the metal devi-
ates slightly from the n nodal plane (i.e. mode A with ¢ <5 °), the ¢ values show that
the carbonyl is instead coordinated with the metal in mode B (Fig. 6.9). The 6 values
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Tab. 6.2 Selected physical data for ATPH-carbonyl complexes

Al
N
A\,
R

Jf

Property ATPH-33 ATPH-34 ATPH-35 ATPH-36 ATPH-37
(R=OMe) (R=Me) (R=H) (R=OMe) (R=H)

C=0, A 1.249(5) 1.262(3) 1.128(6) 1.30(1) 1.152(5)
ALO (sp?), A 1.833(3) 1.823(2) 1.810(3) 1.803 1.829(2)
0,° 136.2(3) 148.1(2) 193.9(4) 143.1(3) 214.1(3)
$,° 42 135 16.9 19.9 6.1
Other 132.5(3) 130.7(2) 137.3(3) 133.0(1) 136.7(2)
ALO-C 152.4(4) 150.0(2) 142.3(3) 142.7(4) 145.0(2)
Angles 159.2(3) 151.8(2) 145.0(3) 148.9(4) 150.8(2)

vary widely of the different carbonyl substrates, i.e. the coordination seems inherent
to each substrate. Apparently the selective coordination, well characterized by both 6
and ¢ values, of carbonyls to bulky ATPH is quite flexible, and steric effects predom-
inate. There are, however, some general rules expected from a series of these distinc-
tive 6 values. ATPH—carbonyl complexes stay within these rules. All five ATPH com-
plexes adopt an s-trans conformation (Fig. 6.9) relative to the (O=C)—(C=C) single
bond axis [25] even though the coordination of each carbonyl substrate (shown in
light blue) is obviously different. Whereas aldehydes 35 and 37 (Al-O=C angles
(6)=193.9(4)° and 214.1(3)°) favor anti complexation (6>180°), esters 33 and 36
and ketone 34 (0=136.2(3)°, 143.2(3)°, and 148.2(2)°) show syn complexation
(0 < 180°) (Tab. 6.2 and Fig. 6.9) [23]. Thus, aldehydes 35 and 37 prefer the anti, s-
trans conformation whereas methyl esters 33 and 36, and ketone 34 prefer the
syn, s-trans conformation on complexation with ATPH. These results are in accord
with the coordination bias of conjugated carbonyl compounds with relatively small
Lewis acids [23-25]. Given the preferential conformation, each Z and E y-methyl
group of these three substrates is affected by a distinct steric environment. The
(Z2)-y-methyl of 33 and the (E)-y-methyl of 35 occupy sterically less hindered space,
i.e. somewhat outside the cavity of ATPH (Figs 6.6-6.8). At first sight, it is rather
difficult to discriminate between the different steric effects on the two y-methyl
groups of the ketone complex. It should also be pointed out that the methyl group
of the methoxy group of esters 33 and 36 adopts the trans (or Z) conformation rel-
ative to the carbonyl [26], being arranged around the C-O single-bond axis (Fig. 6.9).
This is consistent with the general highly preferential trans orientation of the methyl
and ethyl groups of the alkoxy groups of free esters [26]. The MAD aptitude in mo-
lecular recognition of heteroatom-containing molecules has been investigated quali-
tatively in more depth [27].
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conformation conformation conformation
0 =136° 0 =148° 0=193.9°
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Fig. 6.8 Coordination of various carbonyl compounds with
ATPH
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Fig. 6.9 Important carbonyl conformations in molecular recog-
nition

6.1.2.4 Other Novel Interactions Involving Neutral Aluminum(lll)

As has been done with other metals, fine-tuning of the electronic properties of
aluminum(III) has been a central target, with the goal of exploiting, e.g., a co-cata-
lyst candidate for olefin polymerization. In any event, the idea is very simple — at-
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tachment of strongly electron-withdrawing groups to aluminum(III) by which Le-
wis acidity could be strengthened. Yamamoto and coworkers during the asym-
metric synthesis of p-limonene (Scheme 6.11) [28] first introduced this concept of
ligand improvement in aluminum chemistry in 1983. A range of related achiral
reagents appeared thereafter (Fig. 6.10).

=4
0 ) oAl
OH O | OTf
I ! OH OH ,A—
OO D-limonene

(R)-(+)-binaphthol 58%, 77% ee

Scheme 6.11

This class of aluminum species had unprecedented interactions with a variety
of functional groups. Interesting neutral aluminum-arene interactions were ob-
served when Al(C¢Fs); was mixed with toluene or benzene [29]. Arenes are coordi-
nated in a 5" fashion, and the conformations of the two molecules are very simi-
lar. The toluene molecule in 38 is attached in the para position (Scheme 6.12).
The experimentally determined bond angle of 96.1° for 38 is closer to those for
structure 39, which involves idealized sp? hybridization. The interactions between
arenes and Al(C¢Fs)s are sufficiently strong that complex 38 persists in solution.
Competitive binding experiments revealed the sequence of donor strength
THEF >benzene> Et,0 toward Al(C¢Fs);.

Marks and coworkers are particularly interested in catalysts that can be isolated
and then characterized by X-ray crystallography, to enable study of the molecular
basis of the polymerization catalysis [30]. During their research they found an

-BuAIOT 0, S‘_?Fs

i-BUAI(OTf), PANC O (OCOCFy)MeAI—O NO,
AIl(OTH)3 Me OS-o

Me,AIOTf CFa

MeAI(OTt), -
MeAI(OCOCF3), R F

ELAIOT —

EtAI(OTH), Ao F )3 MeAI=0 F
Al(CeFs)a A F F

Fig. 6.10 Aluminum Lewis acids bearing electron-withdrawing
groups
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(CeFs)aAl s
(CeFs)aAl 90 ° (Cer)sN 96.1 ° 125
T S
Me

39

X-ray sin, Iec stal structure
Scheme 6.12 y singie cfy:

Al(Cq,Fg)—fluorine interaction consistent with an aluminum anion-zirconium cat-
ion pair (Scheme 6.13). Polymerization using this anion—cation pair will be dis-
cussed briefly in Section 6.2.5.

R F

G P h§ o
Me R h ®FA| O F>
\ / *
7\ Me Ph F 3 Me\ /Cp\

Me-Si  Zzr / .
AN * Me/sl Zr"

N Me F \ A
N
t-Bu/ F O F / Me

+-Bu

Scheme 6.13 X-ray single crystal structure

Aluminum-alkyne interactions were invoked when hydrosilylation of alkynes
proceeded in the presence of catalytic amounts of AICl; or EtAICl, [31]. Although
most hydrometalations of alkynes occur in a cis configuration, trans-selective hy-
drosilylation was consistently observed (Scheme 6.14).

EtsSiH CHy(CHp)s  SiEt;  CHa(CHa)e M
CHa(CHp)g—=—=—H + =
d H H EtsSi H
Al<- (20 mol%)
toluene, 0 °C EtAICl, : 95% (100:0)
Et,AICI :0% -
Scheme 6.14 AICl;  :90% (100:0)

This system was further extended to intermolecular carbosilylation [32]. The vi-
nylsilylation reaction also proceeded in a trans configuration, most effectively in
the presence of catalytic amounts of EtAICl, (Scheme 6.15).

/
A AT SiMes

20~50 mol% AlCl; :67%

SiM63 (___—_i) = A'Br3 - 56%

P CHQClz, -78 °C EtAICIQ 1 92%

Scheme 6.15
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6.1.2.5 Ligand Effect on Aluminum(lll) Geometry and Interactions

Aluminum is usually a trivalent metal adopting trigonal geometry with sp hybrid-
ization relative to the aluminum center which makes a geometrical change to tet-
rahedral (sp® hybridization) on complexation with an external base. The geometry
of aluminum can, however, be changed significantly by the ligand structure at-
tached to it, which is consistent with other than sp’~sp® exchange (Fig. 6.11). The
X-ray crystal structures of a variety of aluminum(III) species shed light on this
possibility. As demonstrated in Section 6.1.2.2, although (salen)-Al-X complexes
adopt square bipyramidal (sp’d) geometry relative to aluminum, their potential re-
activity is preserved, affording typical Lewis acid-promoted reactions. This fact and
the single crystal structure are indicative of an available vacant orbital in either an
equatorial or an apical direction which facilitates sp*d* hybridization.

It is interesting to note that the Lewis acidic nature of aluminum varies sub-
stantially with subtle changes in aluminum geometry (Fig. 6.12). Nelson and co-
workers recently pointed out that ligands 40 and 41 have entirely different effects
not only on the structural geometry but also on the carbonyl activation capacity of
aluminum [33]. This was proved unambiguously by the reactions they promoted
and their single-crystal structures. Whereas distorted metal coordination geometry
and Lewis acidity expressed by 42 was validated, geometry optimization of com-
plex 43 indicated that the expanded chelate size of the propylene triamine-derived
ligand conferred sufficient conformational mobility to enable the Al(III) ion to
adopt a low-energy, tetrahedral (sp’) coordination geometry. The authors con-
cluded that the sp®d Al ion hybridization in 42 and 44 furnishes a low-lying me-
tal-centered LUMO, thus ideally disposing the AI(III) center to accommodate a
fifth ligand and complete the trigonal bipyramidal coordination geometry achieved
in the Lewis acid-base complex. Conversely, the electron-rich highly coordinated
complex 43, lacking any ligand-imposed coordinative distortion, has minimal Le-
wis acidic character.

Lewis base

hybridization
hybridization hybridization
L3
Lewis base s ligand coordination site
. —_— g
e i Spsd
hybridization e

Fig. 6.11 Possible hybridizations and geometries of aluminum
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Fig. 6.12 Ligand-dependent subtle change in the geometry of aluminum

Penta-coordinate trigonal bipyramidal sp’d hybridization was also observed for
the other neutral aluminum species [34]. It is well known that by lowering the
LUMO of the metal to which an electron-withdrawing group is attached results in
preference of silicon and tin for higher coordination — penta- and hexacoordina-
tion — thus enabling the participation of d-orbitals [35]. Similar behavior be ob-
served for the aluminum complex 45, in which the LUMO of aluminum is re-
duced in energy by the triflylamide group, which has strongly electron-withdraw-
ing properties (Scheme 6.16). Besides these electronic considerations, the effect of
the ligand structure on aluminum geometry could not be ruled out, as suggested
by Nelson.

) I
DMF S + _Me
O 0 DMF oL ~ /\O__/Al\N ~_SO,CFs

N Al =
Al-Me AN N
G5 At oo od
\ }
SO,CF3 SO,CF3 M e/ [|'3M|:
45
X-ray crystal strcuture

distorted trigonal bipyramidal
%d
Scheme 6.16 sp
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6.2
Modern Aluminum Reagents in Selective Organic Synthesis

6.2.1
Carbon-Carbon Bond Formation

6.2.1.1 Generation and Reaction of Aluminum Enolates
(Al-O-C=C Bond Formation and Reaction)

Enolates are undoubtedly the most versatile intermediates for C-C, C-N, C-O
bond-forming reactions [36]. Continuous progress has been made not only in fun-
damental operations involving these anionic species but also during the synthesis
of complex natural products. Compared with metal enolates with counter cations
of, e.g., B, Si, Li, Na, K, Mg, Ti, Sn, Cu, etc., aluminum enolates have found few-
er applications, probably because no particular advantages over the other metals
have been perceptible. There are, however, still intriguing aspects of novel reactiv-
ity and selectivity in the formation and reaction of aluminum enolates. Specifical-
ly, very recent development have highlighted pre-formation of Lewis acid—carbonyl
complexes by use of bulky aluminum compounds as precursors of aluminum
enolates; the behavior of these complexes is unprecedented.

By Michael Addition to a,f-unsaturated Carbonyl Compounds

This section briefly describes earlier applications of organoaluminum reagents in
conjugate additions, giving aluminum enolates. Aluminume-alkyls are transferable
to the f position of a,f-unsaturated carbonyl compounds even in the absence of
catalytic amounts of transition metals (Scheme 6.17) [37]. Such systematic studies
were performed by screening the methylaluminum species of general formula of
Me,AlX; ,, (X=Cl, Br, I; n=0-3) and by determining the ratio of 1,2- and 1,4-ad-
ducts. Although changing the methyl substituents to heavy halogens enhanced
the extent of conjugate addition, yields decreased significantly. The low yield of
the 1,4-adduct is indicative of contaminated reactions and thus this method is not
valid for clean formation of its enolate precursor.

MesAl  :75%, 0:100
Me,AICI : 71%, 6:94
Me,AIC| : 58%, 20:80
MesAll  :42%, 98:2

Scheme 6.17 MeAll, :32%, 100:0
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Catalytic effect of transition metals on the smooth conjugate addition reaction
was next tested [38]. Alkynylation at the f position was followed by capture of the
aluminum enolate in the presence of Ni(acac), (Scheme 6.18). Yields of 1,4-ad-
ducts were moderate, however, indicating the methods were still unsatisfactory for
enolate generation.

% o}
MeZAI—:—é Me(MeO)AI—_—<~ PhSeBr SePh

_x DIBAL-Ni(acac), DIBAL-Ni(acac), PhSe-SePh T

10,
7909, (23 m0|°/o) (23 mol /o)
° toluene-Et,0 toluene-Et,0 43%
5°C 0°C frans:cis = 3.3:1
Scheme 6.18

DIBAL was used for the conjugate reduction to produce aluminum enolates in
the presence of MeCu catalyst [39]. Unlike strong bases that readily deprotonate
the a-hydrogen of carbonyl compounds, this method tolerates a ketone carbonyl
and its a hydrogen, and was thus chemoselective as well as quantitatively reduc-
ing the a,f-unsaturated ester (Scheme 6.19).

o o]
/\/\)]\ + DIBAL /\/\)J\ + \:il
P
OMe \;il o MeCu (10 mol%) OMe o

THF-HMPA 97% 100%
Scheme 6.19 -50 °C

The electrophilic capture of the aluminum enolates formed by primary alkyl ha-
lides, even by allylation, was, however, sluggish. Instead, formation of an “ate”
complex of an aluminum enolates significantly improved the yields of the corre-
sponding a-alkylation products (Scheme 6.20) [40].

0 OAliBu, 1 B O

DIBAL (5eq) ij/\/
MeCu (10 mol%) 50 °C 11%
THF-HMPA
-50°C lMeLi
O%‘-BuzMe Li® Q
n 68%

Scheme 6.20
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Unlike aluminum species that needed an externally added catalyst in the conju-
gate addition of aluminum alkyls or hydride, the transfer of heteroatom-contain-
ing groups including alkylthiolates and alkylselenoates was found even more vi-
able [41]. These aluminum species bearing hetero-atoms do not require the aid of
a transition metal catalyst. The reaction was nearly quantitative and enabled versa-
tile transformation involving aldol reaction of the corresponding enolate inter-
mediates (Scheme 6.21).

OA|M92

O OH
Me,AISPh X0
94%

SPh
OAIMe,
Me,AlSeMe o
77%
SeMe

SeMe
Scheme 6.21

By Deprotonation with Trialkylaluminum

An early reference teaches us that even trimethylaluminum can cause deprotona-
tion of a specialized ketone to generate the aluminum enolate under rather dras-
tic conditions (toluene, reflux) [42]. As expected, the reaction proceeded under
thermodynamic control, in which aldol and retro-aldol reactions occurred reversi-
bly, to give a high level of anti diastereoselectivity, with concomitant removal of
chelation complex 46 from the solvent (Scheme 6.22).

1) BuLi 1) MegAl Me_ Me o OH

O OH THF o} }%‘;?”9 o"Al\O :
- J\l/I\Ph -78°C I , — PheC Ph
haC
3 2) PhCHO Phy 2) PhCHO PhaC)\l) Ph
o . 96%, 5:95

99%, 99:1 kinetic thermodynamic 46

control control

Scheme 6.22

By Deprotonation with Aluminum Amides

Nozaki and coworkers reported that diethylaluminum 2,2,6,6-tetramethylpiperi-
dine (DATMP) is capable of producing diethylaluminum enolates by deprotona-
tion of ketones or esters at —23°C in THF (Scheme 6.23) [43]. Unlike the instabili-
ty of the corresponding lithium enolate, the aldol reaction of the aluminum eno-
late of t-butyl acetate prevails over the alkoxy elimination that produces the ketene
species, even at —23 °C.
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THF, -78 °C

_ OH
o Et,Al-N OAIEt, o
% | PhCHO Ph

78%
Scheme 6.23

By Deprotonation with Aluminum Phenoxides

Whereas a lower temperature is essential to mediate deprotonation with DATMP,
diisobutyl aluminum phenoxide requires quite a high temperature (THF, reflux)
to generate the aluminum enolates, with the aid of a slight excess of pyridine
(Scheme 6.24) [44]. Self-aldol condensation of ketone 47 proceeded with acceptable
yield under these conditions. An efficient synthesis of dl-muscone was achieved
by way of an intramolecular aldol reaction by use of these reagents.

i-Bu,Al(OPh)
Pyridine

THF, reflux

dl-muscone
Scheme 6.24

By Reduction of a-Bromo Carbonyl Compounds

Zinc(0) is capable of reducing alkyl halides. The interplay of the reductive action
of zinc and the ability of aluminum Lewis acids to activate the carbonyl group en-
abled effective generation of aluminum enolates from a-bromo carbonyl com-
pounds (Scheme 6.25) [45]. This method is convenient for aldol cyclization reac-
tion, producing macrolactones in moderate to high yields. Note that the possibili-
ty of a zinc enolate, rather than the aluminum enolate, promoting the actual reac-
tions could not be excluded.

Another approach, originally discovered by Nozaki and coworkers, is available
for the generation of aluminum enolates from a-halo ketones (Scheme 6.26) [46].
This method involves reduction of a bromo group with Bu;SnAlEt,; subsequent
reaction with aldehydes or ketones under mild conditions gave aldol adducts in

acceptable yields. The aldol step is accelerated by participation of catalytic
amounts of Pd(PPhs),.

T
47

O

i-Bu,Al(OPh) /_ Pd/C

i H

o Pyridine 2

THF-hexane EtOH

reflux

65% 100%
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o OAIEt, QCHO e,
Br EtzAlCl-Zn Ph 100%
THF, -20 °C
fo OH
Et,AICI-Zn
Br 48%
O\(Y THF, 35 °C 0o
o} o}
Scheme 6.25
o} OAIEt, O OH
Br  Et,AlSnBus é/ PhCHO (H/Lph
THF, 0 °C 55%
Scheme 6.26

By Transmetalation of Lithium Enolates

Lithium enolates are stronger bases than aluminum enolates [47]. One advantage
of using aluminum enolates is that base-labile functional groups are tolerated. An-
other advantage is the higher Lewis acidic nature of aluminum. Thus whereas
lithium enolates require relatively harsh conditions to react with epoxides, the alu-
minum enolate, generated by treatment of the lithium enolate with Et,AlCl, re-
acts more readily with epoxides, affording ring-opening reactions (Scheme 6.27)
[48)].

o]

OAIEt OH
\)Ol\ ——‘—’LDA “‘L\,,/\ i ———>/<l /'\/l\r(Ot-Bu
OtBu Et,AICI OtBu i
THF, -78 °C

56%, syn:anti = 84:16
Scheme 6.27

The lithium enolates of thioesters are also amenable to this transformation, in-
volving transmetalation, to Et,AlCl, producing the corresponding aluminum eno-
lates which undergo Mannich-type reaction with aldimine 48; subsequent intra-
molecular cyclization gave f-lactams in fairly good yields (Scheme 6.28) [49].
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Other types of enolate formation and reactions

The F-alkyl ketone enolates were readily prepared by dephosphorylation of the cor-
responding 1-substituted F-1-alkenyl phosphates with DIBAL at 0°C for a few
minutes (Scheme 6.29) [50]. The resulting diisobutylaluminum enolate undergoes
aldol reaction with benzaldehyde to give the p-hydroxycarbonyl compound in a
reasonable yield.

u
OP(OEt OAli-Bu OH O
o ©F%2  bigaL F 2 PhCHO
Ph THE Ph Ph Ph
CF3 0°C CF, F CFa
EZ=12:88 78%

threo:erythro =46:54
Scheme 6.29

By carbonyl recognition by complexation with specialized aluminum reagents
Examination of electronic and thermodynamic factors in the aforementioned con-
ventional enolate formation revealed that steric factors were of fundamental impor-
tance in the reaction. One alternative is to complex a carbonyl compound with a
bulky Lewis acid (Fig. 6.13). Bulky aluminum reagents usually form relatively stable
1:1 complexes irreversibly with carbonyl compounds. We first hypothesized that
even in the presence of a strong base (LDA or LTMP), a steric environment applied
in the aluminum-carbonyl complex would kinetically adjust site-selective deprotona-
tion of carbonyl compounds which offer multiple sites for enolization and kinetically
stabilize the resulting bulky enolates by retarding the rate of proton transfer or other
undesirable side reactions. These fundamental considerations found particular ap-
plication in the formation and reaction of novel aluminum enolates.

An unsymmetrical dialkyl ketone can form two regioisomeric enolates upon depro-
tonation under either kinetic or thermodynamic control. Ideal conditions for the ki-
netic control of less-substituted enolate formation are those using lithium diisopro-
pylamide (LDA), in which deprotonation is irreversible. At equilibrium, on the other
hand, the more substituted enolate is the dominant species with moderate selectivity.
A hitherto unknown method, the kinetically controlled generation of the more sub-
stituted enolate, was realized by combined use of ATPH and LDA (Scheme 6.30) [51].
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Fig. 6.13 The use of the bulky Lewis acid—carbonyl complex in
place of a carbonyl compound itself

0 OLi o]
Me Me Me Me
L.DA MeX
49 50
alkylation at the
J ATPH less hindered site
ATPH,,
\\.ATPH ATPH,' "OLi 0 M
o) O e
™ 1 LDA Me Me
e Me
- MeOTf
51
alkylation at the
Scheme 6.30 more hindered site

Precomplexation of ATPH with 2-methylcyclohexanone (49) at =78°C in toluene
was followed by treatment with LDA in tetrahydrofuran (THF) and the mixture
was stirred for 1 h. Subsequent treatment with methyl trifluoromethanesulfonate
(MeOT{) furnished 2,2-dimethylcyclohexanone (51) and 2,6-dimethylcyclohexa-
none (50) in an isolated yield of 53% in a ratio of 32:1. Similarly, highly regiocon-
trolled alkylation of unsymmetrical 52 and 53 with octyl triflate (OctOTf) was
achieved to give 54 and 55, respectively (>99:1) (Scheme 6.31). Replacing ATPH
with MAD resulted in lack of regioselectivity (50:51=~1:1).

/“\j\ 1) ATPHftoluene
0, o,
2) LDA/THF 89%, > 99 % selectivity
54

3) OctOT¢
(0] (@]
1) ATPH/toluene Oct 71%,>99 % selectivity
2) LDA/THF
Tf
o3 3) OctO .

Scheme 6.31
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Generation of the kinetically deprotonated more substituted enolate can be ex-
plained in terms of the effect of ATPH on the inherent coordination preference of
unsymmetrical ketones. Most probably the bulky aluminum reagent ATPH pre-
fers coordination with one of the lone pairs anti to the more hindered a carbon of
the unsymmetrical ketones (anti-complexation) (Fig. 6.14). The X-ray single crystal
structure of the ATPH-enolate is suggestive of preformation of the anti-complex,
because the structure of the enolate strongly resembles that of the ATPH-49 com-
plex adopting anti-complexation, rather than that adopting syn-complexation. The
aluminum reagent surrounds the less hindered site of the carbonyl group, thus
obstructing the trajectory of the nucleophilic attack of LDA.

Surprisingly, in the presence of THF and TBSOTS, regioselective siloxybutyla-
tion occurred smoothly to give mono-alkylation product in high yield (Scheme
6.32) [52]. Interestingly, when 3-methylcyclohexanone was used, the 6 position of
the ketone was the site of dominant deprotonation and subsequent alkylation.

In contrast, MAD was proved to be effective for in situ double siloxybutylation
(Scheme 6.33). Although excess LDA and TBSOTT coexist during the first alkyla-

ATPH ATPH,
0
| | 2
- J\\,/ _ ['L“r/ —
[ o
sy anii
complexation complexation 4

Fig. 6.14 X-ray crystal structure of a higher substituted enolate
generated from the ATPH-2-methylcyclohexanone complex

215



216

6 Aluminum in Organic Synthesis

0O

O
ATPH 1) LDA (1 eq) M
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Scheme 6.32
0 (0]
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78°C 94%
Scheme 6.33

tion, LDA maintains its potential and subsequent second alkylation proceeded
very cleanly [52].

ATPH has been shown to form a cavity which can encapsulate a variety of mol-
ecules (Figs 6.6 and 6.7). When both Nu™ and E* are complexed with ATPH the
steric effect of the cavity can obviate direct coupling between the former two
which coexist in a reaction vessel, where a third component eventually intervenes
(Fig. 6.15); otherwise these two components (Nu™ and E*) would couple with each
other solely by taking advantage of their electronic interactions. The general prin-
ciple of this sequence is represented in Fig. 6.15.

On the basis of this working model, a novel strategy for the three-component
coupling of ketone, cyclic ether, and epoxide was realized using ATPH and LDA
(Scheme 6.34) [53].

©
AlwsoNU

Nu—E

Fig. 6.15 Reaction between bulky ATPH complexes, allowing
intervention of the third reactive component
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Other efforts have been focused on a conceptually new, directed aldol condensa-
tion [54]. Mixed aldol condensations between two different carbonyl compounds
with several possible sites for enolization are extremely difficult and there is a
variety of undesired pathways involving proton transfer and over-alkylation. The
aldol reaction of an ¢,f-unsaturated carbonyl compound with an aldehyde was in-
vestigated in the presence of ATPH. The reaction first involves the demand for
control of reactivity and selectivity of the a,f-unsaturated carbonyl compound,
which upon deprotonation leads to the corresponding extended dienolate of
ATPH. A second carbonyl compound aldehyde which serves as an electrophile is
activated electronically (but sterically deactivated) by complexation with ATPH.
This activation would enable rapid in-situ capture of the extended dienolate.
ATPH was the reagent of choice, because it could effectively make a strong coordi-
nation bond upon encapsulating a number of a,f-unsaturated carbonyl com-
pounds.

Precomplexation of PhCHO (24) and crotonaldehyde (37) with ATPH was
followed by treatment with LDA to give the p-aldol adduct in 99% yield
(Scheme 6.35). The reaction includes operational simplicity and consistently gave
an extremely high level of E and y selectivity [55, 56].

The substrate generality is remarkable and thus synthetically very useful
(Fig. 6.16). a,f-Unsaturated aldehydes, ketones and esters all give comparable re-
sults. Highly elongated unsaturation is also compatible with this reaction se-
quence. Electrophilic components include aromatic and aliphatic, and even g,f-un-
saturated aldehydes, and a,f-unsaturated ketones react at the f-position.

The behavior of f,f-disubstituted-a,f-unsaturated carbonyl compounds in a simi-
lar reaction sequence using ATPH and LDA (or LTMP) was even more interesting
(Fig. 6.17). Entirely opposite selectivity was observed, depending on the carbonyl
functionality employed. The predominant alkylation site was the (Z)—y position of
methyl 3-methyl-2-butenoate, whereas senecialdehyde gave the (E)—y-addition
product exclusively. This could be ascribed to specific complexation of ATPH with
a different carbonyl compound by molecular recognition: several sets of X-ray crys-
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Fig. 6.16 Directed aldol condensation using ATPH

tal analyses (Figs 6.6-6.8) and NOE measurements [57] strongly suggested that
ATPH-carbonyl complexes resemble the corresponding extended dienolates
(Fig. 6.17).
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Fig. 6.17 Conformations of ATPH-carbonyl and ATPH-dienolate
complexes and their reactivities and selectivities

One-pot three-component coupling is an important procedure in organic synthe-
sis and provides a powerful and rapid means of construction of the prostaglandin
and jasmonate families. We recently developed a novel strategy for three-component
coupling involving the combined use of organolithium reagent (RLi), aluminum
tris(2,6-diphenylphenoxide) (ATPH)-cyclopentenone complex, and 2,5-dihydro-
furan (DHF)-BCl; complex (Scheme 6.36). The astonishing reversal of diastereo-

selectivity (2,3-trans/cis) is worth mentioning — whereas alkynyllithiums are predom-
inant in the 2,3-cis relationship, 2,3-trans selectivity was obtained exclusively with
lithium enolates. This approach leads efficiently to both trans- and cis-jasmonate

derivatives [58].
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6.2.1.2  Aluminum—Carbonyl Complexation, Activation, and Nucleophilic Reaction

Pericyclic Reaction and Asymmetric Reaction
Pericyclic addition reactions are attractive C-C, C-N, and C-O bond-formation re-
actions for many reasons. They involve:

e easy stereocontrol, because of the nature of pericyclic reactions;

e ready construction of complex carbon frameworks, because of the powerful and
rapid skeletal compacting nature of this method; and

e the viability of Lewis acid-base complexation in reducing the LUMO of sub-
strates even in reverse-electron-demand reactions.

Synthetically more readily availability of aluminum chemistry in pericyclic reac-
tion was made possible, in particular, by Yamamoto and coworkers, who showed
that the steric bulk of aluminum reagents is synthetically strategic, facilitating un-
precedented selectivity and reactivity.

[4+2] Cycloaddition Yamamoto's “MAD” Lewis acid promoted very mild and
highly stereocontrolled [4+2] cycloaddition between the pyrone sulfone and enan-
tiomerically pure vinyl ether 56; by use of 50 mol% MAD, cycloadducts were iso-
lated on a 1.5-g scale in 93% yield as a 98:2 ratio of endo diastereomers with 57
being a major isomer (Scheme 6.37) [59].

Stereocontrol using MAD in the [4+2] cycloaddition of the acrylate of p-pantolac-
tone and cyclopentadiene revealed intriguing behavior which is worth mentioning
(Scheme 6.38) [60]. Cycloaddition in the presence of 2 equiv. MAD gave diastereo-
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selectivity opposite to that obtained by use of SnCl,. The 1:2 complex of 58 and
MAD might adopt a conformation consistent with structure 60, because of steric
constraints. It is reasonable to suggest a highly preferred conformation 59 by the
chelation complex of SnCl,. The reversal of the diastereocontrol was best ac-
counted for by exposure of each n-face to approach of the diene in the opposite di-
rection.

SnCI4

1O

COR*
97%, 94% de

map | mab— X -0 @
(2 eq) 7
58 CH,Cl, 0
%o

-78 °C L CO,R*
1
MAD 96%, 90% de

Scheme 6.38 60

The use of MAD in [4+2] cycloaddition of cyclopentadiene with chiral acrylate
resulted not only in greater diastereoselectivity but also greater exo-selectivity,
although to a small degree, than other ordinary Lewis acids (Scheme 6.39) [61].

v
A|\— (2eq)
7/
* @ CH,Cl,

? \— 0~-20°C COR
-40 ~- exo.endo
\/&O MAD :99% (80% de) 10:90
MABR : 86% (80% de) 12:88
Scheme 6.39 Et,AICI : 99% (60% de) 5:95

The exo-selectivity was more apparent when using ATPH although a characteris-
tic stereochemical feature of the Diels-Alder reaction is endo-selectivity. The origin
of the endo-preference in Diels-Alder reactions can be ascribed to “secondary orbi-

221



222

6 Aluminum in Organic Synthesis

tal interactions”. If the carbonyl functions of dienophilic a,f-unsaturated carbonyl
substrates are effectively shielded by complexation with ATPH, secondary interac-
tion is decreased, thereby disfavoring the hitherto preferred endo transition state
(Scheme 6.40).

R R
Lewis Acid (LA) = |
g N o
“R R

endo transition state endo isomer

+

R
R ! R
R1ﬂ\[f /_2:()..,”_
oo - (" | - 0
0 ATPH(Ai— ) <\\\ R’ | o

Scheme 6.40 exo transition state exo isomer

As expected, precomplexation of a,f-unsaturated ketone 61 with ATPH in
CH,(Cl, at -78°C, then cyclization with cyclopentadiene, resulted in stereochemi-
cal reversal to furnish exo-62 as major product (Scheme 6.41) [62]. Similarly, the
Diels-Alder reaction with other dienophiles complexed with ATPH proceeded with
exo-selectivity.

0
1
R \[%R NATPHOHCL /| 7 0o L 7w
2 @ R’ COR
61: R=Ph -78°C x0-62 endo-62
R'=H 61— 62 ; 81% (73:27)
R=Ph R'=Me : 81%(96:4)
Scheme 6.41 R=R'=Me : 87 % (87 : 13)

This concept was extended intramolecularly to give the trans-fused stereoisomer
64, whereas an ordinary aluminum reagent gave the cis isomer 63 via an endo
transition state (Scheme 6.42).

A 1:2 mixture of a quinone and ATPH self-assembled to make a 1:2 complex,
because they form a molecular capsule in which the quinone was encapsulated
within two ATPH molecules [63]. This “dienophile” complex did not undergo
[4+2] cycloaddition with cyclohexadiene (Scheme 6.43). In contrast, when a 1:2
mixture of the cyclohexadiene and ATPH was treated with the quinone, the cy-
cloadduct was obtained. It was concluded that pre-inclusion of the diene by inter-
action with the aromatic concave of ATPH facilitated the ensuing cycloaddition.
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Polymeric, solid ATPH was adapted for [4+2] cycloaddition [64]. The polymer
catalyst 66 was prepared by treatment of Me;Al with the appropriate biphenol, fol-
lowed by exposure to ultrasonic irradiation, and could be recovered quantitatively
by simple filtration and reused (Scheme 6.44). The activity of the recovered 66 did
not decrease even after seven uses. It is worthy of note that the [4+2] addition
competes with the Tischenko reaction, which is a major path when solid alumina
catalysts are used.

Novel stereoselectivity in tandem inter[4+2]/intra[3+2] nitroalkene cycloaddition
was achieved by use of bulky aluminum reagents (Scheme 6.45). When MAD was
employed as the Lewis acid the cycloaddition between nitroalkene 67 and vinyl
ether 68 yielded an inseparable mixture of nitroso acetal diastereomixtures in 88%

Scheme 6.43
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yield [65]. Because the stereoselectivity was high in the [3+2] cycloaddition, three
diastereomers were present in the ratio 3.5:1.5:1.0 (a:f: /). An interesting obser-
vation was made when MAPH was used as the Lewis acid promoter. Under opti-
mized reaction conditions, tandem reaction proceeded at —=78°C to yield a mixture
of nitroso acetal diastereomers 70 in 86% yield. Surprisingly, a f-anomer predomi-
nated (a:f:f'=1:2:38.7). The corresponding lactam ent-71 was found to be en-
riched in the opposite enantiomeric series, 79% ee (R), to that observed with
MAD (72% ee (S)).

LT pn

o\ ®.0 o] s © .
N J = 8 A- MeOyG OO ,OR
Q
MeO,C._~ o
CHzt Bu
0
N
HO" He
Raney N
H H aney Ni
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For68: MAPH (6 eq) :85% (1:13)
MAD (3.0 eq) : 88% (5.0:1)

For69: MAPH (6 eq) :83% (1:>99)
Scheme 6.45 MAD (3.0 eq) : 86% (1:1.1)
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Further screening of the chiral moiety of vinyl ethers indicated that cycloaddi-
tion with 69 gave an excellent level of diastereo- and enantioselectivity in the pres-
ence of MAPH. One reasonable explanation for the observed reversal of the sense
of asymmetric induction is that a corresponding reversal in the exo/endo prefer-
ence of the [4+2] cycloaddition had occurred. Thus MAPH favored an exo-transi-
tion state, which was also preferred by ATPH.

Catalytic Asymmetric [4+2] Cycloaddition Compared with the metals Ti, Sn, and B,
the development of chiral aluminum catalysts that enable asymmetric [4+2] cyclo-
addition reaction between simple dienes and «,f-unsaturated aldehydes is not an
easy task if a Lewis acid and a dienophile make a highly reactive combination. A
new vaulted chiral ligand S-VAPOL was introduced by Wulff and coworkers to
achieve improved performance over the linear biaryls 72 and 73 (Scheme 6.46)
[66]. In fact, the asymmetric [4+2] cycloaddition of cyclopentadiene and methacro-
lein proceeded effectively with catalyst, generated by treatment of S-VAPOL with
Et,AICIL to give cycloadduct 74 quantitatively with 91-99% ee. This reaction is
best performed with slow addition of dienophile, giving the highest ee of 98%.
This implies “autoinduction”’, among the important subjects in a discussion of the
effects of the hyper-coordination aptitude of aluminum (vide post). Catalysts de-
rived from 72 and 73 proved ineffective (up to 41% ee), probably because of the
insufficient depth of their chiral pockets.

S-VAPOL + ELAICI O O
H (10 mol%) ; O ‘
A O oo on
o CH,Cly, -79~-82 °C 74 O
(slow addition) 99% (98% ee) S-VAPOL
endo.exo = 2:98

SiAI’s

Ph Ph
Da¥ ”
0450 e
SiAr3

72
Scheme 6.46 73

In contrast with the ineffectiveness of the aluminum catalyst derived from 73 in
the aforementioned reaction, the [4+2] cycloaddition of a,f-unsaturated esters (i.e.
75) resulted in greater enhancement of asymmetric induction (Scheme 6.47) [67].
The reaction was best performed in toluene (or CH,Cl,) at —40 to —20°C to give
cycloadducts in 70-77% ee, which varied depending on subtle changes in reaction
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OMe
\/&O 73 + MezAl
or * CH,Cl,, -20 °C
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For 75: 61%, 72% ee
= 0 For76: 22%, 55% ee
76
Scheme 6.47

conditions. The first example of asymmetric [4+2] cycloaddition of alkynyl ester 76
seemed to give a moderate ee of 55%.

In a similar [4+2] reaction of a,f-unsaturated esters, the aluminum catalyst com-
plexed with the ligand S-VAPOL resulted in “autoinduction”, because of coopera-
tive interaction of the product with the catalyst to generate a more selective
catalytic species (Scheme 6.48) [68]. The ee% gradually increased as the reaction
time lengthened. In the proposed intermediate, penta-coordinated aluminum
complex 77, the cycloadduct is recognized as a complementary ligand, leading to
substantial asymmetric induction. The acrylate is activated effectively within this
hybridized complex which adopts pentacoordination [87].

OMe
S-VAPOL + EtAICI MeO. .O. Cl O
IO s 4 Kk
X + e 5
@] CH,Cly, -78 °C co,Me b
5 min, 40% ee
Scheme 6.48 24h, 82% ee 77

It is reasonable to expect that some chiral ketones might discriminate between
racemic organoaluminum reagents by diastereoselective complexation — leading to
preferential formation of one of the two diastereomers by chiral molecular recog-
nition [69]. Indeed, the Lewis acidic enantiomer 79 that remained intact in situ
promoted the asymmetric hetero-Diels—Alder reaction of aldehydes with substi-
tuted Danishefsky-type diene 78, with high enantioselectivity (Scheme 6.49). The
so called concept of “chiral poisoning” of one of two active enantiomers triggers
the selective and relative activation of another enantiomer (Scheme 6.50). Similar
approaches involving this strategic “chiral poisoning”, first validated by Yamamoto
and Maruoka, for asymmetric synthesis have subsequently been reported [70].

Development of enantioselective polymer catalysts is important in the efficient
production of optically pure compounds. The main advantage of a polymer cata-
lyst is the ease of recovery and reuse of the expensive catalyst. The use of polymer
catalysts might also enable the reactions to be performed in flow reactors or flow
membrane reactors for continuous production. Asymmetric hetero-Diels-Alder re-
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action catalyzed by chiral polybinaphthyl-based Lewis acid complexes was investi-
gated by Pu and coworkers [71]. The insoluble chiral polymer catalyst was gener-
ated in toluene by treatment of Me;Al and polymer 81. Changing the solvent to
Et,O results in significant improvement of yield and chemoselectivity. A high ee
of 89% of the cycloadduct is obtained even at r.t (Fig. 6.18, Scheme 6.51). In con-
trast, results for the polymeric 80-AlCI catalyst, generated by treatment of polymer
80 with Et,AICl, showed that exchange of the methyl substituent with chlorine re-
duces both the yield and ee of the cycloadduct dramatically.

PG
“CO,Et

o]

e

OEt

/
Al— (10 mol%)
\ 80 :49%, 27% ee (S)
81 :80%, 88% ee (R)

Et,0,

Scheme 6.51
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OH OH OH OH

OH OH OH OH
Fig. 6.18 Binaphthol-based polymer ligands

Such structural modification of a chiral binaphthol had a beneficial effect on en-
antioselectivity. In contrast, other emphasis was placed on structural modification
of the aluminum geometry, rather than the binaphthol ligand itself. The reactivity
and selectivity of the hexacoordinated aluminum complex 82 with three bi-
naphthols on one aluminum atom was evaluated in the [4+2] cycloaddition of cy-
clopentadiene and dienophile 83 (Scheme 6.52) [72]. Catalyst 82 has a saturated
coordination number with regard to the aluminum atom, which thus no longer
has vacant orbitals for further complexation with other incoming Lewis bases.
Although the ee of the adduct was very low (16%), this result strongly suggests
the greater probability that lithium ions in 82 serve as Lewis acids in non-polar
solvents.

The cycloaddition of functionalized cyclopentadiene and dienophile 83 was bet-
ter performed by use of an entirely different, non-phenoxide-type aluminum com-
plex (Scheme 6.53). Thus a chiral catalyst endowed with the more electron-with-
drawing bis(sulfonamide) ligand was explored by Corey and coworkers [73]. The
reaction of the trans-crotyl derivative 83 and cyclopentadiene with 20 mol% 84 as
catalyst at —78°C for 16 h provided adduct 85 in 88% yield and 94% ee. The ad-
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duct was converted in short steps to the Corey lactone, which is a critical and ver-
satile synthetic intermediate for prostaglandin synthesis.
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: 08Bn 22
HO

100% ee

Scheme 6.53

Changing the dienophile from a simple diene to a maleimide was also success-
ful (Scheme 6.54) [74]. For high asymmetric induction it was found that 3,5-di-
methyl substituents on the phenyl group of the catalyst and an ortho substituent
on the phenyl group of the maleimide are required. This intriguing observation
can be accounted for by preferential coordination, for steric reasons, of the chiral
catalyst, thus altering one of the lone pairs of carbonyl oxygen.
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[3+2] Cycloaddition The [2+3] cycloaddition of N-benzylidene N-oxide with a,f-un-
saturated carbonyl compounds has been promoted by catalytic amounts of ATPH
(Scheme 6.55) [75]. ATPH was effective both in rate enhancement and in improv-
ing the regioselectivity. Cycloaddition of N-benzylidene N-oxide and acrolein with
10 mol% ATPH proceeded at 0°C to give cycloadducts 86 and 87 quantitatively in
a ratio of >99:1. Methacrolein, crotonaldehyde, and 3-buten-2-one undergo cyclo-
addition with similar effectiveness, but methyl acylate is not reactive when ATPH
is used.

O' ATPH Ph‘N_o Ph,

Ph N+ + )\ (10 mol%) . N-O

z Ph
~N~pp, CHO 00 y Ph/%Ho
CHO

86 87

100%, 91:9
Scheme 6.55 without ATPH: 5%, 0:100

[2+2] Cycloaddition

C=0 + C=C Addition

Ketene and aldehydes undergo [2+2] cycloaddition in the presence of aluminum
catalysts (Scheme 6.56). The reaction involves either isolable or in situ-generated
unstable ketenes and is regarded as a variant of the aldol reaction. During the de-
velopment of the Al(IIl)-catalyzed ketene-aldehyde reaction, the optically active
Al(ITI)-triamine complex 88 was found to catalyze the cyclocondensation of acetyl
bromide (AcBr) and benzyloxyacetaldehyde, with di(isopropyl)ethylamine (DIEA)
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as base, to afford the optically active f-lactone in 92% ee [76]. Catalyst 88 rendered
a variety of structurally diverse, enolizable and alkynyl aldehydes as effective elec-
trophiles for the catalyzed asymmetric aldehyde—ketene cycloaddition reaction. In
addition, a variety of functional groups including benzyloxy TBDPS-oxy, and
TBDMS-oxy substituents were tolerated.

/L(\?n “\
N/\’\\l
F3COQS’N*P\‘|_ "SO.CF3

10 mol%) Me gg o) 0

CHO ( 92% ee

Ph/\/ + AcBr OIEA 93% yield
Ph

CH.Cl,
Scheme 6.56 -50°C

The cycloadducts of alkynyl aldehydes were readily converted to the optically ac-
tive allenyl compounds on exposure to Grignard reagents with catalytic amounts
of CuBr or CuCN.2LiBr [77]. This copper-catalyzed addition of Grignard reagents
to f-lactone electrophiles uniformly proceeded in high yield and with consistent
chirality transfer from the f-lactones to the derived f-allenic acids. The utility of
this reaction technology for asymmetric synthesis has been demonstrated by a
concise and efficient synthesis of the naturally occurring antibiotic (-)-malyngo-
lide (Scheme 6.57).
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Scheme 6.57 87% 80%

C=C + C=C Addition

MAD has been used to catalyze the [2+2] cycloaddition reaction between fumarates
and electron-rich olefins (Scheme 6.58) [78]. Unsymmetrical fumarates were dis-
criminated by MAD, in which the coordination of carbonyl oxygen of the methyl
ester was favored, to give high regioselectivity. Regioselective [4+2] cycloaddition
was also achieved by use of this procedure for discriminating molecules [79].



232

6 Aluminum in Organic Synthesis

OMe MAD OMe
MAD :
COMe Os
ROCTN RN o NO ” ONO
R = Fmenthyl OR MAD OR
SMe ‘,\COZR SMe&COZR
SMe *l:L . MeS ¥
78°Cc MeS L 4o COeMe CO,Me
Scheme 6.58 82% (94:6)

Ene Reaction and Asymmetric Reaction

Ene reactions occur between alkenes with allyl hydrogen (an “ene”) and com-
pounds containing an electron-deficient double bond (an “enophile”) to form a o-
bond with migration of the ene double bond and a 1,5-hydrogen shift [80]. The
beneficial effects of classical aluminum Lewis acids on the ene reaction have been
thoroughly investigated by several groups. Despite their enormous efforts, inter-
molecular ene reactions usually suffered from side reactions and low selectivity
[81]. Intramolecularly the reaction has found wider application, for example in cy-
clizations affording a 12-membered ring [82].

In contrast, well-designed aluminum phenoxides controlled the reactivity and
selectivity of both “ene” and “enophile”, providing clean reactions and high prod-
uct yields. For example, reactive aldehydes including formaldehyde and a-chloroal-
dehydes can be generated by treatment of readily available trioxane and a-chloroal-
dehyde trimers, respectively, by complexation with MAPH (Scheme 6.59) [83].
When the aldehydes sterically stabilized but rather electronically destabilized by
MAPH were subjected to “ene” substrates, smooth and clean reaction proceeded
to give homoallyl alcohols in high yields, and frequently with better selectivity
with regard to the migrated ene position.

OSiM63
OSiMe,
Oy maPH OH
[ ) S HCzOfAn e
0._0 -
~ 05'%8'2 61%

Scheme 6.59

Stereoselective intramolecular ene reactions of a-substituted-d,e-unsaturated al-
dehydes have been achieved by use of MABR (Scheme 6.60) [84]. The reaction has
unprecedented trans selectivity, in contrast with the cis selectivity frequently ob-
served in the type II ene reaction with other ordinary Lewis acids. Not only 1,2-
diastereocontrol but also 1,3-diastereocontrol [85] was similarly facilitated.
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Marshalllater pointed outthatthe MABR-promotedcyclization of 89 mustbe preceded
by an external proton transfer, whereas the classical aluminum reagent Me,AICl favors
the ene cyclization pathway involving internal proton transfer (Scheme 6.61) [86].
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The cyclohexyl fragment of FK-506 (Scheme 6.62) [85] and 1a,25-dihydroxy-Vita-
min D; Ring A synthon (Scheme 6.63) [87] were readily accessible by trans- and
cis-selective cyclization, respectively.
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Scheme 6.62
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o MeO\AId,Ci4 | o
O = ™
. CH.Cl, -
-BuMe,SiO* 0 -10°C +-BuMe,SiO OH
87%, trans:cis = 10:1
P(O)Ph, o} ll
(0]
| -~ |
+BuMe,SiO" 0SiMe,t-Bu +-BuMe,SiO™ OSiMe;Bu

Scheme 6.63

Asymmetric ene Reaction In 1988 Yamamoto and coworkers provided the first in-
dication that asymmetry in ene-reactions could be induced by catalytic amounts of
chiral Lewis acids in the presence of 4-A molecular sieves (Scheme 6.64) [88].
They described the first example of asymmetric ene-reaction between prochiral,
halogenated aldehydes and alkenes catalyzed by chiral binaphthol-derived alumi-
num complexes. The hindered 3,3-silyl substituents in the chiral catalyst are es-
sential to achieve good enantioselectivity and high yield. In fact, the use of a cata-
lyst derived from Me;Al and 3,3'-biphenylbinaphthol led to the racemic product in

a low yield.
SiArg
K,
Ai-Me

F O O (10 mol%) F OH

F CHO SIAr. F
+ )\ : SPh  88%, 88% ee
SPh  CH,Cl,

F F 78°°C F F

F MS 4A F

Scheme 6.64

Other asymmetric ene-reactions were also tested, but the ee was usually moder-
ate [8].

Hydrocyanation and Asymmetric Reaction

Catalytic hydrocyanation and closely related systems have found widespread appli-
cation because of both their synthetic usefulness and the ready production of cya-
nohydrins, versatile synthetic intermediates in the synthesis of a variety of func-
tional groups. Hydrocyanation with aluminum compounds also resulted in several
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examples of interesting behavior worth mentioning. Epoxides are hydrocyanated
in the presence of catalytic amounts of Et,AlCl (Scheme 6.66) [89]. The reaction is
believed to involve preformation of aluminum cyanide, which is effected more
readily at higher temperatures (i.e. r.t.), with a concomitant exchange equilibrium
with the corresponding isocyanate (Scheme 6.65).

s
Al—
N CN N=C
TMSCN R
()O hydrocarbon *
solvent, rt OH OH
Et,AICI (4 mol%) : 79% (>99:1)
FBU,AIO-i-Pr (20 mol%) : 93% (90:3)
Scheme 6.65 Al(O#-Pr)3 (10 mol%) : 90% (>99:1)

Et,AI-CN + TMSCI

|

Scheme 6.66 Et,Al-N=C

ELAIC + TMSCN

In contrast, a similar reaction with aldehydes at lower temperatures (-78°C)
might not involve such a preformation of the aluminum cyanide [90]. The reac-
tion had a strong preference for aromatic aldehydes over aliphatic aldehydes in
the presence of Me,AlICl (Scheme 6.67).

Me,AIC] oH
@—CHO + OCHO (50 mol%) R, <:>_<
+ . toluene, -78 °C CN
; Op-tolyl
+ MesSIiCN 100% prioly 100%

OSiMe;
= ~Op-tolyl

Scheme 6.67

Meerwein-Ponndorf-Verley-type hydrocyanation was explored in the presence of
catalytic amounts of DIBAL (Scheme 6.68) [91]. The retro-hydrocyanation reaction
proceeded from acetone-cyanation products, with concomitant cyanation of alde-
hyde under equilibrium conditions.

OMe /s OMe
OH AI\— MesAl (100 mol%) : 93%

+ oN -BUAIH (10 mol%) : 75%

CHO
Scheme 6.68 OH

CH,Cly, 0°C
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Asymmetric Hydrocyanation Several different catalysts have been investigated, in-
cluding enzymes, polymeric reagents, organometallic species, and artificial pep-
tides. Among these, peptide-derived metal and non-metal catalysts are the most at-
tractive, because of the commercial availability of a variety of a-amino acids suit-
able for creation of molecular libraries. With this in view, Mori and coworkers
synthesized a range of peptide-derived chiral Schiff bases which worked as effec-
tive ligands on aluminum for the predictable creation of an effective chiral envi-
ronment (Scheme 6.69) [92]. The aluminum complexes of peptides are not good
catalysts for asymmetric addition of HCN but are rather good for addition of
Me;SiCN. Hydrocyanation with Me3Al-90 or -92 (20 mol%) proceeded at —78°C to
give 91 in 95% yield with 69% ee.

‘ :N\/”\ I,(
(20 mol%) o, - O OH

MegCN M63A| (20 mol% o) CN 95%, 69% ee
PhCHO
toluene, -78 °C
91
Was
o O
=N
z H
N

92

Scheme 6.69 48%, 69% ee

Non-peptide-based chiral ligands were recently exploited by Shibasaki and co-
workers [93]. The first were derived from chiral 1,1-binaphth-2,2’-0l with two
phosphine oxides at 3- and 3'-positions. Aluminum complex 93 enabled dual acti-
vation of the functionalities of both aldehyde carbonyls and cyanating agents. In
all respects catalyst 93 exceeded catalyst Me3Al-90 and -92 in catalytic efficiency,
enantioselectivity, and substrate generality. Addition of Bu;PO had a beneficial ef-
fect on ee which could be ascribed to coordination to aluminum which makes the
aluminum complex five-coordinate and in a preferential conformation to induce
high ee (Scheme 6.70). In the absence of Bu;PO, the ee decreased significantly. In
contrast, an analogous catalyst 94 promoted reaction very slowly whereas catalyst
95 resulted in a 1.2-fold higher rate of reaction. Molecular modeling revealed that
with 93 the internal coordination of P=O to aluminum seemed quite stable and
without strain; this might have considerably reduced the activity of aluminum.

The second generation catalysts utilizing the “dual” activating system made an
effective ligand from chiral pools other than a-amino acids [94]. The dual func-
tions of 96-100 compared very well with those of 93 with the exception that the
chiral ligand was derived from a carbohydrate and thus the catalyst had alkoxide,
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Scheme 6.70

rather than phenoxide, links (Scheme 6.71). Another advantage in making use of
carbohydrate ligands is the easy access to any subtle change in ligand structure.
Five different carbohydrates have been examined to identify the positive and nega-
tive effects of a chiral environment, composed of three stereogenic centers and
steric bulk, on enantioselectivity. With this information available, new aluminum
catalyst 101 had a superb effect on ee (Scheme 6.72).

/
Al— (9 mol%)

HO_..CN . NC><OH
PRCHO + TMSON —o-m—rer Pha H Ph A H
thpn thp/j/\) thptlj pth TBDPSOARJ
96 Al‘_o 97 AI—-O 98 A|—- 99 AI'O AI—0O
o o o o’
99%, 46% ee (S) 100%, 21% ee (R)  96%, 45% ee (S) 84%, 20% ee (S) 87%, 5% ee (S)
Scheme 6.71

Double stereo-differentiation was also tested using catalyst 96 and chiral a-ami-
no aldehydes (Scheme 6.73) [95]. Both anti and syn isomers for the synthesis of
HIV protease and bestatin were obtained, depending on the type of protecting
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Scheme 6.73

group on the nitrogen. A chelation effect of aluminum adopting five-coordinate

geometry was invoked to account for these differences in selectivity.

Friedel-Crafts Reaction

In older applications of aluminum species in the Friedel-Crafts reaction AlX; (X=Cl,
Br, I) have been used as catalysts [6]. Effects of covalently-attached strongly electron-
withdrawing groups on the reactivity of aluminum(IIl) were investigated. The
tris(triflate) catalyst Al(OTf); was originally devised by Olah and coworkers
(Scheme 6.74) [96]. As expected, tris(trifryl)imide catalyst 102 had more pronounced

catalytic efficiency, because of its greater Lewis acidity (Scheme 6.75) [97].

AI(OTf)3 (50 mol%)

(@]
+ kikg =120
benzene, 25 °C ks

Scheme 6.74 O 67% (91:8)
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The salt effects of alkali metal salts on reactivity and selectivity in acylation reac-
tions were systematically studied by Kobayashi and coworkers [98]. In the pres-
ence of excess LiClO,4 the Friedel-Crafts reaction proceeded most effectively with a
catalytic amount of Al(OTf); to give acylation regioselectively at the 6 position of
the naphthalene ring (Scheme 6.76).

Al(OTH)s (5 mOl%)) MeO.

1
MeO LiClO,4 (600 mol%
O e
o MeNO,, 50 °C

Scheme 6.76

The asymmetric Friedel-Crafts reaction was also studied, but the ee was usually
low [8].

Aldol Reaction and Asymmetric Reaction
The Mukaiyama aldol reaction that utilizes silyl vinyl ethers is promoted by a Lewis
acid [99]. Among the most important aspects chemists must always consider is, how-
ever, whether the reaction is promoted by the Lewis acid or an in situ-generated silyl
cationic species. The involvement of silyl cations makes the reaction go out of con-
trol, usually leading to low selectivity. Although the silyl cations are believed to be the
strongest Lewis acids, occasionally the reactivity of aluminum Lewis acids exceeds
that of silyl cations and this rectifies otherwise disabled organic transformations.
This section mainly focuses on such intriguing aspects of aluminum reagents.
The “nakedness” of silyl cations mainly relied on the use of donor solvents and
n-electron donors, whereas the reactivity of silyl cations was increased by creating
more naked species by use of bulky aluminum reagents (Scheme 6.77) [100]. Silyl
triflates are strong Lewis acids and involved in exchange equilibria corresponding
to complexation—decomplexation with carbonyls, in which the exchange rate is
very rapid and is mostly shifted to the decomplexation side. This new approach fa-
cilitated the shifting of equilibria to the complexation side. Thus, tight complexa-
tion of a silyl cation with a carbonyl in a 1:1 ratio was spectroscopically observa-
ble, leading to a clean system with highly active silyl cations that enabled the
ketone aldol reaction.
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The aldol reaction of ketones proceeded similarly with catalysts R,AINTE,
(Scheme 6.78) or R,Al(OTf);_, (n=1, 2) (Scheme 6.79), which is otherwise diffi-
cult to achieve with a single use of an ordinary Lewis acid [101, 102].

0
OSiMes Me,AINT, (2 mol%) © <
/& . 92%
Ph CHCl Fh
-78°C
OSiMeg o Me,AINTf, (2 mol%) 7 "
. 86%
Ph Ph CH.Cl, PhM\Ph
-78°C
Scheme 6.78
OSiMe;;
BnOAggy Et0,C, OH 9 55%
Et,AIOTY sgt 95
MeCN
0 78°C OBn
COLE OSiMeg
Skt Et0,C, OH 54%
BnO MSEt 8812
EtAOTH),
MeCN OBn
Scheme 6.79 -78°C

Apart from the remarkable ability of R,AINTf, to catalyze the ketone aldol reac-
tion with unprecedented efficiency and versatility, more subtle aspects of this alu-
minum-derived species were observed, enabling design of a suitable catalyst that
would recognize and activate a less-shielded carbonyl functionality which would
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then undergo a chemoselective aldol reaction (Scheme 6.80) [103]. Sterically more
crowded 103 turned out to be an effective and efficient catalyst for this purpose.

/
AI\— (5 mol%)

OSiMes OH
CHO Ph SN Y
SS"cHo + :j/ +
CH,Cl, OH O
-78°C
Me,AINT, : - (74:26)
Ph  Ph
. 849 (00
0*41'0 : 84% (99:1)
Ph N PH
Scheme 6.80 Tt T 103

A molecular recognition approach was used to enable a similar chemoselective
aldol reaction [104]. ATPH can discriminate between structurally similar alde-
hydes, thereby facilitating the selective functionalization of the less hindered alde-
hyde carbonyl (Scheme 6.81). Treatment of an equimolar mixture of valeraldehyde
(104) and cyclohexane-carboxaldehyde (31) with 1.1 equiv. ATPH in CH,Cl, at
-78°C, followed by addition of Danishefsky's diene at this temperature gave
hetero-Diels-Alder adducts 107 and 108 in a ratio of >99:1. It should be noted
that the complexed aldehyde could only react with the diene. The reaction
resulted in relatively low chemoselectivity when other typical Lewis acids were
used (107/106 ratios: (PriO)zTiClz=6.2:1; Me;Al=5:1; MAD=3.7:1; TiCl4=2:1;
BF; - OEt;=1.3:1; MAPH=1:3.4). This emphasizes that the cavity of ATPH plays

ATPH
o s L A
CHO + CHO CH,Cl, o

o,

104 31 “ATPH OrpTPH
OSiMe, OSiMeg
) g
OMe
0
Y. OYY . °
OH O Or Oz
105 106 107 108
75 % (>99 : 1) 87 % (>99: 1)

Scheme 6.81
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an important role in differentiating between the reactivities of the two different al-
dehydes. In a similar manner the aldol reaction of a mixture of 104 and 31 was
effected equally well with ATPH to furnish 4-hydroxy-2-octanone 105 without 106.

Asymmetric Aldol Reaction Although several examples showed that reaction rates
with aluminum reagents exceed those with silyl cations, direct reflection on this
basis to the corresponding asymmetric reaction remains challenging [8]. Apart
from the Mukaiyama aldol reaction, an alternative reaction candidate was oxazole
109 in the asymmetric aldol reaction, giving f-hydroxy-a-amino acids (Scheme
6.82). Suga and coworkers showed in their original papers that the reaction of 109
with a series of aromatic aldehydes was best performed using 30 mol% catalyst
110 at -10°C to r.t.; this gave an ee ranging from 74% to 90% [105]. Moderate to
high diastereoselectivities and yields were obtained.

2,

MeO ‘Al-Me Ph
o 0
Q 9 10 <
Z/\ b (30 mol%)  Me0L 7
N + PhCHO
OMe r:lecg OMe
109 -10 81%, 88% ee

cis:trans = 92:8
Scheme 6.82

Evans and coworkers recently expanded the scope of this reaction by using
chiral aluminum-(salen) cations which were either penta- or hexacoordinated
(Scheme 6.83) [13]. The results are intriguing in several ways.

e The aluminum catalyst loading was reduced to no less than 1 mol%.
e The enantioselectivity and product yield were consistently as high as 99% and
the diastereoselectivity (cis: trans) was also as high as 99% de.

t-Bu

__le
SbFe
COL )
N O
A®
s
N 1 mol%) .
+ /41 (1 mol%) tBu /N ~COMe
Ar Na,SO
CHO 0~ ~OMe 2504 0=

toluene, rt
Scheme 6.83 96%, 99% ee, 92% dr

+Bu
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e This system expanded the substrate scope with respect to aromatic aldehyde
components.

e The X-ray single crystal structures of two discrete aluminum-(salen) catalysts
were established as mentioned in Section 6.1.

The effectiveness of the dihydrate aluminum complex suggested that strict reac-
tion conditions including use of extremely dry solvents are not required, although
3-A molecular sieves or other popular dehydrating agents should be used.

Conjugate Addition and Asymmetric Reactions

As described in Section 6.2.1.1, earlier application of conjugate addition involved
transferable aluminum hydrides and alkyls. This section is devoted to asymmetric
conjugate addition using a chiral aluminum catalyst and newer aspects that en-
able substrate generality with respect to both Michael acceptor and donor compo-
nents, by use of well-designed aluminum reagents.

Organocuprates are the most widely used reagents for Michael addition to a,p-
unsaturated ketones, and for one of the most powerful and important carbon—car-
bon bond-forming reactions. In contrast, ATPH can be used as a carbonyl protec-
tor on complexation, which facilitates 1,4-addition even to a,f-unsaturated alde-
hydes for which 1,4-addition is virtually unexplored (Scheme 6.84) [106]. Com-
plexation of cinnamaldehyde (16) with 1.1 equiv. ATPH in CH,CIl, at -78°C,
followed by subsequent addition of 1.5equiv. n-butylmagnesium bromide (n-
BuMgBr), gave the 1,4-addition product preferentially. Alkylation of 16 with MAD
and n-BuMgBr gave unsatisfactory results (95%; 1,4/1,2-adduct ratio=7:93). The
combination of MAPH with the same butylating agent gave an equal mixture of
1,4- and 1,2-adducts (98%; ratio=49:51). Replacing organomagnesium reagents
with organocalcium, strontium, and barium enhanced 1,4-selectivity. Allylcerium
reagents were found to be particularly applicable to 1,4-addition [107].

Ph

CHO
C=CSiMe,
MesSIC=CLi
DME
90 %
Pho~ ATPH Pho o~ v PP CHO + Ph._~~_ _OH
16 CHO CHZC|2 J 0 /?l_ ether jﬂ/\ \/\r
< -78°C R
) 1,4-adduct 1,2-adduct
(4 02 LIMPTHE  Bm=pBuli  : 92%(49:51)
g6 n-BuMgCl : 99 % (90 : 10)
n-BuCal : 88% (98 : 2)
Ph., n-BuSrl 1 60 % (95 : 5)
<[NcHo nBuBal : 97 % (97 : 3)

Cl

Scheme 6.84 Conjugate addition to the cinnamaldehyde complex
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One advantage of this method over organocopper-mediated conjugate addition is
the availability of lithium alkynides and thermally unstable lithium carbenoids as
Michael donors (Scheme 6.85). With alkynides, raising the reaction temperature
after the Michael addition afforded cyclopropanation to give a single diastereomer.

1) ATPH/CH,CI
Ph cHo 1) ATPH/CH,Cl, 16 ) 2Clp PhY\CHo
C=cph 2) PhC=CLi 2) MesSIC=CLI :
- Diglyme DME C=CSiMe,
92 % 90 %
1) ATPH/CHoX,
oh 1) ATPH/CH,Cl, 16 toluene Ph
N CHO ™ ) LTMpTHE 2) LITMP/THF “<JMcHo
CHCI -78°C -78 ~ 25 °C :
2 91 % X
X=Cl: 86%
Scheme 6.85 X=Br: 80 %

Despite the usefulness of this reaction, several alkyllithiums failed to react in a
1,4-manner. For example, MeLi and allyllithiums are prone to 1,2-addition. Ooi
and Maruoka addressed some of these problems by using ATPH analogs bearing
fluorine directing groups [108]. The p-F-ATPH-allyllithium system was superior to
the ATPH-allyllithium system in terms of 1,4-selectivity (Scheme 6.86). This selec-
tivity enhancement was ascribed to the directing nature of the fluorine atoms,
which enables chelation of allyllithium reagents, approximating to the f-carbons.

p-F
pEFD - P-F-ATPH

P

ol Ph-pF

Ph_Ph Ph
el i /\/Li /(‘/
X -CHO +
PR toluene-DME -78°C  pp CHO  ph X OH

83%, 95:5

F
A~ Al
N 3
Ph E
Scheme 6.86

Application of this system to ¢,f-unsaturated ketones resulted in even more
general and pronounced 1,4-selectivity (>99:1) [109]. In this reaction a variety of
alkyllithiums can be used as Michael donors, and this ATPH/RLi system enables
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Scheme 6.87

the introduction of perfluoroalkyl or perfluoroaryl substituents at the f positions
of carbonyl functions (Scheme 6.87) [110].

Several ketone lithium enolates and dianions of f-dicarbonyl substrates similar-
ly undergo highly selective 1,4-addition to a variety of a-enones. Thus, tandem in-
ter- and intramolecular Michael addition using the enolates of a,f-unsaturated ke-
tones as Michael donors was achieved successfully (Scheme 6.88) [111]; treatment
of 111-ATPH complex in toluene with a THF solution of the benzalacetone
lithium enolate at —78°C, then heating under reflux for 13h gave the stereo-
chemically homogeneous annulation product in 50% yield almost exclusively.

\>\A|'Li+ o
O ph H
1) ATPH/CH,Cl,
2)Ph rie @\i 95 - 105°C i‘j:':\L
(O
oLi

Scheme 6.88

Michael addition of the dianions derived from f-dicarbonyl compounds facili-
tated yet another annulation — Michael addition of a dianion then intramolecular
aldol condensation (Scheme 6.89) [112]. Complexation of ATPH with trans-chal-
cone (112) in CH,Cl, at —-78°C, followed by treatment with the dianion of methyl
acetoacetate gave, after quenching with aqueous HCI, bicyclic product 113 in a
nearly quantitative yield. This system can be used for elaboration of the bicyclo
[3,5,1]undecane ring system in 114, as can be found in the backbones of terpe-
noids and the taxol family.

Exceedingly bulky aluminum reagent aluminum tris(2,6-di-tert-butyl-4-methyl-
phenoxide) (ATD) [113] was superior to ATPH or MAD as a carbonyl protector in
ynones [114]. Initial complexation of 3-octyn-2-one (115) in toluene with ATD and
subsequent addition of a hexane solution of n-Buli at —78°C generated 1,4-adduct
116 in 92% yield with a small amount of the 1,2-adduct (Scheme 6.90).

Selective 1,6-addition of alkyllithiums to aromatic carbonyl substrates such as
benzaldehyde or acetophenone was achieved with ATPH to give cyclohexadienyl
compounds 24 and 28, respectively (Scheme 6.91) [115]. It is obvious from the
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molecular structure of the benzaldehyde-ATPH complex (Fig. 6.19) that the para
position of benzaldehyde is deshielded by the three arene rings; this effectively
blocks the ortho position and the carbonyl carbon from nucleophilic attack.
Unfortunately, however, conjugate addition to the ATPH-PhCHO complex did
not proceed effectively with smaller nucleophiles, including MeLi and lithium
acetates. In contrast, the ATPH-PhCOCI complex undergoes conjugate addition
with MelLi to give 1,6- and 1,4-adducts in a ratio of 2.6:1 in 99% yield
(Scheme 6.92) [116]. Further studies indicated that ATPH-PhCOCI was superior
to ATPH-PhCHO in terms of substrate generality with regard to nucleophiles
that add in a 1,6-manner (Scheme 6.93). Insight regarding the change in product
distribution for the two types of complex was derived from X-ray single crystal
structures (Fig. 6.19) and competitive binding experiments. The X-ray crystal struc-
ture of ATPH-PhCHO shows one face of the extended n-system to be relatively ex-
posed, at least in the region distal to the carbonyl group. In contrast, for ATPH-
PhCOCI it was revealed that two of the phenyl rings of ATPH and flat PhCOCI



6.2 Modern Aluminum Reagents in Selective Organic Synthesis

Fig. 6.19 X-ray crystal structures (space-filling model) of the complexes ATPH-PhCHO (a) and
ATPH-PhCOCI (b)

form a sandwich structure rendering the C=O highly congested. z-Stacking be-
tween two n-donors (ATPH phenyls) and one 7-acceptor (complexed PhCOCI) in-
volving the C=O carbon might act as a “molecular tweezer” to stabilize the
ATPH-PhCOCI complex. A *C NMR (CD,Cl,, -78°C to r.t) competition ex-
periment using a 1:1:1 mixture of ATPH, PhCHO, and PhCOCI showed that
PhCOCI contributes to complex stabilization >14 k] mol™" (at 298 K) less than
does PhCHO. It should be emphasized that the relative destabilization, i.e. the
higher reactivity of ATPH-PhCOCI compared with ATPH-PhCHO, might be com-
pensated for to some extent by the formation of the “molecular tweezer”.

Efficient conjugate reduction of several a,f-unsaturated carbonyl substrates was
similarly realized by the combined use of ATPH and diisobutylaluminum hydride-
n-butyllithium “ate” complex (DIBAL-n-Buli) as a reducing agent (Scheme 6.94)
[117]. Diisobutylaluminum hydride-tert-butyllithium (DIBAL-t-BuLi) was more ef-
fective for the 1,4-reduction of a,f-unsaturated aldehydes.

Although MAD was proven to be inferior to ATPH for a range of conjugate ad-
ditions [118], we can still find several outstanding examples that demonstrate the

H 1) MeLi C ;H @_{
+
©—<\ toluene o) OH

O--ATPH  '%e%%

2) conc. HCI 99% (1:>99)
-78°Ctornt
Ci 1) MelLi OH OH
+
\ < > \<
S O--ATPH  'Quene 0 o
2) conc. HCI 99% (2.6:1)

Scheme 6.92 -78 °Ctornt
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effectiveness of MAD and its derivatives. Good to excellent results were obtained
by use of MAT in the alkylation of ketene silyl acetals with nitroolefins
(Scheme 6.95). The successful use of nitroethylene in this reaction is a significant
extension of the utility of this relatively unused “*CH,CH,NH,” synthon [119].
Complexation of quinone monoketals and quinol ethers with MAD, followed by
addition of organolithium or Grignard reagents gives products from 1,4-addition
(Scheme 6.96) [120]. The success of these 1,4-additions is in marked contrast to re-
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ported MAD-mediated additions of alkyllithium reagents to cyclohexenone, which
afford 1,2-addition products.

Asymmetric Conjugate Addition Interest in synthetic routes to f-amino acids can be
traced to the presence of these building blocks in a variety of biologically interesting
natural products. Excellent reactivity and enantioselectivity were observed in the con-
jugate addition of HN; to N-alkylmaleimides, in the presence of 117, to give f-azide
maleinimides (Scheme 6.97) [121]. Although the activity of aluminum complex 117
after prolonged storage was irreproducible, it could be generated conveniently in situ
in two ways, either by treatment of the salen ligand with diethylaluminum azide or
by using the shelf-stable (salen)Al(III)-Me complex as precatalyst.

An alternative approach to 1,4-addition affording f-amino acid derivatives, by
use of Lewis acid-hydroxyamine hybrid reagents (LHHR), was also investigated
[122]. LHHR were ten times more reactive than benzylhydroxyamine itself. This
reagent-controlled asymmetric 1,4-addition using aluminum-hydroxyamine com-
plexes resulted in moderate enantioselectivity (43-71% ee) (Scheme 6.98).

Shibasaki and coworkers reported the first example of a catalytic asymmetric 1,4-
addition of a Horner-Wadsworth-Emmons reagent to enones (Scheme 6.99) [123].
The reaction used heterobimetallic catalyst 118 and proceeded in the presence of
bases NaOt-Bu or Buli to give high yields with extremely high ee. Without these
bases no reaction was observed. Thus the actual structure having high catalytic ac-
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tivity was an attractive issue to address. Treatment of AlLibis(binaphthoxide)complex
(ALB) 118 with organolithium reagents MeLi or BulLi resulted in a hexacoordinate
compound consistent with the structure of 82. The reaction of 119 with 120 was
sluggish, however, and needed more drastic conditions, giving 121 in 28% yield
with 57% ee. Another pentacoordinate structure (118-dimer) was also obtained from
screening conditions for growing crystals and this seemed to enable for smooth re-
action with high ee. The transition structure of 122 was proposed on the basis of
these experiments and crystal structure analyses.

This astonishing behavior of ALB was also very useful for the efficient synthesis
of the natural products coronafacic acid (Scheme 6.100) [123], tubifolidine
(Scheme 6.101) [124], and 11-deoxy-PGF;, (Scheme 6.102) [125].

Feringa and coworkers extended Shibasakis “heterobimetallic’-based procedure
by using ALB for the asymmetric conjugate addition of a-nitroesters to a,f-unsatu-
rated ketones (Scheme 6.103) [126]. The main stereochemical issue was the con-
figuration of the Michael adduct with the donor components, rather than the ac-
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ceptors. The enantioselectivity of the conjugate addition proved to be extremely
temperature-dependent — for adduct 123 ee was 7% when the reaction was per-
formed at r.t. whereas 72% ee of the opposite enantiomer of 123 was obtained
when the 1,4-addition was performed at 23 °C. High dependence of ee on the sol-
vent used was also observed; THF proved to be the best.

A C,-symmetric chiral amino diol 124 has been used for conjugate addition of
malonic esters and thiophenols to a,f-unsaturated compounds [127]. The heterobi-
metallic catalyst, generated by treatment of 2 equiv. 124 with LiAlH,, was more re-
active Shibasaki's ALB catalyst and led to high ee with malonic esters, whereas
with thiophenols it gave low ee (32-45%).
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Carbonyl Addition using Other Nucleophiles

Carbonyl allylation is generally better promoted by allylstannanes than allylsilanes
in the presence of a Lewis acid. Metal triflates are frequently employed as Lewis
acids to promote allylation with allylstannanes though they are still limited in
scope from economically and toxicologically. The use of a small amount of cata-
lyst Me,AINTE, (5 mol%) enabled effective carbonyl allylation with a variety of al-
lylsilanes (Scheme 6.105) [103]. With pentadienylsilanes the less hindered end of
the carbon chain should form carbon-carbon bonds more favorably. The reaction
is general in substrate scope in respect of both aldehyde and allylsilane compo-
nents. Intramolecular allylation using allylsilanes and classical aluminum re-
agents are well summarized in a review by Fleming [128].

o, [CFs
Me  S=o
Al-N (5 mol%) .
Me’ \S/’O ~x
102

N
S0 4 A~ SiMes O CF OH 92%
CH,Cly

-20°C

Scheme 6.105

Obviously, the coordinated aldehyde is electronically activated but sterically deac-
tivated with bulky aluminum reagents. The selective functionalization of more
sterically hindered aldehydes was accomplished by the combined use of MAPH
and alkyllithiums (RLi, where R=n-Bu or Ph) [129]. In this system, MAPH acted
as a carbonyl protector of a less hindered aldehyde such as 104, and therefore the
carboanions reacted preferentially with more hindered carbonyl groups (Scheme
6.106). It should be noted that alkyllithium reagents could react with aldehydes in
the absence of the aluminum reagent.

MAPH
eHo 4 O\ CH,Cl
CHO ol

-78°C CHO
104 a1
j reagent
OH
+ OH
n-Bu
n-Bu
n-BuTi(OPri (1 eq.) 1 31%(25:1)

MAPH (1 eq.)/ n-BuLi (1 eq.) : 76 % (1:6.5)
Scheme 6.106 MAPH (2 eq.)/ n-BuLi (2 eq.) - 45 % (1:14)
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Carbonyl addition by Grignard reagents is among the most fundamental opera-
tions for the construction of C-C bonds. An asymmetric version of this process
was realized by use of the novel chiral aluminum bisphenoxide reagents 125 and
126 (Scheme 6.107) [130]. Because Grignard reagents alone sufficient capability to
react with carbonyl carbons, strong complexation of the carbonyl groups with a
chiral Lewis acid is the first indispensable requirement for inducing high ee. De-
complexed carbonyls induce no ee. Thus aluminum Lewis acids are the reagents
of choice, because of their high oxygenophilicity, which also enables slow ex-
change between complexation and decomplexation. The high ee obtained is also
indicative of negligible ligand exchange between aluminum and magnesium.

Me O 125
(€ ) O}-AMe ]! Q

(3eq) OH
CHO Me :
U O MeMgX Me  99%, 84% ee ( O O}-AlMe
CH.Cl, 2
-78°C

"~
(R-15 : R'=Me
Q 126 (R-16 : R' = i-Pr

(§ ) O} AlMe
Q (2 eq) OH
BuMgCl o, 0,
g Ph/\/L Bu 86 /o, 83% ee

CHJCly
-78 °C
Scheme 6.107

oy -CHO

Shibasaki’s procedure found particular application in asymmetric carbonyl addi-
tion by use of dialkylphosphites (Scheme 6.108) [131]. Although the ee observed
were rather moderate to good (55-90% ee), the a-hydroxy phosphonate structures

"0
OO O.,. O

Al

o7 %
OO ¢
CHo o (9 mol%) P(OMe),
+ H—P(OMe), 0

toluene, -40 °C
Scheme 6.108 95%, 90% ee
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thus obtained would be useful for the synthesis of renin, ESPS synthetase, and
HIV protease inhibitors.

Reaction with C1 Unit: CO, and CO

Chemical fixation and subsequent reaction of volatile small molecules including
CO,, CO, and epoxides at an aluminum(III) center are especially useful, and take
advantage of the high oxygenophilicity of aluminum. Tetraphenylporphyrin-Al
((TPP)Al) [132] and (salen)Al complexes [14] have special merit in this context.
Unlike trialkylaluminum, an alkylaluminum porphyrin (e.g. (TPP)AI-Et) does not
react with CO, under ambient conditions. In contrast, on irradiation with visible
light in the presence of 1-methylimidazole (Melm), an apically coordinating base,
CO, was inserted into the Al-Et bond to form the corresponding aluminum car-
boxylate species (Fig. 6.20) [133]. On the basis of these findings Inoue and Aida
further reported that the (TPP)Al-OMe complex produces a five-membered cyclic
carbonate from carbon dioxide and epoxides as a result of the catalytic reaction
only when Melm coexists in the reaction system coordinates with the metal cen-
ter of metalloporphyrin [134]. In the presence of Melm no irradiation was needed
[135] for (TPP)Al-OMe and the reaction proceeded under the standard pressure of

= 0
l Me~N_N N co, _ N—oMe
Al-OMe N--Al-OMe N TARO
N visible N~
light
o)
VAN

Al-OMe =—

(TPP)AIOMe

Fig. 6.20 Imidazole and light-induced reaction between CO, and epoxide
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Fig. 6.21 Light-driven switching of the coordination and subsequent reaction

CO,. It is worth noting that in the absence of Melm polymerization of the epox-
ide occurred without the formation of the cyclic carbonate.

Photocontrol of chemical and physical functions could be used in this system
(Fig. 6.21). Stilbazole, a compound related to natural photoresponsive molecules,
was used as the photoresponsive switch [136]. Because stilbazole undergoes iso-
merization from the trans form to the cis form on UV irradiation, and the reverse
in visible light, via complexation of the pyridine group to the metal center of me-
talloporphyrins, the (TPP)Al-OMe-stilbazole system on irradiation with UV light
serves as an on-switch to speed up the reaction whereas in visible light the system
worked as an off-switch to reduce the rate of the once accelerated reaction.

Discrete cationic aluminum complexes of Co(CO)y have unprecedented activity
and selectivity for epoxide carbonylation (Scheme 6.109) [14]. Complex 9 carbony-
lated propylene oxide with 95% conversion in 1h under a high pressure of CO.
Because (+R)-f-butyrolactone is of particular interest for polymerization and other
asymmetric transformations, (R)-propylene oxide was treated with CO and catalyst
9. Propylene oxide was converted to (R)-f-butyrolactone with >98% retention of
configuration.
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6.2.1.3 Strecker Reaction (Addition of CN™ to C=N Bonds)

The principal synthetic utility of the asymmetric Strecker reaction is that optically
active g-amino acids are readily obtainable. Two outstanding examples of the
asymmetric Strecker reaction with well-designed aluminum catalysts were recently
reported. The first example involves those in which the chiral salen-Al-Cl catalyst
127 adopting penta- and/or hexacoordination with square-bipyramidal geometry
was used for activation of aldimines (Scheme 6.110) [137]. Interestingly, no reac-
tion occurred under strictly anhydrous conditions in the reaction catalyzed by 127,
suggesting that the reacting species is HCN rather than Mes;SiCN. It should be
pointed out that the catalyst survives even in the presence of small amounts of
H,O0, in complete contrast with typical trivalent neutral aluminum reagents which
readily decompose on exposure to H,O. The reaction proceeded at —70°C with
5 mol% of the catalyst in toluene usually giving ee ranging from 80-95%.

/
N Bu Bu 127 J]\ AN
/'K + TMSCN FsC” N
Ph” H toluene, 23 °C N
Ph N
j\ j)\ .
91%, 95% ee
Scheme 6.110 F3C o CF3 °

A later example involves the use of a novel aluminum catalyst which is thought
to adopt pentacoordinate geometry in the requisite transition structure (Scheme
6.111) [138]. Whatever the detail, one function of the phosphite group seems to be
direction of Me;SiCN addition — when the Me;Si group was tethered to the P=O
group the reaction occurred with preferential attack from one enantioface of the
imine double bond. Two discrete, though quite similar, procedures led to compar-
able enantioselectivity, implying that the cyanating species actually involved are
identical.
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This catalyst was also applicable in the Strecker reaction of ketimines including
quinoline and isoquinoline (Scheme 6.112) [139]. Acid chlorides were combined
for use in making iminium cations to enhance the reactivity of this class of
poorly electrophilic substrate. Thus the reaction involves dual activation of the
acyl quinolium or isoquinolinium ion and Me;SiCN by the Lewis acid (Al) and
the Lewis base (oxygen atom of phosphor oxide) of 93, respectively. The reaction
proceeded with moderate to high enantioselectivity.

X
o 91%, 85% e
7 N "CN

O‘ O, PPt R/go

A-CI (9 mol%)

O
P(O)Ph,
~-Me TMSCN, RCOCI N Me
N. R 99%, 71% ee
2N CH,Cly-toluene, -40 °C N

N O

Scheme 6.112

6.2.1.4 Carboalumination (Addition of Al-C Bonds to C=C and CC = Bonds)
Substantial progress in the field of carboalumination chemistry was recently made
as a result of the great efforts of Negishi and coworkers. Several reviews by them
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[140] and others [141] have highlighted comprehensive aspects, highly detailed ex-
perimental results, and mechanistic analysis of this subject.

Carboalumination of Alkynes

Compared with the hydroalumination of alkynes carboalumination is rather inert
to those substrates. A variety of transition metals that promote carboalumination
have been screened in earlier investigations. In a concurrent but independent
study, Cp,TiCl,-2Me;Al, the so-called Tebbe reagent [142], was reported; the struc-
ture of this is consistent with 128 (Scheme 6.113), suggesting involvement of C-H
activation as elucidated by Grubbs [143]. Despite its usefulness, this system using
Cp,TiCl, required a stoichiometric amount of Ti, produced diverse results which
were difficult to control, and was limited in scope. Under some reaction condi-
tions the structure 129 was isolated [145]. Thus alkylaluminum species are unlike-
ly to be directly involved in the carbometalation of alkynes.

Me Me
Me<ly
A ,
| " JCH Cp L. Me
H H N
Cp2T|C|2 + 2 Me3AI Cp\ I{ 'I/Me /TI;//;AI +M92A|C|
o’ O ue cf’ el Me
1\' 2Me,AICH
Ph Ph  Ph—=—Ph Cp_
— /Ti=CH2
TiCpo Cp
Scheme 6.113 129 128

Although the detailed structure of the reaction product between Tebbe reagent
and alkynes for a time remained elusive, a related structure was established in
later X-ray analysis studies [144] (Scheme 6.114).

Cp, S ClL, Me ® )
Cp,TiCl, + MeAICl, —=—— T AL 4——>[Cp2Ti—Me | AICI4I
cHCl; ¢f ¢ cl
Ph—==—SiMe;
©
o SiMe; | ACI
Ph

€
130
Scheme 6.114 X-ray single crystal structure
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Because of its synthetic scope and catalytic efficiency, Cp,ZrCl, is a superb re-
agent [146], and initial attempts were made to achieve methylalumination, in
which the methyl group has no ff protons amenable to f-elimination or hydroalu-
mination. Several useful procedures enabling synthesis of complex carbon frame-
works have recently been highlighted [147, 148]. Mes;Al and Me,AICl were fre-
quently used as methylating agents.

// cat. CpZZrCIZ, Me3A|

P GN NN COEL

CICH,CH,Cl 80% yield
CICO,Et
oTIPS . CpaZr(HCl, MeoAICH MCOE
t
NN CICH,CH,CI NN N
CICO,Et 71% yield

Scheme 6.115

Because methylcarbonation of alkynes takes precedence over alkenes, the reac-
tion tolerates an elongated conjugated chain and is very clean and regioselective
(Scheme 6.115) [149]. A variety of oxygenated functional groups are also tolerated.
A vinylaluminum species generated by carbometalation was transferable to other
metals such as copper (Scheme 6.116) [147, 148], enabling conjugate addition of
an alkenyl chain to a,f-unsaturated carbonyl compounds.
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. 2. 2
% MeAl cat. CuCN
OTMS CH,Cl, 0 Et,0,0°C

(CHp)sCOMe  EtgSIO

Scheme 6.116 Et3SiO

Addition of water to the carboalumination reaction mixture led to a consider-
able increase in the reaction rate (Scheme 6.118) [150] and even at —=70°C methyl-
alumination of 1-hexyne was essentially complete in 10 min in the presence of
1.5 equiv. H,O. Zirconocene dichloride is necessary as a co-catalyst, and the rate-
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determining effects are not a result of the formation of methylalumoxane (Al-
MeO),, MAO), a well known and highly active co-catalyst for the polymerization
of a-olefins. It was proposed that a thermodynamically labile, but catalytically
highly active oxo-bridged dimer 131 was formed in mixtures of alkylalane,
Cp,Z1Cl,, and water at temperatures below 0°C. The effect of H,O on ethylalumi-
nation was also investigated and, as expected, the turnover number was greatly in-
creased — after 30 min at -23°C, trapping of the alkenylalane with I, provided vi-
nyl iodides 134 and 135 (ratio 73:27) in 74% yield.

CpoZrCl, + MesAl zZil A Zi_ A
P2 2 3 . \CI ) \Me \O/ N
Scheme 6.117 131
MesAl (3 eq)
Cp,ZrCl; (0.2 eq)
S Ho0O (1.5 eq) CaHo + CaHg
e = CH,Cly,

-70 °C or -23 °C 13 133
32 100% (97:3)

Et;Al (3 eq)

Cp,ZrCl, (0.2 eq)

H0 (1.5 eq) C4H9J/\| + C4H9W
|

CH,Cly,
-70°Cor-23 °C 134 135

2 74% (73:27)

Scheme 6.118

A more efficient procedure was reported by Inoue and coworkers
(Scheme 6.119) [151]. With Zr complexes of tetraphenylporphyrin (TPP)
[(TPP)ZrCl,] the turnover number with Et;Al was slightly improved and led to the
ethylalumination products 132 and 133 (ratio 88:12) in 52% yield after reaction
for 24 h in benzene.

Et;Al (3 eq)
(TPP)ZrCl, (0.2 eq)
H,O (1.5 eq)
C4H9_‘_: 134 + 135

benzene
rt 52% (88:12)

l2 (TPP)ZICly

Scheme 6.119
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Carboalumination of Alkenes

Asymmetric methylalumination of alkenes bears fruit because chiral zirconium
136 was discovered to be an effective catalyst (Scheme 6.120) [152]. In initial at-
tempts, the reaction proceeded in high yield but with moderate to high ee (65—
85%). More promising results were obtained by re-examining conditions that in-
volved a proper choice of solvent CH;CHCI,.

(5 136
Pr

x ’Ee?zzmg
Ph. (Bmol%) 101  PO™on  30%, 85% ee
~ MesAl
CICH,CHC!

22°C

Scheme 6.120

Thus ethylalumination was the next issue to be addressed and catalyst 136, in
conjunction with an appropriate solvent, was similarly effective (Scheme 6.121)
[153]. Fortunately, the reaction proceeded almost without any side reactions that
would be expected from detailed mechanistic analyses deduced from many carbo-
metalation experiments using Cp,ZrCl, [140, 154]. In general, very slow reaction
and greatly inferior regioselectivity are often observed in carboaluminations with
higher alkylaluminums such as Et;Al. The greater steric bulk of 136 might obvi-
ate some preferred transition structures that led to undesired hydroalumination
and other side reactions. The ethylalumination reaction is general in substrate
scope with regard to a-olefins, usually giving no less than 90% ee, and was best
performed in CH3;CHCI, or CH,Cl,, rather than (CH,Cl), or hexane. Other high-
er alkylaluminations, e.g. n-propylation and n-octylation, were also compatible
with this reaction procedure and gave ee up to 91%.

136 (8 mol%) n-Oct _ 01  poct
n-Oct. 7 —r H){Et\Al\ —_— I_?(Et\OH
3
Iy, 25 °C
oA MeCHClz, 63%, 92%ee
3
136 | hexane
n-Oct [O] n-Oct oH
\|:\/AI—Et \Q 65%, 33%ee

OH
Scheme 6.121
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6.2.1.5 Coupling Reactions using Transition Metals
(Addition of Al-C Bonds to Other Metals and Reductive Elimination)

Ni-catalyzed cross-coupling of arylphosphonates occurs effectively not only with
Grignard reagents but also with aluminum alkyls (Scheme 6.122) [155]. The effect
of the diphenylphosphinopropane (dppp) ligand on Ni is noticeable because alkyl
nickel species are otherwise prone to f-hydride elimination before reductive elimi-
nation. This bisphosphine-specific tendency of preferred reductive elimination
that affords coupling products had also been claimed in an earlier report [156] of
work in which alkyl Grignard reagents were used. The reaction proceeded with
neutral aluminum species, i.e. no ate complexes and no inorganic bases were re-
quired. This implies that transmetalation of Al-R to Ni-Cl proceeded readily with-
out even a basic ligand interacting with aluminum. In contrast, alkenylaluminum
undergoes the corresponding coupling even with Ni(acac), as a catalyst.

n-Bu )
Z n-Bu.__~ . OP(OEt),
\/\A“-BUZ Et3A|
Ni(acac)2 CO NiClx(dppp) OO
(5 mol%) (5 mol%)

THF, reflux Et,O, it 95%
99%

Scheme 6.122

Although, occasionally, benzylic halides readily undergo coupling with vinyla-
lanes in the absence of transition metal catalysts [174], exploitation of more gener-
al methods was re-investigated. Treatment of benzyl halide 137 with the Cy9 vinyl-
alane 138 and 5 mol% Ni(0) afforded coupling in high isolated yield (87%), within
minutes at room temperature (Scheme 6.123) [157]. Even smaller amounts of cata-
lyst, as low as 0.5 mol%, are equally effective. Use of Pd(0) instead, however,
resulted in almost no reaction. This approach was also extended to the protected
hydroquinone precursors of CoQ3; and CoQs. Likewise, precursors to vitamins K;
and K; 5 were prepared efficiently.

OMe

Me Ni(0) (5 mol%)

SOUE MeoAl Ny N TN T
OMe 138 OMe

137

for vitamin K4 1 87%
Scheme 6.123 for vitamin Kpzg) : 91%
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Pd was preferred to Ni as a catalyst under some reaction conditions. When the
resulting vinylaluminate 139 was subjected to reaction with methyl-4-iodobenzene
140 in the presence of PdCl,(PPhs),, only a low yield of 141 was obtained,
whereas addition of ZnCl, increased the yield dramatically. The optimum amount
of ZnCl, was found to be 60 mol%, giving 141 in 90% yield (Scheme 6.124) [158].

COQMe M€3Si
OH  LiAH, MesSi, | @ IO 140
MeySi——=" ~A|>_>
"é Mo PACIy(PPhg),
H 141
MeOzc
139
without ZnCl, : 11%
Scheme 6.124 with ZnCl, : 90%

Ate complexes of alkynylaluminum species undergo alkynyl coupling in the
presence of more than stoichiometric amounts of oxovanadium reagents [159].
The reaction is intriguing in several ways. When aluminum has alkynyl, alkenyl,
and alkyl groups attached the first two of these groups favorably undergo reduc-
tive elimination on vanadium, affording cross-coupling (Scheme 6.125). Neither
alkynyl-alkynyl coupling nor alkenyl-alkenyl coupling was observed. This group-
selective coupling depends on oxovanadium species and reaction conditions.
VO(0i-Pr),Cl is preferable to VO(OEt)Cl, and lower temperatures (<0°C) are re-
quired. Although neutral tri(organo)aluminum compounds are considered to be
less reactive than the ate complexes, the former species are also capable of cross-
coupling under some conditions. At higher temperatures aryldiethylaluminums
undergo ethyl-aryl coupling in the presence of VO(OEt)Cl,.

CeHya © oo
CeHia R—=——1i H’B_. Y VOEHCl, &8 __
—_— —_—_ -Buy 7R ©
Ali-Bup \\\\ Et;0, 78 °C AN
Scheme 6.125 R 56-84%
6.2.2
Reduction

The ate complex of aluminum hydride LiAlH, [160], neutral aluminum hydrides
of general formula X,AlH; , (X=halogen and/or organic group, n=0-3) [161],
and their alkoxy variants [162] including chiral hydride reagents [163] have un-
questionably been the most convenient reagents for the reduction of a variety of
polar functional groups. Old and modern reviews and monographs cover numer-



6.2 Modern Aluminum Reagents in Selective Organic Synthesis

ous applications of these hydride reagents [160-163]; readers will gain informa-
tion and understanding in depth from these. This chapter excludes most of these
issues and instead covers more recent applications of other types of aluminum re-
agent in reduction.

6.2.2.1 Carbonyl Reduction (H™ Addition to a C=O Bond)

Because the instability of Al-H bonds at higher temperatures results in an explo-
sion hazard [164], there has been much eagerness to exploit a new class of reduc-
ing agents as substitutes for aluminum hydrides. Meerwein-Ponndorf-Verley
(MPV) reduction with aluminum alkoxides is an attractive candidate not only in
this context but also because of its environmentally benign nature, easy handling,
commercial availability, and low cost. In the original investigation Al(Oi-Pr); was
put to use [165] although the reduction proceeded very sluggishly even with ex-
cess of the reagent.

The bidentate aluminum catalyst reported by Ooi and Maruoka completely
changed this situation [166]. Treatment of benzaldehyde with 1 equiv. catalyst
Me3Al-142 in CH,Cl, at r.t. produced benzyl alcohol instantaneously and almost
quantitatively (Scheme 6.126). The reaction was performed with a catalytic
amount (5 mol%) of Me;Al-142 and 1-3 equiv. i-PrOH [167].

OH OH

+ MejsAl
(10 mol%) OH
142
©/CHO (5 mol%) (300 mol%) ©/\OH
4A MS 96%

CH,Cly, 25 °C

Scheme 6.126

The Tischenko reaction involves single or double hydride transfer and is readily
promoted by the bidentate aluminum reagent (Scheme 6.127) [168]; the product
in which two aldehydes were assembled was isolated quantitatively.

Asymmetric reduction of ketones by means of this MPV reduction was also
tested (Scheme 6.128). The reduction proceeded with substoichiometric amounts
of optically pure a-phenethylalcohol to give the product secondary alcohol in a
moderate yield with fairly high ee of 82% [167].

An asymmetric MPV reduction that uses i-PrOH, Me;Al, and a chiral bi-
naphthol has also been reported [169]. (R)-BINOL and Me;Al were mixed in a 1:1
ratio in toluene and the resulting white precipitate was treated with a prochiral ke-
tone (tenfold excess) and i-PrOH (40-fold excess) (Scheme 6.129). This simple
method was found to effect the catalytic reduction of 2-chloroacetophenone at r.t.
to give the alcohol in 80% ee and 99% yield.

An intriguing example of a well-designed aluminum catalyst 143 that powerfully
promotes MPV reduction was first reported by the same group [34]. The catalyst com-
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posite is completely different in several ways from those reported previously for MPV
reduction. With the goal of high catalytic efficiency aluminum needs a bidentate li-
gand composed of sulfonamide and phenoxy backbone; the activity of catalyst 144
was poor, however. It was assumed that the structure and geometry of aluminum

species, in addition to fine-tuning of electronic and steric properties of aluminum,
are critical for high activity. The X-ray single-crystal determination of the DMF-45
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complex shed light on this possibility. Unlike the usual tetracoordination of neutral
aluminum, the structure of 45 is consistent with a binuclear composite, each alumi-
num center being pentacoordinate. Although other possibilities cannot be ruled out,
this unusual hybridization of aluminum(III) might have some effect on the catalytic
activity, as was also suggested by Nelson [33]. This procedure is amenable to large-
scale experiments and is characterized by operational simplicity — simple mixing
of 10 mol% each of Al(Oi-Pr); and the phenol in CH,Cl, at r.t., then treatment with
i-PrOH (10 equiv.) and 4-t-butylcyclohexanone for several hours gave the alcohol in
99% yield (Scheme 6.130).

g

AN
A0 (10 molos)

O 'SO,CsF17 143 @(o\ >‘

Al—O
/O&O i-PrOH (1000 mol%) QOH N
|
tBu CH,Cl,, 25 °C t-Bu 144 SO,CgFq7
99%
Scheme 6.130 cis:trans = 17:83

6.2.2.2 Hydroalumination (H™ Addition to C=C or CC = Bonds)

Hydroalumination is rather old chemistry about which many papers have been
written. Readers can refer to specialized reviews on this subject [2, 170]. This
chapter focuses on the recent application of hydroalumination in selective organic
synthesis.

Hydroalumination of Alkynes

Hydroalumination of alkynes has been well investigated and has provided a very con-
venient way of synthesizing vinylaluminum species stereoselectively (Scheme 6.131).
A general reaction sequence can be used to prepare either E or Z alkenes. The pro-

&

i
Me’ ¢ /
F H DIBAL ° Can/\/S,' 82%, E:.Z=>99:1
CsHyy hexane, 50 °C Me
MeLi, Et,0, -78 °C
s
Me CI
DIBAL NaF csHﬂ/ﬁ
Si ) 82%, E:.Z=<2:98
F Me hexane-ether Me-Si

CsHy4

Scheme 6.131
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cedures involve hydroalumination of terminal alkynes then electrophilic functional-
ization of vinylaluminum species, to give the E product, or functionalization of the
terminal carbon of alkynes then hydroalumination, to give the Z product. A recent
representative example is the stereoselective synthesis of (E)- or (Z)-vinylsilane [171].

In general, terminal alkynes, the terminal sp carbon of which is ended by a sili-
con cap, enables attachment of aluminum at the a-carbon of the silicon cap
(Scheme 6.132) [172]. Tt does not seem important whether neutral or ate com-
plexes of aluminum hydrides are used [158].

MeO._-OMe OMe
1) DIBAL
Me;Si S 50 °C o
N 2) NIS, pyridine ' 82%
SMOM MesSi  OMOM

MeLi-DIBAL Me3s'>__( (HCHO), MeaSi,___
Me3S6 — —
90%

I-BUgAl@ H

@ Me OH
Scheme 6.132

Propargyl alcohols are useful alkynes that produce the corresponding E-alkenes
exclusively. The hydroxy group is a useful directing group that enables aluminum
to be attached at the distal end of sp-carbons (Schemes 6.133 and 6.134) [158, 173].

NaOMe

i Me;Si ® MesSi
OH LiAlH, 3 Li 1) EtOAc
Megsi—_'—/ _— - — KOH
THF %A'\O> 2)BusSnOMe  BusSH
Scheme 6.133 0°C H 0-4°C 30%

Red-Al OTBS
~ oTBS e ‘
94%
HO HG
OH
Red Al
X THF >99% de
R reflux

[+
Scheme 6.134 61-91%
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In contrast, as has already been well reported, ordinary alkynes gave Z alkenes
[174]. The aryl iodide remained intact under these conditions (Scheme 6.135).

1
|
nBu  DIBAL @[/_\ 79%
©i/ T

hexane n-Bu
50 °C

Scheme 6.135

Group-selective hydroalumination in which aluminum hydrides discriminate be-
tween diastereotopic alkynes provides access to a class of stereo-defined tertiary al-
cohols with potential utility in natural product synthesis [175]. Among the hydride
reagents tested, BuLi—-DIBAL or t-BuLi-DIBAL enabled superior discrimination to
give sp>-sp-sp-attached alcohol 145 with extremely high diastereoselectivity (>99%
de) (Scheme 6.136).

WLO A #\ _

0 OH ~,OH
TN Hoow 7 7,

Bu Bu

LiAlH, : 90%, 4:96
Scheme 6.136 BuLi-DIBAL : 94%, 1:>99

This perfect level of group selectivity was successfully applied in the total syn-
thesis of (—)-malyngolide (Scheme 6.137) [176].

BULI DIBAL (o)
7\\ o

79%, >99% de

on %__11

(-)-Malingolide
Scheme 6.137
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Hydroalumination of Alkenes

Compared with alkynes, alkenes are rather inert to hydroalumination. Most re-
quired an external catalyst that aided hydride transfer from aluminum to alkenes
[169]. A variety of transition metal catalysts was extensively studied for this;
among these the Group IV metals Ti and Zr were found generally applicable.

In contrast, Lautens and coworkers recently focused on asymmetric hydroalumi-
nation using Ni-BINAP as catalyst [177]. The reaction involves ring-opening de-
symmetrization of several 1,4-dihydrofuran derivatives that produce important
chiral building blocks for natural product synthesis; high ee is usually obtained
(Scheme 6.138) [178].

0 14% Ni(COD),
OM 95%, ee
/ oMo DIBAL OoMe 27707
toluene, rt
OH
OMe
14% Ni(COD), Y o8
(o) 24% (R)-BINAP \ 83-95%, 97% ee
N OMe DIBAL OH
toluene, rt

Scheme 6.138

Sertraline is readily accessible by this hydroalumination-based desymmetriza-
tion [179] (Scheme 6.139).

NHMe
OSit- BuPh2

o 14% Ni(COD),
j 21% (R)-BINAP ;
DIBAL - 2
Sen‘rahne

THF, nt
88%, 98% ee CI

Scheme 6.139 Cl

Other than transition metals, organoboron compounds also catalyzed hydroalu-
mination (Scheme 6.140). Regio- and chemoselectivity was extremely good [180].
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Oz

OH ...
CigHai” > 91%

PhB(OH); (5 moi%)

Br,, pyridine
CyoH /\ /\/AICIn 2
o ClpAH CroHi " Cuthr B 02%
Et;,0, 1t 1o, pyridine

|
Scheme 6.140 C10H21/\/ 85%

6.2.3
Oxidation

By analogy with other organometallic alkoxide reagents, e.g. Ti, V, and Mo, alumi-
num alkoxides are susceptible to peroxygenation by peroxide reagents. The peroxi-
dation of aluminum and further oxidation of organic molecules is very useful in
organic syntheses. The following examples employ mild conditions and catalytic
amounts of Al(Ot-Bu); and +-BuOOH and have found particular application in the
epoxidation of allylic alcohols and the oxidation of secondary alcohols
(Scheme 6.141) [181]. Whatever the mechanistic detail, the reaction is likely to pro-
ceed via five-membered transition states 146 and 147. Regeneration of Al(Ot-Bu);
makes this system catalytic and of practical importance.

1) Al(O#-Bu)a-t-BuOOH
benzene, 5 °C

Z = OH 2 Z OAc
2) AcyO-pyridine (6] 83%

OH Al(Ot-Bu)s—t+-BUOOH 0
/U\ 90%
Ph benzene, 25 °C Ph
zl‘-Bu ll‘-Bu
- Bu— 0 Bu— _O
+Bu O/\AI<C|) +Bu O;AI%
; o]

QLAY ))/;"

Scheme 6.141 146 147

Similarly, organoaluminum compounds in which the aluminum center is tetra-
coordinated by way of a peroxo three-membered heterocycle subsequently undergo
migration of alkyls, giving aluminum alkoxides (Scheme 6.142) [182]. The reaction
is very similar to the boron-alkyl migration via a peroxoboron complex, which pro-
duces a variety of alcohols very efficiently. Likewise, mild oxidation of aluminum
alkyls by controlled introduction of dry air has found substantial application in in-
dustrial production of the corresponding alcohols.
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R
R/ 0 ,(5 R, /O_R
RsAl A —— R—A —=. O-Al_
R “O. 0] 0]
R ! i
Scheme 6.142 R R

Lewinski and coworkers recently used this reaction sequence and achieved full
characterization of the aluminum-peroxide complex by X-ray single-crystal analy-
sis (Scheme 6.143) [183]. The structure is consistent with a mixture of tetra- and
hexacoordination and with solution spectroscopic data. Unlike the usual instability
of alkylperoxide complexes of aluminum, this peroxo complex is relatively stable,
partly because of the hexacoordination also because of the steric bulk of the t-Bu
groups attached to oxygen atoms.

—0
% Bu o7
t—Bu\ /,0_ O, OTAI/O\: O
AI O \o/ 1 \O
+-Bu” \O 6 é
+-Bu” S
0
Scheme 6.143 X-ray single crystal structure

Peroxide intermediates are not the only species that enable oxidation of second-
ary alcohols. Oppenauer oxidation of secondary alcohols is of practical value, be-
cause only catalytic amounts of aluminum species are required and without aid
from transition metals, which are usually more toxic. A new type of Oppenauer
oxidation was recently discovered by Ooi and Maruoka [167]. This method in-
cludes the use of bidentate aluminum catalyst which is also effective for MPV re-
duction (Scheme 6.144). The Oppenauer oxidation is the reverse of MPV reduc-
tion; when pivalaldehyde is used as hydride-capturing agent, however, the reaction
is virtually irreversible, giving the ketone in high yield.

OH OH

+ MegAl

OH (5 mol%) (300 mol%) 0

4AMS
CHCly, 25 °C

91%

Scheme 6.144
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6.24
Rearrangement and Fragmentation

6.2.4.1 Beckmann Rearrangement

The Beckmann rearrangement was originally the skeletal rearrangement of ketox-
imes in the presence of certain acids under aqueous conditions to give amides or
lactams. This reaction was re-examined using oxime sulfonates under aprotic con-
ditions in the presence of organoaluminum reagents [184]. Abstraction of the sul-
fonyl group by the aluminum reagent was followed by capture of the intermediate
iminocarbocation or alkylidyneammonium ion with the nucleophilic group (X;
R,AIX, where X=R, SR’, SeR’) on the aluminum (Scheme 6.145). Thus the alumi-
num reagent acts not only as a Lewis acid but also as a base.

1 2 R1—N=<2—R2 o
R YR RgAlX X R\1 RZ
N, 1 2 N :
OSO,R' R —%EC—R X

Scheme 6.145

These methods open a new synthetic pathway to alkaloids, including the pumi-
liotoxin C (Scheme 6.146) [185].

H
1) n-Pr3Al
60%
2) DIBAL N
HHH

CH2C|2
N\ OTs 25°C
Scheme 6.146 Pumiliotoxin C

The intermediate iminocarbocation or alkylidyneammonium ion generated by
an organoaluminum compound can be trapped intramolecularly by means of ole-
finic groups [186]. This interesting rearrangement—cyclization sequence was ex-
tended to an efficient synthesis of muscone or muscopyridine (Scheme 6.147)

[187].
S
N ,o/ \\O
|
1) EtzAICI
2) DIBAL
88% Muscone

Scheme 6.147
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6.2.4.2 Epoxide Rearrangement

Two different rearrangement types of f-siloxy epoxide gave distinct f-siloxy alde-
hydes when MABR was used as key reagent, depending on the substrate em-
ployed (Scheme 6.148) [188, 189]. Because optically pure a-siloxyepoxides are read-
ily accessible by use of the Katsuki-Sharpless asymmetric epoxidation, this rear-
rangement procedure is a very useful means of obtaining optically pure f-siloxyal-
dehydes which are often key building blocks in natural product syntheses.

MABR
MABR i OSiMe,t-Bu

(2 eq) () J:
Ph " 0SIMetBU "o (PR NS 0SMetBu | phe SCHO  87%
-78°C

O

MABR
MABR Ph3SiO (i
0.,

PhsSiO

(2 eq)

toluene
-40 °C

erythro/threo = 1:100
Scheme 6.148

Further investigations showed that a-silylepoxides undergo a similar rearrange-
ment despite interesting behavior that relies on the quantity of MABR (Scheme
6.149) [190]. Silyl anionic species undergo migration preferably over hydride and
this could account for the silyl group being a better stabilizer of f-cations. The
stoichiometry in MABR has an effect on the final product distribution — with
1equiv. MABR the a-silylaldehyde derived by silyl migration was produced
whereas with 20 mol% the silyl enol ether was obtained.

MABR
o (2 eq) SiMezt‘Bu
SiMe,t-Bu O 9%
CH.Cl,
D 0°C D
MABR MABR
a (0.2 eq) 0 i 2ed oo
OSi-Prs CH,Cl, \'>\Sii"bf3 CHZEIZ Sii-Prg
74% 25°C e o

Scheme 6.149
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6.2.4.3 Claisen Rearrangement

Although the Claisen rearrangement was readily promoted, even by i-Bu3Al, when
large allyl vinyl ethers were used [191], more useful methods characterized by sub-
strate generality, including use of smaller substrates, had remained challenging.
Claisen rearrangement is believed to proceed via a six-membered transition state.
The preferential conformation of the reactant in the transition state might be be-
cause of the shape and size of the cavity of bulky aluminum reagents. This hy-
pothesis was verified by treatment of 1-butyl-2-propenyl vinyl ether (148) with
ATPH at —78°C (Scheme 6.150). Isomeric rearrangement products (E)- and (Z)-
149 were obtained in 66% yield in the ratio 50:1 [192]. In contrast, MAPH-
mediated rearrangement of 148 resulted in slightly lower stereoselectivity ((E)-
149:(Z2)-149=32:1). The E-selectivity was further enhanced to >200:1 by use of
the more Lewis acidic ATPH-Br, which accelerated reaction rates and rendered the
rearrangement catalytic [193]. MABR was entirely ineffective for the catalytic rear-
rangement. ATPH and MAPH had a similar preference for E-selectivity. It is
worth remarking that reversal of the stereochemistry of olefin geometry was ob-
served when MABR was used to give Z-products [194].

-~
L) sa™ S QL
Bu” O CHoCl R OH R “OH
148

or
toluene -149 149
Oluenc (] 2
ATPH-Br :62% (>200:1)
ATPH : 66% (50:1)
MAPH  :86% (32:1)
Scheme 6.150 MABR 141% (1:10)

Those reversals can be explained in terms of two possible chair-like transition-
state structures ax-150 and eq-150, respectively, which were proposed on the basis
of the absolute configuration of the double bonds and the allylic carbons of the al-
dehydes produced (Scheme 6.151) [195].

Asymmetric Claisen Rearrangement

Optically pure aluminum reagent (R)-151 was synthesized from 1 equiv. each of
(R)-(+)-3,3'-bis(triarylsilyl)-1,1"-bi-2-naphthol and Me;Al [196], on the basis of the
structure of MAPH [197]. Chiral (R)-151 is an excellent promoter of the asym-
metric Claisen rearrangement of allyl vinyl ethers 152 or 153 which have bulky
substituents such as trialkylsilyl- or trialkylgermanium groups, but is totally inef-
fective for sterically less hindered substrates (Scheme 6.152).

An optically active catalyst, aluminum tris((R)-1-a-naphthyl-3-phenyl-2-naphthox-
ide) ((R)-ATBN), was synthesized on the basis of the structure of ATPH and used
in the asymmetric Claisen rearrangement of (E)-154-157 to give the correspond-
ing aldehydes, with moderate enantioselectivity (>60% ee) (Scheme 6.153). In con-
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Scheme 6.152

trast, the more elaborate (R)-ATBN analog, aluminum tris((R)-1-a-naphthyl-3-p-
fluorophenyl-2-naphthoxide) ((R)-ATBN-F) generated products with up to 92% ee
[192]. Taking into account the decomposition of (E)-154, which took precedence
over rearrangement with (R)-151, optimum design of Lewis acid catalysts was
proven to be important for stereoselective and asymmetric Claisen rearrangement.
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T

Ar =Ph  : (R)-ATBN
ATPH = p-F-Ph: (R)-ATBN-F
Ali R
ﬁ ~1.2 eq. ) h
J toluene
-78°C o7
(E)-154: R=Ph
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: = Ph: -ATBN : o
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R = chexyl : (R)-ATBN-F : 85 % (86 %ee)
tBu : (R)-ATBN-F : 70 % (91 % ee)
Scheme 6.153 Me;Si (R)-ATBN-F  : 78 % (92 % ee)

Meerwein Pinacol Rearrangement

It is well documented that an alkyne-Co complex strongly stabilizes a cationic
charge at its a position. By analogy, neighboring group participation of alkyne-Co
complexes toward the p-cation, followed by their rearrangement, the so-called
Meerwein pinacol rearrangement, was also investigated (Scheme 6.154). When
Me;Al was used the reaction of 158 proceeded smoothly at lower temperatures,
giving ketone 159, owing to rearrangement, in high yield [198]. The migratory ten-
dency of Co-complexes proved to be far larger than had been expected and, in
fact, exceeded that of alkyl or even aryl groups.

(CO)S » Me A| (CO)S 0
o G0 o %o
[:j\ ﬁcqcoh MesAl | G @00(00)3 . /C\o(CO)g
CHzclg @ o CO(CO)g
R o R 58-78%
Cl -20~20 °C \CEI A
158 AlMeg 159

Scheme 6.154

Further studies indicated that aluminum alkyls are capable of capturing an oxo-
nium intermediate generated from the corresponding acetal (Scheme 6.155) [199].
The substrate 160, in which a hydroxy group was substituted by acetal, was amen-
able to this type of rearrangement and subsequent alkylation by alkylaluminum
species. Again the dual function of organoaluminum as a Lewis acid and a base
were demonstrated.
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Bu I/_
OMs Co(CO) N R
cpoleols (2~3 eq) (OC)sCo (OC)5Co;
0" 0 toluene (OC)3Co (OC)3Co
-4510 0 °C By Bu
160 MegAl + BuLi  :R =Me : 83%, 99% ee
EtAl+Buli ‘R =Et - 73%, 99% ee
(Me3S|CC)2A|Et 'R = Me3$|CC : 85:%, 99:/0 ee
Scheme 6.155 Et;Al+ DIBAL :R =H 1 94%, 99% ee

During ingenol synthesis, fragmentation involving the Meerwein pinacol rear-
rangement followed the intramolecular ene reaction which had generated a f-cat-
ion (Scheme 6.156) [200]. f-Elimination competed significantly with the desired re-
arrangement. Several aluminum Lewis acids were screened, and 161 was even-
tually found to be a superb reagent, use of which promoted rearrangement on
preference to f-elimination. Its steric bulk and high Lewis acidity, and the effect
of a counter anion which stabilized the carbocation were thought to account for
this interesting behavior.

OAc
A J—
-Co(CO)3 N
Co(CO)s (2.2 eq)
CH,Cl»
-23 °C
OMe OMe
Me,AICI : 50%
Me,AlOTE : 69%, 13%
MeAIl(OTf), 1 66%, 13%

MeAI(OCOCFg),  : 23%, 38%

1 21%, 77%
(OCOCF3)MeAl NO, ‘217 TT%

Ingenol

161

Scheme 6.156

6.2.4.5 Other Rearrangements and Fragmentation

The reaction of succinimide derivatives with catalytic amounts of Al(OTf); pro-
ceeded via several stepwise reactions, resulting in ring-enlargement (Scheme
6.157) [201]. Both bond-breaking and bond-making were assumed to be readily
promoted by the strong Lewis acidity of Al(OTf);. These involve intramolecular re-
arrangement of the C-N bond consistent with attack at the central carbon atom of
the allenyl intermediate.
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Enone fragmentation was achieved by conjugate addition of a-stannylalkyl-
lithiums to an enone, then treatment of the resulting y-stannylalkanone with
ATPH and Meli (Scheme 6.158) [202]. The push—pull relay arranged by interplay
of ATPH complexation and the y-carbanion enabled smooth fragmentation of the
C,—Cp bonds, resulting in clean formation of the corresponding acyclic alkanones.
Irrespective of the acyclic enone used this reaction sequence proceeded with simi-
lar effectiveness.

0 ATPH G- ATPH o
MeLl |
SPh toluene- Et20 . .SPh
-20 °C
SnPhy ‘\6 96% (Z:E = 1.3:1)

Scheme 6.158

6.2.5
Radical Initiation and Reactions

Alkyl aluminum compounds are known to be radical initiators. Kabalka and co-
workers reported the first unequivocal example of a free-radical process in which
the classical organoaluminum reagent Pr;Al was used in the presence of O, or
under UV irradiation [203]. In modern studies, modified alkylaluminum reagents
enabled more practical improvement in the control of diastereo- and enantioselec-
tivity in radical initiation and reactions.

Similar to the Et;B-Bu3SnH combination reported by Oshima and coworkers
[204], classical aluminum alkyls (Et;Al and i-BusAl) and Bu3;SnH have found par-
ticular application in the reduction of alkyl halides (Scheme 6.159) [206].

Although there is still controversy over whether free radical species are in-
volved, their relevance is also apparent from the usefulness of the cyclopropana-
tion reaction using polyhalomethane and Me;Al (Scheme 6.160) [205].
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Br CO,Bn FBugAl COzBn
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toluene, -78 °C
dry air
Et;Al
THPO\/\/\/BT __—3——-——> THPO\/\/\ 75%
BusSnH
toluene, -78 °C
Scheme 6.159 dry air
Y
MezAl CX 83-95%
CigHai > + CYXg CioHz1 $ )
CHoCl,
Scheme 6.160 -25°C

Radical addition to a,f-unsaturated carbonyl compounds is a challenging issue,
because stereocontrol in radical reactions is rather difficult compared with the cor-
responding addition of carbanion species. Nishida and coworkers succeeded in
this operation involving intramolecular radical cyclization by proper choice of chir-
al auxiliary and aluminum reagent (Scheme 6.161) [206]. The radical cyclization of
162 was initiated under conditions reported by Oshima and Utimoto (162, 90 mwm;
n-Bu;SnH (1.5 equiv.), Et;B (1.1 equiv.), and 0°C in toluene under Ar-Ar seems to
contain small amounts of O,) [207] in the presence of MAD. The reaction is likely
to proceed via an s-trans conformation of the unsaturated ester, which is tightened
by complexation with bulky MAD; the highest diastereoselectivity obtained was
92%. Classical aluminum reagents Me;Al, Et;Al, Me,AlCl, Et,AlCl, and i-BujAl
resulted in lower selectivity.

o .MAD o
o
Ph Ph || Ph
0 MAD oY N 0
| BuzSnH 3
Et,B
toluene ~
=
[90 mM] B i 79%, 92% de
Scheme 6.161 -78 °C

The function of MAD is not only to reduce the LUMO of the f-carbon and to
fix the conformation of the a,f-unsaturated ester, but also to initiate radical reac-
tion [208]. This was demonstrated when a similar reaction was performed without
Et;B (Scheme 6.162). Reaction of 163 occurred with equal effectiveness, although
with a slight decline in diastereoselectivity.
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Scheme 6.162

Asymmetric intermolecular radical Michael addition was investigated with a
chiral aluminum reagent. As would be expected from the general difficulties en-
countered in the control of intermolecular radical addition, ee was low
(Scheme 6.163) [209)].

o

"Al-CI
i QU I
o Bul 0 BU  479%, 28%ee
BusSnH
Et;B
toluene
-78°C

Scheme 6.163

Thus asymmetric induction was rather difficult when the f-position of the car-
bonyl compounds was involved in the asymmetric construction of a stereogenic
center. This might be because of the small steric effect of a chiral fragment that is
relatively far from the f position. In contrast, a greater effect should be expected
on the a-position of carbonyl groups. In fact, the quaternary carbon center was
created with high ee when sterically more congested aluminum Me;Al-164 was
used to enable tight complexation with the carbonyl group [210]. It is worthy of
note that the reaction proceeded a much faster on complexation with Me;Al-164,
and this rendered the aluminum reagent catalytic (Scheme 6.164). Another strik-

SiPhs
(L Kon
(20 mol%)
H
O © 164
| SiPh;
Me 4 MesAl (20 mol%) Me
[ I o io /\/SnBus (o) e]
toluene-Et,0O 81%, 80% ee
Scheme 6.164 -78 °C
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ing feature was the participation of Et,O in the enhancement of ee — without
Et,0, ee decreased significantly despite a comparable reaction rate. The pentacoor-
dinated aluminum was believed to account for this hitherto unknown behavior.

Such chiral aluminum reagents with steric bulk play significant role in enhanc-
ing ee and reaction rates. This positive effect was also illustrated by more compli-
cated systems in which a negative effect of steric bulk was also observed [211].
When 165 was subjected to the radical cyclization a greater increase in ee was ob-
tained with MAD than with MAPH or reagents of smaller size (Scheme 6.165). In
contrast, ATPH bulkier than MAD gave ee lower than that obtained by use of
MAPH.

/
Al—

A
MAD  :88% (93% ee)

MAPH :75% (34% ee)
ATPH :56% (86% ee)

BU3SnH, EtsB

toluene
0°C

Scheme 6.165

Effects of solvents and Lewis acids were evaluated during monitoring of the
deuteration of sulfinylated benzyl radicals (Scheme 6.166) [212]. Again the steric
bulk of MAD and MABR proved stereochemically strategic. Excellent selectivity
(>94% de) was obtained for 166 with preferential formation of 167.

AL
__ \ O— — O_
BusSnD SI*' Ph Sl+ Ph
Ph 3 N
b ————— | PV — Ph” + P
P >< AIBN oY \< D\<H
SePh H
CH.Cl, 167
-10°C
166
sunlamp MAD :85% (2.5:97.5)
300 W MABR : 84% (3:97)

Scheme 6.166

A new procedure in which the rate of radical cyclization was accelerated was
demonstrated by Ooi and Maruoka [213]. They used the cavity of ATPH that
would be expected to hold substrates in a favorable conformation for the cycliza-
tion (Scheme 6.167). In fact, the radical cyclization of iodide 168 proceeded even
at =78°C, for 1h, to afford (Z2)-169 in 99% yield. The selectivity in the olefinic ge-
ometry of the cyclized products was significantly enhanced by proper choice of
radical propagation reagent. TTMSS afforded absolute Z-selectivity whereas
E:Z=14:86 was obtained with Bu3SnH. It seemed that steric constraint played an
important role when a second radical eventually generated by the cyclization was
trapped by bulky hydride reagents.
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6.2.6
Polymerization

Several papers have dealt with the discovery and development of novel aluminum
catalysts useful in polymerization and reviews are available describing early applica-
tions of classical aluminum species with the general structural formula R,AIX;_,
(R=organic group, X=halogen, alkoxy group; n=0-3) [214]. This section is devoted
to very recent applications of aluminum compounds in polymerization. Obviously
polymerization involves several fundamental bimolecular reaction sequences; these
include novel reactivity and structural features of aluminum species which are worth
mentioning and which are rarely encountered in the simple bimolecular reactions
described in the previous sections.

The physical and mechanical properties of a polymeric material are critically de-
pendent on many factors, one of which is stereochemistry. Polymers with stereo
centers in the repeating unit can form two structures with maximum order, isotac-
tic and syndiotactic. Sequential stereo centers of isotactic polymers are of the
same stereochemistry whereas those of syndiotactic polymers are of opposite con-
figurations. Because of this stereoselectivity, easy structural modification of cata-
lysts is of practical importance in the rapid discovery of suitable catalysts. In fact,
selectivity in the propagation of lactones depends strongly on the structure of the
active species. It is apparent from the large store of data obtained for ATPH- and
MAD-promoted bimolecular reactions that if reactivities are similar greater steric
hindrance increases selectivity. Thus, exploitation of selective aluminum species
while retaining high reactivity is one of the ultimate goals in this important field
of chemistry.
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6.2.6.1 Anionic Polymerization

Ring-opening polymerization of cyclic ethers and lactones has been a major area
of research in Lewis acid-promoted reactions. In particular, aluminum compounds
have been investigated in depth not only because of their high oxophilicity and
ability to initiate polymerization but also because of their commercial availability
and low cost.

Polymerization of Lactones

A new method for constructing syndiotactic polymers, which consists in stereose-
lective ring-opening polymerization (ROP) of a cyclic monomer containing two
stereo centers, has been extensively studied by Coates and coworkers [215]. They
used salen-Al species 170 derived from chiral binaphthol and this catalyst pro-
moted stereoselective ring-opening polymerization of meso-lactide, the cyclic dimer
of lactic acid, to give poly(lactide) (PLA) (Scheme 6.168). Conversion of 94% was
reached in 40 h, and an M, of 12030 (theoretical M,,=13 540) and a molecular
weight distribution (M,,/M,) of 1.05 were obtained with high syndiotacticity
(96%). This narrow polydispersity and the linear correlation between M,, and per-
centage conversion are indicative of the living nature of the polymerization and
the single type of reaction site.

oy

N_ O
AI=0j-Pr

OO N O (1 moi%)
K@ (o] 0
0.0 170 Jo J\
I T Ly-Al OQL}O
0707 ka>>kg i

meso-Lactide t%“%‘e syndiotactic poly(lactic acid)
94%, M, = 12030
Scheme 6.168 M,/M,=1.05

Chiral catalyst 171 was used to effect kinetic resolution of the racemic lactide in
the polymerization of the racemic lactide [216]. At low conversion high enantio-
meric enrichment in the polymer was observed (Scheme 6.169). The stereochem-
istry of the catalyst overrides the tendency for syndiotactic placements that are typ-
ically favored by chain-end control. At higher conversions, the ee in the polymer
decreases.

This observation is of particular value when racemic polymers have physical
properties superior to those of the enantiopure polymers. In fact, 1-PLA and b-
PLA form a stereocomplex that has a T,, fifty degrees higher than for the homo-
chiral polymers. Polymerization of racemic lactide with racemic 170 yields nearly
mono-disperse chains (My/M,=1.05) consistent again with “living” polymeriza-
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tion and the absence of transesterification (Scheme 6.170) [217]. It is worthy of
note that the (R,R)-lactide reacts more quickly with (-)-170 whereas the (S,S)-lac-
tide reacts with (+)-170 more readily. This leads to an equal mixture of isotactic

homochiral polymers, each of the opposite stereochemistry. This obviates the re-

quirement that separate pools of enantiopure lactide monomers must be polymer-
ized independently to obtain enantiopure polymers. Thus, this parallel ROP of
D- and 1-lactide, followed by subsequent combination of the resulting chiral
poly(lactide) chains, is no longer needed.

X
o7 0O
D-iactide

-+
:,Iofo
o7 07

L-lactide

Scheme 6.170

—'—» Ln—Aljfoj)ko\HoL}oj\

Ln—AI{’O\é/ﬁ\O\E)(i}OJ\

M, /M, =1.05
isotactic

The catalytic activity of 172 and 173 toward ROP of e-caprolactone (e-CL) and o-
valerlactone (9-VL) have been reported [218]. Experimental results showed that this
aluminum alkoxide catalyzed the polymerization of ¢-CL in both “living” and “im-

mortal” fashions, yielding PCL with a very narrow MWD in a wide range of mono-

mer-to-initiator ratios (Scheme 6.171). In the presence of 2-propanol as the chain-
transfer agent, exchange between the growing alkoxide species and the alcohol leads
to chain transfer, because the resulting aluminum alkoxide can reinitiate polymeriza-

tion. This exchange reaction takes place reversibly and much more rapidly than the

reaction with the epoxide monomer. This “immortal” polymerization enabled as
much as a 32-fold amount of i-PrOH to be added and gave narrow MWD ranging

from 1.11 to 1.17.
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Scheme 6.171

((5,10,15,20)-Tetraphenylporphinato)aluminum alkoxide ((TPP)AIOR) brought
about the “living” polymerization of 6-VL, whereas no polymerization occurred
when (TPP)AICI was used [219]. In contrast, addition of (TPP)AICI to the polymer-
ization initiated with (TPP)AIOR resulted in remarkable acceleration without loss
of the “living” nature (Scheme 6.172). MAD had a powerful accelerating effect on
this polymerization of J-VL, although resulting in a broad MWD (1.58) at the later
stage of polymerization [220]. In contrast, use of MAPH analog 174 resulted in
high activity and narrow MWD.

o
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9 0 o)
R VN N &
Al-OMe N = wkd OMe wko OMe
( CH,Cl,, 1t (

(1eq) MAD: 89%, My/M, =158
M, = 27000
Ph
Ph

Ph
oh q 74%, MM, =1.13
A-C  Ph M, = 24000

Ph l\llle

174

(TPP)AI-OMe

Scheme 6.172
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Polymerization of Ethers

Oxetane undergoes ring-opening polymerization under the action of MAD in con-
junction with onium salts, including quaternary ammonium and phosphonium
halides, giving a narrow MWD polyether (Scheme 6.173) [221]. Use of MesAl in
place of MAD resulted in no polymerization. The aluminum ate complex seemed
to be an initiator, which underwent a trigger reaction involving halide transfer to
the aluminum-—oxetane complex.

EtPhsP
+Bu ©)
MAD (6 eq) t BU\Q EtPhsP
E_(I) EtPhsPBr (1 eq) Me Bre__~_O. o
s T CHC | A=0 B MAD
(150 eq) rBu M B\/-.MAD

o lll E(,y,MAo

©
B~ map

100%, My/M,=1.21
Scheme 6.173 M, = 10000

Polymerization of Methacrylates

Anionic polymerization of methacrylates involves enolate intermediates of diverse
molecular weight. These distinctive enolates are readily formed via a number of
consecutive conjugate addition steps. As discussed in Section 6.1, control of reac-
tivity and selectivity of enolates should directly reflect the stereoselective synthesis
of poly(methyl methacrylate)s (PMMA). Thus it is advisable to compare the nature
of aluminum enolates involved in bimolecular and polymolecular reactions.

The simple lithium tetraorganoaluminates including LiAlEt, are known to
polymerize methyl methacrylate monomers [222]. This is, however, only possible
at the very low temperature of —78°C. In contrast, preformation of the i-
Bu,Al(BHT)—t-Buli complex, then treatment of methyl methacrylate at 0°C af-
forded PMMA with a molecular weight of 28400 (Scheme 6.174) [223]. NMR anal-
ysis revealed that the alkyl group bonded to the end of the polymer chain is the t-
Bu moiety derived from t-BuLi and not alkyl groups from aluminum. The contri-
bution of two enolate intermediates, monomeric and dimeric aluminum species,
was invoked to account for the structure of the initiation species.

The steric and electronic effects of oxygen-substituted ligands attached to alumi-
num on the tacticity of the polymers were particularly apparent for use of lithium
enolate initiator 175 in the presence of organoaluminum catalysts at near-ambient
temperature in toluene (Scheme 6.175) [224]. It was demonstrated that the nature
of the species R, Al(OR);_,, determines the mode of interaction with the lithium eno-
lates and the monomer, which in turn controls the final tacticity of the PMMA.
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Living anionic polymerization can also be used to produce well-controlled block
copolymers. For PMMA, the best procedures need temperatures below 0°C and
are therefore unlikely to be commercially attractive. They are, furthermore, largely
unsuccessful for the controlled polymerization of acrylates, which are far too reac-
tive. The use of tetraalkyl ammonium ate complexes, in conjunction with an ap-
propriate aluminum catalyst, solved this problem [225]. The function of the am-
monium counterion is to promote dissociation of the complex ion to form the re-
active ate complex of the aluminum enolate of the ester (Scheme 6.176). Thus, po-
lymerization was initiated by the lithium enolate of isobutylate in the presence of
the ate complex of Me;Al-R3;NCl. A controlled block copolymer (PMMA-block—
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PtBMA) with a narrow molecular weight range can be formed by sequential acry-
late monomer addition. In general, the controlled polymerization of butyl acry-
lates requires a low temperature (-78°C), but high molecular weight
(120000 g mol ') and low MWD (<1.2) can now be achieved even at higher tem-
peratures.
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AR,
. OLi
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MeN'Cl + MegAl Me,N*[AlMesCl]
COMe
NR'O®
COM COM
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" OMe h i

2) MeOH

Scheme 6.176

The first steps of alkylation of MMA, which initiates polymerization, were also
triggered by the (TPP)AlMe complex on irradiation with visible light (>420 nm)
(Scheme 6.177) [226]. The initial reaction occurs only on irradiation and not in the
dark. In contrast, no irradiation was needed during initiation by (TPP)AISPr, be-
cause of the easier transfer of the PrS™ group from the aluminum of TPP [227].
The reaction intermediates are highly likely to be aluminum enolates, and propa-
gation steps involving these species proceeded even in the dark. The polymeriza-
tion was so called high-speed living polymerization, because it reached comple-
tion within 3 s at r.t. with the indispensable aid of MAD; a longer reaction time
was needed with ATPH [228]. The M,,/M, value (~1.09) is as good as for mono-
disperse chains (Scheme 6.177). In contrast with the significant ligand effect on
tacticity, moderate syndiotacticity (mm:mr:rr=ca. ~3:27:70) was consistently ob-
served despite several structural and electronic variations of the MAD and ATPH
derivatives. This implies that (TPP)Al cations make a considerable contribution to
monomer activation and the propagation steps [229].
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Other Type of Polymerization Involving Aluminum Enolate Intermediates

The MAD-(TPP)AIX system was extended to the polymerization of methacryloni-
trile (Scheme 6.178). The high-speed living nature of this procedure was preserved
to give atactic (mm:mr:rr=28:52:20) polymers [230].
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l MAD (10eq) _, CN 100%, My/M,=1.35
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v
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Scheme 6.178

threo-Selective polymerization of (E,E)-methylsorbate was realized by using -
Buli as initiator in the presence of the bulky aluminum reagent MAD
(Scheme 6.179) [231]. In contrast with the effectiveness of MAD, ATPH, which is
more bulky than MAD, had scant reactivity. Other aluminum reagents examined
were similarly ineffective. Control of MWD is rather difficult; it is not easy to ob-
tain values below ~ 1.4. MAD has less steric influence on the ¢ position of methyl
sorbate that forms the C-C bonds, whereas polymerization of MMA involves the
f carbon under significant steric control.
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6.2.6.2 Radical Polymerization

Although are no examples of stereocontrol aided by bulky or well-designed alumi-
num reagents in radical polymerization, the remarkable effects of aluminum spe-
cies are still worthy of comment.

A ruthenium hydride complex, RuH,(PPh;),, has been employed for polymer-
ization of methyl methacrylate (MMA) in conjunction with a chloride-type initia-
tor, CHCI,COPh, and Al(Oi-Pr); in toluene at 80°C (Scheme 6.180) [232].
Although RuH,(PPhy;), is active even in the absence of Al(Oi-Pr);, this aluminum
additive has a substantial accelerating effect on the reaction rate. The polymers ob-
tained had narrow MWD (M,,/M,=~1.1).

(1eq) (4 eq)
CO,Me > 90%

\”/COZMe RuHs(PPhg)s + Al(Oi-Pr); Pk/f MM 118
h M, =14800

CHCI,COPh (2 eq)
(200 eq) toluene
80 °C

Scheme 6.180

A halfrruthenocene complex, Ru(indenyl)Cl(PPhs), was similarly used for
polymerization of MMA in conjunction with an MMA-dimer-type initiator,
H(MMA),Cl (Scheme 6.181) [233]. Addition of Al(Oi-Pr); accelerated the polymer-
ization rate to afford similar living polymers (M,,/M, = ~1.1). The behavior of the
Ru-Ind complex was similar in the polymerization of styrene. Polystyrene with
narrow MWD (M,,/M, = ~1.1) was obtained by use of a suitable radical initiator —
Me,C(CO,Et)Br.

6.2.6.3 Cationic Polymerization

Use as Co-catalysts

The search for an efficient catalyst for cationic polymerization has attracted much
attention since 1953 when the Ziegler-Natta catalyst was found to readily promote
olefin polymerization [234]. The general formula of Ziegler-Natta catalysts in-
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cludes a transition metal species and organometallic compounds of Group 1, 2, or
3. In their advanced system (TiCl,—Me;Al), aluminum is assumed to be a co-cata-
lyst which activates Ti(IV) creating real catalytic sites that enable n-coordination of
olefins or alkynes and polymer chain growth. The serendipity of this reaction pro-
cedure still remains as a milestone and was applied well in the development of
modern variants of polymerization co-catalysts [235]. Although the Ziegler-Natta
catalyst (TiCl,—Me;Al) is capable of polymerization of ethylene, propylene and
other higher ¢-olefins did not polymerize [236]. In contrast, the catalyst TiCl;—
MesAl afforded polymerization of propylene.

The second milestone in this field was the discovery that methylaluminoxane
(MAO) was a co-catalyst in the zirconocene(IV) dichloride-mediated polymerization
of a-olefins (Scheme 6.182) [237]. MAO works in the same way as Me;Al in Ziegler—
Natta catalysis, but more effectively. Its activity was maximum when mixed with 0.2
and 0.5 mol water mol™" aluminum alkyl [238]. The function of MAO could be sum-
marized as methylation and subsequent abstraction of the chloro (or the methyl)
from the zirconocene (Schemes 6.182 and 6.183). This sequence generates active
Zr cationic species and at this stage MAO also serves as a pivotal backbone of coun-
ter anions. The active sites also enable temporary ligation of Zr—C ¢ bonds, consis-
tent with the living end of growing polymers. The actual reaction involves alkylation
of Cp,ZrCl, then abstraction of Cl from the metal center; the vacant orbital (or cat-
ionic site) thus formed enables coordination of unsaturated C-C bonds, which un-
dergo a subsequent insertion reaction with Zr-C o-bonds. The coordination—inser-
tion sequence is repeated regularly, resulting in sequential chain growth and afford-
ing polymers until the reaction is terminated by, for example, a chain-transfer mech-
anism (f-elimination, f-hydride transfer, etc.). Because a huge amount of MAO
(100-300 equiv.) is required per equivalent of Zr, much effort has been devoted to
identifying the actually reactive site (or species) — a “hot spot’ hidden within
MAO. This is challenging because the structure of MAO is very complicated, lies
in dynamic equilibria, and hence remains unsolved.
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Barron and coworkers recently focused on the structure of oligomers of tetra-t-
butyldialuminoxane and t-butylaluminoxane and the situation for MAO might be
best viewed in this light (Scheme 6.184) [239]. The interaction of a Zr catalyst
with these aluminoxanes has been characterized by X-ray single crystal structure
analysis of the corresponding Al-O-Zr complex, for which catalytic activity in pro-
moting ethylene polymerization was one-fifth that of the Cp,ZrCl,-MAO system.
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Scheme 6.184 Cp

Lanthanide metallocene complexes Cp,Sm(THF), or [Cp,Sm(u-H)], alone do
not have catalytic activity when applied to polymerization of butadiene. In con-
trast, when smarocene complex Cp,Sm(THF), was treated with methylaluminox-
ane containing isobutylaluminoxane (MMAO) or Al(i-Bu)s/[Ph;C][B(C¢Fs)4] it had
extremely high activity in the polymerization (Scheme 6.185) [240] and yielded
polybutadiene with high 1,4-cis microstructures (up to 98.8%), of high molecular
weight (M,,=105~106), and with a narrow MWD (M,,/M,, < 2).

Further studies revealed [Cp,Sm(u-Me),AlMe,], with co-catalyst Al(i-Bu)s/
[Ph;C][B(C¢Fs)4] to be an excellent “living” system for the stereospecific 1,4-cis-po-
lymerization of butadiene (Scheme 6.186).
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Among the aforementioned abstractors MAO- or MMAO-promoted reactions
are complicated, and intractable species are produced. Despite the elusiveness of
MAO and MMADO, the reaction of metallocene dialkyls with electrophiles which
either generate or contain very weakly coordinating anions has proved a particu-
larly successful strategy for the generation of highly active, MAO-free polymeriza-
tion catalysts. Marks reported isolable and X-ray crystallographically characteriz-
able catalysts for study of the molecular basis of this type of polymerization cataly-
sis [30].

cat. “Zr' or "Ti"
[Ph3CI[F-Al(C12Fg)dl

~ O,

(1 atm) toluene, 25 °C~110°C

1
=7 ﬂ/Me Me ﬁ\ Me 7& Me
Zr<Me "z sic 2, T;\
<G e \%Me Me” N N
+Bu Bu

no reaction M,/M, =46 176 M,/M, = 3.1
MW = 89700 no reaction Mn = 2050000
80kg of PE
6900kg of PE L
Scheme 6.187 /molsheatm /motsheatm

Whereas Cp,ZrMe'[F-Al(Cy,Fo)4]” and 176 have negligible activity in the poly-
merization of ethylene at 25°C and 1.0 atm monomer pressure, increasing the
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bulk of the ancillary ligand effects dramatic increases in polymerization activity
(Scheme 6.187). CGCMMe" polymerization characteristics are markedly tempera-
ture-dependent, with CGCTiMe*[F-Al(C;,Fo)4] -mediated polymerization at 60 and
110°C affording ultrahigh molecular weight polyethylene. Under some reaction
conditions (60°C, 20 umol catalyst) the strongly ion-paired catalyst 177 produces
highly isotactic polypropylene ([mmmm]=98%) (Scheme 6.188).

Me’ %‘Me
MM, =2.4
PEN [PhsCIIF-ANC12Fs)d] (l\/)/ M, = 69700
(1 atm) toluene, 60 °C n  16.3kg of PP

/moleheatm
Scheme 6.188

The aluminum-based polymerization of higher alkenes, e.g. propylene, had
barely been reported when Sen and coworkers discovered AlEt;—B(CgFs); and re-
lated systems (Scheme 6.189). With these catalysts high molecular weight, linear
homo- and co-polymers of ethylene and propylene were prepared [241]. When
AlEt; and B(CgFs); were mixed near-quantitative exchange of organic groups oc-
curred between aluminum and boron to form triethylboron and Al(C¢Fs);. None
of the combinations triethylboron and B(C¢Fs); (1:1) or triethylboron and triethyl-
aluminum (1:1), or Al(C¢Fs); alone, catalyzed the polymerization of ethylene.
Clearly, the AlEt; and B(CgFs); combination is critical for formation of a hitherto
unknown active species which facilitates polymerization; this awaits further
research. Other combinations, e.g. MAO-B(C4Fs); or AlMe;—B(CgFs)3, were also
capable of polymerizing ethylene and even propylene. Either boron co-catalyst
[Ph;C][B(C¢Fs)4] or [PhNMe,][B(CeFs)s] worked as an effective substitute for
B(CoFs)s.

activity

. (kg/moleh)
A= AlEty + B(CeFs)3 : 3.25
S MAO + B(CgFs)a : 0.35
x additive M AlEt; + [(CgH5)aClIB(CeFs)4l 1 2.33
(800 psi) CeHsCl, 50 °C AlEts + [(CeHs)NMeoHIB(CeFs)al - 13.75
/
Al\— M, MM,
" AIEt; + B(CgFs)3 : 140000, 1.89
P additive M MAG + B(CqFs)s : 229000,2.04
CeHsCl or toluene n
50 °C

Scheme 6.189
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Cationic Aluminum Catalysts

As already mentioned, neutral aluminum has strong Lewis acidity and high oxo-
philicity. It has long been a concern of chemists whether cationic aluminum spe-
cies would have unprecedented reactivity and even more Lewis acidity. Several alu-
minum cations were isolated and characterized by X-ray single-crystal analysis, as
described in Section 6.1.2.2; most were, however, hexacoordinated aluminum that
catalyzed bimolecular reactions. They were also useful in the polymerization of a-
olefins, the subject of this section.

Cationic complexes 178-180 are readily prepared from Me;Al and B(CgFs);
(Scheme 6.190), and are active in the polymerization of ethylene, affording solid
polyethylene — their activities are 60 and 120 g mol™" h™" bar™" [242]. The polymer
products obtained from each catalyst are low molecular weight, with M,, ranging
from 13000 to 33000 (Scheme 6.191). It is noteworthy that a change in the ligand
backbone from a single methyl group in 179 to three methyl groups in 180 has
the effect of reducing the molecular weight by almost half.

o

MeB(CeFs)3

MegAl B(CeFs)s \ Me
— toluene toluene, rt !
110 °C

Scheme 6.190

A toluene solution of 181 polymerizes ethylene (2 atm) to solid polyethylene at
60°C (Scheme 6.192). More active catalysts are generated by activation of 182 with
1 equiv. [Ph;C][B(C¢Fs)4] in toluene (Scheme 6.193) [243]. It was proposed that
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Q@
(@\r | MeB(CeF s
~_Me
TN
Joit et
Me
~ A

(5 bar) toluene, 40 °C MM, = 63
= 6.
Scheme 6.191 M, = 33000

three-coordinate [RC(NR'),]JAIR™ cations are the active species in these polymeriza-
tions, although aluminum cations 183 and 184 have no catalytic activity in ethyl-
ene polymerizations (Schemes 6.194 and 6.195) [244].

Pr
N_ Me
+Bu—{ CAI® o
180 pr MeB(CeFs)3
>~ £ MJM,=284 700 of PE/molshvatm
(2 atm) toluene, 60 °C M,, = 176000

Scheme 6.192
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FPr
N_ Me
+Bu— Al
N Me
181 ipr
CgHs)aClIB(CgF
N {(CetCUB(CeF] 4™ MJM,=330 5480 of PE/molsheatm
(2 atm) toluene, 60 °C M,, = 272200
0. MWMp=223 30509 of PE/molsheatm
Scheme 6.193 at85°C: My - 184700 9
R
Ar Ar ) ]
{ N R = Me: no active catalyst
N~~H + AR / R in ethylene polymerization when used
( J 8 N<p with [(CgHs)aCl[B(CgFs)4)-
N r
‘Ar 182

X-ray single crystal structure
Scheme 6.194

Base-free compound 185 has activity in the polymerization of ethylene
(Scheme 6.196) whereas dinuclear cations 186 have only trace activity. Dinuclear
hydride cation 186 polymerized MMA to, predominantly, syndiotactic PMAA
(Scheme 6.197) [245]. In contrast, neutral hydride 187, dinuclear methyl cation
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A \ar _| %(CGFS)tt
7PNgr [CeHICIBCFd  H o o
/ / no polymerization
@N\Ar CeDsCl =N~
— HCPhg 183

Scheme 6.195

188, and base-free cation 185 do not polymerize MMA under similar conditions. It
is clear that the reactivity of cationic Al species is strongly influenced by their
structures — nuclearity and identity of Al-R.

P g (CeFs)a

@NA"B

-Pr 184
N : MM/M =24 1000g of PE/molsheatm
(5 atm) toluene, 100 °C (et = 106500 9

Scheme 6.196

FPr
N H Pr
u“"
H\ @ B(CgFs)a
/Pr h oM
- 2Me  100%, M/M,=1.8
\H/C%Me = lPr ' “ W Y%28000
toluene, 23 °C n mm:mrirt = 1:22:77
’i-Pr {.Pr
=N H N .Mel-Pr
o NH @ '~ Me.
N E‘j@ B(CeFs)a
‘+Pr P Mg
187 188 /'Pr

Scheme 6.197

For carbocationic initiation metal-carbon o-bonds are not required. Thus, the
hitherto unknown aluminocenium cation 189, readily synthesized from Cp,AlMe
and B(C¢Fs);, was evaluated for its potential ability to initiate polymerization of
isobutene [246]. Poly(isobutene) was obtained within a few minutes at -25°C to
give a high molecular weight polymer (M,=289000) with an MWD of 1.6
(Scheme 6.198). This high-speed polymerization occurred similarly even at —=78°C
within a few minutes to give a polymer of considerably higher molecular weight
(My=1800000) despite a large MWD (M,/M,=3.0).
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Scheme 6.198

Taking into account the mechanism of aluminum cation-mediated polymeriza-
tion of olefins, the balance between olefin insertion and f-hydride transfer to the
monomer, both of which occur on aluminum cation centers, should be discussed.
An interesting theoretical study predicted that none of the proposed active cation-
ic species should give a high-molecular-mass polymer [247]. The authors conclud-
ed that olefin polymerization at a single aluminum center is rather unlikely.

6.3
Conclusions

Compared with classical Lewis acids, the “designer Lewis acid”, originally named
by Yamamoto, in principle corresponds to the aluminum catalysts that promote a
variety of selective organic reactions effectively and efficiently by appropriate
choice of ligand. Synthetically this strategic concept has found widespread applica-
tion. As exemplified by ATPH, a trivalent aluminum species (sp”) that subse-
quently assumes tetracoordination (sp’) by complexation with a Lewis base, has
served as an effective reagent for selective transformations. Attachment of the
electron-withdrawing groups —OTf and —NTf, is expanding the scope of hitherto
unachievable organic transformations. In contrast, two other large advances have
appeared very recently. One involves aluminum species with higher coordination,
including penta- (sp’d) and hexa- (sp’d?) coordination; the other is consistent with
aluminum cations. Studies so far on these subjects suggest that the structures of
the ligands accommodate special electronic properties, and the shape and geome-
try of the aluminum,; this results in relatively stable aluminum species even when
the aluminum(III) is highly electron-deficient. Higher-coordinated reagents gave
us new terms of reference with which to interpret the stability and reactivity of
aluminum(IIl). The phrase “organoaluminums are labile to water and air” no
longer makes a general sense in this respect. Aluminum(III) species endowed
with such stability facilitate the preparation of long-lived catalysts and render or-
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ganic reactions catalytically more efficient. The search for these new aspects has
just started and remains a significant challenge in selective organic synthesis in-

cluding stereo-controlled polymerization.
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7

Gallium in Organic Synthesis
MASAHIKO YAMAGUCHI

Gallium compounds have become very important in the electronics industry, and
some gallium complexes have been examined for use as anticancer agents or diag-
nostic agents [1]. In this regard, considerable advances have been made since the
nineteen-eighties in the synthesis and structural analysis of the organometallic com-
pounds of gallium; this has revealed they tend to aggregate to form dimers, trimers,
or higher polymers [2—4]. In contrast, organogallium compounds have been consid-
ered less attractive in organic synthesis, because their nucleophilicity and Lewis acid-
ity are generally less than for the corresponding organoaluminum compounds and
compounds of other group 13 elements, and they are more expensive. Recent studies
have, however, revealed that gallium compounds can have novel properties in organ-
ic synthesis, whereas aluminum compounds cannot. Summarized in this review are
their use as Lewis acids, organometallic alkylating reagents, radical reagents, and
low valence reagents. Although the toxicity of many organogallium compounds is
not known, for Ga(NOs); intravenous LDs for mice is 55 mg kg™ [5, 6].

7.1
Use as Lewis Acids

Gallium trichloride has been used in Friedel-Crafts alkylation and acylation reac-
tions as a Lewis acid [7, 8]. Although its Lewis acidity is lower than that of alumi-
num trichloride, its greater solubility in organic solvents makes it useful for
kinetic studies. Gallium trichloride is soluble even in hexane. Recent studies by
Yamaguchi have, however, revealed novel aspects of gallium compounds in elec-
trophilic aromatic substitution reactions. It has been shown by spectroscopic stud-
ies that gallium trichloride interacts with z-acids such as silylethyne [9-11] or silyl-
allene [12]. The gallium complexes are sufficiently electrophilic to react with aro-
matic hydrocarbons even at —-78°C, giving organogallium arenium intermediates
(Scheme 7.1) [9-11]. Although aluminum trichloride is also known to interact
with alkynes, gallium complexes are more reactive in these reactions. Addition of
bases such as butyllithium or THF results in deprotonation, generating a vinylgal-
lium intermediate and, finally, protodegallation produces the f-silylethenylated

Main Group Metals in Organic Synthesis. Edited by H. Yamamoto, K. Oshima
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30508-4
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arenes. ipso-Substitution of 1,2,3-trimethoxybenzene occurs at the 2 position, and

treatment of the arenium cation thus formed with

methylmagnesium halide gives

2,5-dihydrobenzene methylated at the 5 position (Scheme 7.2). Aqueous work-up
induces protodegallation and elimination of methanol, giving 1,4-dialkylated ben-
zene derivatives. In the absence of aromatic hydrocarbons the silylethyne—gallium
trichloride complex spontaneously trimerizes to a conjugated trienyl cation which,

on treatment with organolithium or magnesium compounds, gives alkylated tri-
enes (Scheme 7.3) [13]. In the presence of gallium trichloride, cationic species
such as arenium cations or vinyl cations seem to survive long enough to be at-
tacked by organometallic reagents. Although a stoichiometric amount of gallium
trichloride is required in these reactions, Murai found that a catalytic amount of
the reagent (10 mol%) promotes intramolecular reaction of acetylene and arene
via in situ protonation of the allylgallium intermediate [14].

MeSi H Me
GaCly e=c”
MesSi—C2C-H ——— . ¢ —
Cly Me
Me H Me H Ne
A SiMes Xy SiMes H,0 /@/\/SiMes
Me GaCls Me GaXp Me
76%
Scheme 7.1
SiMeg
OMe “ "GaMe
2
MeO._ 2K __OMe 1) GaClg Me’geo OMe
+ MegSi—CEC-H ——
2) MeLi
SiMe3 Me
Z
MeO. OMe
74%
Me °
Scheme 7.2
SiEts Me  SiFtg
. GaClg SiEtg 1) MeMgBr )= SiEty
EtgSi—C=C-H — H GaCl, —— H £ D
H 2) D,O H =
H  SiEts H  SiEty
20%

Scheme 7.3
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Unusual orientation has been observed by Yamaguchi in electrophilic aromatic
substitution using gallium trichloride. The reaction of toluene and bis-silylated
1,3-butadiyne gives an o-substituted product exclusively (Scheme 7.4), and even iso-
propylbenzene reacts at the o-position predominantly [15]. The tendency of the reac-
tion to occur at the vicinity of the alkyl substituent is, however, restricted to the
diyne-based electrophile; for other related electrophiles derived from silylethyne, si-
lylallene, or bissilylated 1,3,5,7-octatetrayne normal o/p orientation is observed.

Me Me SiMeg (or H)
GaClg |
+ MagSi—C=C-C=C-SiMgg — Ca
~Cia
SiMeg
37%
Scheme 7.4

Gallium trichloride activates even cycloalkane C-H bonds, which can be used for
catalytic aromatic alkylation (Scheme 7.5) [16]. The reaction of cis-perhydronaphtha-
lene and naphthalene in the presence of a catalytic amount of gallium trichloride
(5 mol%) gives 2-naphthylated trans-perhydronaphthalene. Carbon—carbon bond for-
mation occurs predominantly at the 2 position of naphthalene and the 3 position of
perhydronaphthalene. It is worth noting that cis-perhydronaphthalene reacts much
more effectively than the trans-isomer. These observations indicate that the equator-
ial tertiary proton of the cycloalkane, rather than the axial proton, is activated selec-
tively, and the carbocation resulting after the migration reacts with naphthalene.
This is an interesting example of selective CH activation of alkanes.

H
GaClg (5 mol%)
J QD e gy LI
H

H

819% based on GaCly
Scheme 7.5

Such interaction of gallium trichloride with an alkyne n-acid was used by Yama-
moto in the regioselective reduction of aldehyde groups located in the vicinity of
an ethynyl group (Scheme 7.6) [17].

CHO __Ph CH,OH__Ph
4 GaCl Y 4
+ BugShH ———m
CHO CHO 64%

Scheme 7.6
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The Lewis acid interaction of gallium(III) compounds with heteroatoms is also
important in organic synthesis. Gallium trichloride can be used for catalytic aro-
matic acylation reactions as indicated by Mukaiyama [18]; aliphatic and aromatic
acid anhydrides react with anisole derivatives in the presence of 10 mol% gallium
trichloride and 10-20 mol% silver perchlorate, giving p-acylated products. Olah de-
veloped gallium tris(trifluoromethanesulfonate) for the Friedel-Crafts alkylation
[19] and later Kobayashi found the reagent to be effective for the selective acyla-
tion of 2-methoxynaphthalene at the 6 position [20]. Kobayashi also used gallium
tris(nonafluorobutanesulfonate) for the catalytic acylation reaction [21]. Houpis ob-
served that the boron trichloride-promoted o-acylation of anilines with nitriles is
accelerated by gallium trichloride; this is ascribed to abstraction of chlorine from
the organoboron intermediate with concomitant formation of a stable GaCl, anion
(Scheme 7.7) [22, 23]. It was found that gallium trichloride is more effective than
aluminum trichloride in this transformation. As shown by Saigo, the soft nature
of gallium can be utilized effectively in the activation of dithioacetals — in the
presence of gallium trichloride and water thioacetals are hydrolyzed to aldehydes
or ketones [24]; allylstannanes react with thioacetals to give allylated products
(Scheme 7.8) [25]. Kobayashi showed that chlorodimethylgallium serves as a pro-
moter for glycosidation using glucosyl fluorides (Scheme 7.9) [26].

NHp NHz o
BClz, GaCly
© + D—CN  —
cl Cl 74%
Scheme 7.7
SEt SEt
——>GGC|3 /\/K/\
Ph/\/]\SEt * A~SnBus Ph SN
84%
Scheme 7.8
BnO O, BnO O MeyGaCl BnO O BnO o
BnBOO + HO — BnO &)
n O
BnO E BnO BnO OMe Bn BnO BnO BnO OMe
77% (o0 B = 46 : 54)
Scheme 7.9

Utimoto found that the presence of a catalytic amount (8 mol%) of trimethylgal-
lium promotes the alkynylation of oxiranes with lithium acetylides (Scheme 7.10)
[27, 28]. The Lewis acid interaction of the oxirane oxygen with trimethylgallium is
believed to be involved. Maruoka later observed that an additional adjacent oxygen
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functionality dramatically accelerates the ring-opening reaction even with 1 mol%
trimethylgallium; it is explained that the pentacoordinated gallium species is in-
volved [29].

o Me,Ga (8 mol%) Lo
+Ph—CEC-Li — %
AN HO™ ™~
99%
Scheme 7.10
7.2

Use as Bases

Organogallium compounds serve as bases — chiral phenoxygalliums, in particular,
have been employed in asymmetric catalysis by Shibasaki. Gallium sodium
bis(binaphthoxide) (GaSB) prepared from gallium trichloride, sodium t-butoxide
(4 equiv.) and 2,2"-binaphthol (2 equiv.) is an excellent catalyst for the asymmetric
Michael addition of malonate to 2-cyclopentenone and 2-cyclohexenone (Scheme
7.11) [30, 31]. Use of 10 mol% catalyst gives the adducts in high yields and high
enantiomeric excesses up to 98%. The reaction can be accelerated by the presence
of an additional equivalent of sodium t-butoxide, which is probably involved in
rapid complex formation between sodium malonate and GaSB. Gallium lithium
bis(binaphthoxide) (GaLB) catalyst, prepared from gallium trichloride and lithiated
binaphthol, can be used in the asymmetric ring opening of meso-epoxides with
t-butyl mercaptan [32]. The reaction, which is accelerated by the presence of 4-A
molecular sieves (MS), is conducted with 10 mol% of the complex, giving the
thioalcohol in 97% ee from cyclohexene oxide (Scheme 7.12). The asymmetric
ring opening of the same epoxide with p-methoxyphenol is catalyzed by 20 mol%
of the GaLB catalyst to give the alkoxycyclohexanol in 93% ee [33].

(R)-GaSB (10 mol%)
t-BuONa (9 mol%)

+  CHy(COBn),

I, = LI
0oL . .0

(R)-GaSB =

~Ga_
o T

"“CH(COLBn),

87%, 98%e8

Scheme 7.11
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{R)-GalB (10 mol%) OH

MS 4A
O + +BuSH
“St-Bu

80%, 97%ee
.« O
o._ .0
(R)-GalB = o~ %~g

Scheme 7.12

Neumdiller observed that in the presence of a catalytic amount (2 mol%) of
cesium fluoride reaction of trimethylgallium with excess acetonitrile gives oligo-
meric compounds (Scheme 7.13) [34]. Because trimethylgallium itself is inert, it is
believed that an ate complex, Me;GaF~, which is more basic than trimethylgalli-
um, deprotonates acetonitrile to give the condensation product.

Me Me
\t/
CsF (2 mol%) HN G NH
MesGa + MeCN ——M -
Me Me
CN 62%
Scheme 7.13
7.3

Use as Organometallic Alkylating Reagents

Organolithium and magnesium reagents, the most common main element re-
agents used in organic synthesis, are employed in transformations such as carbo-
nyl addition, organohalogen substitution, conjugate addition, or cross coupling.
Because these reagents are often too reactive for selective synthesis, derivatives of
other metals are used, including B, Al, In, Si, Sn, An, or Cd. Organogallium com-
pounds have also become important in this regard, and several characteristic reac-
tions have been discovered.

7.3.1
Carbonyl Addition Reaction

Huang reported that organogallium reagents can be generated by treating allyl or
propargyl halides with gallium metal in the presence of activators such as potas-
sium iodide and lithium chloride [35, 36], and that Barbier synthesis with alde-
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hydes or ketones gives unsaturated alcohols. Carbon-carbon bond formation by
use of propargylgallium generally occurs at the a position (Scheme 7.14). Selectiv-
ity depends on substituents on the allylgalliums: Methyl derivatives react at the y
position and silyl derivatives at the a position (Scheme 7.15). Takai showed that
such allylgallium formation can be catalyzed by indium metal [37]. Oshima and
Wang found that carbonyl addition by use of allylgalliums occurs even in aqueous
solvents [38, 39]. The former authors prepared the organometallic reagent from
gallium trichloride and allylmagnesium bromide, the latter from gallium metal.
Huang generated gallium enolates from metallic gallium and trichloroacetate or
iodoacetonitrile in the presence of a catalytic amount of lead dichloride, and
added it to aldehydes (Scheme 7.16) [40]. Gallium triiodide prepared in-situ from
gallium metal and iodine promotes aldol addition of a-bromo ketone to aldehydes
or imines (Scheme 7.17) [41]. The diastereoselectivity of the addition in the pres-
ence of methylgallium diiodide, prepared from gallium metal, iodine, and methyl-
lithium, can be controlled by changing the solvent either to DMF or THF. Treat-
ment of 1-alkynes with gallium triiodide and tributylamine converts them to alky-
nylgallium compounds, which can be added to aldehydes (Scheme 7.18) [42]. Gal-
lium trichloride and aluminum triiodide did not perform this transformation ef-
fectively. Ate complexes derived from triorganogallium compounds and alkyl-
lithium compounds transfer an alkyl group to acid chlorides, giving ketones
(Scheme 7.19). The ease of alkyl transfer decreases in the order
PhCH,>Ph>PhC=C>Bu, Me>cyclopentyl [43].

B Ga, KI, LiC! o
r a, ki, U
PACHO + N\—CZC-SMey ——0 = N
o C=CSMes CZC—SiMeg
92%
Scheme 7.14
HO Ph
o /7 Ga K, LCl
PhCOMe + Br” 7 “giMe, ——————=
\ SiMEQ
HO Ph
Me

91%
MegSi \ 85:15

Scheme 7.15

OH
Ga, PbCly CN
Ph)\/

+ —_— -
PhCHO ICH,CN 99%

Scheme 7.16
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o o OH
Ga, lp, MelLli
p—C|06H4CHO + Ph)Kr Br — Pph C6H4C|‘p
DMF Me
Me
95% syn:anti=85:5
Scheme 7.17
Galj, BugN HO
eyeloCgH{sCHO + H—C=C—Ph ——— )—csc—Ph
cyclo-CgH
85%
Scheme 7.18
PhCH=CHCOCI + PhgMeGa'Li* ———=  PhCH=CHCOPh o
9 °0

Scheme 7.19

Araki found that triallylgallium and trimethylgallium add to olefins activated by
two electron-withdrawing groups (Scheme 7.20) [44]. The reactions of f-nitro-
styrenes with trialkylgalliums were examined by Huang; they were found to give
substituted products at the nitro group (Scheme 7.21) [45]. A single electron trans-
fer mechanism was proposed on the basis of ESR studies.

COMe
COMe

X Ph\/k - COoM
(\/};Ga + Z COMe | o

Ph 95%
Scheme 7.20

cyclo-CgHg)aGa  + ph\/\No2 — Ph\/\cyc/o—Cg,Hg

Scheme 7.21 81%

Woodward developed an asymmetric carbonyl reduction using catecolborane in
the presence of a catalytic amount of a gallium thiobinaphthol (2.5 mol%) and ob-
tained the optically active secondary alcohol from propiophenone in 93% ee
(Scheme 7.22) [46, 47].
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0
B
s

(Aycat25mol%) O O

@ Ph” T Et
: I S< ,O
(A)-cat= o- ‘S

Scheme 7.22

96%, 93%e86

7.3.2
Cross-coupling Reactions

Organogallium compounds can be used as alkylating reagents in cross-coupling
reactions with aromatic or alkenyl halides. Blum examined intramolecular tetra-
or pentacoordinated methylgallium derivatives for the palladium-catalyzed methy-
lation of aromatic halides (Scheme 7.23) [48-50]. Although the reactivity of the
gallium compounds is generally less than that of the aluminum compounds,
unlike the aluminum complex the gallium complex tolerates functional groups
such as carbonyl, cyano, nitro, and benzylic halides. The reaction rate with
Me,N(CH,),0GaMe, is more than those with MeO(CH,),0GaMe,, t-
Bu,P(CH,);GaMe,, and Me,N(CH,);GaMe,. Oshima conducted aromatic vinyla-
tion reactions with vinylgallium dichloride generated from vinylmagnesium halide
and gallium trichloride. Aromatic iodides react in the presence of a palladium
complex and tris(o-tolyl)phosphine (Scheme 7.24) [51].

Br Me
PdCIo(PPhgz)s (2 mol%)
Mos Ga\/j 2(PPha)z
+ N
M62
CHO CHO
95%
Scheme 7.23
| =
Pdy(dba)g (0.5 mol%)
(o-TohgP
. X GaCh 3
MeO MeO
97%

Scheme 7.24
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7.3.3
Carbometalation Reactions

Carbometalation (carbogallation) with a carbon-carbon triple bond is a characteris-
tic reaction of organogallium compounds and proceeds more effectively than with
organoaluminum compounds. Carbogallation to carbon—carbon triple bonds was
reported for the first time by Yamaguchi in the dimerization of alkynylgallium
[52]. Treatment of silylated 1-alkynes with gallium trichloride gives enynes
(Scheme 7.25). The alkynyldichlorogallium generated by the transmetalation is un-
stable in hydrocarbon solvents and spontaneously dimerizes to give a bisgallated
enyne compound which on protodegallation is converted to the enynes. This is an
unusual dimerization reaction of a main element metal acetylide. Aluminum
trichloride is much less effective for this transformation. Such coupling also oc-
curs with lithium acetylides in the presence of gallium trichloride. Allylgalliums
add to l-alkyne or silylated alkynes, giving 1,3-dienes after protodegallation
(Schemes 7.26 and 7.27) [53]. Whereas 1-silylated alkynes undergo cis-addition, the
stereochemistry of the reactions of 1-alkynes depends on the alkyl substituents.
Smaller alkyl derivatives give comparable amounts of (E) and (Z) isomers on
deuteration whereas cis-addition predominates with the cyclohexylacetylene. Takai
observed acceleration of allylgallation of 1-alkynes in the presence of diisopropyl-
ethylamine; this was attributed to the in-situ formation of alkynylgallium [54].

GaCla
n-CsHytC=C~SiMey ——  n-CgHy+CZC-GaClp, — »

ClhGa
— CH
//C GaCly  H,0 _ ") 2
n>CsH1 1'CEC"C — n'CSHH'C:C—C
n-CsHi1 n-CsHyy 85%
Scheme 7.25

: ' 1) GaCly Ph
Ph—C=C—SiMeg + SiMes —— \)\/\
lvleg /\/ 2) Hgo MBQSI o SN

Scheme 7.26

s 1) GaClg R
R~C=C-H + o~  SMeg — "o M
s 20,0 D = N

R=nCgHyg 74%, E:Z = 1:1
Scheme 7.27 R = cyclo-CgHy¢ 56%, E:Z = 9:1
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Gallium enolate and ethynylgallium, generated, respectively, from silyl enol
ether and silylethyne by treatment with gallium trichloride, undergo carbogalla-
tion, giving a-ethenylated ketones after work-up with aqueous acid (Scheme 7.28)
[55]. This reaction, which is complete within 5 min at room temperature, is a nov-
el and convenient means of direct ethenylation of enolate. The reaction can be ap-
plied to the synthesis of ethenyl ketones with acidic a-protons, and isomerization
to the thermodynamically stable conjugated enone is not usually observed. Equa-
torial preferences are observed in the ethenylation of cyclohexanone enolates; for
example, ethenylation of a silyl enol ether derived from trans-3-decalone gave the
equatorial isomer predominantly (Scheme 7.29) [56]. This contrasts with the
stereochemistry of enolate alkylation, which occurs at the axial site of the enolate
plane. Silyl dienolates, synthesized by a-ethenylation of thioesters then silylation,
are ethenylated by this method at the a-position and not the y-position
(Scheme 7.30) [57]. The overall synthesis provides a,a-diethenylated carbonyl com-
pounds, which are not readily accessible by conventional methods. The ethenyla-
tion also occurs with silylated 1,3-dicarbonyl compounds [58], and an ethenylmalo-
nate with an acidic a-proton was obtained by this method (Scheme 7.31). The
ethenylmalonate turns out to be relatively insensitive to acid, whereas it rapidly
isomerizes to the conjugated compound in the presence of triethylamine.

OSiMeg GaCla 0GaCly _
+ H-C=C-SiMeg —— S + H-C=C—-GaClp
Ph X Ph
%zGa GaCly p+ o |
- ' ——
Ph H
Ph H Me 75%
Me
Scheme 7.28
X 1) GaCI3 H
+ H-C=C-—-SMeg ——
o 2) H*
OSiMeg N\ ©
Scheme 7.29 52%

. (0] I
OSiMeg 1) GaCla
/l\/ + H-C=C-SiMeg ———— cyclo-CgH1S
cyclo-CgH4S 2) H*
Me
/ 81%
. Y
M938|O | 1) GaCI3 [o) |
. + H-C=C~—SiMey —_—
cyclo-CgH14S o 2)H cyclo-CgHq4S =

Me Me
Scheme 7.30 69%
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OSiMe o 1GaCls guo,c |
)\/CQZBU + H-C=C—-SMeg —— H

BuO 2)H*
COZBU

Scheme 7.31 49%

When trimethylsilylated chloroethyne is used instead of the silylated ethyne, the
silyl enol ether is ethynylated at the a position via carbogallation and f-elimina-
tion (Scheme 7.32) [59]. The f-elimination occurs during work-up. The ethyny-
lated ketone with an acidic a-proton is obtained by careful isolation; it is less
stable toward conjugation than the a-ethenyl ketones. Under conditions when f-
elimination occurs during the reaction, sequential carbon—carbon bond formation
occurs, giving a-ethynylated ketones and a-endiynylated ketones (Scheme 7.33)
[60]. Although a-alkylation of carbonyl compounds via metal enolates is exten-
sively used in organic synthesis, a-ethenylation and a-ethynylation, which connect
sp® and sp carbon, respectively, to the carbonyl a-position, are much less investi-
gated. Organogallium chemistry is found to be effective in these transformations.

OSiMegy
_ . GaCl OGaCly
- + CI—C=C-SiMe 3 —_—C=C-
ph Xy 7CaHi7 3 —= X nCgH, C1= C2C=GaCly
H
CloGa GaCl
2 ) H
— AL N
Ph
Ph cl RNV
n_
n-CeH17 8r7 93%
Scheme 7.32
OSiMe.
X - Cim CEC-SiMey — o2 L zha
Ph - S TNt Ph 7 In
H MsH
n=1,2
Scheme 7.33

Gallium phenoxide generated from gallium trichloride and butyllithium reacts
with silylethyne to give o-(f-silylethenyl)phenols; this again involves carbogallation
(Scheme 7.34) [61]. Studies on organogallium and organotin compounds revealed
that both undergo a similar carbometalation reaction. Gallium and tin are ele-
ments that sit diagonally in the periodic table, and this interesting example shows
that organometallic reagents of such elements have similar reactivity, reminiscent
of organolithium and organomagnesium compounds in carbonyl addition reac-
tions. The carbometalation reaction of phenoxygallium with chloroethyne gives o-
ethynylated phenols (Scheme 7.35) [62]. Because gallium trichloride is regenerated
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by the f-elimination, a catalytic amount of gallium trichloride (10 mol%) effectively
promotes the ethynylation reaction.

OH oH
1) GaClg, BuLi )
+Bu + H-C=C-SiMey _1)GaCly Buli gy X SiMey
2)H*
98%
Scheme 7.34
OH GaCly (10 mol%) SiEt
Me BuLi (30 mol%) OH _SiE
+ Cl—C=C-Sifty —— = Me Z
90%
Scheme 7.35

7.4
Use as Radical Reagents

One interesting property of organogallium compounds is their tendency to under-
go radical reactions, as indicated by Oshima. Allylgallium dichloride generated in
situ from allylmagnesium halide and gallium trichloride promotes allylation of
a-haloesters in the presence of triethylborane and oxygen (Scheme 7.36) [63].
Because allylgallium itself does not induce such reactions, a radical intermediate
is formed by the boron reagent. The reaction proceeds more effectively in aque-
ous media than in organic solvents. The homoallylgallium reagent undergoes con-
comitant cyclization, giving cyclopropane derivatives, a typical cyclization reaction
of the 3-butenyl radical (Scheme 7.37) [64]. Dichlorogallium hydride generated
from gallium trichloride and NaAIH(OCH,CH,0OMe), (Red-Al) promotes radical
cyclization of dienes [65].

o GaClg o
PN LN
= + oBn OBn
89%
Scheme 7.36
GaCly
o Et3B, Oy Q

Mt |\)j\ —_—

OBn OBn

79%

Scheme 7.37
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7.5
Use as Low Valence Reagents

Unlike organoaluminum compounds, stable gallium(I) compounds are known.
Formal gallium(Il) dichloride “Ga,Cl,” has the dual reactivity of a mixed salt,
Ga[GaCly], or a gallium-gallium bonded compound, Cl,Ga-GaCl,. Saigo indicated
that the reaction of “Ga,Cl,” with benzaldehyde in the presence of anisole gives
o- or p-benzylated arenes by the reductive Friedel-Crafts alkylation (Scheme 7.38)
[66, 67 ]. Acetals can also be used for this transformation. As extensively studied
by Schmidbauer, the reactions of aromatic hydrocarbons with “Ga,Cl,” give

n-complexes of gallium(I) (Scheme 7.39) [68].

OMe OMe OMe
“GaCly" CHyPh
+

+ PhCHO ———>

CHoPh
Scheme 7.38 77% (56 : 44)

Me
N [T Me
+ GaGaCly] ———
Cl
Me Me . —Ga
Scheme 7.39 86%

The dioxane complex of “Ga,Br,” has been shown to be a compound with a gal-
lium-gallium bond, and Uhl alkylated this with a bulky organolithium reagent to
give a tetraalkylated gallium compound, the structure of which was determined by
X-ray analysis (Scheme 7.40) [69]. Use of low valence organogallium compounds
with gallium(I)-arene bonds or gallium-gallium bonds [4] in organic synthesis

might become an interesting subject.

Br Br {Me3Si),CH CH(SiMeg),
/ \ \ / [/ \ ) \ /
(o] 0:Ga-Ga-0 O + (MegSi)CHLi — §a-Ga
| N \ / \
B’ Br (Me3Si)oCH CH(SiMe3),

Scheme 7.40 63%
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Indium in Organic Synthesis
SHUKI ARAKI and TSUNEHISA HIRASHITA

8.1
Introduction

Indium is one of the Group 13 elements, of which boron and aluminum have
widely been used in organic synthesis. In contrast, gallium and indium received
little attention until a decade ago. Although the first organoindium compound
was prepared as early as 1928 [1], and a very few applications of organoindium re-
agents in organic synthesis have been reported [2], their extensive use had to wait
until the late 1980s. In 1988 it was revealed that allylic indium reagents are read-
ily prepared in organic solvents by reaction of allylic halides and indium powder,
and that these compounds are useful for the allylation of carbonyl compounds [3].
Since then applications of allylindium reagents and related organoindium re-
agents to organic transformations have been widely studied. In 1991 indium-
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mediated Barbier-type allylations in water were reported [4]. Since the publication
of this paper reactions in aqueous media mediated and catalyzed by indium have
been receiving increasing interest for economic and environmental reasons. The
number of papers devoted to indium-assisted organic reactions is illustrated in
Fig. 8.1, which clearly shows that interest in the synthetic utility of organoindium
reagents has increased over the last decade.

Indium metal is stable in air, and the toxicity observed for many metals is little
known for indium. Because the first ionization potential of indium (5.8 eV) is as
low as that of Li or Na, it is easy for indium to act as an effective single electron
transfer (SET) agent. A feature of organoindium reagents is their ease of prepara-
tion — organoindium reagents can be prepared simply by mixing appropriate or-
ganic halides with indium. For example, allylindium sesquihalides are obtained
without a formation of Wurtz-coupling by-products. Tolerance of water charac-
terizes organoindium reagents in organic synthesis; their reactions can be per-
formed under aqueous conditions without protection of hydroxyl and other protic
groups on the reactants, a property which makes the reagents unique and impor-
tant in respect of environmentally benign chemistry. Indium(III) salts such as in-
dium trichloride and indium triflate have also been used as catalysts in both aque-
ous media and organic solvents. Organoindium reagents have a strong tendency
to coordinate to heteroatoms, particularly oxygen functionalities such as hydroxyl
or carboxyl groups in the substrates. This extraordinarily strong oxophilicity some-
times makes the indium-mediated reactions highly regio-, stereo-, and chemose-
lective. Because several reviews have been published on organoindium chemistry
in organic synthesis [5], this chapter deals mainly with recent advances in in-
dium-mediated organic synthesis published after these reviews.

8.2
Allylation and Propargylation

In the past decade much effort in organoindium chemistry has been devoted to
study of carbonyl allylation and allylindation of carbon-carbon multiple bonds
with allylic indium reagents. Apart from the conventional transmetalation of allyl-
lithium or allyl Grignard reagents with indium(III) halides, a method widely used
for preparation of allylindium(III) compounds is the oxidative addition of metallic
indium or indium(I) iodide to allylic substrates [3, 6]. Transmetalation of allylstan-
nane with indium(III) chloride also gives allylindium(III) [7]. Allylindium(I) was
recently prepared by transmetalation of allylmercury with metallic indium in
water; this compound is regarded as an intermediate in the allylation of carbonyl
compounds in aqueous media [8]. A new method of preparation of allylic in-
dium(III) reagents — reductive transmetalation of a z-allylpalladium(II) complex
with indium(I) salts has been reported; this enables the use of a wide variety of
allylic compounds and solvents [9].



8.2 Allylation and Propargylation

8.2.1
Allylation and Propargylation of Carbonyl Compounds

Allylation and propargylation of carbonyl compounds have been surveyed [5]. This
section focuses on regio- and stereochemical aspects of the carbonyl allylation re-
actions in organic and aqueous media. Allylation of carbonyl compounds also pro-
ceeds under solvent-free conditions [10] or in liquid carbon dioxide [11]. Allylation
with a catalytic amount of indium (0.01-0.1 equiv.) in combination with manga-
nese and chlorotrimethylsilane has been reported [12]. Allylindium reagents have
successfully been applied to syntheses of several natural products [13].

8.2.1.1 Regioselectivity
y-Substituted allylindium reagents react in organic and aqueous media with carbo-
nyl compounds regioselectively at the y-position to afford the corresponding
branched homoallylic alcohols, if no sterically bulky carbonyl or allyl substituent
is involved. The reaction proceeds via a six-membered transition state [14]. Loh
and co-workers recently reported that indium-mediated reactions of crotyl or cin-
namyl bromide with aldehydes in the presence of 10 m water exclusively give the
a-adduct irrespective of the bulkiness of aldehydes (Tab. 8.1) [15]. On the basis of
NMR study it has been proved that the initially formed y-homoallylic alcohol is
converted to the thermodynamic a-homoallylic alcohol.

Fluorinated organoindium reagents undergo regio- and stereoselective reactions.
Allylindium reagents containing a CF, unit react with aldehydes at the CF, termi-
nus to give the corresponding 1-substituted 2,2-difluorobut-3-en-1-ols (Scheme 8.1)

Tab. 8.1 Allylation of aldehydes with y-substituted allylindium reagents

H H
|
j)]\ RN Ri/\/R1 * R%/\
HZO R1

R” “H
a-adduct y-adduct
R R Yield azy E/Z
Ph Me 60% 99:1 55/45
c-CeHyy Me 85% 99:1 70/30
n-CsHyy Me 75% 98:2 65/35
PhCH,CH, Me 67% 97:3 55/45
Ph Ph 72% 98:2 E
c-CeH1q Ph 71% 99:1 90/10
PhCH,CH, Ph 50% 99:1 95/5
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[16]. Aldehydes react with 1-substituted 3-bromo-3,3-difluoropropynes in the pres-
ence of InCl; and Sn. The reaction occurs exclusively at the CF, terminus to af-
ford the corresponding gem-difluorohomopropargyl alcohols (Scheme 8.2).

B /H,0 o
r |
A+ phcHO 2 Ph)Y\
FF 100%
FF
Scheme 8.1
OH P
Ph Sn, InCly Z
PhCHO X F’h/g/
* \CFZBr H,0 FoF
67%
Scheme 8.2

Stable gem-difluoroallenylindium(l) is prepared from bromodifluoromethyl silyl
acetylene, which couples with aldehydes to give homopropargylic gem-difluoro al-
cohols; with aqueous formaldehyde allenyl alcohols are obtained (Scheme 8.3)
[17].

in TIPS F
TIPS—=—CFoBr — \//E<F
HCH(')/ \PhCHO
TIPS F R F
‘).:_—_\/ T IPS-E—XSv
HO F Ph
67% 51% HO H
Scheme 8.3

Indium-mediated reaction of 4-bromo-1,1,1-trifluoro-2-butene with aldehydes in
water proceeds stereoselectively to afford the f-trifluoromethylated homoallylic al-
cohols selectively (Scheme 8.4) [18].

OH
In/H,0
FaC o ~_Br + pncHO pony Ph/'\;A\
° CFs

anti:syn =955

Scheme 8.4
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8.2.1.2 Diastereoselectivity

Paquette and co-workers have extensively surveyed the effect of proximal groups
on diastereoselectivity in the addition of allylindium to a carbonyl group. When a-
and f-hydroxy aldehydes are subjected to the allylation, excellent diastereocontrol

Tab. 8.2 Indium-mediated allylation of a-oxygenated aldehydes

Aldehyde Solvent Time syn:anti Yield
(h) (%)
oTBS HxO 35 1:3.9 90
CHO HO-THFE (1:1) 25 1:4.2 87
THF 36-50 1:4.0 92
OBn
H.0 3 1:1.2 92
CHO H,O-THF (1) 25 122 93
THF 40-47 1:3.9 87
VN
0" o
H,O 24-30 2.3:1 90-95
O)—< OH HO-THF (1:11) 2026 231 90-93
THF No reaction
OH
O/'\ CHO H,O 5 9.8:1 85-90
OH H,0 24-30 10.2:1 90
Ho/\;/'\(CHO HO-THF (1:1) 1830  8.2:1 87
OH OH H,O-EtOH (1:1) 12 9.1:1 85
4\0 H,0 3.5 1:3.2 83
o \)\ HO-THF (1:1) 35 1:3.9 80
CHO THF 21-25 1:5.9 86
0 H,O 2.5-35 1:2 78
TBSO HoO-THF (1:1 4 :
\/—\CHO 2 (1) 35 12 82

THF 20-25 1:5.2 89
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Tab. 8.3 Indium-mediated allylation of f-oxygenated aldehydes

Aldehyde Solvent Time (h) syn:anti Yield (%)
OH Hz0 2 1.8.5 77
_K_cHo HO-THF (1:1) 2 182 74
THF No reaction
OBn H,0 25 101 80
K _cHo H,O-THF (1:1) 27 1:1 84
THE 10 11 72
OMe H0 27 1.4 78
__cHo HO-THF (1:1) 3 1:4 78
THF 8.5 1:3.3 69

is achieved and syn-1,2-diol and anti-1,3-diol products are formed at accelerated
rates. Protection of the free hydroxyl group results in the alternative formation of
1,2-anti products (Tab. 8.2 and 8.3) [19].

a-Amino [20], a-acylamino [21], and f-carboxyl groups on aldehydes [22] can also
affect diastereoselectivity. The high diastereoselectivity observed in the last reaction
can be rationalized by the chelated transition state with the carboxylic acid group
(Scheme 8.5). The a-hydroxy- [23] and a-methoxy ketone derivatives [24] exert a sim-
ilar outcome (Scheme 8.6). 2-Hydroxyketones and 2-ketoaldehydes undergo indium-
mediated diastereoselective mono- and bis-allylation reactions to give respective 1-
allyl- and 1,2-bis(allyl)-1,2-diols (Schemes 8.7 and 8.8) [25]. Indium-mediated allyla-

CS OH
In
s o + AT
HCI (pH 3)-EtOH
o) (9:1)

73%

Scheme 8.5 Allylation of y-hydroxy lactone
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OH g OH
A~B
ey H,0, 25 °C,15h -
80%
de >97:3
Scheme 8.6
in OH
OH C
B THF-H,O (2:1) - _
Ph + A —_—
P “)Y ~ 90% P
HO Ph
o de >98%
Scheme 8.7
Q THFHO (21 HO. (PR
/U\”/H v AN _THFEH0 1) W
0,
Ph 96% on
o de >98%
Scheme 8.8
HO
O S Br in \/-“” S
NJ< AT L0THE (31) = NJ<
o ~ 9 o B
CO,CHPh, 68% CO,CHPh,
o S HO
In fre
Br . . :/
oﬁ/ OAc * F T [LOTHE (31) 5 Nﬁ;k/OAc
0,
CO,CHPh, 59% CO,CHPh,
Scheme 8.9

tion of a-keto-f-lactams such as 6-oxopenicillanate and 7-oxocephalospranate pro-
ceeds diastereoselectively to afford o-allyl-f-lactams in aqueous media
(Scheme 8.9) [26].

Stereoselective synthesis of 1,3-amino alcohols is realized by the allylation of a-
keto ester possessing an amino substituent at the f-position (Scheme 8.10) [27].
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/L COCF
PR N O In

B .
BN YA R0 (1)
MeO,C CO,Me 80%

1 cocrs 1 cocr,
Ph" "N OH ., PN OH
MeOZC)\M Meozc/'\/l\/\

COMe CO,Me
Scheme 8.10 99:1

Indium-promoted addition of methyl (Z)-2-(bromomethyl)-2-butenoate to a-pro-
tected hydroxy aldehydes in water results in the formation of diastereomer 2 selec-
tively via a Felkin-Anh transition state (Tab. 8.4) [28]. Diastereoselective allylation
of a-ketoimides derived from Oppolzer's sultam proceeds in aqueous THF
(Scheme 8.11) [29].

Tab. 8.4 Indium-mediated allylation of a-protected hydroxy aldehydes

. ~CO2CH3
OR? /\[

Br
R‘/LCHO

In, Hgo
OR? OR? :
R1WCOZCH3 I AN AN, COCHs
OH OH
1 2
OR? OR? :
R CO,CH3 - “_CO,CH3
OH OH
3 4
R’ R? 1:2:3:4 Yield (%)
CH; TBS 3:97:0:0 75
Ph TBS 5:95:0:0 92
-CHy, TBS 13:87:0:0 72
¢-CeHqq Bn 7:88:5:0 79

CH; Bn 28:52:16:4 81
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? N\, ,oH
Ph)j\g/\r\\l/p/L PN n Ph)<”OA N\/pfb
0% o- S‘O

S THF-H,0 (1:3)
7%
dr >99:1
Scheme 8.11

Oxygen-bearing Allylindium Reagents

Stereoselective 1,4-asymmeric stereoinduction under aqueous conditions is realized
by use of oxygen-substituted allylic indium reagents (Tab. 8.5) [30]. O-Silylated
allylindium shows moderate anti selectivity, via the Felkin-Anh transition state,
whereas hydroxy-bearing allylindium exhibits syn selectivity by dual coordination
of indium intramolecularly to the hydroxy group and intermolecularly to the alde-
hyde.

Tab. 8.5 Reaction with oxygen-substituted allylic indium reagents

I
RO + RCHO __"
Br H,O
RO R, RO R
OH OH
anti syn

R R Yield (%) anti:syn
TBS i-Pr 72 76:24
TBS Ph 83 75:25
TBS ¢-CeHyy 71 75:25

H i-Pr 95 11:89

H Ph 79 13:87

H c-CeHyq 91 14:86

y-Oxygenated allylindium reacts with aldehydes at the oxygenated carbon to give
vic-diol derivatives in which the syn/anti selectivity depends on the nature of the al-
dehydes (Scheme 8.12) [31]. The indium-mediated reaction of 2-(bromomethyl)
acrylic acid with carbonyl compounds gives the corresponding a-methylene-y-lac-
tones after acidic work-up (Scheme 8.13) [32].
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OoH
7 /H/\

+ in X

B oA, * PhCHO Ph T
91% 3
syn:anti = 85:15

Scheme 8.12

Q : e}
PhCHO + 2.6 M HCI q

75%

Scheme 8.13

3,3- or 1,3-Dichloropropene react with indium in the presence of Lil to generate a
y-chloroallylindium reagent, which couples with aldehydes giving the corresponding
chlorohydrins (Scheme 8.14) [33]. 2-C-Branched sugars and C-disaccharides are pre-
pared by indium-mediated reaction with 4-bromo-2-enpyranoside (Scheme 8.15) [34].

Cl
In, Lil
+ C Cl ’ Ph =
PhCHO P DME
6010-30°C OH
83% syn:anti = 92:8
Scheme 8.14
B O In HOPA_oH
+ PhCHO
OEt 95% OEt
Scheme 8.15

Allylindium Reagents Prepared by Transmetalation

The allylation of aldehydes with allylic bromide in water, in the presence of stoi-
chiometric amounts of InCl; and Sn, proceeds cleanly to give the corresponding
anti y-adducts predominantly (Scheme 8.16) [7b]. It has been postulated that
transmetalation from allylic stannane to allyllic indium via an Sg2’ process occurs
during this reaction; the high anti selectivity can be explained in terms of a six-
membered ring transition state.

Sn, InCly QH

PhCHO *+ EtO,C =~ Br H.0.15h Ph/‘\/\
2, z

96% CO,Et

Scheme 8.16 anti.:syn = 85:15
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In a variety of donor solvents such as acetone and acetonitrile, InCl; undergoes
transmetalation with crotylstannane, and the resulting allylic indium species af-
fords anti adducts with aldehydes (Scheme 8.17) [7a). Indium trichloride-mediated
addition of the (R)-a-(methoxymethoxy) allylic stannane (>95% ee) to cyclohexane-
carboxaldehyde affords the anti adduct predominantly (anti:syn=98:2) and stereo-
selectively (>95% ee) (Scheme 8.18). Production of a transient allylic reagent via a
stereospecific anti Sg2’ transmetalation is postulated. This a-(methoxymethoxy)
allylic stannane reacts without allylic inversion, whereas reaction of the crotylstan-
nane in Scheme 8.18 proceeds with net allylic inversion. -Oxygenated allylic stan-
nanes also undergo transmetalation with InCls. In situ addition to a-ODPS acetal-
dehyde leads mainly to the anti adduct, which is a potential precursor to p-(+)-al-
trose (Scheme 8.19) [35]. Transmetalation of allenylstannane with InCl; and subse-
quent addition to a chiral aldehyde leads to the anti,syn and anti,anti adducts
(Scheme 8.20) [36]. Indium trichloride mediates the intramolecular cyclization of
the prochiral allylstannyl diketone to afford the desymmetrized cis—cis cyclohexa-
nol predominantly. The use of TiCl, in place of InCl; gives the cis-trans diastereo-
mer (Scheme 8.21) [37].

OR
CHO InCly ;
. /\/\SnBus w
acetone
-78°Ctort
90% anti.syn=98:2
Scheme 8.17
OMOM OH
CHO /\/?\ InCls SN
* R SnBuy acetone OMOM
-78°Ctont § .
88% anti:syn =98:2
Scheme 8.18
H OMOM InCls
yyooPs + TBSO A snBu,  EOAG
o 78°C to rt
82%
OMOM
TBSO\/\/\‘/\QDPS ——=_, D-(+)-altrose
OH
anti.syn =101

Scheme 8.19
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H, —OAc
BnO O Me (S) ~SnBuj
T H InCl3, EtOAC
Me -78°Cto 0 °C
85%
OAc OAc
BnO OH
F ¥
Me Me
Scheme 8.20 71:29

cis-trans Cis-Cis
Scheme 8.21 3:97

8.2.1.3 Enantioselectivity
The indium-mediated enantioselective allylation of aldehydes is realized in the pres-
ence of external chiral ligands (+)-cinchonine and (-)-cinchonidine (Tab. 8.6) [38]. By

Tab. 8.6 Enantioselective indium-mediated allylation of aldehydes

Br
W/\/ OH
RCHO
In, THF-hexane (3:1) R%

Chiral promoter

R Chiral promoter
(+)-cinchonine (-)-cinchonidine
Yield, ee Yield, ee
Ph 98% 76 (S) 99% 90 (R)
3-MeOCeH, 96% 62 (S) 95% 77 (R)
4-MeOCgH4 98% 29 (S) 97% 78 (R)
1-naphthyl 91% 41 (S) 83% 64 (R)
2-naphthyl 86% 29 (S) 95% 81 (R)
(E)-PhCH=CH 88% 72 (S) 98% 56 (R)
n-octyl 87% 27 (R) 89% 41 ()
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using (S,S)-2,6-bis(4-isopropyl-2-oxazolin-2-yl)pyridine as the chiral source, high en-
antioselectivity (up to 92% ee) is obtained in an aqueous medium (Scheme 8.22) [39].

In OH
A~-BT + pncHO  Ce(OThexH0 e
Chiral ligand Ph =
90% (92%ee)
] X
P
O 1 N \ O
Chiral ligand: N N/
Scheme 8.22 F

8.2.1.4 Other Allylation Reactions

Cyclopropane Synthesis

Lloyd-Jones and co-workers discovered the direct synthesis of homoallyl-substi-
tuted vinylcyclopropanes from a,f-unsaturated ketones and allylindium reagents.
In this transformation, the indium-mediated deoxygenation process delivers two
allyl units to a,f-unsaturated ketones (Scheme 8.23) [40].

Ar Ar
1. A8 0 THE |
I L L In, X
x 2.1 M HC!, Et,0, air x
Ar o] P B2 Ar
Ar = Ph: 83%
Ar = p-MeOCgH,: 60%
Ar = p-ClCgHa: 79%
Ph P> Br Ph
1SN i, THE
X
o 2. LiBr o )
P X"Xg 3 E,0 Ph
+
4. HSO (OZ) 79%
Scheme 8.23

Miscellaneous

Indium-mediated coupling of prop-2-ynyl bromides with aldehydes in aqueous
media occurs regioselectively to give either homoprop-2-ynyl alcohols or allenylic
alcohols depending on the y-substituent of the prop-2-ynyl bromide [41a, b]. In-
dium-promoted reaction of 1,4-dibromo-2-butyne with carbonyl compounds gave
1,3-butadien-2-ylmethanols via the allenic intermediates (Scheme 8.24) [41c]. Allene

335



336

8 Indium in Organic Synthesis

aryl J-lactones are conveniently synthesized by reaction of (o-methoxycarbonyl-
aryl)propargyl bromide with aldehydes mediated by indium in aqueous ethanol
(Scheme 8.25) [42].

OH OH
e PhCHO “
Br” 'Br In/H,0 Ph)\f In/H,0
Br 53%
Scheme 8.24
o (e}
In o
OMe O\ EtOH-0.1M HCI (9:1)
+
CHO 94%
\\ Br
f
Scheme 8.25

A two-atom carbocycle enlargement is accomplished by Barbier-type reaction in
water (Scheme 8.26) [43]. The coupling reaction of a-keto esters with allyl, propar-
gyl, and allenyl halides using indium metal in aqueous solvents afforded a-hy-
droxy-y,0-unsaturated esters (Scheme 8.27) [44]. Indium-mediated allylation of 1,2-
diones affords a-hydroxy keto compounds. In some cinnamylation reactions the
corresponding a-coupling products are obtained (Scheme 8.28) [45].

Br 0
@_//J 1. InfHL,O/THF (2:1)
2. DBU/THF =
CO,Et < : ]
72%

CO,Et
Scheme 8.26
O In OH OEt
Et MeOH, 0.1M HCI /\/{\[r
Me/u\n/o . AN Me
90% (0]
O
Scheme 8.27
O, HO,
° o Z~ph

3 L
. . Pho~_Br _Nal DMF
92%

Scheme 8.28
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Indium-mediated Barbier-type reaction of glyoxal monoacetal with bromomethyl
acrylonitrile or bromomethyl acrylate gives a masked a-hydroxyaldehyde (Scheme
8.29) [46]. f-Keto phosphonates give the corresponding f-hydroxy phosphonates in
good yields by indium-mediated allylation (Scheme 8.30) [47]. Indium-mediated
allylation of a-chlorocarbonyl compounds with allyl bromides in aqueous media
gives the corresponding homoallylic chlorohydrins, which can be transformed to
allylepoxides (Scheme 8.31) [48].

OMe CN In OMe
Br EtOH, 0.1M HCI CN
MeO | + 0, MeO
96%
o OH
Scheme 8.29

O 9 ort Br In 7 9
P + N HO 11 _OEt
mck/ oet = 7~ THE T n
3

93% ~OEt
Scheme 8.30
O O (@]
. /\/Br In HO,
OEt 71% Z OEt

Ci Cl

48/52
Scheme 8.31

The indium-mediated reaction of cinnamyl bromide with 5-formyluracil derivatives
gives the corresponding homoallylic alcohols. The presence of C-4 carbonyl is essen-
tial for high diastereoselectivity owing to complexation with indium (Scheme 8.32)
[49]. Pentadienylindium, a vinylog of allylindium, reacts with carbonyl compounds
selectively at the y position to give 1,4-pentadiene derivatives (Scheme 8.33) [50].

O O OH
HxC. CHO In H3C\
3 N)j/ . Ph\/\/Br N 1 X
O)\N THF:HO (1:1) O)\N Ph
H 62% H
Scheme 8.32 dr >99:1
X
NGB+ )\/CHO In “
water OH

Scheme 8.33 91%
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8.2.2
Allylation and Propargylation of Compounds other than Carbonyl

8.2.2.1 Imines and Enamines

The allylation of imines with allylindium reagents in organic solvents is known to
give the corresponding homoallylic amines [51]. a-Methylene-y-butyrolactams are
prepared by indium-mediated reaction of 2-(bromomethyl)acrylic acid with aldi-
mines (Scheme 8.34) [52]. Diastereoselective Barbier-type allylation of chiral im-
ines bearing a hydroxyl group on the chiral auxiliary is achieved in DMF
(Scheme 8.35) [53]. The chelation between the nitrogen and the hydroxyl group of
the imine with indium is crucial for high stereoselectivity. The palladium-cata-
lyzed indium-mediated allylation of imines also works well with Inl prepared in
situ from In and I, [53¢].

HO Ph
Br ¢ /=NPh  1.In, THF Ph N\ -0
+ PH
2. DC, 4-PPY cat. \<':‘<
CH,Cl,
35%
Scheme 8.34
i-Pr Ph /'-F’Sf
In OH
PhANJ\/OH + /\/Br /\)S\N)\/
S DMF H
0,
95% dr >99%
Scheme 8.35

Examples of imine allylation in aqueous media are rather limited compared
with the carbonyl version. This is ascribed to the lower electrophilicity of the C=N
function and its ease of hydrolysis to carbonyl compounds. To overcome unde-
sired side reactions, sulfonimines are used in place of simple imines for the ally-
lation under aqueous conditions (Scheme 8.36) [54]. Crotylation of a-sulfoimino
esters gives the syn adducts as high as 19:1 in H,O/THF (1:1) (Tab. 8.7) [54c].

NH
B SO,Ph
ArCH=NSO,Ph R A
H,0

Ar = Ph; 99%
Ar = p-ClCgH4;50%
Ar = p—MeOC6H4; 80%

Scheme 8.36
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Tab. 8.7 Aqueous allylindation reaction of sulfonimines bearing a-chelating groups

Sulfonimine Product Solvent Yield (%) syn:anti
THF:H,O
& 3 P 0:100 ) 76:24
0" N=NSO,Ph @) 50:50 94 93:7
NHSOzPh 101 99 937
NHTS
=NTs X 0:100 85 59.41
’\ 7\ N :
50:50 91 86:14
o)
[X \ 0100 72 68:32
N N=NSOzPh N 50:50 80 94:6
H H  NSO,Ph
[X |\ 0:100 83 5743
8" N=NSOzPh S 50:50 92 85:15
NSO,Ph
o o)
50:50 45 93.7
”‘B‘(fu\/ﬂs n-Buo Z 100:0 56 87:13
NHTs ' ’
o)
/koj\éNTs /L F 50:50 40 95:5

NHTs

Indium-mediated reaction of enamines with allyl bromides gives homoallylam-
ines. Addition of one equivalent of acetic acid accelerates the reaction. An analo-
gous reaction of methyl bromoacetate instead of allylic bromides also proceeds.
The iminium salts formed by protonation of the enamines are considered to be

the intermediates (Scheme 8.37) [55].

-

l

Scheme 8.37

1. AcOH

3. B

THF
75%

Ch

=
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8.2.2.2 Alkenes and Alkynes

The reaction of allylindium reagents with terminal alkynes proceeds in DMF giv-
ing 1,4-dienes; the proximal hydroxyl group is essential for clean allylation
(Tab. 8.8) [56].

Tab. 8.8 Allylindation of alkynols

Alkynol Allylindium Product Yield (%)

Inl. /X\/\O /><lk/OH 91
\]4\/ H (85:35)
\\/\OH " /><\/\/OH /><L/\O 85

H (73:27)

{

N
N oH Pho~_-I2 Ao A)k/OH 56
(14:86)
Ph Ph
L T (80:10)
\/0

H \(\/\(\/'"Li’ - H
59

(75:25)
\h/\%/u\/m"

THF,70°C
Ph—=—= =+ -k 2h

Ph D

== 95%-d,
DCH D
Ph InLy < /
- ||'|L2
/_)_<

Ph !

e
/

l2

Scheme 8.38
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On changing the solvent to THF, allylindation of unfunctionalized alkynes pro-
ceeds smoothly [57]. When this reaction is quenched with I, or D,0O, the diiodi-
nated product or the d,-containing allylated product is obtained, showing that the
allylindation of terminal alkynes in THF proceeds through the double-indation in-
termediate (Scheme 8.38).

The regioselectivity of the allylation depends on the presence of an adjacent free
hydroxyl group; the predominant formation of linear 1,4-dienes (anti-Markovnikov
products) is achieved from propargylic alcohols whereas simple terminal alkynes
with a protected hydroxyl group give the corresponding branched 1,4-dienes
(Markovnikov products) (Tab. 8.9) [57c].

Tab. 8.9 Allylindation of alkynes

Alkyne Product Yield (%)
"Bu p
n —
= ™~ .
OH OH
P
s OO0 .
M MeO

Me
S -
N 90
MeO

MeQ

Ph N

Allylindation of allenols proceeds regio- and stereoselectively to afford 1,5-dienes
via a hydroxy-chelated bicyclic transition state (Tab. 8.10) [58].

Allylindation of electron-deficient olefins [59] and norbornenols [60] also pro-
ceeds to give the allylated products. Hydroxy-bearing cyclopropenes undergo clean
allylindation both in organic and aqueous media [61]. The regio- and stereoselec-
tivity are determined both by the location of the hydroxyl group in the molecules
and the reaction solvents. Occasionally regio- and stereoselectivity are totally the
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Tab. 8.10 Allylindation of allenols

R? l
N e
— R inL, DMF Ih
+ 7 . 4 1
RA_OH W - R v/\/\‘ \<R
R2 R5 140 °C RSR \‘

R4 HS R2 R1

= " "OH
* ]R3
Allenol Allylindium Product Yield (%)
=\—OH P [N OH 100

79

\f\/lan

InL,
P~ e \)\MH 7
W
&
|nL2
W S S 9y 89

Ph
\='=\_ Ph\/\/lan ™ Y H 99
OH
dr 72:28
Ph
. Ph InL.
>=x ==\_OH N AL \)><\/\OH 54
dr 61:39
—— Ph
4>—OH Ph ANtz MH 44
dr 67:33

- OH Phe N " 63
2
NN a . H
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opposite in water and in organic solvents (Scheme 8.39). Stable cyclopropylindium
intermediates are isolated and characterized by crystallography.

OH O (o~ inds Ho,  1.(ge | OH

H(2

. H
H in Hzo H y in THF H H
2. Hi0" 2. Hy0' )
o 2
j 59% HO 72% HO
Scheme 8.39

8.2.2.3 Other Compounds

Reaction with Acetals and Epoxides

The reactions of allylindium reagents with trifluoroacetaldehyde hydrate or hemi-
acetal in water (Scheme 8.40) [62], or with aldehyde dimethyl acetals in aqueous
THF [63], give the corresponding homoallylic alcohols (Scheme 8.41). Allylindium
reacts with terminal epoxides to afford the corresponding bishomoallyl alcohols
(Scheme 8.42) [64].

OEt Sn, InCls OH
A~B ———
Fac/LOH vz H,0, 15 h F3c)\/\
85%
Scheme 8.40
M o et Py
Ph—( Z>C THF-H,0 (31 /
OMe 87%
Scheme 8.41
OH OH
In
Ph /[/\
N7 * /\/Br THF Ph)\/\/ * Ph X
O 90% ,
9:1
Scheme 8.42

Reaction with Acid Chlorides and Related Compounds

B,y-Unsaturated ketones are prepared from acid chlorides, allyl bromide, and in-
dium in DMF (Scheme 8.43) [65]. Allylic bromides react with sodium alkyl thio-
sulfates in the presence of indium in aqueous THF to give allyl sulfides
(Scheme 8.44) [66]. Indium-mediated coupling of allyl bromide with aromatic sul-
fonyl chloride gives the corresponding sulfones in aqueous media (Scheme 8.45)
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[67]. Indium-mediated coupling of allylic bromides with acylimidazoles or -pyra-
zoles in aqueous media gives the corresponding ketones (Scheme 8.46) [68]. In-
dium-mediated allylation of acyl cyanides with allyl halides in aqueous media af-
fords a variety of f,y-unsaturated ketones (Scheme 8.47) [69]. Indium is effective
in 2-pyridyl esters with allyl bromides or with iodide in pure water (Scheme 8.48)
[70].

Ci Cl
Cl ~Br In %
7 DMF

le) 82% 0

Scheme 8.43

In

THF/HO
82%

/\/SCwHaa-"

n-C1gH338SONa + ///\/Br

Scheme 8.44

In
PhSO,CI + /\/Br 5 /\/502Ph

Ha
64%
Scheme 8.45
o) O
Br In/H,O
Ph/U\N'N\ + N PhM
\\\) 88%
Scheme 8.46
O
O Br In
Ph)J\CN i Y\/ Hz0 Ph)l><\
73%
Scheme 8.47
O N7 1 Br in Ph_ OH
+ N /\><A
PHU\O = d HO 7 o
86%

Scheme 8.48
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Others

The reaction of allylindium reagents with methyl cyanoacetates affords the corre-
sponding allylation-enamination products (Scheme 8.49) [71]. Indium-mediated al-
lylation of a nitro group is achieved in aqueous media to give N,N-diallylamine
and N,O-diallylhydroxylamine (Scheme 8.50) [72]. In situ-generated sulfonium
salts derived from a,f-enones undergo nucleophilic substitution with allylindium
reagents to give the corresponding Michael addition products (Scheme 8.51) [73].
1-Acyl-1,2-dihydropyridines are prepared by indium-mediated allylation of 1-acyl-
pyridinium salts (Scheme 8.52) [74]. The direct allylation of aromatic compounds
with allylic chlorides is achieved in the presence of a catalytic amount of indium
metal. Indium is considered to act as a Lewis acid (Scheme 8.53) [75]. Allyl and
propargyl bromides react with diorganodiselenides in aqueous media to give allyl
and propargylselenides (Scheme 8.54) [76].

CN In /_(__\\

/T Br ==
MeO.C v A THF MeO,C  NH;

100%
Scheme 8.49
e
B In Phoy ™~ Pho O

Ph—NO, + ~Ff +

H,O-CH;CN (1:1) ‘ 1

51%
1

Scheme 8.50 16

X

@
Me,S SMe,OTBS OTBS
/\/IOJ\/ TBson /‘\/\/ in, B /\/L/K/

OOoTf 65%
Scheme 8.51
| =~ Br n | =
2.0+ 7 DMF RN
oN” X N
CO,Ph 65% COzPh
Scheme 8.52

y & cl _in
90%

Scheme 8.53
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Br __" . _~_ SePh
PhSeSePh + o THE-H,0 ©
(20:1)
Scheme 8.54 80%

Indium-mediated allylation of 4-acetoxy-2-azetidinones affords 4-allyl-substituted
azetidinones with retention of stereochemistry (Scheme 8.55) [77]. An aminoalk-
oxy titanium complex is readily allylated with allylindium reagents to give homo-
allylic amines (Scheme 8.56) [78]. In the presence of TMSCI, allylindium adds to
cyclohexenone to give the Michael adduct in 63% yield [79].

OTBS
OTBS F; y
., OAC ",
Br In, Ki ¥
NH A OMF NH
¢ gs% O
Scheme 8.55
Ti(OI-Pr)s | BnyN.__OTi(Oi-Pr);
+ —_—
PhCHO * BnoNH— "o~
Ph
In, = Br anNY\/
Scheme 8.56 74% Ph

8.3
Reformatsky and Other Reactions

Indium enolates, prepared conveniently by transmetalation of lithium enolates with
InCl;, react with aldehydes to give the corresponding p-hydroxy esters [80].
Ultrasound irradiation promotes the Reformatsky reaction of aldehydes and ethyl
bromoacetate with indium [81]. Indium-mediated Reformatsky reaction of phenyl
a-bromoalkanoates with ketones or aldehydes gives di-, tri-, and tetrasubstituted
f-lactones (Scheme 8.57) [82]. Indium-mediated reaction of imines with ethyl
bromoacetate gives 3-unsubstituted f-lactams (Scheme 8.58) [83]. An indium-Refor-
matsky reagent prepared from 2-(chlorodifluoroacetyl)furan couples with aldehydes
(Scheme 8.59) [84].

(@)
In/DMF
oph *
B>Hf P{ - 5

0 (e}
Scheme 8.57
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Ph Ph
N + BroH,COEt _MTHF );(
NPh 60% 7 N ph
Scheme 8.58
e} O OH
In o)
o
PhCHO ————— Ph
FZC'C*@ + HOTHF (1) Q] F7°F
80%
Scheme 8.59

Carbonyl compounds are efficiently transformed into 2,2-dichloro-3-hydroxyni-
triles by the action of trichloroacetonitrile and indium(I) bromide (Scheme 8.60)
[85a]. Bromocyanomethylation of carbonyl compounds is also achieved by reaction
of dibromoacetonitrile and indium(I) bromide [85Db]. Indium-mediated reaction of
a-chloropropargyl phenyl sulfide and aldehydes gives f-hydroxysulfides regio- and
stereoselectively in aqueous media (Scheme 8.61) [86].

0 CH
CCCN +  J  _MmBr | HS’>‘\§CN
Ph CHs 73% Cl
C!
Scheme 8.60
H In/DMF-H,0 OH
n - =
+ PhCHO 2 phv
CI" ~SPh 83%
SPh
symanti = 20:80
Scheme 8.61

The reaction of cyclopentadienylindium(I) with aldehydes gives isomeric mix-
tures in aqueous media (Scheme 8.62) [87].

HO

@\(Ph . Ph
THF-H,O (4:1)

OH
60% 11

Cpin + PhCHO

Scheme 8.62
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8.4
Reactions in Combination with Transition Metal Catalysts

The use of organoindium reagents in combination with transition metal catalysts,
which greatly expands the scope of indium chemistry in organic synthesis, has re-
cently received much attention. A new preparation of allylic and allenic indium re-
agents by use of Pd catalysts has been reported. Allyl acetate and Inl react with
benzaldehyde in the presence of a catalytic amount of Pd(PPh;), to give the corre-
sponding homoallylic alcohol in high yield (Tab. 8.11) [9]. The reaction proceeds
via a z-allylpalladium(II) complex then reductive transmetalation with Inl to give
an allylindium compound. The reaction can be performed in a variety of solvents
including THF, 1,3-dimethyl-2-imidazolidinone (DMI), and dichloromethane. Prot-
ic solvents such as water, methanol, and ethanol can also be used. A variety of
allylic substrates, e.g. allyl chloride, vinyloxirane, and acrolein acetal, can be em-

Tab. 8.11 Indium-mediated palladium-catalyzed allylation of benzaldehyde with allylic compounds

Reno X+ PhCHO

Inl Ph &
R
Pd(PPh3),4 Y\/

OH

Allylic compound Product Yield (syn:anti)

Ph >
/\/OAC 1/\/ 919,
OH
hd Phwj\/ 929 (58:42)
cl L
o _-OAC Phwﬁ\% 989% (32:68)
(E:Z =96:14) OH
Ph
Ph ~_-OAc Phj)\/ 1009 (14:86)
OH
Ph OA eh
\/\r ¢ Ph{‘\) 799% (11:89)
OH
Ph._ _OH
Ph —
\E/'JJJ— Ph\ll/ 809 (85:15)
(cis:trans = 31:69) OH

a Diastereomeric ratio.
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ployed. Intramolecular cyclization of the acetate to the macrocyclic alcohol is
achieved highly stereoselectively (Scheme 8.63) [88].

CO,-t-Bu

7 CO,-t-Bu

OA

: (0] PPhS)A J

N e K
"

(o] syn, trans
Scheme 8.63

This indium-mediated palladium-catalyzed Barbier-type allylation of aldehydes is
expanded to cascade reactions with allenes, which give three-component coupling
products (Tab. 8.12 and 8.13) [89].

The InlI-Pd(0)-promoted allylation of aldehydes with N-activated vinylaziridines
or allylic acetates proceeds with regio- and stereoselectivity, irrespective of the chir-
ality of the allylic carbon bearing the vinyl group, to provide syn,syn-2-vinyl-1,3-
amino alcohols with three contiguous chiral centers (Scheme 8.64) [90]. In a simi-
lar manner, 2-ethynyl-1,3-amino alcohols are synthesized from 2-ethynylaziridines
(Scheme 8.65) [91].

Tab. 8.12 Indium-mediated palladium-catalyzed cascade reaction with allene

Pd(0) J\/Pd(ll) In /U\)O\H
+ ¢ —
al ! Ar Ar Ar

ArCHO
Arl RCHO Product and Yield (%)
Phi 4-MeOCgH,CHO /U\)O\H
Ph CeHOMes &4
S | OH
4-MeOCgH,CHO
@/ o \S ) CeHiOMe4 66

u 43
Phi PhCHO Ph CeHs
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Tab. 8.13 Indium-mediated palladium-catalyzed reaction of alkynylarene, allene, and aldehydes

XPd XPd\J
| =z | |
Pd(0) .
o] o]
o]
OH .
R Yield (%)
R
Ph 52

RCHO | @ 51

O o
@/ 50
z
Pd(PPh3) 4
= Ph
e Inl
N PhCHO NH OH
Mts Mts
Me
Mis = Me SOZ
Me
Scheme 8.64
Bn Y
‘r/ Pd(PPh) s l“
H N “H In{ Bn _~ , Ph
\ PhCHO =
Mtr 78% r‘\lH OH
Mtr
Me Me
Mtr = Me S0, —
Me
Scheme 8.65

Transmetalation of an allenylpalladium intermediate with Inl proceeds stereoselec-
tively. (R)-Propargyl mesylate (>95% ee) reacts with cyclohexanecarboxaldehyde in
the presence of InI and 5 mol% palladium catalyst to give, via an allenylindium in-
termediate, the adduct stereoselectively with high enantiomeric excess (Tab. 8.14)
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[92]. The addition is most efficient in 3:1 THF-HMPA and 1:1 THF-DMPU.
Anti:syn ratios are excellent with a-branched aldehydes but only modest with un-
branched and conjugated aldehydes. The reaction of a matched combination of
the mesylate with chiral a-oxygenated aldehydes proceeds with high stereoselectivity
giving the anti,anti adducts, whereas a mismatched combination affords a mixture of
diastereoisomers (Scheme 8.66) [93]. The mesylate of a chiral alcohol undergoes high
enantio-, regio-, and diastereoselective addition to a variety of aldehydes, leading to
the homopropargylic alcohol adducts (Tab. 8.15) [94].

Tab. 8.14 Reaction of chiral propargyl mesylate with cyclohexanecarboxaldehyde

OMs H Me
wWMe =
7z o Z
" 1 I5ml°/catH OH

(ee> 95%) nt, 070 .
catalyst Solvent Yield (%) anti:syn ee (%)
none THF-HMPA (3:1) 66 96:4 0
Pd(dppf)Cl, THF-HMPA (3:1) 76 95:5 95
Pd(dppf)Cl, THF-DMPU (3:1) 63 87:13 90
Pd(dppf)Cl, THF-DMPU (1:1) 80 91:9 87
Pd(dppf)Cl, THEF-HMPA (20:1) 66 93:7 91
Pd(OAc), - PPh; THF-HMPA (3:1) 75 95:5 91

Tab. 8.15 Reaction of chiral propargyl mesylate with aldehydes

SiMe3 OH SiMe3
MsO. & Pd(OAC)2°PPh3, Inl 7
RCHO  + R

<

Me
R Yield (%) anti:syn er
c-CeHyy 75 >99:1 99:1
i-Pr 89 98:2 99:1
Ph(CH,), 69 >99:1 >99:1
CeHis 80 98:2 99:1

(E)-BuCH=CH 73 99:1 99:1
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OR
H Me OR

e TS
mlj o /'\:)\

= Me ni 5mol%cat. H OH
(S) anti, anti 100%
R=Bn: 89%
R=TBS: 63%

Scheme 8.66

The vinylindium compounds obtained by the addition of allylindium to alkynes
react with organic halides in the presence of a palladium-catalyst to give three-com-
ponent coupling products (Scheme 8.67) [57b]. 3,3-Dibromopropene or 3-bromo-1-
iodopropene reacts with indium to give diindiopropene [95]. This novel diindium
compound readily reacts with carbonyl compounds to afford the vinylindium re-
agent which, with the aid of a palladium catalyst, couples further with electrophiles
to give linear homoallylic alcohols (Scheme 8.68).

InL Ph Ph
PhCHglnL, i'>:< 2 PhCH,l -):(»
Ph—== Ph InLy Pd(PPhs), Ph 490/H
0
Scheme 8.67
L2|nwlnL2 Ph P InLy
PhCOMe Me GinL,
. Ph N
1, LiC! Ph
PPh 2
Pd(PPhg): 2 9%
Scheme 8.68

Intramolecularly stabilized alkylindium compounds react with chloroarenes in
the presence of NiCl,(PPhs), to give the corresponding alkylated arenes in high
yields (Scheme 8.69) [96]. Palladium-catalyzed cross-coupling of triorganoindiums
with vinyl and aryl triflates or iodides proceeds in excellent yield with high che-
moselectivity (Tab. 8.16) [97, 98]. All three of the organic groups attached to in-
dium are transformed. With acid chlorides the corresponding ketones are ob-
tained in high yields (Tab. 8.17). A nickel catalyst is equally effective for the trans-
fer of the three organic groups attached to indium (Scheme 8.70). A similar cou-
pling can be performed in aqueous media with diorganoindium compounds un-
der palladium catalysis [99].
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Me Me Me

e NiCl,(PPh3),

MezN‘ln«O “ 2 mol% OO
\/O In‘NMe2 1%

Scheme 8.69

Tab. 8.16 Palladium-catalyzed alkylation of 4-iodotoluene with triorganoindium

| Ph
Rgn  + 3/©/ Pd(PhaP),Cl, 5 /@/
Me THF, rfx Me

R Yield (%)
Ph 96
CH,=CH 89
PhC=C 90
TMSC=C 93
n-Bu 82
Me 85
¢-C3Hs 92

Tab. 8.17 Palladium-catalyzed reaction of triorganoindium with acid chlorides

0 Pd(PhaP),Cly o
Rain  + 3 J_ 3 M
R ™l THF, rfx R R
R 4 Yield (%)
Ph Ph 89
PhC=C Ph 94
Me Ph 97
Ph Me,C=CH 87
PhC=C Me,C=CH 90
TMSC=C Me,C=CH 90

cl i cl R
Me DIBAL, PPhy Me
THF, rfx
R = Ph: 74%
R = n-Bu: 83%

Scheme 8.70
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The 1,4-conjugate addition of triorganoindium to enones is promoted by a cata-
lytic amount of Ni(COD), (Scheme 8.71) [100]. Allylindium reagents can be used
in Pd-catalyzed cross-coupling reaction with aryl halides (Scheme 8.72). The Pd-
catalyzed allylic substitution of allyl carbonate produces 1,5-dienes (Scheme 8.73)
[101]. The indium-mediated palladium-catalyzed Ullmann-type reductive coupling
of aryl halides proceeds in aqueous media under air (Scheme 8.74) [102].

9 o)
Ni(COD)
ek Ve
THF
80% n-Bu
Scheme 8.71
| X
NG Pd,(dba)3*CHCls, LiCl OO
DMF, 100 °C
93%
Scheme 8.72
In Ph”X""0C0,Me
/\/Bf » Ph/M
Pd(0)
90%
Scheme 8.73
In/Pd(OAC),
" acetone-H,0
OMe 26% MeO OMe
Scheme 8.74
8.5
Reduction
8.5.1

Reduction of Carbonyl Groups

Lithium indium hydride (LilnH,), prepared in situ by mixing LiH and InCl; in
ether, readily reduces aldehydes. Reduction of ketones is less effective, giving low-
er yields of alcohols. Carbon—carbon double bonds are not reduced (Tab. 8.18)
[103]. Acid chlorides are converted to esters with this reagent. Esters, in turn, are
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Tab. 8.18 Reduction of carbonyl compounds with LilnH,

? LilnH, )O\H
HnMg

1/U\ 2 —_— 1 2
R R ether R R
R R? Yield [%]
4-CIC¢H,4 H 93
(E)-PhCH=CH H 92
n-C7H15 H 89
Ph Me 64

Tab. 8.19 Reduction with dichloroindium hydride

)CJ)\ ClyinH OH

R R? THF R R

R R? Yield [%]
Ph H 93
n-CsHy H 78

t-Bu H 84
(E)-PhCH=CH H 99
4-NO,CeH, H 75
4-CNCgH, H 76
4-MeOCOCgH, H 96

Ph Me 23
(E)-PhCH=CH Ph 93°

Ph CH(OMe)Ph 82 (>99% de)

a 1,4-Reduciton product.

little affected. The reducing ability of LilnH, is increased by introduction of phe-
nyl groups; LiPhInH; and LiPh,InH, readily reduce aldehydes, ketones, acid
chlorides, and even esters to the corresponding alcohols.

Dichloroindium hydride (Cl,InH), generated by reaction of InCl; with tributyl-
tin hydride, has also been successfully used for the reduction of carbonyl com-
pounds and for the debromination of alkyl bromides [104]. This reductant has fea-
tures such as the chemoselective reduction of functionalized benzaldehydes, chela-
tion-controlled reduction of benzoin methyl ether, and 1,4-reduction of chalcone
(Tab. 8.19). The stable carbene and tertiary phosphine adducts of indium trihy-
dride, [InH3{CN(Mes)C,H,N(Mes)}] and [InH3{P(CsH11)3}] reduce ketones to alco-
hols (Scheme 8.75) [105].
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0 OH
)L {InH3{P{CeH11)3}] /k
Ph”” “CH Ph™ "CHs
3 100%
Scheme 8.75

A combination of chlorodimethylsilane and a catalytic amount (5 mol%) of InCl;
is effective for deoxygenation of aryl ketones and sec-benzylic alcohols to the corre-
sponding hydrocarbons (Scheme 8.76) [106]. This system is selective for carbonyl
groups; functionalities such as halogen, ester, ether, and nitro groups tolerate the
reduction conditions. A combination of chlorodimethylsilane and allyltrimethylsi-
lane effectively promotes the deoxygenative allylation of aromatic ketones in the
presence of a catalytic amount of InCl; to give the terminal alkenes (Scheme 8.77)
[107]. The choice of solvent is definitely significant in this deoxygenative allyla-
tion; the reaction of acetophenone proceeds only in dichloromethane or 1,2-dichloro-
ethane. Aldehydes and aliphatic ketones give complicated mixtures.

Ph. _Ph  InX3(5moi%) Ph. _Ph
MeSICH + Y[ P ~
CH,Cly, 25°
O 2= X= Cl: 99%
X= Br: 87%
Scheme 8.76 X=1: 88%

PhYM*% Me,SICH + 22 SMes

O
Ph. H
InCl; (5 mol%)
MGX/\
CH,Cly, 11,2 h
Scheme 8.77 86%
8.5.2

Reductive Coupling

Indium-mediated pinacol coupling of aromatic aldehydes in neutral aqueous media
under the action of sonication gives the corresponding diols in moderate to good
yields (Scheme 8.78) [108a]. Pinacols are also obtained by use of InCl;, TMSCI
and Mg or Al (Scheme 8.79) [106b, c]. InCl;-Zn-mediated deoxygenative coupling
of carbonyl compounds gives (E)-alkenes (Tab. 8.20) [109].

Ar OH
>':O HI nO Arj)\Ar
H 2 OH
Ar=Ph: 70% (di:meso = 5:3)

Ar = 4-MeCgH4: 80% (56.5:1)
Ar=4-FCgHy: 51%  (21)

Scheme 8.78



8.5 Reduction

OH
Ar>: cat. InCly Ph\R\
0 ———— Ph
Mg, TMSCI
H I OH

THF

Ar=Ph:67% (dl:meso= 68:32)
Ar = 4-CiCeHa: 59%  (50:50)
Ar = 4-MeCgHy 69%  (56:44)
Ar = 4-MeOCgH,: 43%  (85:15)

Scheme 8.79

Tab. 8.20 InCl;-Zn-mediated reductive coupling of carbonyl compounds

InClz-Zn 1 1
R MeCSN, rt R R
=0 D
R2 R R
R R t [h] Yield [%]  E/Z
Ph H 8 93 98:2
4-CICH,4 H 9 90 86:14
4-MeCgH, H 7 88 90:10
4-MeOCgH4 H 8 80 75:25
4-NO,CgH, H 9 70 70:30
Ph Me 9 60 80:20
n-pentyl H 9 72 70:30

Aldimines are reductively coupled by indium in aqueous ethanol [110], or by
InCl;, TMCS], and Al in THF [108c], to vicinal diamines in good yields
(Scheme 8.80). Reductive homocoupling of alkyl and aryl iodides with indium me-
tal in DMF produces bialkyls and biaryls in good yields (Scheme 8.81) [111].

In

H,O-EtOH Ph Ph
PhCH=NPh
NH,C!  PhHN  NHPh
100%
Scheme 8.80
In, DMF
Phl — X pp—ph
78%

Scheme 8.81
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853
Dehalogenation

Dichloroindium hydride is inert in the reduction of acid chlorides. On addition of
20 mol% triphenylphosphine, however, high-yield reduction to aldehydes can be
realized (Tab. 8.21) [112]. Over-reduction to alcohols is negligible. This reduction
works even with a catalytic amount (10 mol%) of InCl;. Neither electron-with-
drawing nor -donating substituents on aromatic acid chlorides disturb the facile
formation of aldehydes. Cyano and nitro substituents tolerate the reduction condi-
tions. Primary aliphatic acid chlorides also give good yields even when terminal
olefin and chlorine substituents are present. Bulky aliphatic acid chlorides give
low yields accompanied with over-reduction to alcohols. Dichloroindium hydride
acts as a radical initiator in the reduction of halides with tributyltin hydride
(Scheme 8.82) [113]. Debromination of aryl-substituted vic-dibromides with indi-
um metal in MeOH or Cp,TiCl,/In in THF leads exclusively to trans alkenes
(Scheme 8.83) [114]. A wide range of structurally varied aryl-substituted gem-dibro-
mides undergoes reduction by indium metal to give the corresponding (E)-vinyl
bromides predominantly in high yields (Tab. 8.22) [115]. The NaBH,—cat.InCl; sys-
tem is found to be a convenient radical reagent and is proposed as an alternative
to the tributyltin hydride system (Scheme 8.84) [116].

Tab. 8.21 Reduction of acid chlorides

InCl; (10 mol%)

PPhs (20 mol%)

Bu,;SnH

RCOCI RCHO
R Solvent Trq Yield [%]
Ph toluene -30 97
4-MeCgH, toluene -30 93
4-CIC¢H, toluene =30 80
n-C¢His toluene -30 93
Cl(CH,)s THF -30 83
CH,=CH(CH,)s  THF =30 92
1n-C4Ho(C,Hs)CH  THF rt 42
-CeHyy THF 1t 62
t-Bu THF rt 39
inCl3/BuzSnH

CH
Br THF, rt,2 h @/ 3
86%

Scheme 8.82
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= 88%
Br
Scheme 8.83

Tab. 8.22 Reduction of 1,1-dibromoalkenes

R__Jpr In, EtOH R
:Br NH4CI-H,0 “Br
R t [h] Yield [%] E/Z
Ph 16 95 95:5
1-naphthyl 16 80 90:10
4-CICGH, 15 92 82:18
4-MeOCgH, 17 88 75:25
4-MeCgH, 16 90 76:24
3-MeCeH,4 16 91 70:30
4TBDMSOC,H, 17 92 82:18
2-allylOCgH, 16 85 80:20
3,4-(MeO),CeH; 17 93 76:24
3-MeO-4-BzOCsH; 16 90 75:25
PhCH=CH 18 80 60:40
& 15 70 50:50
S
@ 15 85 55:45
0
Br  InCly(cat.), NaBH, H
Ph F’hJ\M
Me e
90%
Scheme 8.84

8.5 Reduction

Under the action of sonication indium metal in water reduces a-halocarbonyl com-
pounds and benzyl iodides to the corresponding dehalogenated products in excellent
yields, although simple alkyl and aryl iodides remain inert under these conditions
(Scheme 8.85) [117a]. Similar dehalogenation in micellar systems in the presence
of a catalytic amount of sodium dodecyl sulfate in water affords the corresponding
parent carbonyl compounds in excellent yields (Scheme 8.86) [117b]. The allylic io-
dide or acetate is reduced by indium into the corresponding 3-methylcephems and 3-
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methylenecephams in an aqueous system (Scheme 8.87) [118]. The latter are con-
verted quantitatively into the former under basic conditions.

In

PhCOCH;! PhCOCH;
H.0, US
Scheme 8.85
\)(J)\ n, HyO o
Br.
Ph  001M, SDS Ph
96%
Scheme 8.86
R'HN RHN S
THF-H,0
2 CO,PMB COPMB
R'=PhCH,CO  73% }
Scheme 8.87
8.5.4

Reduction of Functional Groups

Indium metal reduces the terminal triple bond of aryl propargyl ethers, amines,
and esters in aqueous ethanol to produce the corresponding alkenyl compounds
(Tab. 8.23) [119]. Indium metal in aqueous ethanolic ammonium chloride reduces
the carbon—carbon double bond of activated conjugated alkenes such as a,a-dicya-
no olefins, f-arylenones, and enone esters (Scheme 8.88) [120].

Tab. 8.23 Reduction of terminal alkynes

y In, HyO-EtOH _
R—// R’

R t [h] Yield [%]
PhO 40 90
PhCH,0 50 45
PhNH 40 90
¢-CeHyNH 40 20
PhCOO 40 95

¢-CsH;;CO0 50 42
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In

Ph :CN EtOH-H,O-NH,Cl PR\ :CN
e —— e
CN 86% CN

Scheme 8.88

The reduction of alcohols using chlorodiphenylsilane as a hydride source proceeds
in the presence of a catalytic amount of InCl; (Scheme 8.89) [121]. In the presence of
indium, nitrones undergo deoxygenative reductive coupling and subsequent cycliza-
tion to give 3-arylamino-2,3-dihydrobenzofuran derivatives under aqueous condi-
tions at ambient temperature (Scheme 8.90) [122]. 2-Nitro-substituted acylbenzenes
or iminobenzenes are cyclized to 2,1-benzisoxazoles with 2-bromo-2-nitropropane
and indium in aqueous methanol. The reaction is considered to involve the 2-nitro-
propan-2-yl radical, which is generated by reduction of 2-bromo-2-nitropropane with
indium (Scheme 8.91) [123].

by PheSiHC
Ph 5 mol%
G o ey
OH CH,Cly
87%

Scheme 8.89

0 g,
~N-Ph HN
moa ot (UL )
OH H20. NH,CI, EtOH 5

88% HO

Scheme 8.90

CHO Br In ==
* %o 9 <N
NO, 2 100% N

MeOH-H,0 (1:1)

Scheme 8.91

The deoxygenation of N-oxides such as N-arylnitrones, azoxybenzenes, and N-
heteroarene N-oxides, proceeds smoothly with indium trichloride in MeCN
(Scheme 8.92) [124]. Nitroarenes are transformed to N,O-diacetylated N-arylhydrox-
ylamines with indium metal, Ac;0, MeOH, and a catalytic amount of InCl;
(Scheme 8.93) [125].
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N N
N 95% N
Ph Ph
Scheme 8.92
AcyO, In
InCis ﬁi\C
phNO, MEOHCHCL - phn-0Ac
81%
Scheme 8.93

Intermolecular alkyl radical addition to imine derivatives proceeds in aqueous
media when indium is used as an SET radical initiator. The one-pot reaction
based on radical addition to glyoxylic hydrazone provides an a-amino acid
(Scheme 8.94) [126]. A similar indium-mediated radical addition to an electron-de-
ficient C-C bond gives the corresponding adduct. Chiral allylic amines are synthe-
sized in high yields by treatment of 2-iodomethyl N-tosyl aziridines with indium
in MeOH under reflux (Scheme 8.95) [127].

j-Pri, In
' NHNPh
MeO,C. . NNPh, MeO,C 2
0Lz H,0-MeOH e
98% i-Pr
Scheme 8.94
Is
. NHTs
N in, MeOH
STTIPS Fa 95% ”CsHﬂ/‘\/
Scheme 8.95

Indium metal is used for the reduction of imines (Scheme 8.96), iminium salts,
quinolines (Scheme 8.97), conjugate alkenes, nitro compounds (Scheme 8.98), and
azides in aqueous ethanolic ammonium chloride [128a-g]. Oximes (Tab. 8.24)
[128a, h] and azides are also reduced to the corresponding amines with indium in
acidic THF (Tab. 8.25) [1281].

Ph In, NH4CI
\=N n N4

‘Ph 80% H

Scheme 8.96
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Me
e
N

76%
Scheme 8.97
NH,
©/ In, NH4CI
95% Ct
Scheme 8.98
Tab. 8.24 Reduction of oximes
R! R’
In, THF
&ZNOH e FNHAC
R2 AcOH, Ac,O R2
R R? Yield [%]
CO,Me CO,Me 65
COi-Pr CO,Me 85
COPh COMe 69
Me CO,Et 98
Me COPh 96
H COPh 100

Tab. 8.25 Reduction of azides

In, HCI
R-N R—NH,
aq. THF
R t [h] Yield [%]
PhCH, 2 85
(F)-PhCH=CH 3 92
Ph;C 8 90
Ph,CH 8.5 96
PhCH,0COCH, 3 85
4-"BuCgH, 3 95
dodecyl 2 92
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p-Nitrostyrenes are selectively reduced to the corresponding oximes by indium
metal in aqueous methanol (Scheme 8.99) [129]. The reduction of disulfides by
use of In/NH,CI gives thiols (Scheme 8.100) [130].

Ph/\/CH:i In Ph/\fCHa
N

85%
NO; “OH
Scheme 8.99
In, NH4Cl
EtOH, rfx
Ph—S-S—Ph Ph—SH
97%

Scheme 8.100

8.6
Indium Salts as Lewis Acids

Indium(III) chloride and indium(III) triflate have been introduced to organic syn-
theses as versatile Lewis acids. They are stable in water, and catalyze a variety of
organic reactions, e.g. the Diels-Alder reaction, the aldol reaction, Michael addi-
tion, the Friedel-Crafts reaction, and other organic transformations.

8.6.1
The Diels-Alder Reaction

It was first reported in 1996 that indium trichloride catalyzes the Diels-Alder reac-
tion in water [131]. The reaction of acrolein with cyclopentadiene in the presence
of 20mol% InCl; proceeds stereoselectively (endo:exo=91:9) (Scheme 8.101).
Without catalyst the reaction only goes to 60% completion (endo:exo=74:26). The
InCl;-catalyzed Diels-Alder reaction works with either cyclic or non-cyclic dienes.
InCl; can be recovered for reuse after the reaction is completed. Indium triflate is
also an effective catalyst for intramolecular Diels-Alder reactions of furans under
microwave irradiation (Scheme 8.102) [132].

InCl
- 3 ﬂb
R H,O
R

100%
R=CHO endo.exo = 91:9
R = COMe endo:exo = 90:10

Scheme 8.101
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I(OThH3 o)
&/NHPh A
(6] Mw A
85%
Scheme 8.102

Indium chloride is also an excellent catalyst for ionic Diels-Alder reactions.
Acyclic and cyclic olefinic acetals undergo reactions with isoprene and cyclopenta-
diene in the presence of 20 mol% InCl; to form the corresponding cyclic adducts
in good yield with good selectivity (Scheme 8.103) [133]. With cyclopentadiene, the
endo/exo ratio is fairly good and comparable with that for the LiClO4- and Nafion-
H-based reactions. With other Lewis acids, e.g. Yb(OTf); or Sc(OTf);, no cycload-
duct is formed.

O/> Me
a
1o . @ InCI3
| CH3NO, o o
Me 1h
73% -
endo.exo
= 80:20

Scheme 8.103

Indium trichloride and indium triflate are good catalysts also for the imino Diels-
Alder reactions. With 20 mol% InCl;, N-benzylideneaniline reacts with cyclopenta-
diene to give the corresponding tetrahydroquinoline derivative (Scheme 8.104)
[134]. Similar InCl;-catalyzed imino Diels-Alder reactions proceed with 3,4-dihy-
dro-2H-pyrane, indene [135], and cyclic enamides [136]. In contrast, cyclohexen-2-
one gives no phenanthridinone, but azabicyclo [2.2.2]octanone is isolated
(Scheme 8.105) [137]. The reaction seems to proceed through the formation of die-
nolate ion by strong coordination of InCl; with the enone.

NO,
O:N H O
@\ InCl c
s
N en CHaCN : NH
95% H &,

Scheme 8.104
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NO
on - 3
InCt N
\©\N//\Ph + & Ph
CH,;CN

o H
%
70% endo:exo = 67:33

2

Scheme 8.105

At a loading as low as 0.5 mol%, indium triflate catalyzes the three-component
coupling reaction between aldehydes, amines, and Danishefsky's diene to afford
tetrahydropyridine derivatives (Scheme 8.106) [138]. In the presence of indium tri-
flate, 3,4-dihydro-2H-pyran reacts with in situ-generated chromone Schiff’s bases
to give the endo cycloadducts (Scheme 8.107) [139].

OMe

(0T, Ph
& (0.5 mol%) /N
+ PhCHO + PhNH; Ph
51%
TMSO 0

Scheme 8.106

Scheme 8.107

8.6.2
Aldol and Mannich Reactions

In combination with t-butyldimethylsilyl chloride, InCl; catalyzes the aldol reac-
tion between aldehydes and t-butyldimethylsilyl enol ethers in anhydrous organic
solvents [140]. It has recently been found that the InCl;-catalyzed Mukaiyama al-
dol reaction proceeds in water (Tab. 8.26) [141]. The reaction proceeds cleanly un-
der almost neutral conditions to give f-hydroxy ketones. The aqueous phase with
InCl; can be reused. Water-soluble aldehydes such as glyoxylic acid and a com-
mercial formaldehyde solution can be used directly for these reactions.

In contrast with these results it has been claimed that hydrolysis of silyl enol
ethers is superior to the desired aldol reactions with aldehydes in water [142]. The
reactions have been found to proceed to some extent in the presence of InCl; un-
der neat (solvent free) conditions [142, 143]. With the surfactant sodium dodecyl-
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Tab. 8.26 InCl;-catalyzed reaction of silyl enol ether with aldehydes

OSiMe;  InCls (20 moi%) Q OH

Ph 23°C, H20, 15 h

RCHO Yield (%)

PhCHO 88

HCHO 91

HO,CCHO-H,0 91

2-PyCHO 9

4-PyCHO 96

sulfate (SDS, 35 mM, 0.2 equiv.) and 0.2 equiv. InCl;, benzaldehyde reacts with 1-
phenyl-1-trimethylsilyloxypropene in micellar systems to give the corresponding
aldol adduct in 75% yield [142]. Indium chloride catalyzes the aldol reaction be-
tween p-glucose-derived silyl enol ether and formaldehyde in water to give the cor-
responding adduct diastereoselectively (R/S=96:4) [144]. One-pot Mannich-type
reactions between aldehydes, amines and silyl enol ethers are also catalyzed by
InCl; in water to give f-amino ketones and esters. With glyoxylic acid as the alde-
hyde component, a-amino acids can be obtained (Scheme 8.108) [145]. InCl; can
be used in the addition of silyl enolates to aromatic aldimines [146]. The greater
selectivity for aldimines than for aldehydes is demonstrated in the InCls-catalyzed
coupling with propiophenone silyl enol ether [147]. The InCl; - 4H,0-catalyzed
condensation of cycloalkanones with aromatic aldehydes proceeds in a sealed tube
to afford a,a’-dibenzylidenecycloalkanones (Scheme 8.109) [148].

O R'" OTMS
Hom/u\H + ANHp o+ R}:<R2
0
ATNH O
InCl3 HO R2
H,O 1 1
2 oRY R
Ar = 4-CICgH, R' = Me, R? = OMe, 31%

R'=H, R? = Ph, 63%
Scheme 8.108

0 @)

10 mol% InCly=4H,0
2 110°C 2

95%

Scheme 8.109
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8.6.3
Michael Addition

The conjugate addition of primary and secondary amines to a,f-ethylenic com-
pounds, such as acrylates, crotonates, and acrylonitrile, is promoted by InCl; in
water under mild conditions [149]. When the reaction of acrylonitrile with diiso-
propylamine is conducted in the presence of InCl; (20 mol%), the Michael prod-
uct is obtained in 82% yield. The catalyst can be reused. Under neat conditions,
InCl; is also an effective catalyst for Michael addition of silyl enol ethers and ke-
tene silyl enol acetals to a,f-unsaturated ketones, affording the corresponding ad-
ducts (Tab. 8.27) [150]. Allyltrimethylsilane also reacts with a,f-unsaturated ke-
tones to give the 1,4-adducts in the presence of InCl; and TMSCI [151]. Indole
and 2-methylindole undergo conjugate addition with electron-deficient olefins in
the presence of a catalytic amount of InCl; to afford the corresponding Michael

adducts (Scheme 8.110) [152].

Tab. 8.27 Michael addition of silyl enol ethers and ketene silyl enol acetals

0 OSiMe; ol (20 ol o R O
n mo
R1H\/\Rz + Ra\% RS 3 ) R’ 3 WR®
La R R
R R? R R* R Yield (%)
(CH,)s H H Ph 67
(CHy)3 Me Me OMe 82
(CH,)s Me H Ph 86
(syn:anti=65:35)
(CHy)s H (CH,); 90
(de 65:35)
(CHa), H H Ph 60
H H H H Ph 68
0]
Me

g
+

=2

[0

85

2|8
Iz

Scheme 8.110



8.6 Indium Salts as Lewis Acids | 369

8.6.4
Friedel-Crafts Reaction

The treatment of aromatic compounds with benzyl halides in the presence of a
catalytic amount of indium (1 mol%) gives the corresponding diaryl compounds
(Scheme 8.111) [153]. Glycals react smoothly with furan in the presence of a cata-
lytic amount of InCl; to afford C-3-substituted glycals (Scheme 8.112) [154].

In (1 mo! %)

PhH + PhCH.Br
80%

(excess)

" Ph

Scheme 8.111

o) 0
MeQO ‘ . ﬂ InCls MeOU
MeO™ o) MeO™
OMe 94% =
Qo

Scheme 8.112

A catalytic amount of InCl; promotes the reductive Friedel-Crafts alkylation of aro-
matic compounds with aldehydes or ketones using chlorodimethylsilane as a hydride
source (Tab. 8.28) [155]. Typical Friedel-Crafts catalysts, e.g. AlCl;, ZnCl,, and
CF3SO3H, have less effect. Both aromatic and aliphatic ketones can be used to give
the corresponding alkylbenzenes, whereas aliphatic aldehydes such as hexanal result
in the quantitative formation of the dialkyl ether. Functional groups such as halogen,
ester, and ether on the ketones are tolerated under the reductive conditions.

Tab. 8.28 Reductive Friedel-Crafts alkylation of aromatics with carbonyl compounds

R _R? InCls (5 mol%)  R'. R2
MeSICH + 7 + AH
O Ar
R R? ArH Yield (%) (0o:m:p)
Ph H PhH 79
Ph Me PhMe 15:4:81)
4-CICgH, Me PhMe 16:3:81)

4-NO,CgH, Me PhMe 29:10:61)

99 (
91 (
4-CNCgH, Me PhMe 97 (32:10:58)
87 (

Ph Me PhMe 99 (15:4:81)
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Indium chloride and indium triflate are efficient catalysts for the synthesis of
bis-indolylmethane and indolylquinoline derivatives. Indium triflate needs lower
catalytic loading (Scheme 8.113) [156].

In(OTf)3
N 71%

H CHO

Scheme 8.113

Catalytic acylation of electron-rich aromatics is achieved with a combination of
InCl; and silver perchlorate (Scheme 8.114) [157]. Acetic anhydride, acetyl chloride
and isopropenyl acetate serve as satisfactory acyl donors. By using an InCl;-impreg-
nated Si-MCM-41 catalyst at low concentration, acylation of aromatic compounds
(benzene, toluene, p-xylene, mesitylene, anisole, naphthalene, methylnaphthalene,
and methoxynaphthalene) by acyl chlorides (benzoyl chloride, phenylacetyl chlo-
ride, propionyl chloride, or butyryl chloride) can be accomplished rapidly (3 h) at
80°C in high yield, even in the presence of moisture in the aromatic substrate or
solvent (dichloroethane) (Scheme 8.115) [158]. In(OTf); is an efficient catalyst in
the sulfonylation of both activated and deactivated aromatic compounds (Scheme
8.116) [159].

OMe
OMe
InClz (1 mol%)
* A0 T IO, (3 mol%)
82%
o
Scheme 8.114
0
/@ - Y@ InCl/Si-MCM-41
83%
MeO i ° MeO
Scheme 8.115
In(OTf); %

1
PhOMe +  PhSOCI MeO-CeH,,—ISI:—Ph
98% O
(o:m:p = 40:0:60)

Scheme 8.116



8.6 Indium Salts as Lewis Acids

8.6.5
Heterocycle Synthesis

The Prins-type reaction of aldehydes with homoallyl alcohols mediated by InCl;
gives 4-chlorotetrahydropyrans with high stereoselectivity [160]. When a mixture
of benzaldehyde and 1-phenyl-3-buten-1-ol is stirred with InCl; at room tempera-
ture, 4-chloro-2,6-diphenyltetrahydropyran is formed (Scheme 8.117). The two phe-
nyl groups and the chlorine are equatorial. Other aromatic and aliphatic aldehydes
are similarly converted into 4-chlorotetrahydropyran derivatives with high stereose-
lectivity. The cross-cyclization of aldehydes with trans-homoallylic alcohols generates
(up—down—up) 2,3,4-trisubstituted tetrahydropyrans, whereas cis-homoallylic alcohols
give (up—up—up) 2,3,4-trisubstituted products (Scheme 8.118). In contrast, the reac-
tion of both cis- and trans-homoallyl mercaptans with aldehydes provides the same
major diastereomers (up—down—up) [161]. A similar stereochemical correlation is ob-
served for the InCls-catalyzed cross-cyclization of epoxides and homoallyl alcohols
[162]. The InCl;-mediated, tin(IV)-catalyzed Prins-type coupling of allylphenols with
carbonyl compounds gives oxepanes as a mixture of diastereomers (Scheme 8.119)
[163]. The reaction of y-(trimethylsilyl)allyltributylstannane with aliphatic aldehydes
leads to the formation of 2,6-dialkyl-3,4-dihydropyrans with cis diastereoselectivity
(Scheme 8.120) [164]. Aromatic aldehydes did not lead to the cyclization products.

PhCHO + OH InCI3
Fh)\/\

CHCl,

cl

Vi
Ph 8:/% -
Ph O Ph
81%
Scheme 8.117
o]
inCly SN
PhCHO + X~ O ———
CHCl  So~pp
85%
Cl
\\\N InCly
PhCHO + OH CH,Cl
Uty
54% O Ph

Scheme 8.118
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~
@fv + PhCHO
OH

Scheme 8.119

2 PhCH,CHO + Measi\/\/SnBu;;

Scheme 8.120

Branched homoallylic alcohols are converted to the thermodynamically pre-
ferred linear regioisomers in the presence of 10 mol% In(OTf); (Tab. 8.29). When
this conversion is applied to an optically pure branched homoallylic sterol the
stereochemically inverted isomer is formed (Scheme 8.121). It is suggested that
both undergo retro-cleavage to generate the parent aldehyde in situ and a 2-oxonia

InCl3, SnCl,

42%

O

Cl

Ph

cis:trans = 19:81

L.
PhCH,” ~0” YCH,Ph

InCly

CH,Cl,

68%

[3,3]-sigmatropic rearrangement is involved (Scheme 8.122) [165].

Tab. 8.29 Rearrangement of branched homoallylic alcohols to the linear isomers

OH . OH
R1)ﬁ/\ 10 mol% In(OT); R1M R2
R2 CH,Cl,
R R? anti/syn T[rq Yield (%) [E/Z]
-CeHyy Me 80/20 25 78 (68/32)
-CHyy Ph 98/2 25 81 (E)
-CeHyy CO,Et 85/15 40 69 (85/15)
Ph CO,Et 86/14 40 19 (B)
PhCH,CH, Me 50/50 25 72 (55/45)
PhCH,CH, Ph 70/30 25 36 (>99/1)
PhCH,CH, CO,Et 80/20 40 74 (84/16)
PhCH,CH, CO,Et >99/1 40 78 (E)
CH3(CH,), Me 55/45 25 53 (65/35)
CH3(CH,)4 Ph 90/10 25 76 (97/3)
CH;(CH,), CO,Et 70/30 40 73 (80/20)
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, o
. «
10 mol% In(OTf)3
CH,Cly
o 71% o
Scheme 8.121
R2 "
In(OTf),
1
OH R'CHO RZ/R@OS; o " /\E/\;/w
R’ ﬁz\ -OHO H OH

Scheme 8.122 2-Oxonia [3,3]-sigmatropic rearrangement

2-Substituted 5,5-dimethyltetrahydrofuran 8 is obtained by reaction of homo-
allylic alcohol 7 with a catalytic amount of In(OTf); (0.1 equiv.) and aldehyde
(0.1 equiv.) (Scheme 8.123). When the reaction is conducted with an equimolar
amount of aldehyde and catalytic In(OTf); (0.1 equiv.), compound 9 is formed se-
lectively. A tandem 2-oxonia [3,3]-sigmatropic rearrangement/cyclization mecha-
nism is postulated [166].

OH e O R ©
(0T
RN R
RCHO 3
8 Rog

7

R = PhCH,CH, RCHO (0.1 equiv.); 25 °C, 54% (8:9=81:19)

RCHO (1 equiv.); 40 °C, 60% (8:9=3:97)

Scheme 8.123

The In(OTf);-catalyzed (3,5) oxonium-ene type cyclization affords various multi-
substituted tetrahydrofurans and tetrahydropyrans (Tab. 8.30). For tetrahydrofuran
syntheses the reaction is temperature-dependent — increasing the reaction tem-
perature converts the kinetic product 11 to the thermodynamic isomer 10 via a
1,3-shift (Scheme 8.124) [167].

The InCl;-catalyzed reaction of ethyl diazoacetate with aldimines under mild con-
ditions gives aziridine carboxylates. In the presence of 2 mol% InCl;, N-benzylidene
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Tab. 8.30 In(OTf);-catalyzed (3,5) oxonium-ene type cyclization

2
O__Rr' In@TH, R H INOTh; RAEZO R’
CH,Cl, T OH CH,Cl, n
72 40°C , 0% 3
R? 7V R
10:n=1 };Zf;
n R R T Yield (%) 2,3-trans:cis
1 a -CeHyy PhCH,CH, 40 65 (10a) -
1 a -CeHyy PhCH,CH, 0 95 (11a) 65:35
1 b C-C(,Hll CH;(CH2)7 40 81 (10].)) -
1 b -CeHyy CH;(CH,), 0 69 (11Db) 62:38
1 ¢ -CeH1y Ph 40 97 (10¢) -
1 ¢ -CeHyy Ph 0 72 (11¢) 80:20
1d -CeHyy -CeH1y 40 75 (10d) -
1 d C-C(,Hll C—C()Hll 0 77 (11 d) 87:13
2 a Me PhCH,CH, 40 39 (12a) -
2 a Me PhCH,CH, 0 88 (12a) 95:5
2 b Me CH;(CH,), 0 87 (12b) 97:3
2 ¢ Me Ph 0 77 (12.) 92:8
2 e Me PhCH-CH 0 89 (12€) 90:10
2 f Me p-CNCgH, 0 86 (124) 93:7
2 g Me 2-furyl 0 63 (12g) 99:1
2 h Me 0-OHCgH, 0 56 (12h) 99:1
R2
oH RCHO g
R‘J\/\( ? \
R1)\/Y
R1 O RZ . R1 O
1,3-shift
H A H
@ Rr2

Scheme 8.124 Formation of the thermodynamic isomer via a 1,3-shift
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aniline affords the corresponding cis-aziridine in 50% yield (Scheme 8.125) [168].
InCl; is effective in the cyclization of a-diazoketones with nitriles to produce 2,5-di-
substituted oxazoles (Scheme 8.126). In this reaction, excess (2-3 equiv.) InCl; is
necessary for complete consumption of the a-diazoketone and suppression of ¢-
chloroketone formation [169].

Ph
NP InCly (2 mol%) N
n mo
I+ NpCHOO,R e .
Ph CH2Clp, 11, 1-3 h ph CO, Bt

50%
Scheme 8.125

InCl3 (3 equiv.) Ph o Me
%ﬁANz . Mecn G (8 equv) \&Z/

0 (excess) CH,Cl;
50%

Scheme 8.126

A microwave-assisted one-pot synthesis of quinolines is realized with InCl;.
Amines and alkyl vinyl ketones react on the surface of InCls-impregnated silica
gel, without solvent, affording 4-alkylquinolines in high yields (Scheme 8.127)
[170]. The coupling of a f-dicarbonyl compound, an aldehyde, and urea in THF
under reflux in the presence of InCl; (10 mol%) gives the corresponding dihydro-
pyrimidinones (Scheme 8.128) [171]. A variety of substituted aromatic, aliphatic,
and heterocyclic aldehydes have been subjected to this condensation. f-Keto alde-
hydes do not give the corresponding dihydropyrimidinones.

InCla/ SiO2 SN
PhNH, + &
85%
Scheme 8.127
o O o)
+ MeCHO +
O Me
NH
InCly (10 mol%) Me/tk/m/k/&
CH,Cly Me Ilj o
75%

Scheme 8.128
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When p-glucal is treated with 10 mol% InCl;-3H,0 in acetonitrile the chiral
furan diol is obtained. p-Galactal also undergoes transformation to the same prod-
uct (Scheme 8.129) [172]. Indium tribromide and trichloride efficiently catalyze
the chemoselective thioacetalization of carbonyl compounds (Scheme 8.130) [173].

, OH
R
R14£/o\ InCl3 *3H,0 (10 moi%) [ on
HO——” CHACN ° L.
R'=OH, R?=H 82%
R'=H, R?%=OH

Scheme 8.129

sH InBrs S

HS
PhCHO + ~—~ — " Ph‘<sj

Scheme 8.130

8.6.6
Miscellaneous Reactions

Indium(III) chloride catalyzes the allylation of gem-diacetates with allyltrimethylsi-
lane to afford the corresponding homoallylic acetates (Scheme 8.131) [174]. Gly-
cals react with silyl nucleophiles, e.g. allyltrimethylsilane, cyanotrimethylsilane,
and azidotrimethylsilane, in the presence of a catalytic amount of InBr; to give
the corresponding 2,3-unsaturated allyl-, cyano-, and azidoglycosides, respectively
(Scheme 8.132) [175].

OAc
OAc . InCl
L o ASMes T L Ph)\/\
PR OAC CHLCl,
90%

Scheme 8.131

o AcO © 7
ACO | . o~ SMe; B, UW
y AcO™

AcO" CH,Cl, c
0,
OAG 91%

Scheme 8.132

A variety of glycosides and disaccharides are synthesized by coupling of glycosyl
bromides with alcohols and sugars in the presence of indium chloride as a pro-
moter (Scheme 8.133) [176].
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OAc OAC
OBz
OAC OAC QAC OBz
(@} o InCl3 (o)
OAc OAc ShPh
OBz Bz0
Br OBz

Scheme 8.133

A catalytic amount (5 mol%) of InCl; alters the ratio of 1,2- to 1,4-addition of
Grignard reagents to a,f-unsaturated carbonyl compounds [177]. In the presence
of indium triflate or gallium chloride coupling of internal alkynes and aldehydes
proceeds (Scheme 8.134) [178].

0O

cl
ph—==R *+ RCHO 73 7R+ O‘ R
or GaCl, R
-

Scheme 8.134

InCl; can be used as an efficient reagent for the conversion of aldoximes to ni-
triles and ketoximes to amides. Benzaldoxime gives benzonitrile, and benzophe-
none oxime is converted to the Beckmann rearrangement product, benzanilide, in
95% yield (Scheme 8.135) [179]. Sonication of a mixture of a carbonyl compound,
an amine, and diethyl phosphite in the presence of a catalytic amount of InCl;
produces g-aminophosphonate (Scheme 8.136) [180].

NOH inCiz (13 mol%)

Ph—CONH—Ph
Ph—G—Ph MeCN
95%
Scheme 8.135
OFt
InCl3 Osport
PhCHO + PhNHp + HOP(OEt), ~— o /kN/ph
93% H

Scheme 8.136

Under the action of microwave irradiation electron-rich arenes undergo electro-
philic amination with diethyl azocarboxylate on the surface of indium trichloride-
impregnated silica gel to afford para-substituted aryl hydrazides (Scheme 8.137)
[181]. In the presence of indium triflate, O-H insertion reactions of a-diazo
ketones with aliphatic/aromatic alcohols or benzenethiol afford a-alkoxy ketones
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(Scheme 8.138) [182]. Indium trifluoride promotes the addition of TMSCN to car-
bonyl compounds in water to give the respective cyanohydrins [183a]. InCl; and
InBr; also promote the addition of cyanide to carbonyls and imines in organic sol-
vents (Scheme 8.139) [183 b, c].

InCl3-Si02

MeO MW MeO. fTJ—COOEt
D + EtOOC-N=N-COOEt . UNHCOOEt
MeO 88%  Meo

Scheme 8.137

O
COCHN;  n-BuOH OBu-n
©/ IN(0TH) 5
93%
Scheme 8.138
InF, Ph CN
+ TMSCN
PhCHO 95% OH

Scheme 8.139

Indium trichloride induces rearrangement of aryl-substituted epoxides to the re-
spective aryl-substituted acetaldehydes via an exclusive hydride shift. As phenyl
group migration occurs more readily than hydride migration, stilbene oxide is
converted to diphenylacetaldehyde (Scheme 8.140) [184]. N-Tosyl aziridines react
smoothly with carboxylic acids in the presence of a catalytic amount of indium tri-
flate to afford the corresponding f-aminoacetates and benzoates (Scheme 8.141)
[185]. Indium trichloride and indium bromide catalyze regio- and diastereoselec-
tive azidolysis, bromolysis, and iodolysis of a,f-epoxycarboxylates in water
(Scheme 8.142) [186].

O &  InCh /ih
A THF Ph” CHO

90%

Ph

Scheme 8.140

In(0TH 3 NHTSs
@N_Ts + CHz;COOH .
90% “OCOCH3

Scheme 8.141
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COOMe  \aN; COOMe
O InCh. H0 C[g“
99% 3
Scheme 8.142

Indium triiodide catalyzes transesterification processes, e.g. the acylation of al-
cohols or amines and the conversion of THP ethers to acetates (Scheme 8.143)
[187]. Indium triflate is also an efficient catalyst for the acylation of alcohols and
amines (Scheme 8.144) [188]. Carboxylates are hydrolyzed to the corresponding
carboxylic acids in high yield by microwave-assisted reaction on the surface of
moistened silica gel in the presence of indium triiodide (Scheme 8.145) [189].

RCH,0H ™3 _ RCH,0Ac
EtOAC

Scheme 8.143

ACZO

In(OT
PhCHoH —2 O™ prch,0Ac

97%

Scheme 8.144

s|02/|n|3/H20
PhCH,COOCH; ———— PhCH,COOH
MW 92%

Scheme 8.145
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Thallium in Organic Synthesis
SAKAE UEMURA

Thallium (T1), one of Group 13 elements, is quite a useful element in organic syn-
thesis and, especially, the strong oxidizing strength of TI(III) has been used for
many oxidative organic transformations where the formation of C-TI bonds and
their facile bond cleavage are generally involved. Among other characteristic fea-
tures are the strongly electrophilic nature of the TI(III) species, quite high regio-
selectivity in aromatic substitution reactions, because of the bulkiness of TI(III)Z;
species and the strong affinity of Tl for the oxygen atom of the substituents, the
highly efficient one-electron accepting nature of TI(III), the unique reactivity of or-
ganothallium(I) salts, usually very high product yield, etc. One serious drawback
to the use of TI salts in organic synthesis is, on the other hand, their toxicity (e.g.
TIOAc, LDso orally in female rats 32 mg kg'l; T1,SO4, LDsq orally in rats
25 mg kg™') [1], despite the remarks of Marké et al. [2] that Tl is not a cumulative
poison, in contrast with mercury (Hg) and lead (Pb). Very careful attention must
therefore be paid to its treatment and handling, and also to waste disposal [3].
Hopefully, the catalytic use of Tl salts will be favored, although this has not yet
been well developed.

Several excellent review articles appeared in the early 1970s [3a, 4] and in the
1980s [5] in which all the fundamental and characteristic reactions using TI salts
were included. A recent review by Ferraz et al. [6] thoroughly summarized results
from use of TI(III) in organic synthesis from 1989 to 1998.

This short article deals mainly with typical synthetically useful and important
organic transformations using TI(III) and TI(I) salts, e.g. commercial TI(OAc);,
TI(OCOCF;);3, TI(NOs); - 3H,0 (abbreviated as TTA, TTFA, and TTN, respective-
ly), TIOEt and TIOH and some TI(III) species generated in situ. Because the ex-
amples cited here were selected arbitrarily, readers should consult the reviews
mentioned above for more detailed and thorough chemistry.

Main Group Metals in Organic Synthesis. Edited by H. Yamamoto, K. Oshima
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30508-4
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9.1
TI(11) Salts in Organic Synthesis

9.1.1
Alkene Oxidations

The basic reaction is the oxythallation of alkenes in a variety of solvents, e.g.
methanol, acetic acid, aqueous tetrahydrofuran and aqueous acetonitrile to afford
the so-called oxythallation adducts or f-oxyalkylthallium compounds (A) which
readily give the oxidation products by oxidative cleavage of the C-TI bond
(Scheme 9.1). Here, a TI(III) species works as an electrophile and the species is
reduced to a TI(I) compound. The products are diols, their esters or ethers, ke-
tones, aldehydes or their acetals, etc., depending on the substitution pattern on al-
kenes. The oxidation is quite often accomplished by alkyl or aryl group transfer,
ring contraction, and ring enlargement, reflecting a carbocationic nature of the
carbon after the C-TI bond fission.

TiZg >[_‘< o]
>=< < | —= {J
- OR
ROH ORTIZ, _L% OROR OR N et
(A)

Scheme 9.1

Typical synthetically useful reactions are shown in Schemes 9.2 [7], 9.3 [8], 9.4 [9],
9.5 [10], 9.6 [11], 9.7 [12], 9.8 [13], and 9.9 [14]. Organothallium(III) compounds (A)
have sometimes been isolated and ipso substitution of the T1 moiety by halogens and
pseudohalogens has been known to afford a, f-difunctionalized alkanes regioselec-
tively (Schemes 9.10 [15] and 9.11 [16]). Aminothallation is also a useful method
for production of nitrogen-containing compounds (Scheme 9.12 [17]).

CgHy7 CgHi7

TTA HO

AcOH OH™

~60%

HO

Scheme 9.2

98%

Ha0*

MeQ,
O TTN
Br

Scheme 9.3
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Me 0
Dr TI(CIO4)4 V)LMe 100%
H3;O*
Scheme 9.4
MeQ,
OMe
MeOH
Scheme 9.5
BnO BnO
BnO OBnOBn
oBr il -0~ 95%
Z
MeOH
MeO” "OMe
Scheme 9.6
O
TMSO, =
§09H19 TTFA 84%
MeCN
CoHyg
Scheme 9.7
(6]
Kﬁ L 100%
MeO MeOH MeO
Scheme 9.8
OCOCF;
TTFA 75%
MeCN
Scheme 9.9
OR' OR’
TTA CuX and/or KX
R'OH MeCN
TI(OAC)» X

Scheme 9.10

(X = Cl, Br, CN, SCN, SeCN)
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1) TTA/MeOH
N s - =
2 KSeCN /\/\seCN 61%

Scheme 9.11

—/ \— _TA PN, [ N NHPh o
PhNH, N
Ph

Scheme 9.12

When the reaction is applied to alkenes bearing a nucleophile in a suitable position,
oxythallation occurs intramolecularly to furnish cyclic products via the corresponding
oxythallated adducts (B) (Scheme 9.13). Several useful examples are chosen from
many reported reactions (Schemes 9.14 [18], 9.15 [19], 9.16 [20] and 9.17 [21]).

TIZ, OR
(B)
Scheme 9.13
AN 0]
T Tea ‘ O 7%
CH,Cl,
Scheme 9.14
TTA o
OSSN (j\/ A 96%
Z OH benzene O Ohc
Scheme 9.15
00
CO,H
7 & _TTFA 57%
CHLCI/TFA
COQH BF3Et2O O

Scheme 9.16
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CO.H P
/
TTFA ° 85%
MeCN
Scheme 9.17

Although the examples are less compared than for alkenes, cyclopropanes and
allenes are also oxidized by TI(III) salts via oxythallation (Schemes 9.18 [22], 9.19
[23], and 9.20 [24]). Alkynes react with TTN to give a variety of oxidation products
such as diketones and carboxylic acids via oxythallation, the products depending
on the substitution pattern on the alkynes (Schemes 9.21-9.23 [25]).

w dioxane
aq. HCIO,

OH  66% 26%

Scheme 9.18
m
c=C=C TI(OAc
<3 T MeOH (OAe) 2
BF3-Et,O
6% 82%
Scheme 9.19
B O o
AcOH
Scheme 9.20

oy o T
Hz0*

Scheme 9.21

CaHg

@—%QHQ _TIN__ CO,Me  98%
MeOH

Scheme 9.22
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/N =_ny TN QCOzH 80%
— HsO"

Scheme 9.23

9.1.2
Ketone Oxidations

Oxidation of easily enolizable ketones such as alkyl aryl ketones affords either o-
oxylated ketones or carboxylic acid derivatives via oxythallation of the enol forms,
the products depending on the kind of TI(III) salts and/or solvents employed
(Scheme 9.24). Use of TTN usually induces aryl group migration leading to the
formation of carboxylic acids or their esters [26], making this oxidative transforma-
tion useful for organic synthesis (Schemes 9.25 [27], 9.26 [28], 9.27 [29] and 9.28
[30]). Use of TTA, thallium tosylate [T1(OTs)s], thallium triflate [TI(OTf);], and thal-
lium mesylate [T1(OMs);], on the other hand, produces a-oxylated ketones which
sometimes further react to give useful compounds (Schemes 9.29 [31], 9.30 [32],
9.31 [33], 9.32 [34] and 9.33 [35)).

0
0] OH OH \ )j\(R
TI(I RO
Ar/U\/R _ Ar/I\/R w R Ar
ROH (AL 0
TIZ, ~ R
Ar
OR'
Scheme 9.24
MeQ MeO
O TIN
N 86%
Meo~©—< N 6On] MeO o
CO.H
Scheme 9.25
0
CO,Me
3 —— {3
MeOH /\ 90%
N K-10 N
Ts Ts

Scheme 9.26
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o) CO,Me
Et A TTN A
COEt—————— o
m , e . CO.Et  89%
H H* H
Scheme 9.27
Q
002Me
PhCH,0_ /| \ _TINclay  _ ppromo. )\ 80%
N CH,Cl, N~ ~CHO
o] H e} H
Scheme 9.28
O
TTA R
/" AcOH Ar
OAc
9 TI(OTs)5 or Q
R 3
Ar)j\/ TOMs), Ar)J\(R R
OTs (OMs)
TTA Q RCN OAN
MeCN A,)\/R )=
TfOH OTf Ar R
Scheme 9.29-9.31
OH TTA O__oAc
Et AcOH 71%
o O
Scheme 9.32
0 1) TI(OTf)3/MeCON 0
) TI(OTf)3/MeCONMe;, OAc  ggv
2) H,0
Scheme 9.33

With cyclic ketones ring contraction usually occurs to give the corresponding
carboxylic acids (Schemes 9.34 [36], 9.35 [37], and 9.36 [38]), but the treatment of
flavanones affords either ring-contracted carboxylic acids or flavone derivatives,
the products being very dependent on the type of TI(III) salts employed, as exem-
plified in Schemes 9.37 [39], 9.38 [40], 9.39 [41] and 9.40 [42].
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Efo TICIy/HCIO,
or TTN/AcOH [>—cop 80~95%
Scheme 9.34

0
O m O
By MeOH  Bu COH 87%

Scheme 9.35
Cety CgH17
_TTA _ CHoNy 83%
ACOH EO oo,
0
Scheme 9.36
O_ _Ph
TTA | 96%
/" AcOH
0
o~ T ° 75%
TMOF/MeOH Ph °
CO,Me
TTN 0
| 94%
EtCN
Ph
0
Scheme 9.37-9.39
o)
0
o TTN 0
/©)\o TMOF/MeOH /@*o
(@] COQMe
O:N O,N
85-~90%

Scheme 9.40

Oxidation of chalcones with TI(III) salts gives the aryl group rearranged ketals via
oxythallation to carbon—carbon double bonds (Scheme 9.41 [43]). When chalcones
bear a hydroxyl or an acetoxy group at the ortho position, this reaction becomes
synthetically useful because the ketals produced normally afford isoflavone deriva-
tives by acid treatment, as exemplified in Schemes 9.42 [44], 9.43 [45], and 9.44 [46].
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BnO OMe BnO. MeO._ _OMe
O g ™ o
N 89%

MeOH

OBn O OBn O O

Scheme 9.41

OMe

MeOQO l OBn
Ohc OMe 1) TTN/MeOH

0
O | 2) H*

O OMeO

Scheme 9.42

62%
Scheme 9.43
,?‘c
N
NHAC 1) TIN/TMOF |
51%
XN Ar 2) H* Ar
O (0]
Scheme 9.44
9.1.3

Aromatic Thallation

A highly regioselective aromatic thallation followed by ipso-substitution of the
TI(III) moiety by a variety of groups such as halogens, pseudohalogens, NO,,
B(OR),, OH, SH, D, aryl, vinyl, alkynyl, CO, etc., is a synthetically useful and im-
portant reaction for producing various aromatic derivatives, TTFA being the most
commonly used salt (Scheme 9.45 [3a, 4, 5]). It is not necessary to isolate the aryl-
thallium(III) compounds, which are subjected in situ to the subsequent reactions.
The orientation of thallation is controlled by the reaction temperature and time,
and oxygen-containing substituents such as alkoxy, hydroxy, and oxycarbonyl,
which can chelate with the approaching TI(III) species, as exemplified by aryl io-
dide formation Dby, especially, facile iodide replacement of thallium moiety
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(Schemes 9.46 and 9.47 [47]). Pd(II) salt-catalyzed carbon—carbon bond-forming re-
actions using CO or alkenes makes this methodology quite useful in organic syn-
thesis (Schemes 9.48 [48], 9.49 [49], 9.50 [50] and 9.51 [51]).

Ry TIZ R R =
4 3 L [v] 7 Y =F, Cl, Br, 1, CN, SCN, SeCN,
) - \:\>—le2 & Dy NO, NO,, B(OR),, OH, SH,

D, aryl, vinyl, alkynyl, CO etc.

Scheme 9.45
pr pr
1) TTFA/TFA SN atrt osmfp =36:91 80%
2)aq K | ¢ atreflux omip=9:78:13
N
Scheme 9.46
CH,OMe CH,OMe
1) TTFA/TFA |
78%
2) ag. KI
Scheme 9.47
1) TTFA/TFA
88%
OH 2) CO/cat. PdCl,/MeOH O
e}
Scheme 9.48
O
CO,H
1)TTF
) A/TFA o) 79%
2) ™ /cat. LioPdCl/CH3CN %
h
Scheme 9.49
pOMe
N

NHCOMe
1) TTFA/TFA 5%
2) ~_Cl/cat. Li,PdCl, Y

Scheme 9.50
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N N
FsC._ /v NS
8 N VAN
1) TTF
) A/TFA 6%
2) CO/cat. PdCl,/MeOH
CO,Me
OMe OMe
Scheme 9.51
9.1.4

Aryl Couplings via One-electron Transfer

Reaction of electron-rich aromatic compounds with TTFA leads to intermolecular
oxidative coupling to form the corresponding biaryls without aromatic thallation.
The reaction proceeds through one-electron transfer from aromatic compounds to
TI(III) to give an aromatic radical cation which leads to biaryls (Schemes 9.52 and
9.53 [52]). Intramolecular aryl coupling also occurs (Schemes 9.54 [53] and 9.55
[54]) and, further, when the carboxylic acid moiety is present, intramolecular as
well as intermolecular lactonization occurs (Schemes 9.56 [55] and 9.57 [56]).

Br Br Me OMe
ol I oo
TFA
MeO Me MeO MeBr
Scheme 9.52
Me
i\ 90
TTFA 100%
9@
Me
Scheme 9.53
OMe
MeO
TTFA ‘ Z=CH, 81%
"MeCN/CCl, Z=0 81%
BF4-E,0 O
MeO
OMe

Scheme 9.54
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OMe
MeO !
, TTFA
N _— 69%
O TFA
MeO
Scheme 9.55
O
CH,CH,CO5H o
TTFA
SO valee
BF;-Et,0
(@]
Scheme 9.56
OMe
OMe
MeO N COsH
_TTFA MeO OMe 54%
cO CH,Cl, e
BF3-Et,0
OMe MeO
MeQ
Scheme 9.57
9.1.5

Phenol Oxidations

Phenols are oxidized to the corresponding quinones or their derivatives. If an aro-
matic nucleus is present at a suitable position as a nucleophile, intramolecular
oxidative phenol coupling occurs. Typical examples are shown in Schemes 9.58
[57], 9.59 [57], 9.60 [58], 9.61 [59], 9.62 [60] and 9.63 [61].

OH (0]
Br- Me TTFA Br- Me

TFA

89%

Bu o)

Scheme 9.58
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OH 0]
4 4
BU  1TRA Bu
93%
CCl
Bd 4 BG
OH 0]
Scheme 9.59
OH O OH
o LI e ) e
e
HOGo HOHO
OH
Scheme 9.60
O
OH TTFA 0
CH 78%
OH (CHa}1o TEA o (CH2)10
(o]
Scheme 9.61
0 J\:Fs o)
TTFA 0o (0]
75%
TFA
HO [o)
Scheme 9.62
O
<8 ()
Meo TTFA___ MeO 0%
S S
MeO MeO

Scheme 9.63
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9.1.6
Miscellaneous Reactions and Catalytic Reactions

Several miscellaneous but interesting reactions chosen from many examples are
shown in Schemes 9.64 [62], 9.65 [63], 9.66 [64], 9.67 [65], 9.68 [66], and 9.69 [67].
Triorganothallium compounds react cleanly with acid chlorides and alkyl chlorides
to give the corresponding products (Scheme 9.70 [68]). Tetraorganothallium ate
complexes react with enones to afford either 1,2 or 1,4 addition compounds de-
pending on the structure of enones (Scheme 9.71 [69]). These reactions can be
performed with thallium as catalyst, as shown in Schemes 9.72 and 9.73 [70]. Un-
fortunately, catalytic organic reactions using TI(III) salts or organothallium(III)
compounds are still quite limited, as exemplified in Schemes 9.74 [71], 9.75 [72],
9.76 [73], and 9.77 [74]. Aromatic bromination is promoted by the presence of a
large amount of TTA, and the reaction is also catalyzed by TTA though the regio-
selectivity becomes lower. In the transesterification shown in Scheme 9.75 a vari-
ety of organic and inorganic TI(III) and TI(I) salts including TTA, TTFA, aryl thal-
lium(ITI) compounds, and TINO; work specifically as effective catalysts. A variety
of thallium salts including TICl;-4H,0 [75] and low-surface-area zirconia sup-
ported T1,053 [76] work as catalysts for Friedel-Crafts-type aromatic benzylation and
acylation.

O 0] HO
Ph. NH2 Ph. OH Ph \\.COgMe
N I TTN N OoH MeOH NN
)\ —_— )\ _— )\ OMe
Me

I OMe (6] A

Me Me
93% 100%

Scheme 9.64

N
°N TTN o
| MeOH 72%
HN CONHNH,
O
Scheme 9.65

X X
| ——Fe(CO); TTN | —Fe(CO); 84%
""" EtOH y ‘{

Scheme 9.66
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Scheme 9.68
CF3
SiMes benzene
Scheme 9.69

R._Cl
\“/
O

\_ RyTVELO 7
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S L
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Scheme 9.70
O
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\Me;TI-MeLi/Et,O
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catalytic cycle for Scheme 9.72

LiCl X Meo TI——— X
Li

Ph——= Me,TICI
Ph
Scheme 9.73
CH,4 cat. TI(OAc)4/Brp Ha
CCl N N 97% (0:p = 6:4)
excess | gy . L
TIOAc)yBr, 7 % 68% (0:p=1:9)
CCly
Scheme 9.74
(0]
OO~ 0O _<]
O cat. Tl salt
* = . 94%
HO\/LA xylene
0" >o” o O/\<(])
Scheme 9.75
O
cat. TTA
Ph—="H AcOH Ph)J\ 80%
Scheme 9.76
Ph
Ph—=——H cat. TTA : 65%
PhNHEt Ph—N
Et

Scheme 9.77
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9.2
TI(l) Salts in Organic Synthesis

Compared with the versatile utility of TI(III) salts in organic synthesis, the use of
TI(I) salts for this purpose is still limited. The most useful reagents are thal-
lium(I) ethoxide and thallium(I) hydroxide. The former reacts with p-diketones,
phenols, carboxylic acids, and pyridones, etc., to give the corresponding TI(I) salts
which can subsequently be used for a variety of organic transformations, as
shown in Schemes 9.78 [77], 9.79 [78], 9.80 [78], 9.81 [79] and 9.82 [80].

+
o o o’TI\o o o
TIOEt CHgl 100%
)J\/U\ hexane /K\”)\ M
Scheme 9.78
Ji
OH om’ j\ 0" Bu
I/
TIOEt Bu” ClI 100%
hexane Et,O
NO, NO, NO,
Scheme 9.79
0]
Cl
TIOEt -+
PhCOH — s PhCO,TI ELO PhCOzCO‘< 100%
Scheme 9.80
TIOEt -+ excess Bry .
CH3(CHg)12C0H o~ CHg(CH,)12C0T! oo, CHg(CHp)12Br 92%
Scheme 9.81
X
N moet _ [ )] Mmecoc |
I e 95%
N~ 0 hexane NE©o Et,O [}] o)
(I)H 6 i OCOMe

Scheme 9.82
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TI(I) also works as an oxidant in the pinacol cleavage and in the coupling of
Grignard reagents (Schemes 9.83 [81] and 9.84 [82]); T1(0) can be used for the re-
duction of nitroaromatic compounds (Scheme 9.85 [83]).

Ph Ph TIOEt Ph
Ph——¢—Ph =0 85%
HO OH =T PH

Scheme 9.83

OA ) —e— O, o
St VTS 5 °

-TI
Scheme 9.84
TI
F NO, ————F N=N F 89%
EtOH Y
(e}
Scheme 9.85

Either thallium(I) hydroxide or thallium(l) ethoxide as a base substantially pro-
motes the coupling of aryl and vinyl halides with organic boronic acids (Suzuki
coupling) (Schemes 9.86 [84], 9.87 [85], 9.88 [86], 9.89 [87], 9.90 [88], 9.91 [89)], and
9.92 [90]). Both reagents are air- and moisture-sensitive, TIOEt being significantly
more stable than TIOH, and should be handled under an inert atmosphere. Un-
fortunately, these reactions are not catalytic in thallium and excess thallium salt
(2-3 equiv.) relative to the halide is necessary.

TBSO OTBS
|
TBSO OTBS
OTBS
~ OTBS cat. Pd(PPhgz), 94%
aq. TIOH
OTBS THF

[TBS = Si(Me),Bul]

Scheme 9.86
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@] CeH H
/ sHq3 cat. PdCl, CeH1z o
CBH”—B\O:> A ag. TIOH CeHir A 72%
benzene
Scheme 9.87

Br _ cat. Pd(PPh3)4 W\ 58%
+ — Oo
\/\Br FSBOH),  ag. TIOH Br
THF

Scheme 9.88
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Scheme 9.89
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Scheme 9.90
& S
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Scheme 9.91
| Ph
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Silicon in Organic Synthesis
Katsukiyo Mi1ura and Axira Hosom1

10.1
Introduction

Organosilicon reagents are widely used for modern organic synthesis because of
their unique and moderate reactivity, which enables highly efficient and selective
organic reactions, their ready availability, and their relatively low toxicity [1-10]. In
particular, their use for carbon—carbon bond formation has been extensively stud-
ied in the past three decades. As a result, several synthetically valuable named re-
actions using organosilicon reagents (e.g. the Mukaiyama aldol reaction with silyl
enolates [11, 12], the Hosomi-Sakurai reaction with allylsilanes [13, 14], and the
Hiyama coupling with alkenyl-, alkynyl-, and arylsilanes [15]) have been devel-
oped. These reagents act as stable synthetic equivalents of the corresponding carb-
anions and efficiently react with a variety of carbon electrophiles, with the aid of a
catalyst such as a Lewis acid or a transition metal complex. The recent explosive
growth of asymmetric synthesis using homochiral Lewis acids has further en-
hanced the synthetic utility of silicon-based nucleophiles [16, 17]. Several reviews
and books on organosilicon chemistry with emphasis on organic synthesis have
been published. This review deals mainly with the development, in the last
decade, of selective carbon—carbon bond-forming processes using organosilicon
reagents.

10.2
Silyl Enolates

In 1973, Mukaiyama and co-workers reported that in the presence of TiCl, ketone
trimethylsilyl enolates react smoothly with aldehydes to give aldol products [18].
Since the discovery of the so-called Mukaiyama aldol reaction, the use of silyl eno-
lates as enolate equivalents has received much attention from synthetic organic
chemists. Nowadays, silyl enolates are well recognized as very valuable reagents
for highly efficient and selective carbon—carbon bond-formation and functionaliza-
tion introducing a carbonyl group.

Main Group Metals in Organic Synthesis. Edited by H. Yamamoto, K. Oshima
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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10.2.1
Aldol Reactions

The original methods for directed aldol and aldol-type reactions of aldehydes and
acetals with silyl enolates required a stoichiometric amount of a Lewis acid such
as TiCly, BF;-OEt,, or SnCly [18]. Later studies have introduced many Lewis acids
which accelerate these processes with a catalytic quantity (vide infra). In addition,
it has been found that fluoride ion sources also work as effective catalysts of the aldol
reaction [19]. In the last decade, much attention has been paid for the development of
diastereo- and enantioselective aldol reactions [20, 21], aqueous aldol reactions using
water-stable Lewis acids [22], and novel types of silyl enolate with unique reactivity.

10.2.1.1  Achiral Lewis Acid-promoted Reactions in Anhydrous Solvent

In the nineteen-eighties many researchers developed a variety of Lewis acid cata-
lysts of the Mukaiyama aldol reaction. In particular, TrClO, [23] and TMSOTf [24]
effectively promote reaction of silyl enolates with aldehydes or acetals. These stud-
ies suggested that introduction of a soft Lewis base such as the ClO4 or OTf an-
ion into the Lewis acidic center should lead to effective catalysts. Based on this
concept, further studies have been continued to develop novel Lewis acid catalysts
with higher catalytic activity or higher chemo- and stereoselectivity.

Lithium Lewis Acids

Reetz et al. have reported that the lithium ion can promote the aldol reaction of sev-
eral aldehydes with ketene silyl acetals (KSA, ester silyl enolates) (Scheme 10.1) [25].
In a 5.0 m ethereal solution of LiClO,, the reaction of benzaldehyde with KSA 1 is
complete in 1 h to give silylated aldol 2a quantitatively. The use of a catalytic amount
(3 mol%) of LiClO, results in a marked decrease in the reaction rate. In contrast, the
reaction of a-alkoxyaldehyde 3a proceeds smoothly even with a catalytic amount of
LiClOy, affording syn adduct 4a with high diastereoselectivity. The observed high re-
activity and diastereoselectivity is attributable to chelation of 3a to LiClO,.

0TBS LiCIO, OTBS
PhCHO 4+ :‘\ _—
OMe EtzO, rt Ph)\/m?Me
1 2a
TBS = SiMest-Bu 5 M LICIOy, 1 h: =88% conv.

dmol% LiICIO,, 5d: B6% conv.

OBn LiCIO, (3 mol%s) OBn OBn
+ 1 *{\ + A_/\
CHO Et,0, -30 °C, 6 h CO:Me T COMe
- OTBS OTBS

syn-4a B7%, =98:2 ant-da

Scheme 10.1
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LiClO4 has higher catalytic activity in CH,Cl,, a non-coordinating solvent,
although LiClO4 does not dissolve in CH,Cl, (Scheme 10.2) [26]. Addition of
3 mol% LiClO, to a solution of 1 and benzaldehyde in CH,Cl, leads to complete
conversion into 2a within 15 min at room temperature. Under similar conditions,
the reaction of isobutyraldehyde requires 18 h for complete conversion; the de-
sired adduct, 2D, is, however, obtained in a good yield. It is notable that the cata-
lyst is readily recyclable. Similar to the reaction in Et,O, the aldol reaction of 3a
in CH,CI, also proceeds with chelation control. On the other hand, the reaction
of a-(dibenzylamino)aldehyde 3b gives anti adduct 4b as a single diastereomer,
corresponding to non-chelation control.

LiCIO, (3 mol%s) OTBS
RCHO + 1 ————
CH,Cly, 1t A CO:Me
R = Ph, 15 min: 2a, quant.
R =i-Pr, 18 h: 2b, 87%
LICIO, (8 mol2s) 40% HF OBn OBn

3a + 1 -— /'\I/\COPMQ * )\/\cogm

CH,Cly, -30 °C. 4 h

O

OH  g404,92:8 ©H
NBns LiCIOy (3 mol®s) NBng
+ 1 —=
/l\ CHO CH.Cl, 1, 6 h T COMe
b OTBS

anti-4b, 58%, =98 . 2
Scheme 10.2

Boron Lewis Acids
The utility of BF3-OEt,, a monodentate Lewis acid, for acyclic stereocontrol in the
Mukaiyama aldol reaction has been demonstrated by Evans et al. (Scheme 10.3)
[27, 28]. The BF;-OEt,-mediated reaction of silyl enol ethers (SEE, ketone silyl en-
olates) with a-unsubstituted, f-alkoxy aldehydes affords good 1,3-anti induction in
the absence of internal aldehyde chelation. The 1,3-asymmetric induction can be
reasonably explained by consideration of energetically favorable conformation 5
minimizing internal electrostatic and steric repulsion between the aldehyde carbo-
nyl moiety and the f-substituents. In the reaction with anti-substituted a-methyl-
p-alkoxy aldehydes, the additional stereocontrol (Felkin control) imparted by the a-
substituent achieves uniformly high levels of 1,3-anti-diastereofacial selectivity.
Unlike BF;-OEt,, a catalytic quantity of tris(pentafluorophenyl)borane (B(C¢Fs);)
effectively accelerates the aldol reactions of aldehydes and acetals with KSA and
SEE (Scheme 10.4) [29]. Diarylborinic acids such as bis(pentafluorophenyl)borinic
acid and bis(3,4,5-trifluorophenyl)borinic acid are also effective catalysts of aldol
reactions [30].
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PMBO O 0SiMe;  BFa*Et:0 (1 equiv)
+ -
-Pr H R CH,Cly, 78 °C
FPr PMBO OH O PMBO OH ©
H H = +
i-Pr R i-Pr R
H OPMB
R=tBu: 82%,80:11
07 H R=/iPr. 91%,92:8
BF; 5 R=Me: 89%,91:9
FMED: OSiMe;  BFaEtO (1 equiv)
_ " -
e o5 An CH.Clo, 78 °C
PMB = p-MeOC4H,CH, PMBO OH O PMBO OH O
FPr Rl R
R=t+Bu: 94%, 99 :1
R=iPr. 91%,98:2
R=Me: 86%,97:3
Scheme 10.3
R'CHO ,  DSMes  B(CyFy)y (2moal%) HCIor TBAF OR O
X e B " - RVI\HL R*
R'CH(OMe), R CH.Cl, R2 B2
R=H, Me
OH O OMe O OH O
R’ Ph  Ph Ph  Ph OMe
R' = Ph: 84% 95% 96%

R' = Ph(CHa)o: 78%

Scheme 10.4

Aluminum Lewis Acids

The catalytic ability of Me,AIC] for the Mukaiyama aldol reaction was first re-
ported by Yamamoto et al. [31]. Recently, Evans et al. have demonstrated that the
use of more than two equivalents of Me,AlCl or MeAlCl, enables high levels of
chelation control in the carbonyl addition of SEE to f-alkoxy- and f-siloxyalde-
hydes (Scheme 10.5) [32]. In the reactions of a-chiral aldehydes 6a and 6b with
SEE 7, BF;-OEt, promotes Felkin-controlled addition to afford syn-8 selectively.
The TiCl,-promoted addition to 6a exhibits the highest level of chelation control
followed by Me,AlCl. The unique chelating ability becomes apparent when aldol
additions to the TBS-protected aldehyde 6b are performed. Whereas TiCl, and
SnCl, show good Felkin control, both of the aluminum halide-based Lewis acids
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PO O i PO OH O PO OH O
OTMS  Lewis Acid H
H + E—— = +-Bu *t - +-Bu
/\r-Bu CH_Cly, 1t
6a: P=Bn 7 anti-8a syn-Ba
6h: P=TBS anti-8b syn-8b
Chelation Felkin
P =Bn P=TBS
Me Me—| K - — — - —
_‘Al, Lewis Acid Yield (%) anti: sym Yield (%) anti: syn
Porg MesAICL BF3:OFEt; 76 26 74 55 9:91
H SnCly 87 50 : 50 41 7:893
TiCly 74 97:3 55 7:93
MesAICI 45 90:10 B2 97:3
9 MeAIC, 70 7822 55 77:28
Scheme 10.5

retain the capacity for chelation even with the OTBS moiety. It has been proposed
that Me,AICI chelates the substrates 6 through the cationic complex 9.

Aluminum has exceedingly high affinity toward fluorine, as is evident from the
bond strengths in several metal-fluorine diatomic molecules: Al-F, 663.6+6.3;
Li-F, 577+21; Ti-F, 569+34; Si-F, 552.7+2.1; Sn-F, 466.5+13; and Mg-F,
461.9+5.0 kJ mol™ [33]. This characteristic feature can be used for chelation-con-
trolled aldol reaction of fluorinated aldehydes with KSA. Thus, in the presence of
a stoichiometric amount of Me;Al, 2-fluorobenzaldehyde reacts smoothly with
KSA 10 to give aldol 11 with high anti selectivity. Other Lewis acids and non-
fluorinated aldehydes lead to less stereoselectivity (Scheme 10.6) [34].

X USIMes | awis Acid (1.2 equiv) 1 M HCI
SR - -

CHO PhMe, —=78°C, 1h THF, rt, 1 h
10
X Lewis Acid Yield (%) anti: syn X = . X
F  BFgOEL, 70 1:18 R OF QFt
F TiCl, 74 29:1 H H
F TMSOTH 85 1:1.5 OH O OR O
F MegAl 96 16:1 anti-11 syn-11
OMe  MegAl 89 53:1
H MeAl 88 53:1
Scheme 10.6

Dimethylaluminum bis(trifluoromethanesulfonyl)amide (Me,AINTY,), developed
by Yamamoto et al., is a highly active Lewis acid catalyst of the Mukaiyama aldol
reaction (Scheme 10.7) [35]. A catalytic amount of Me,AINTT, effectively induces
addition to ketones as well as aldehydes.
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O 08iMe;  MesAINTT, (2 mol®) 1 MHCI COH O

X, v

HE

o

R CH.Cl, THF, i, 1h R A Ph

R', R Yield {%): Ph, H, 80; n-CgHy4, H, 91; +-Bu, H, 92; (CH.)s, 92; Ph, Me, 86
Scheme 10.7

Aluminum tris(2,6-diphenylphenoxide) (ATPH), an aluminum-based Lewis acid
with bulky substituents, is valuable as an extremely selective activator of less hin-
dered aldehyde carbonyls (Scheme 10.8) [36]. In competitive aldol reactions of two
different aldehydes, more than one equivalent of ATPH achieves highly chemose-
lective functionalization of less hindered aldehydes. Unfortunately, catalytic use of
ATPH reduces the chemical yield and chemoselectivity. In contrast, a catalytic
quantity of aluminum bis(trifluoromethanesulfonyl)amide 13 can promote the
chemoselective aldol reaction.

0 0 OSiMey Lewis Acid OH O OH O
+ + +
Ht’JLH RE‘IJL-H J}\Hs CH2C|2, —78°C HI Ha HE’J\"/JJ\FIH
12a 12b
Lewis Acid R' R* R Yield (%) 12a:12b
ATPH (1-2 equiv)  Bu c-Hex Me 75 =09 :1
Bu t-BuCH; Me 63 91:1
Bu Ph Me 61 16:4
13 {2 mol%) n-CsHqyq +Bu Ph 84 99 :1
c-Hex  t-Bu Ph 84 99 :1
Ph
Ph Fh
(Ij- II\lT12
Al Ph Al
o0 o0
Ph Ph Ph Ph Fh\©/ Ph
ATPH 13
Scheme 10.8

Maruoka et al. have developed the aluminum-based bidentate Lewis acid 14 for
double electrophilic activation of carbonyl compounds (Scheme 10.9) [37]. The al-
dol addition of cyclohexanone TMS enolate to benzaldehyde is effected by the bi-
dentate 14, whereas its monodentate counterpart 15 shows no evidence of reac-
tion under similar conditions. In competitive reactions of aldehydes and acetals,
14 effects aldehyde-selective addition [38].
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OSiMeg g OH

14 0r 15
+  PhCHO - Ph
CHCly, =78 °C, 3.5h

87% with 14

MepAlO OAIMe, OAIMe;, ~0% with 15
14 15
Scheme 10.9

Silicon Lewis Acids

Several silicon-based Lewis acids have been developed and used for the Mukaiyama
aldol reaction since the utility of TMSOTf as a Lewis acid catalyst was described by
Noyori and his colleagues [24]. Davis et al. found that R;SiB(OTf),, supersilylating
agents prepared from R3SiOTf and B(OTf)s, are valuable for high levels of 1,2-asym-
metric induction (Scheme 10.10) [39, 40]. In the reaction of a-chiral aldehydes 16
with SEE 17, introduction of a sterically demanding silyl group into both the catalyst
and 17 achieves high syn selectivity by Felkin control. Ketene silyl thioacetal 18 can
also be used for the highly stereoselective aldol reaction. R;SiB(OTf);Cl, prepared
from R;SiCl and B(OTf)s, have a similar catalytic activity [41].

Al oM OSiR, RaSIB(OTH), (5 mol%) 1':'35'0 Q 1“331'? 0
\r 3% R Ph * R Ph
Z>Ph CH,Cl,, 80 °C
186 17
R'=Ph R'=Bn
RsSi Yield (%) syn:anti  Yield (%) syn:anti
MesSi 44 8:1 45 18:1
EtsSi 60 1811 71 23:1
-BuMesSi 82 25:1 70 24:1
i-PraSi 71 97 : 1 71 7:1
OSii-Pr, HPr3SIB(OTR, (5molee)  FP1SIQ O Wrsio 0
B e B stay * 1 S+-Bu

Z~StBu CH,Cl;, —80 °C

18 R' = Ph: 79%, 77 - 1
R'=Bn: 78%, 5.5 : 1
Scheme 10.10

Yamamoto et al. have reported that the exceptionally bulky Lewis acids MAD and
MABR effectively enhance the catalytic activity of TMSOTf (Scheme 10.11) [42].
Although TMSOTf is a poor catalytic activator of ketones, an equimolar mixture
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of TMSOTf and MAD or MABR effectively catalyzes the addition of SEE to ketones.
The same method is applicable to the activation of TMSOMs and TMSOSO,F.

)OL )o\smnea Lewis Acid (1-5 mol®%s)  HCI OH O
+
1 2
R R = “Ph CHCly, 78 °C R' A Ph
Yield (%)
R' R? Me,SiOTf  Me,SiOTI-MAD  Me,SiOTi-MABR
Ph{CHaz)s, H 20 61 B3
+Bu, H 2 - 74
CHa)s- 30 86 90
Ph, Me 3 60 72
i-Pr, Me 1 77 91
t-Bu t-Bu
= 0 _.O B R = Me: MAD
Al R = Br: MABR
+Bu Me gy

Scheme 10.11

In *°Si NMR of TMSN(SO,F),, the silicon signal appears downfield compared
with that of TMSOTf (Scheme 10.12). As expected from this, TMSN(SO,F), is a
more active catalyst than TMSOTf for the aldol-type reaction of acetals [43].
TMSNTY, is thermally more stable than TMSN(SO,F),, and the *’Si chemical
shift of TMSNTY, suggests that it should be a stronger Lewis acid than TMSOTf
and TMSN(SO,F); [44]. Yamamoto et al. have recently demonstrated the efficiency
of TMSNTS, as a strong Lewis acid catalyst of the Mukaiyama aldol reaction
(Scheme 10.13) [45]. The key to the successful reaction is slow addition of carbo-
nyl compounds to a solution of TMSNTY, and SEE and the use of Et,O as solvent.
TMSNTT, is generated in situ by reaction of SEE with commercially available tri-
flylimide (HNTL,). It is noteworthy that the TMSNTf,-catalyzed reaction with ke-
tones gives the desired aldols in high yields.

Me,SIOTH MesSIN(SOF)s  MesSiN(SO.CFa)s

29gi Chemical Shift (ppm): 435 449 55.9
iM M
OSiMey Lewis Acid (5 mol%) O e
+ HexCH(OMe), - Hex

GHyCly, 78 °C, 1 min

73% with MesSiN({SO.F)s

Scheme 10.12 27% with Me SiOTt
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1. HNTf, (1 mol®%), ELO, =78 °C, 15 min

OSiMe; 2. Addition of R'R2C=0 at -78 °C over 2 h Vil
R%, F R' R*
“ "R 3. Stirred at —78 °C for 15 min R A
4.1 MHCI-THF (1 : 1) o Bu,NF/THF
OH O oH 9 OH O OH O
Ph

O/J\/u\ Ph cCHp)g)\i‘j O\/“\ Ph Ph/)‘\/u\ Ph

87% 92% (syn - anti= 70 : 30) 87% 92%

(step 3: =40 °C, 0.5 h)
Scheme 10.13

Mukaiyama aldol reactions using a catalytic amount of a Lewis acidic metal salt
afford silylated aldols (silyl ethers) as major products, but not free aldols (alco-
hols). Three mechanistic pathways which account for the formation of the sily-
lated aldols are illustrated in Scheme 10.14. In a metal-catalyzed process the Lewis
acidic metal catalyst is regenerated on silylation of the metal aldolate by intramo-
lecular or intermolecular silicon transfer (paths a and b, respectively). If aldolate
silylation is slow, a silicon-catalyzed process (path c) might effectively compete
with the metal-catalyzed process. Carreira and Bosnich have concluded that some
metal triflates serve as precursors of silyl triflates, which promote the aldol reac-
tion as the actual catalysts, as shown in path c [46, 47]. Three similar pathways
are possible in the triarylcarbenium ion-catalyzed reaction. According to Denmark
et al. triarylcarbenium ions are the actual catalysts (path b) [48], whereas Bosnich
has insisted that hydrolysis of the salts by a trace amount of water generates the
silicon-based Lewis acids working as the actual catalysts (path c) [47]. Otera et al.
have reported that 10-methylacridinium perchlorate is an efficient catalyst of the
aldol reaction of ketene triethylsilyl acetals [49]. In this reaction, the perchlorate
reacts smoothly with the acetals to produce the actual catalyst, triethylsilyl perchlo-
rate.

Tin Lewis Acids

The use of Sn(II) and Sn(IV) salts as Lewis acid catalysts of silicon-directed aldol
reactions was reported by Mukaiyama et al. before 1990 [50]. Otera and Nozaki et
al. subsequently disclosed that organotin(IV) compounds such as Bu,Sn(OTf),
[51] and Bu3Sn(ClOy4) [52] have enough Lewis acidity as the catalyst. Bu,Sn(OTf),
works as a highly chemoselective activator of ketone acetals in the coexistence of
aldehyde acetals (Scheme 10.15) [51]. Thus, the Bu,Sn(OTf),-catalyzed reaction of
a mixture of acetals 19a and 19b with pinacolone TMS enolate (19a:19b:
enolate=1:1:1) gave only adduct 20a. No such distinct discrimination is observed
with other Lewis acids.
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Metal-Catalyzed (path a or b) R3Si. o o
—= MX, +
_ ¢ (a) " Ri,-l\,o‘u\oﬁg
i OSiRy  MX, |XM., C.SiRs T
R'CHO + —_— —]
Aore P . ®)
Mg g

L R,SiX +
{b} R!al-\/'u\oﬁi

Silicon-Catalyzed (path c)
B ) )
OSiR; RySIX  [RsSisy 5,-8IR3 RaSi.
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Scheme 10.14

MeD OMe MeQ OMe OSiMe, Lewis Acid
+ N + )\ -
Bu Me H‘C?H15 H = “1-Bu CH2C|2‘ —78°C. 2h
19a 19b
OMe O OMe O
+
Bu t-Bu n-CyHyg Bu
Me:
20a 20b

Lewis Acid (equiv), Yield /9 (20a : 20b):

BuzSn(OTf); (0.05). BO (100 : 0); TiCl4 (1), 36 (V8 : 22); SnCl, (1), 100 (72 : 28);
AICIz (1), 51 (58 : 42); Me,Si0TH (0.1), 59 (85 : 15); TrCIO, (0.1), 55 (B9 : 11)

Scheme 10.15

Bu,Sn(OTf),, Bu3Sn(ClO,), and Bu,Sn(ClO,), promote chemoselective addition
of KSA to aldehydes over the corresponding acetals [52]. The organotin perchlo-
rate-promoted reaction of SEE to aldehydes is quite slow compared with that of
KSA. On the other hand, in the (C¢Fs),SnBr,-catalyzed system, ketones and a-en-
ones were much more reactive to KSA than aliphatic aldehydes, and SEE react
smoothly with aldehydes and acetals [53]. Otera et al. have utilized the unique be-
havior of (CgFs),SnBr, for parallel recognition, a new concept for compacting syn-
thetic processes in which different transformations are performed simultaneously
on separate reaction sites (Scheme 10.16) [54]. For instance, ketones/a-enones and
aldehydes/acetals can react with KSA and SEE, respectively, in parallel with high
chemoselectivity.

Woerpel et al. have recently reported the SnBr,-promoted diastereoselective
aldol-type reaction of oxasilacyclopentane acetals such as 21a with SEE (Scheme
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Scheme 10.16

10.17) [55]. The sense of diastereoselectivity strongly depends on the size of the
SEE; reaction with acetone silyl enolate gives the 1,2-cis product predominantly
whereas the use of acetophenone silyl enolate results in high trans selectivity.
The diastereoselectivity can be understood by application of the inside attack
model for five-membered ring oxocarbenium ion 22. This stereoelectronic model
requires attack of the nucleophile from the face of the cation that provides the
products in their lower energy staggered conformations. Acetone silyl enolate
adds to the inside of the lower energy ground-state conformer of 22 (the upper
conformer in Scheme 10.17). In contrast, acetophenone silyl enolate, a sterically
demanding SEE, adds to the inside of the lower conformer to avoid steric repul-
sion by the C-2 substituent of 22, regardless of the ground-state conformer popu-
lation.
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+-Bu +-Bu o
t-Bu-Si-0 OSiMe SnBry (1 equiv) t-Bu-Si—-Q
me—t P~one  + N 3 * Mewﬂ
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Me Me
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[
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22
Scheme 10.17

Bismuth Lewis Acids

The use of BiCl; as a Lewis acid catalyst of the Mukaiyama aldol reaction was in-
troduced by Wada et al. [56]. The catalytic activity of BiCl; is not so high; however,
Dubac et al. found that addition of metal iodides such as Nal, Znl,, and Snl, is
very effective in the BiCls-catalyzed reaction (Scheme 10.18) [57]. Treatment of
BiCl; with these iodides forms Bil;, but Bil; alone and the Bilz—metal chloride
system do not have high activity. In contrast, a mixture of Bil; and BiCl; is very
effective. Bil; generated in situ from BiCl; would promote silylation of the inter-
mediary bismuth aldolates 23 with TMSX to facilitate the catalytic cycle.

OSiMeg  BiClg-x M, (5 mol3b) Me,Si0 O

PhCHO  + -
Ph CHQC'Q, —30 OC, <1h Ph Ph

¥ Ml ko none, no reaction; 1 MNal, 0.54; 2 Nal, 0.70; 3 Nal, 1; 4 Nal, 0.70;
1.5 Znlg, 10; 1.5 Snly, instantaneous; 1 Bily, 2.5

OSiMeg
BiX, +or B R X:BIO O | MesSiX MegSIO O
R'CHO —= —_— ——
R1JI\H ~MegSix R’ R —BiX, R R

23

Scheme 10.18
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Transition Metal Lewis Acids

Transition metal compounds also have been used as Lewis acid catalysts of the
Mukaiyama aldol reaction. In particular, as shown in later sections, transition me-
tal-catalyzed systems have been extensively studied for aqueous and asymmetric
aldol reactions. Recent reports on the use of achiral transition metal Lewis acids
in anhydrous solvent are described herein.

Cationic complexes such as [CpFe(DPPE)(acetone)](PF¢) [58], [Ru(salen)(NO)
(H,0)|(SbFs) [59], [Cp,Zr(Ot-Bu) - THF|(BPhy) [60], [W(HC(py)s)(NO),(CO)]
(SbFg), [61], and an oxovanadium(IV) complex [62] are effective catalysts. Matsuda
et al. recently reported that a cationic Ir complex generated in situ from [Ir(COD)
(PPh3),]OTf and H, catalyzes aldol and aldol-type reactions of aldehydes and ace-
tals with silyl enolates in CH,Cl, [63].

Bosnich et al. have found that 0.5 mol% Cp,Ti(OTf), or Cp,Zr(OTf), effects an
efficient aldol reaction of aldehydes and ketones in CH3NO, at 25°C [64]. It has
been proposed that Cp,Ti(OTf), acts only as a precursor of the actual catalyst
TMSOTE. In contrast, the Cp,Zr(OTf),-catalyzed reaction of sterically unhindered
or aromatic aldehydes would proceed via a Zr-catalyzed rather than a Si-catalyzed
mechanism (Scheme 10.14) [65].

Although the catalytic activity of some lanthanide compounds was reported in
the 1980’s [66], Mikami and Nakai have disclosed that Eu(dppm); is quite valuable
for chemoselective aldol reaction with KSA (Scheme 10.19) [67]. Eu(dppm); differ-
entiates between steric differences in aldehydes to a much higher extent than is
observed with a stoichiometric use of TiCly, even at a lower temperature. In addi-
tion, Eu(dppm)s recognizes the delicate difference in electronic effects involved in
benzaldehydes. Interestingly, p-nitrobenzaldehyde is less reactive than benzalde-
hyde in the Eu-catalyzed process. More significantly, Eu(dppm); has a remarkable
preference for o-methoxybenzaldehyde over benzaldehyde. These results suggest
that the relative reactivity of aldehydes in the Eu-catalyzed process is determined
almost solely by the strength of coordination of aldehydes to Eu(dppm);, not by
the electrophilicity of the aldehydes themselves.

The Eu-catalyzed aldol reactions of chiral a-siloxy and a-alkoxy aldehydes with
KSA show high levels of diastereocontrol, the sense depending on the nature of
the a-substituent (Scheme 10.20) [68]. The stereoselectivity with the a-siloxy alde-
hyde can be explained by an antiperiplanar transition state merged with Felkin
control, whereas reaction of the a-alkoxy aldehyde would proceed mainly via a
synclinal transition state involving chelation of the substrate and coordination of
the acetal alkoxy group of KSA.

Kobayashi et al. have reported that Sc(OTf); works as an effective and reusable
Lewis acid catalyst of the aldol and aldol-type reactions of aldehydes and acetals
with silyl enolates in CH,Cl, [69]. The activities of Sc(OTf); and other rare earth
triflates (Y(OTf); and Yb(OTf);) were evaluated in the reaction of cyclohexanone
TMS enolate with benzaldehyde (Scheme 10.21). The results clearly indicate that
Sc(OTf); is more active than Y(OTf); and Yb(OTY);.
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DSiMe, Lewis Acid MeSIO O MesSi0 O
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10.2.1.2 Aqueous Aldol Reaction with Water-stable Lewis Acids

The importance of aqueous reactions is now generally recognized, and develop-
ment of carbon—carbon bond-forming reactions that can be conducted in aqueous
media is now one of the most challenging topics in organic synthesis [22]. As for
the Mukaiyama aldol reaction, strictly anhydrous conditions are needed when con-
ventional Lewis acids such as TiCly, SnCl,, BF; - OEt,, etc. are used. In 1991 Ko-
bayashi et al. reported that Yb(OTf); works as a water-stable Lewis acid to catalyze
hydroxymethylation of SEE with a commercial aqueous solution of formaldehyde
[70a]. Since this pioneering effort Mukaiyama aldol reactions in aqueous solvent
or pure water have been extensively studied to develop environmentally more be-
nign synthetic methods. Thus, many metal salts have been found to be usable as
water-stable Lewis acids.

Rare Earth Metal Lewis Acids

Kobayashi et al. discovered that Yb(OTf); and other lanthanide triflates (Ln(OTf)s,
Ln=La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, and Er) are excellent catalysts of hydroxy-
methylation of propiophenone TMS enolate with aqueous formaldehyde solution
at room temperature (Scheme 10.22) [70, 71]. The Yb(OTf);-catalyzed hydroxy-
methylation of a variety of SEE, including sterically hindered compounds, pro-
ceeds regiospecifically in high yield. In addition, almost 100% of Yb(OTf); is quite
easily recovered from the aqueous layer and can be reused. Yb(OTf); also has
high catalytic activity in the aqueous aldol reaction of other aldehydes. Interest-
ingly, the catalytic activity is rather low in the absence of water. In aqueous media
water would coordinate to ytterbium to form active ytterbium cations.

OSiMes  vp(OTH), (10 molos) OH O

R'CHO + R? 2R =N )\e'l\ B

R HoO-THF, rt R2'RI
Hydroxymethylation
HO O HO O HO O HO O

R
Ph Et
R

R=H:77% 85% R =H:82% 92%
R = Me: 84% R = Me: 86%

Aldol Reaction of Other Aldehydes
HO O HO

0
R = Ph: 81% Ar = Ph: 91%
R Ph R=CH,=CH:82%  Ar Ar = p-CICgH,: 89%
R = CICH,: 95% Ar = pMeOCgH,: 77%

Scheme 10.22
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Sc(OTf); is an effective catalyst of the Mukaiyama aldol reaction in both aque-
ous and non-aqueous media (vide supra). Kobayashi et al. have reported that aque-
ous aldehydes as well as conventional aliphatic and aromatic aldehydes are direct-
ly and efficiently converted into aldols by the scandium catalyst [69]. In the pres-
ence of a surfactant, for example sodium dodecylsulfate (SDS) or Triton X-100, the
Sc(OTf)3-catalyzed aldol reactions of SEE, KSA, and ketene silyl thioacetals can be
performed successfully in water without using any organic solvent (Scheme 10.23)
[72]. They also designed and prepared a new type of Lewis acid catalyst, scandium
trisdodecylsulfate (STDS), for use instead of both Sc(OTf); and SDS [73]. The
Lewis acid-surfactant combined catalyst (LASC) forms stable dispersion systems
with organic substrates in water and accelerates the aldol reactions much more
effectively in water than in organic solvents. Addition of a Brensted acid such as
HCI to the STDS-catalyzed system dramatically increases the reaction rate [74].

’ HO 0

OSiMe, Additives

PhCHO oy ———®™ pj Ph
/ Ph HQO. n

Sc(OTf)5 (0.1 equiv)-SDS (0.2 equiv), 4 h: 88%
Sc{OTt)3 (0.1 equiv)-TritonX-100 (0.2 equiv), 60 h: 89%
STDS (0.1 equiv), 4 h: 92%

OSiMes — aqaitives HO O
PhCHO + = —

\|/j\SEI H,0. 23 °C Ph SEt

STDS (0.1 equiv), 5 min: 16%
STDS (0.1 equiv), HCI (0.1 equiv), 5 min: 67%
STDS (0.1 equiv), HCI{0.1 equiv), 15 min: 88%

H'C|2H250503Na !‘BUCHECMEQ_Q_(OCHQCHQ}XOH SC(DSOJH'(;]EH?.S:I:]

SDS TritonX-100 STDS

Scheme 10.23

Other Lewis Acids

Kobayashi et al. have demonstrated that some metal salts (e.g. Fe(II), Cu(II),
Zn(II), Cd(II), and Pb(II) perchlorates) other than rare earth metal salts are also
water-stable Lewis acids and work as catalysts of the aqueous aldol reaction of
SEE [75]. Metal salts with good catalytic activity have pK;, values (Kj,=hydrolysis
constant) from 4.3 to 10.08 and WERC (water exchange rate constant) greater
than 3.2x10° m™' s If pK;, <4.3, metal cations are readily hydrolyzed to give oxo-
nium ions, which promote hydrolysis of SEE. Metal cations with pK;, > 10.08 do
not have sufficient Lewis acidity to promote the aldol reaction. When the WERC
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values are less than 3.2x10° M~ s7!

because of slow water exchange.

Cu(OT{); is a stable Lewis acid in aqueous media and can be used for activation
of aldehydes [76]. The Cu(OTf),-catalyzed reaction of aromatic aldehydes with
acetophenone TMS enolate gives the corresponding adducts in good to high
yields. The same reaction of aliphatic aldehydes results in moderate yields.

Loh et al. reported that InCl; worked as an effective catalyst of aldol reactions of
SEE in water [77]. Later, Kobayashi et al. reported different results [78] — hydroly-
sis of SEE is faster than the desired reaction in the InCl;-catalyzed aqueous sys-
tem; the InCls-catalyzed reaction proceeds to some extent under solvent-free con-
ditions; InCl; is an effective catalyst in micellar systems.

aldehydes hardly coordinate to metal cations,

10.2.1.3  Aldol Reactions via Activation of Silyl Enolates

Fluoride ion-catalyzed aldol reactions of silyl enolates are valuable for stereoselective
carbon—carbon bond formation [19]. In this system fluoride ion works as an activator
of silyl enolates to produce reactive metal-free enolates, which add to aldehydes as
the actual nucleophiles. Similar aldol reactions via activation of silyl enolates by nu-
cleophilic reagents and solvents have been reported in recent years. In addition, ac-
tivation of silyl enolates by transmetalation has attracted much attention because of
its possible application to diastereo- and enantioselective transformation.

Activation by Nucleophilic Reagents and Solvents

KSA react with aldehydes smoothly in the presence of a catalytic amount of a
phosphine [79] or a lithium amide (Scheme 10.24) [80]. In addition, uncatalyzed
aldol reactions of KSA proceed efficiently in polar aprotic solvents such as DMSO,
DMF, DME [81], and MeCN [82]. Lubineau et al. reported an uncatalyzed aldol re-
action of SEE in H,0 in 1986 [83]. Recently, Loh et al. have found a similar reac-
tion of KSA although KSA are much more sensitive to hydrolysis than SEE [84].

) catalyst
0$|M33 0.2 E'qui'u"} H* HO O
p-MeCgH,CHO - + \l""/*LOMe —_——— pMechg,)?(ILOMe
PhsNLi, DMF, —45 °C, 1 h: 96%
TTMPP, THF, 1, 3 h: 82%

TTMPP = tris(2,4,6-trimethoxyphenyl)phosphineg
Scheme 10.24

Activation by Transmetalation

TMS enolates are well known to react with some metal compounds to afford the
corresponding metal enolates or a-metallo ketones [85]. For instance, the reaction
of TMS enolates with MeLi provides a convenient method for preparation of salt-
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free lithium enolates [86]. Catalytic aldol reactions via transmetalation of silyl eno-
lates are, however, currently rather limited.

Bergman and Heathcock have demonstrated that the Rh(I)-catalyzed aldol reac-
tion, originally reported by Matsuda et al. [87], proceeds via Rh(I) enolates 25 and
aldolates 26 (Scheme 10.25) [88]. This type of transition metal-catalyzed aldol reac-
tion has been used for asymmetric synthesis using readily accessible chiral phos-
phines (vide infra).

OSiMes

H‘
= ~R?

L,Rh{l)x 1 - Me,SiX

MesSi0 O

ORh(IIL,
RO R NG N RCHO
R 25
Sems LANNO O
1 2
R\ e R T R
26

Scheme 10.25

Kobayashi et al. recently found that a combination of diphenylborinic acid
(Ph,BOH) and benzoic acid effectively catalyzes the aldol reaction of SEE in a mi-
cellar system using SDS as a surfactant (Scheme 10.26) [89]. Stereoselectivity de-
pends on the geometry of SEE, and the use of Z-isomers effects high syn selectiv-
ity. These stereochemical outcomes are consistent with those observed in the tradi-
tional boron enolate-mediated aldol reactions. The rate of disappearance of a SEE
is independent of the reactivity of aldehydes and dependent only on the amount
of SEE. On the basis of these facts they proposed a mechanism involving a boron
enolate intermediate. Benzoic acid may accelerate the Si-B exchange step, which
is thought to be rate-determining.

10.2.1.4 New Types of Silyl Enolate

TMS enolates and other unstrained triorganosilyl enolates have been widely used
for silicon-directed aldol reactions since the discovery of the Mukaiyama aldol re-
action. In the last decade, however, several researchers have developed new types
of silyl enolate with unique reactivity to achieve high reaction efficiency, high che-
mo- and stereoselectivity, mild reaction conditions, etc.
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PhzBOH (0.1 equiv)
SDS (0.1 equiv) HO ©

0SiMe;  PhCOgH (0.01 equiv)
PhCHO  +
S H,0, 30 °C, 24 h Ph)\ruv

{3 equiv)
Z E=>99:1 60%, syn . anli=96:4
Z:E=19:81 T2%, syn . anii=53 : 47
HO O OSiMes
1
R R? R \2\9?
R1
Ph.BOH
HoO Me;SioH
Ph:BO O OBPh,
1
R1

~—

RCHO
Scheme 10.26

Cyclic Silyl Enolates of Amides

Myers et al. found that silyl enolates derived from amides undergo a facile non-
catalyzed aldol addition to aldehydes at or below ambient temperature [90]. In par-
ticular, the use of cyclic silyl enolate 27, derived from (S)-prolinol propionamide,
realizes high levels of diastereoface-selection and simple diastereoselection (anti
selectivity) (Scheme 10.27). It has been proposed that this non-catalyzed highly
stereoselective reaction proceeds via attack of an aldehyde on 27 to produce a tri-
gonal bipyramidal intermediate 29 in which the aldehyde is apically bound; 29
then turns to another isomer 30 by pseudorotation and 30 is then converted into
28 through a six-membered boat-like transition state (rate-determining step).

Enoxysilacyclobutanes

Myers et al. have also found that introduction of a silicon-containing small ring such
as silacyclobutane in place of the Me,Si group markedly increases the reactivity of 27
[91]. They and Denmark et al. also disclosed that a similar rate-accelerating effect is
observed in the aldol reactions of SEE and KSA (Scheme 10.28) [91-93]. For in-
stance, when the TMS enolate derived from methyl isobutyrate is heated with benz-
aldehyde in benzene (0.2 M, 150°C, 24 h), the aldol adduct is obtained in less than
25% vyield. In marked contrast, enoxysilacyclobutane 31 reacts completely and
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O—SiMe; o3l
e 0 0
+ RCHO ———
N’&/ CHyCly, 23 °C N)K/l\©
27 28
R = Ph: 7%, 97% ds
R=iPr  729%,>99% ds

H
—
RCHO g e L 7,1- e rds

27T —/]—= -5 e ?-O R ——= 28
ﬁ
| “Me 0—Si, H
O H 1 T Me
Y Me
R
29 30

Scheme 10.27

cleanly with benzaldehyde within 4 h at 27°C to afford the corresponding aldol ad-
duct quantitatively [91]. The high reactivity can be rationalized by the increased Le-
wis acidity of the silicon atom, which is a consequence of the release of strain caused
by Lewis base coordination. Another synthetically valuable feature of enoxysilacyclo-
butanes is that high syn selectivity is observed for KSA of E configuration. On the
basis of results from computational modeling, the origin of the stereochemical out-
come has been explained by boat-like transition state 32 [93].

R;MeSiO O OSiMeR,
MeO” + PhCHO ™ MeO Ph
CeDg
Ro = Mes 150 °C, 24 h < 25%
31: Ry = (CHy)g 27°C,4h quant,
HF O OH
E]Si'cl 4
i + R'CHO ———— —— o R
tBu = CDCly, 20°C THF
MeO
E:Z=89:11
MeO, Me R' Yield (%)  syn : anti
S=r i .
O i Ph - 98:2
A =<H (E-PhCH=CH 95 93:7
>t-Bu n'CEH” a 93:7
32 C"CBHH B85 >89 : 1

Scheme 10.28
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Dimethyltrifloxysilyl Enolates

Kobayashi et al. have found that dimethyltrifloxysilyl enolates, prepared in situ from
ketones and dimethylsilyl ditriflate in the presence of a tertiary amine, react
smoothly with electrophiles such as aldehydes and acetals without catalyst at
-78°C to afford the corresponding aldol adducts in high yields [94]. The use of ethyl
ketones as the substrates achieves high levels of syn selectivity (Scheme 10.29).

0 Me,Si(OTH),, -ProNEt 0SiMe,(OTf)| RCHO o e
X — pn R

Ph CH,Cly, —78 °C Ph

R=Ph: 88%, syn:anti=91:9
R=Pr. 66%, syn:anli=92:8

Scheme 10.29

Trichlorosilyl Enolates

Denmark et al. have reported that trichlorosilyl enolates also undergo non-catalyzed
aldol reaction with aldehydes (Scheme 10.30) [95]. The sense of diastereoselectivity
depends on the geometry of the enolates — (E)-enolate 33 adds to aldehydes with
high syn selectivity, whereas low anti selectivity is observed for (Z)-enolate 35 [96].
The stereochemical outcomes can be rationalized by boat-like transition structures
arranged by the Lewis acidity of the silicon atom, in which the configuration around
silicon is trigonal bipyramidal with aldehyde binding in the apical position. In the
transition structure from 35 there are severe steric interactions caused by the enolic
Z substituent, which is attributable to the low anti selectivity.

0SiCl, 1. CHCly, 0°C OH O
/1\ + RCHO ——
= “0OMe 2. ag. NaHCO, R OMe

R = Ph, Bn, (E)-PhCH=CH, Ph{CHaz)s, c-Hex: 89-98%

0SiCl, _ a0 i
M3 4A ag. NaHCO;
+ PhCHO ———» » Ph
CH,Cl,
0°C,6h
33 a4
92%, syn :anti=49 : 1
e,
OSiCl as above . _3 '“‘ I.-CI o OH
e
Ph)\\“/ FRNEAN o) — Ph)'Yl\Ph
H™ ™%
* Fh 97%, syn : anti=1:
. syncanti=1:23

Scheme 10.30
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Interestingly, a catalytic amount of a phosphoramide not only effectively acceler-
ates the aldol reaction of trichlorosilyl enolates but also strongly affects the diaster-
eoselectivity [96]. To evaluate the effects of catalyst structure, phosphoramides 36
were employed as catalysts of the aldol reaction of 33 with benzaldehyde
(Scheme 10.31) [97]. The results show that increasing the bulk of the N-substitu-
ent has a dramatic effect on the diastereoselectivity. In addition, the syn selectivity
with 36c¢ decreases with increased loading of the catalyst. The rate acceleration
and these stereochemical outcomes suggest two plausible transition structures 37
and 38, leading to syn and anti adducts, respectively. The former has a pentacoor-
dinate cationic silicon center with one phosphoramide ligand in the trigonal bipy-
ramidal structure, and the latter has a hexacoordinate cationic silicon center with
two phosphoramide ligands in the octahedral structure. The origin of the rate ac-
celeration stems from the ionization of the enolate by the phosphoramides. Steri-
cally demanding phosphoramides bind to the enolate in a 1:1 fashion and the re-
sulting pentacoordinate cationic siliconate 37 favors a boat-like arrangement. Steri-
cally less demanding phosphoramides can bind in a 2:1 fashion, and the result-
ing hexacoordinate cationic siliconate 38 favors a chairlike arrangement. In-
creased loading of 36¢ promotes the reaction path via 38 to diminish the syn se-
lectivity. These divergent mechanistic and stereochemical pathways have been as-
certained by kinetic studies and linear/non-linear effects observed in the asym-
metric aldol reactions using chiral phosphoramides (Section 10.2.2.4) [98].

36 (10 mol%)  ag. NaHCOs, NH4F

33 + PhCHO L » 34, 93-99%
CH,Cly, —78 °C
R 1.5-6h syn : anti
N\ ,0 36a (R = Me): 1:28
E K 36b (R = i-Pr): 27 1
NN 36¢ (R = Ph): 31:1
R 36d (R = 1-naphthyl): 40 ;1
36
+ +
| P(NR‘ )a
0-P(NR); | Cl P(NRy) | C

O NO
Y “I~a

38

!

syn-34 anti-34

Scheme 10.31

The HMPA-catalyzed reaction of homochiral (Z)-enolate 39 generated from the
corresponding TMS enolate provides syn,syn adducts with high diastereoselectivity
(Scheme 10.32) [99]. The observed stereoselectivity is explainable by a chair-like
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cationic transition structure like 38. As shown in the later section, the base-cata-
lyzed system using trichlorosilyl enolates is successfully used for catalytic asym-
metric aldol reactions.

) ) RCHO
OSiMey Hg(OAc)s OSiCls  HMPA (15 molos)
= + SiCly ———» = =
CHoCla, 1t CH,Cl,
TBSO TBSO -78°C, 10h
39
TBSO el Lo O OH

FH’,'L :O‘C;;Si,* — ﬁ)ﬁ/'\ R
= Cl TBSO

Me cr : o
L = HMPA R = Ph, (E)-PhCH=CH, 2-furyl: 76-87%, 91-94% dr

Scheme 10.32

Dimethylsilyl Enolates

We have found that dimethylsilyl (DMS) enolates derived from ketones react with
aldehydes without promoter in DMF at 50°C, affording aldol adducts in moderate
to good yields (Scheme 10.33) [100]. The corresponding TMS enolates are not so
reactive to aldehydes under the same conditions. The high reactivity of DMS eno-
lates could originate from the relatively less crowded silicon center, which would
facilitate the coordination of DMF to silicon to enhance the nucleophilicity of the
enolates.

OSiXMes 0O OH

+ RCHO ——— R
DMF, 50 °C, 48 h

X =H, R = Ph: 79%
X =H, R =Ph(CHy),: 66%
X = Me, R = Ph: 38%

Scheme 10.33

We recently disclosed that salts of alkali and alkaline earth metals effectively
promote the aldol reaction of DMS enolates (Scheme 10.34) [101]. For example,
the CaCl,-catalyzed reaction of propiophenone DMS enolate with aldehydes pro-
ceeds smoothly in DMF at 30°C with high reaction efficiency. In the metal salt-
catalyzed aldol reaction the counter anion of the metal salt plays a crucial role in
rate acceleration. The activity of metal salt increases with increasing intrinsic nu-
cleophilicity of the counter anion: TfO”<I"<Br <ClI". This result indicates that
metal salts work as Lewis bases to activate DMS enolates. To our surprise, the
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CaCl,-catalyzed aldol reaction of DMS enolates proceeds efficiently even in the
presence of water. Thus, the catalytic system can be utilized for hydroxymethyla-
tion using a commercial aqueous solution of formaldehyde.

0SiHMe, CaCl, (0.25 equiv) O OH
+ RCHO -
N DMF, 30 °C F"J\|/LF'

R, Yield (%): Ph, 98, (E}-PhCH=CH, 98; Ph{CHz},, 90

0SiHMe, CaCls (1 or 0.13 equiv) O OH
1A R? + aa HOHO DMF, 0 or 30 °C R h2
0 OH O OH o OH 5 oW
SR O "y
T8% TT% B83% 999,

Scheme 10.34

In the presence of a fluoride ion source, DMS enolates work as bifunctional
silicon reagents to enable the tandem aldol-reduction reaction of aldehydes
(Scheme 10.35) [102]. The TBAF-catalyzed reaction of DMS enolates with alde-
hydes produces syn,syn-1,3-diols with moderate to high diastereoselectivity.

08SiHMe, Bu,NF (6 mol%) O  OSiHMe;
+ RCHO =
F’h)ﬁ/ THF,-78°C,35h | " R
R Yield (%) dr
aq. HCI OH OH
Ph 91 97 :3
p-MeCgH, a7 96 :4 Fh R
.D-MSDCGH,{ 7d 94 B l .
2-furyl 73 91:9 major isomer
Ph{CHz)2 43 B2 : 18

Scheme 10.35

Tris(2,6-diphenylbenzyl)silyl Enolates

The chemoselective aldol reaction of a-enals with KSA has been achieved under
the influence of organotin Lewis acids in competition with saturated aldehydes
[52¢c]. Maruoka et al. have, on the other hand, recently reported a highly chemose-
lective aldol reaction of saturated aldehydes over a-enals with tris(2,6-diphenylben-
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zyl)silyl (TDS) enolates (Scheme 10.36) [103]. The BF;-promoted reaction of an
equimolar mixture of heptanal and (E)-2-heptenal with acetone TMS enolate
forms a 1:1.6 mixture of both aldol adducts, whereas acetone TDS enolate adds to
only heptanal under the same reaction conditions.

o~ ~_-CHO OH O
, CH=C(MeOSIRs (1equiv) I M
(1.1 equiv) BF*OEt, (2.2 equiv) 40a
+ - +
- CHO CHyCly, —78 °C OH O
(1.1 equiv) W/k 40b
A = Me: 89%, 40a:40b=1:16

R = 2 6-diphenylbenzyl: 73%, 40a : 40b = =89 : <1
Scheme 10.36

Polymer-supported Silyl Enolates

Kobayashi et al. reported the first synthesis of polymer-supported silyl enolates
(thioketene silyl acetals) and their reactions with aldehydes for the preparation of
1,3-diol, pf-hydroxy carboxylic acid, and f-hydroxy aldehyde libraries (Scheme
10.37) [104]. In the presence of 20 mol% Sc(OTf)s, polymer-supported silyl enolate
42 derived from chloromethyl copoly(styrene—1% divinylbenzene) resin via 41 reacts
smoothly with a variety of aldehydes. The resulting adducts can be easily purified by
acid treatment and subsequent washing with water and organic solvents. The puri-
fied adducts are converted into 1,3-diols with LiBH,, f-hydroxy carboxylic acids with
NaOH, and f-hydroxy aldehydes with DIBALH. This strategy has been used for effi-
cient synthesis of diverse monosaccharide derivatives [105].

OSiMes
cl st 1. EtCOCH AN
—_—
2. MesSIOTY, EtgN
a1 42
RCHO (1.2 equiv) O  OH
S¢{OT) (0.2 equiv) LigH, ©H OH
. s R . o
CH,Cl,. 78 °C
DIBALH ¢ \\NaOH 55-82% from 41
o OH O OH

H Ph HO Ph
73% from 41 59% from 41

Scheme 10.37
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10.2.2
Asymmetric Aldol Reactions

Since the middle of the 1980’s remarkable progress has been achieved in the de-
velopment of asymmetric aldol reactions of silyl enolates. In the beginning of this
evolution, chiral auxiliary-controlled reactions were extensively studied for this
challenging subject [106]. As new efficient catalysts and catalytic systems for the
aldol reactions were developed, much attention focused on catalytic enantiocontrol
using chiral Lewis acids and transition metal complexes. Thus, a number of chiral
catalysts realizing high levels of enantioselectivity have been reported in the last
decade.

10.2.2.1  Use of a Chiral Auxiliary

In the middle of the 1980’s some silyl enolates derived from homochiral esters
were reported to enable highly enantioselective synthesis of aldols [106]. Later, Op-
polzer et al. disclosed the utility of camphor sultam as a chiral auxiliary for asym-
metric aldol reactions [107]. Braun et al. have recently achieved high levels of
asymmetric induction in the aldol reaction of ketones with homochiral silyl eno-
late 43 (Scheme 10.38) [108].

Introduction of a chiral auxiliary into the silyl group of silyl enolates has been
attempted [109-111]. The enantioselectivity of the reaction with binaphthyl-based
silyl enolate 44 is, however, rather low [109]. Denmark et al. have reported that en-
oxysilacyclobutane 45, bearing a chiral auxiliary, adds to aldehydes without any
catalyst to give the corresponding adducts with high diastereo- and diastereoface-
selectivity [111].

Chiral auxiliary-bound substrates have also been used for the asymmetric process.
The aldol reaction of chiral pyruvates such as 46 is a reliable method for highly en-
antioselective synthesis of functionalized tertiary alcohols (Scheme 10.38) [112]. The
Lewis acid-catalyzed aldol-type reactions of chiral acetals with silyl enolates are val-
uable for the asymmetric synthesis of f-alkoxy carbonyl compounds [113, 114].

10.2.2.2 Use of Chiral Lewis Acids and Transition Metal Complexes

In 1986, Reetz et al. reported that chiral Lewis acids (B, Al, and Ti) promoted the
aldol reaction of KSA with low to good enantioselectivity [115]. The following year
they also introduced asymmetric aldol reaction under catalysis by a chiral rho-
dium complex [116]. Since these pioneering works asymmetric aldol reactions of
silyl enolates using chiral Lewis acids and transition metal complexes have been
recognized as one of the most important subjects in modern organic synthesis
and intensively studied by many synthetic organic chemists.
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Chiral Boron and Aluminum Lewis Acids

Kiyooka et al. have reported that stoichiometric use of chiral oxazaborolidines (e.g.
(S)-47), derived from sulfonamides of a-amino acids and borane, is highly effec-
tive in enantioselective aldol reactions of ketene TMS acetals such as 48 and 49
(Scheme 10.39) [117]. The use of TMS enolate 49 achieves highly enantioselective
synthesis of dithiolane aldols, which can be readily converted into acetate aldols
without epimerization. The chiral borane 47-promoted aldol reaction proceeds
with high levels of reagent-control (Scheme 10.40) [118] — the absolute configura-
tion of a newly formed stereogenic center depends on that of the promoter used
and not that of the substrate.

Interestingly, reaction of ketene TBS acetals under the same conditions forms
f-hydroxy acetals by a tandem aldol-reduction process (Scheme 10.41) [117a]. A
similar tandem reaction using ketone TMS enolates provides a highly enantiose-
lective route to 1,3-diols [119].
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Scheme 10.41

In 1991 Kiyooka et al. described the chiral borane-promoted aldol reaction, then
Yamamoto [120], Masamune [121], Kiyooka [122], and Corey [123] all indepen-
dently reported chiral borane-catalyzed systems for highly enantioselective aldol
reactions of silyl enolates (Scheme 10.42).

Yamamoto et al. found that chiral borane 47b (R=H), derived from monoacyloxy-
tartaric acid and diborane, works as an excellent catalyst of enantioselective aldol re-
actions (from 80 to >95% ee) of aldehydes with SEE [120]. The 47b (R=H)-catalyzed
reaction has high syn selectivity (60 to >90% de) irrespective of the geometry of the
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Scheme 10.42

enolates. This observation can be well explained by an acyclic antiperiplanar transi-
tion state model. Introduction of a 3,5-(CF3),C¢Hj; group as R improves the catalytic
activity without reducing the enantioselectivity. When R =0-PhOC¢Hy, higher diaster-
eo- and enantioselectivity can be achieved without reducing the chemical yield. The
catalyst system using 47b (R=H) is applicable to highly enantioselective addition of
KSA derived from phenyl esters.

Masamune et al. examined the catalytic activity of several boron Lewis acids de-
rived from BH;- THF and the p-toluenesulfonamides of simple g-amino acids to-
wards the aldol reaction of benzaldehyde with TMS enolate 48 [121]. As a result,
the borane catalysts derived from a,a-disubstituted glycine p-toluenesulfonamides
were found to have high activity. The disubstitution would accelerate the second
step (Step II) of the catalytic cycle (Scheme 10.43). On the basis of this observa-
tion, they developed chiral borane catalysts 47 ¢ and 47d, which enable highly enan-
tioselective aldol reactions of KSA and thioketene silyl acetals (84-99% ee with 48).

Kiyooka et al. succeeded in developing a catalytic version of the chiral borane-
promoted aldol reaction of KSA by modification of the promoter (the use of 47¢)
and the use of EtNO, as solvent (Schemes 10.39 and 10.42) [122]. The solvent
effect realizing an efficient catalytic cycle would arise from acceleration of Step II
(Scheme 10.43) by nucleophilic assistance of the polar solvent. The 47 e-catalyzed
reaction of KSA 49 in EtNO, can be used for enantioselective synthesis of both
isomers of 1,3-diols (Scheme 10.44).

Corey et al. disclosed that tryptophan-derived oxazaborolidine 47f (R=Bu) is an
effective asymmetric catalyst of the aldol reaction of terminal silyl enolates derived
from acetophenone and 2-hexanone in EtNO, (86-93% ee) (Scheme 10.42) [123].
The level of enantioselectivity is lower when CH,Cl, is used as solvent or when
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Scheme 10.44

47f (R=Me) is used as catalyst. Quite recently Yamamoto et al. reported that intro-
duction of a 3,5-(CF3),Ce¢H; group as R makes 47f much more active, and 10 mol%
or less of the modified catalyst can achieve high chemical and optical yields [124].

Chiral borane catalyst 47 g, prepared from N-tosyl-(aS,fR)-f-methyltryptophan and
(p-chlorophenyl)dibromoborane, is fairly effective in asymmetric aldol-type reaction
of 1,3-dioxolanes bearing an aryl or vinyl group at the 2-position (Scheme 10.45) [125].
The ring-cleavage products can be converted into free aldols without epimerization by
iodination and subsequent reduction. The chiral borane-promoted reaction with 48 is
very valuable for asymmetric desymmetrization of symmetric 1,3-dioxolanes and 1,3-
dioxanes leading to mono protected 1,2- and 1,3-diols, respectively [126].

In sharp contrast to the utility of chiral boron Lewis acids, chiral aluminum Le-
wis acids have been little used for asymmetric aldol reactions of silyl enolates
since the first example reported by Reetz et al. [115]. Fujisawa et al. have reported
that an equimolar amount of a chiral Lewis acid prepared from Et,AlCl and a bor-
nane-2,3-diol promotes the aldol reaction of 48 in moderate yields with good enan-
tioselectivity [127].
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Chiral Tin and Lead Lewis Acids

In 1989, Kobayashi and Mukaiyama reported a tin-based chiral promoter system,
Sn(OTf),—chiral diamine 50-Bu;SnF (stoichiometric use), for highly enantioselec-
tive aldol reaction of ethanethioate silyl enolate 51 with aldehydes and ketones
(Scheme 10.46) [128]. In the reactions of (Z)-silyl enolates 52 (R*=Me, BnO,
TBSO) with aldehydes, a similar promoter system using Bu,Sn(OAc), instead of
Bu;SnF realizes good yields and extremely high diastereo- and enantioselectivity
[129-131]. This method has been used for the synthesis of the C26-C33 segment
of rapamycin [132]. Bu3SnF or Bu,Sn(OAc), would serve as an additional ligand
bound to the Lewis acidic Sn(II) center.

Unlike the case of R*=Me and TBSO, the BnO-substituted silyl enolate 52¢ has
anti selectivity. The stereochemical outcome with 52¢ can be rationalized by a syncl-
inal transition structure assisted by coordination of the BnO group to the tin(II) nu-
cleus. In contrast, when R*=Me and TBSO, the reaction would proceed via an anti-
periplanar transition structure [131]. Interestingly, E-isomers of 52 are rather less
reactive than 52 although the origin of the low reactivity is not clear [133]. a-Keto
esters such as pyruvates undergo the tin-promoted aldol reaction with 52 to give
the corresponding aldol adducts with good diastereo- and enantioselectivity [134].
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The Sn(OTf),-based chiral promoter system enables highly selective synthesis of
both enantiomers of the aldol adducts by using similar types of chiral diamines
derived from 1-proline (Scheme 10.47). Diamines 50d and 50h are highly effective
chiral sources for the synthesis of (25,3R) and (2R,3S) adducts, respectively, from
52a [135]. In the aldol reaction of 52b, diamines 50f and 50g realize the selective
synthesis of both enantiomers of the syn adducts [136]. The sense of diastereos-
electivity can also be controlled by choice of the diamine ligands. The use of 50g
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leads to syn-selective addition of BnO-substituted KSA 53, whereas the same reac-
tion with 501 or 50j has anti selectivity [137]. In addition, these reactions proceed
with high enantioselectivity.
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52b (R® = TBSO) with 50g: 63-86%,. =98% de (syn), 98->99% ee (syn)
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BnQ OSiMey BUQSn[Ochz
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53 OBn
R' = aryl, alkyl, vinyl syn anti
With 50g: 85-90%, 90-=98% de (syn), 91-98% ee (syn)
With 50i or 50j: 51-88%, 76-B6% de (anti), 90-94% ee (anti)

Scheme 10.47

According to the above asymmetric processes, optically active aldols can be readily
prepared from both achiral aldehydes and silyl enolates; stoichiometric use of the
chiral source is not, however, favorable for practical use. In the course of mechanis-
tic investigation it was found that the chiral tin(II) complex-promoted reaction of
52a with benzaldehyde gave a mixture of the corresponding aldol and its TMS ether
when less than half an equivalent of Bu,Sn(OAc), was used [138]. In addition, the ee
and de of the TMS ether were lower than those of the free aldol. The formation of
the TMS ether indicates the possibility that metal exchange from tin to silicon on the
intermediate aldolate occurs with regeneration of the chiral promoter, as shown in
Scheme 10.48. The lower stereoselectivity of the TMS ether is attributable to achiral
TMSOTf-promoted reaction. The key to a successful catalytic asymmetric aldol reac-
tion is probably to keep TMSOTT at low concentration. On the basis of this consid-
eration, slow addition of substrates to the chiral promoter was found to be effective
in improving stereoselectivity. The use of propionitrile as solvent with a slow addi-
tion procedure achieved high stereoselectivity [139]. The solvent effect would origi-
nate from acceleration of the metal-exchange step consuming TMSOT{. Further-
more, it turned out that tin(II) oxide reduced the catalytic activity of TMSOTY to
bring about higher diastereo- and enantioselectivity [140]. Under the optimized con-
ditions, the aldol reaction of silyl enolates 51 and 52a with aromatic and aliphatic
aldehydes usually proceeds in greater than 90% ee and 90% de (Scheme 10.49)
[140D]. This catalytic asymmetric aldol reaction has been used in the total synthesis
of several natural products such as 1-fucose [140a], sphingofungins [141], febrifu-
gine, isofebrifugine [142], and khafrefungin [143].
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Evans et al. have demonstrated that the Sn(II) complexes 54 and 55 with biden-
tate bis(oxazoline) (box) and tridentate pyridylbis(oxazoline) (pybox) ligands are ef-
ficient anti-aldol catalysts of the enantioselective addition of (Z)-thioester silyl eno-
lates to 1,2-dicarbonyl compounds such as ethyl glyoxylate and methyl pyruvate
(Scheme 10.50) [144]. The 54-catalyzed aldol reaction of ethyl glyoxylate shows
high diastereo- and enantioselectivity and good to high yields, irrespective of sub-
stituent variation in the silyl enolate. A similar catalyst system has been applied to
the total synthesis of phorboxazole B [145]. Although chiral Lewis acid 55 is inef-
fective in the aldol reaction of ethyl glyoxylate, it effects high stereoselectivity in
the reaction of methyl pyruvate. Interestingly, in the latter reaction, the sense of
enantioselectivity with 55 is different from that with 54. The 55-catalyzed system
enables highly regioselective addition to the MeCO moiety of 2,3-pentanedione.

Kobayashi et al. recently developed the Pb(OTf),-crown ether 56 complex as an
efficient chiral catalyst of asymmetric aldol reactions in aqueous media
(Scheme 10.51) [146]. This catalyst system achieves good to high yields and high
levels of diastereo- (syn-selective) and enantioselectivity in the aldol reaction of a
variety of aldehydes with propiophenone TMS enolate. The hole size of 56 is es-
sential because 57 and 58 show no chiral induction. The unique structure of the
Pb(OTf),—56 complex as a chiral catalyst has been revealed by X-ray diffraction.



- 9 OSiMes
(| ,_(
\“)\H 5 F{'_ SR
0
R = Ph, Et, +-Bu
A' = H, Me, Et, i-Pr,
0 OSiMe,
MeO\“)-K g
1
| R' 'SR
R = Et, +Bu
R = Me, Et, i-Bu
0 OSiMes
Meo\“)l\ &
0 St-Bu
Q OSiMes
/\“)'K 10 it
0 St-Bu

54
Scheme 10.50

OSiM93

10.2 Silyl Enolates

54 (10mol%) 1 MHCI OH O
- » FEIO S
—78°C, CH.C E
oCl o A
: 72-90%, B0-92% de, 92-08% ee
Bu
55(10 mol® ) 1 MHCI HQ o
x MeO\“/([/”\ s
-78 °C, CH.Cl, 5 B

54 (10mol%) 1MHCI % OHQ
P MRS
> = " “St-Bu
78 °C, CH,Cl L
84% de, 94% ee
55(10mol% ) 1 MHCI HQ , Q
78 °C, CHyCl, WS"B“

86% de, 98% ee
regioselection 97 : 3

YO\r -
O —y
| S \) 20Tt

Pb({OTf)5-56 (20 mol%:)

RCHO
R = aryl, alkyl

"
Z~pn

o

S
T e

Scheme 10.51

HoO-PrOH (1

- H,'\i)LF,h

65-99%, 64-88% de
62-87% ee

CJ" 0%

14.5),0°C

443



444

10 Silicon in Organic Synthesis

Chiral Titanium and Zirconium Complexes

Reetz et al. reported that a chiral Ti complex prepared from TiCl, and the di-
lithium salt of (S)-BINOL promoted the aldol reaction of 3-methylbutanal with
KSA 48 with only poor enantioselectivity (60%, 8% ee) [115b]. After this pioneer-
ing work, the titanium-based catalyst system has been intensively improved to at-
tain an efficient catalytic cycle and high stereoselectivity [147-155].

Mukaiyama et al. have shown that a BINOL-derived oxotitanium catalyzes the
asymmetric aldol reaction of aldehydes with thioester silyl enolates [147]. In the
presence of the chiral complex (20 mol%), the TBS enolate of S-t-butyl thioacetate
reacts smoothly with aromatic and a,f-unsaturated aldehydes in toluene to give si-
lylated aldols in high yields with moderate to good enantioselectivity (91-98%, 36—
85% ee). The use of the TBS enolate of S-ethyl thioacetate results in lower enan-
tioselectivity.

Significant improvement of the titanium-based system has been achieved by
three research groups — those of Mikami, Keck, and Carreira. Mikami et al. dis-
closed that chiral BINOL-Ti complex 59, prepared in situ from enantiomerically
pure BINOL and TiCl,(Oi-Pr), in the presence of 4-A molecular sieves (MS), is
quite an efficient catalyst of the aldol reaction of thioester TMS enolates
(Scheme 10.52) [148]. With only 5 mol% 59 structurally flexible f-siloxy thioesters
are obtained in high enantiomeric purity. The enantioselectivity is enhanced in to-
luene, a non-polar solvent, rather than polar solvents such as CH,Cl,, EtCN, and
EtNO,. In consistence with the result reported by Mukaiyama et al., higher enan-
tioselectivity is observed with S-t-butyl thioacetate silyl enolate than with the S-
ethyl counterpart. The 59-catalyzed reaction with thiopropanoate TMS enolates
proceeds stereospecifically, that is, the (E)- and (Z)-enolates have syn and anti se-
lectivity, respectively. These stereochemical outcomes agree well with a silatropic
ene mechanism via a chair transition structure. The synchronous formation of C—
C and Si-O bonds is supported by the fact that no crossover is observed in the re-
action of an aldehyde with two kinds of silyl enolate bearing different silyl and al-
kylthio groups.

Catalyst-controlled stereoselectivity is observed for the 59-catalyzed aldol reaction
of (S)-2-benzyloxypropanal: the sense of diastereoselectivity depends on the abso-
lute configuration of the catalyst (Scheme 10.53) [149]. The level of stereoselectiv-
ity with (R)-59 is, however, lower than that with (S)-59. Thus, a slight influence of
substrate control is observed. The stereochemical outcome can be rationalized in
terms of steric repulsion between the methyl and TMS groups in the cyclic transi-
tion structure leading to anti adducts.

Similarly, Keck et al. have demonstrated the utility of chiral BINOL-Ti complex
60, prepared by heating enantiomerically pure BINOL, Ti(Oi-Pr),, (BINOL-Ti 1:1)
and 4-A MS in CH,Cl, under reflux for 1h [150]. In the 60-catalyzed aldol reac-
tion of benzaldehyde with S-t-butyl thioacetate TMS enolate, a high isolated yield
and the optimum enantiomeric excess (90%, 97% ee) are obtained when the reac-
tion is performed with 20 mol% 60 in Et,0 at —20°C. Under these conditions the
aldol reactions of aromatic and aliphatic aldehydes proceed in good to high yields
with high enantioselectivity (70-90%, 89 to >98% ee).



10.2 Silyl Enolates

l l oH 3
on TiCLIOLPr), + MS 44
OSiMey @G (R)-59 (5 mol%) MegSiQ O

RCHO + L

SR! toluene, 0 or =20 °C, 2 h R SR’
R'=Etor +-Bu 60-84%, 81-96% ee
OSiMes  (F)-59 (5 mol%} MBSSi? (0] Ms;ﬁi? 0]
RCHO + ., ———> R Y "sR't* R SR
"2 8R! foluene, 0°C, 2h
syn anti
R = BnOCH,, R' = Et, 77% E (95% 2): 85% (BO%), syn : anti=72 : 28 (48 : 52)
R = BuQ,C, R' = +Bu, 95% E(93% 2); 57% (B1%), syn : anti=57 : 43 (20 : 80)
86-90% ee for major isomers
SR’ SR'
M&gsiﬁ-. i MEgsiH-. H
b :O;]\\ H —= syn adduct s g ¢ \ — = anti adduct
= -0 ~ . nti= 0 -
R R H
RCHO/ E)-enolate/| B)-59 RCHOQ/{ Z)-enolatel R)-59
Scheme 10.52
(S)- and (A)-69 : ;
OSiMe;  (10-20mol%) ~ MesSIQ O Myl -0

+ - +
/
L A X CHCl; or toluene X X

0OBn 0°C.2h OBn OBn
syn anhi

X = OEt with (5)-59 ((R)-59): 73% (T1%), syn - anti=98 : 2 (17 : 83)
X = 5+-Bu with (5)-59 ((R)-59): 68% (61%), syn - anti=97 : 3 (18 . 82)

N s ik LTl N7

’,SI-LL i el
o | HO OMey| O .

— syn adduct I —= anii adduct
K,- OBn BnO L
Me HH

Scheme 10.53

Carreira et al. have developed chiral Schiff base-Ti complex 62 as an asymmetric
catalyst of aldol reactions of acetate silyl enolates (Scheme 10.54) [151]. The Ti com-
plex 62 is prepared by treatment of chiral Schiff base 61 with Ti(Oi-Pr), and 3,5-di-t-
butylsalicylic acid in toluene at 23 °C, followed by solvent removal in vacuo. The aldol
reactions of TMS enolates derived from methyl and ethyl acetates are effectively cat-
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alyzed by 2-5 mol% 62 to afford silylated aldols. Desilylation of the products with
BuyNF furnishes f-hydroxy esters in good to high total yields from aldehydes, with
excellent enantioselectivity. The addition of 3,5-di-t-butylsalicylic acid as a counter-
ion has a remarkable effect on the yield, enantioselectivity, and catalytic efficiency.
The salicylate chelate would facilitate intramolecular silyl transfer of the zwitterion-
ic intermediate 63 to form the silylated aldol and regenerate the catalyst. The silyl
transfer is likely to proceed via the metal-bound silylated salicylate as proposed in
the chiral acyloxyborane-catalyzed Mukaiyama aldol reaction (Scheme 10.43).
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Scheme 10.54

The catalytic system using 62 is applicable to highly enantioselective prepara-
tion of acetoacetate aldol adducts (Scheme 10.55) [152]. The use of 1-3 mol% 62
and 0.4 equiv. 2,6-lutidine promotes the aldol reaction of a variety of aldehydes
with silyl dienolate 64 in good to high optical yields. The dienolate addition pro-
vides a convergent and enantioselective route to 1,3-polyols by appending a pro-
tected acetoacetate in a single step. The 62-catalyzed aldol reactions of methyl ace-
tate TMS enolate and dienolate 64 have been used in the total syntheses of Rofla-
mycoin [153] and Macrolactin A [154], respectively. In the latter both enantiomers
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of acetoacetate aldol adduct 65 prepared by the (R)- and (S)-62-catalyzed additions
serve as synthetic intermediates of two different components.

Kobayashi et al. recently performed catalytic asymmetric Mukaiyama aldol reac-
tions with ester and thioester TMS enolates using a novel chiral zirconium catalyst
(66), prepared from Zr(Ot-Bu)s, (R)-3,3'-diiodo-1,1"-binaphthalene-2,2'-diol ((R)-3,3'-
[,BINOL), 1-propanol, and a small amount of water (Scheme 10.56) [156]. The reac-
tions of aromatic, a,f-unsaturated, and aliphatic aldehydes proceed in high yields
with high enantioselectivity under mild conditions (0°C) although a- and f-
branched aldehydes are not reactive in this catalyst system. Propanoate silyl enolates
added to aldehydes with high anti selectivity irrespective of the geometry of the eno-
lates. Both 1-propanol and water are essential for obtaining high yields and stereo-
selectivity. 1-Propanol would serve to not only form 66 but also accelerate the regen-
eration of 66 from a zirconium metal aldolate intermediate in the catalytic cycle,
while water would be required only for the catalyst formation. Judging from NMR
analysis and positive non-linear correlation between catalyst and product ee, 66 is
assumed to have a dimeric structure bearing two kinds of propoxide moiety. This
anti-diastereoselectivity can be interpreted in terms of steric repulsion between the
a methyl group of propanoate silyl enolates and the chiral catalyst bound to the car-
bonyl oxygen in acyclic transition state models (Scheme 10.56).
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Chiral Palladium and Platinum Complexes

In contrast with the above Lewis acid-catalyzed asymmetric aldol reactions, chiral
Pd and Pt cationic complexes have been found to catalyze the asymmetric process
by a transmetalation mechanism involving a metal enolate intermediate (Section
10.2.1.3).

Sodeoka et al. have developed novel chiral diaqua Pd(II)-BINAP and -Tol-BINAP
complexes 67 as efficient asymmetric catalysts of the aldol reaction of SEE
(Scheme 10.57) [157]. These complexes are readily prepared from PdCl,(BINAP)
and PdCl,(Tol-BINAP) by treatment of 2 equiv. AgBF, in wet acetone, and are
quite stable to air and moisture. The results of "H NMR experiments indicate that
reaction of 67b with acetophenone TMS enolate forms an O-bound Pd enolate.

Fujimura, on the other hand, reported that chiral Pt complexes 69 prepared
from the chelating acyl Pt(II) complexes 68 and TfOH in the presence of air and
water are effective in the asymmetric aldol reaction of methyl isobutyrate TMS
enolate with primary aliphatic aldehydes (Scheme 10.58) [158]. In this reaction,
2,6-lutidine is used as proton scavenger, to avoid the effects of residual acid, and a
free aldol and its TMS ether are obtained with the same enantioselectivity. IR and
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*'P NMR analyses are indicative of the intermediacy of a C-bound Pt enolate in
the catalytic cycle.

Chiral Copper, Zinc, and Silver Complexes

Evans et al. have demonstrated that bidentate box- and tridentate pybox-Cu(II) com-
plexes, 70 and 71, bearing a weakly coordinating counter anion such as OTf or
SbFg, are highly efficient catalysts of the aldol reaction of (benzyloxy)acetaldehyde
with a range of ester and thioester silyl enolates [159]. In particular, the pybox com-
plex 71a has high catalytic activity and results in exceptional levels of asymmetric
induction, as shown in Scheme 10.59. The 71a-catalyzed reaction with 1,3-bis
(trimethylsiloxy)-1-t-butoxy-1,3-butadiene, providing the acetoacetate aldol adduct
in excellent yield and enantioselectivity, has been used for the total synthesis of phor-
boxazole B [160]. The addition of thiopropanoate silyl enolates proceeds with high
syn selectivity, irrespective of enolate geometry, although (E)-enolates are much less
reactive. X-ray structural analysis of the substrate-71a complex 72 reveals that the
copper geometry is square pyramidal, with the carbonyl oxygen coordinated to the
more acidic equatorial site in the ligand plane and the ether oxygen occupying an
apical site. It is evident from this structure that the sense of enantioselectivity, that
is, the si face-selective attack to the aldehyde carbonyl, arises from the shielding of
the re face by the phenyl substituent on the ligand.

The box and pybox Cu(Il) catalysts are effective also in the enantioselective al-
dol reaction of a-keto esters (Scheme 10.60) [161]. In the reactions of a-keto esters
with terminal silyl enolates derived from thioacetates and methyl ketones, excel-
lent optical yields and good to high chemical yields can be achieved by using
10 mol% 70a in THF. Interestingly, TMSOTf generally accelerates the reactions
without degrading enantioselectivity, although TMSOTY is frequently a liability in
the execution of enantioselective aldol reactions catalyzed by metal triflate-ligand
complexes, because this reagent is also an effective catalyst. The silylating agent
would promote the rate-limiting intermolecular silyl-transfer step in the catalytic
cycle. With a-substituted thioester silyl enolates, high syn diastereoselectivity is ob-
served, irrespective of enolate geometry. The (E)-enolate of S-t-butyl thiopropano-
ate has low reactivity; use of TMSOT, however, effects high yield and ee. The en-
antioselectivity of the 70a-catalyzed pyruvate aldol reaction (si face attack) can be
rationalized by the computational structure (PM3) of the 70a-pyruvate complex 73
with distorted square-planar copper geometry.

The box-Cu(OTf), complexes 70b and 70c effectively catalyze enantioselective
aldol reaction of SEE in aqueous solvent (Scheme 10.61) [162]. The aldol reaction
in EtOH-H,0 (9:1) produces syn adducts preferentially with moderate to good en-
antioselectivity. Without water, much lower yields and stereoselectivity are ob-
served. Water serves not only to generate a dissociated cationic box-Cu(II) complex
as the active catalyst but also to suppress TMSOTf-catalyzed undesired achiral side
reaction. The use of Cu(O3SOC;,H;s),, a Cu(lI)-based LASC, in combination with
the box ligand of 70b ((S,S)-i-Pr-box) and a carboxylic acid (Section 10.2.1.2) en-
ables asymmetric aldol reactions in pure water, although reaction efficiency and
stereoselectivity are not satisfactory [163].



10.2 Silyl Enolates
1) 7T1a (0.5 mol%s)

0 O5iMe, CHzClp, —78°C, 12 h OH O
+ -
BnO\_)‘I\H AH' 2) 1 M HCITHE BnO\/l\/ILH1
R' = S+-Bu, SEt, OFt 95-99%, 98-99% ee
1) 71a (2 molos)
0 MesSi0  OSiMe;  CHuCly, —93 10 -78°C OH O O
+
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OSiMe,  70b or 70¢ (5-20 mol%) OH O
R'CHO + - 1 2
\’)\H"’ EtOH-H,O (9:1) 5 A
i 10t 0°C,20h _
R = aryl, alkyl, vinyl 17-97%, syn ! anti= 1.6-5.7
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FE Hz0, 23°C, 20 h
Ar = Ph: 76%, syn | anti = 2.8, 69% ee (syn)

Ar = 2-naphthyl:  75%, syn ! anli= 3.2, 66% ea (syn)

Scheme 10.61

The Tol-BINAP complexes of CuF,, CuF, and CuOt-Bu also work as efficient
chiral catalysts of the aldol reactions of aromatic and a,f-unsaturated aldehydes
with dienolate 64 (Scheme 10.62) [164]. IR spectroscopy has revealed that the stoi-
chiometric reaction of 64 with Cu(O#-Bu)(S)-Tol-BINAP forms a Cu(I) enolate, and
that subsequent reaction with an aldehyde gives a copper aldolate. The copper
enolate is also obtained by stepwise treatment of 64 with BuyNPh;SiF, and
Cu(ClOy4)(S)-Tol-BINAP. These results, with the known reduction of Cu(Il) to
Cu(I) by SEE, indicate that the Cu-catalyzed aldol reactions proceed through a
transmetalation mechanism involving a chiral Cu(I) enolate.

X Cul,(S)-Tol-BINAP X
B o 0 (2'5 mﬂlor";sl acidic Work'up QH 8] 0
ngsmas THF, -78 °C H/\MO
R = aryl, vinyl 64 Cul,, = CuFs, CuF, CuOt-Bu 48-98%, 65-95% ee
b4 e 74
_
64 o gl v OCu 07 ™0

Cul,(S)-Tol-BINAP ——= )\/I\
o
=

Scheme 10.62

Silver(I)—chiral diphosphine complexes also are available for asymmetric aldol re-
actions in polar solvent. In the reaction of ketone TMS enolates in DMF, AgPF-(S)-
BINAP cationic chiral complex has high catalytic activity and good enantioselectivity
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(up to 80% ee) [165]. The AgF-(R)-Tol-BINAP complex, on the other hand, is a fairly
effective asymmetric catalyst of syn-selective addition of ketone trimethoxysilyl eno-
lates to aromatic and a,f-unsaturated aldehydes in MeOH (Scheme 10.63) [166]. The
fluoride ion of the catalyst and the trimethoxysilyl group of the enolate play crucial
roles in promoting high yields and stereoselectivity. NMR analysis of a mixture of
the catalyst and a trimethoxysilyl enolate suggests no formation of a silver enolate
species, but the presence of a significant interaction between the two compounds.
It has been proposed that the Ag-catalyzed reaction proceeds via a cyclic transition
states (boat form from (E)-enolates and chair form from (Z)-enolates) directed by
the Lewis acidity of Ag(I) ion and the high affinity of fluoride ion for silicon.

_ AgF-(R)-Tol-BINAP oH ©
: 0$|{OM‘BJ3 (10 mol%s) ] .
R'CHO + g2 - R R
“)\R“ MeOH, —78 °C, 4 h 52
R' = aryl, vinyl 63-87%, 50->98% de (syn), 52-97% ee (syn)

. -

hwo PP H , F P

H ‘1. ,’ -'LH'! l‘ ‘:
R TgO‘ T-Ag‘,F ——» synadduct ——rn R’ —Fo "f‘QL:,F
R O~ si(OMe); H—=~G—si(oMe);
R? R2

boat form chair form
Scheme 10.63

Chiral Lanthanide Metal Complexes

Kobayashi et al. recently reported that a combination of a lanthanide triflate and chiral
crown ether 74 can be used as a chiral Lewis acid catalyst of asymmetric aldol reac-
tions in aqueous media (Scheme 10.64) [167]. When Ce(OTf); and 74 are used, the
reaction of benzaldehyde with propiophenone TMS enolate in EtOH-H,0 (9:1) at
0°C gives the corresponding aldol adduct with good syn selectivity and enantioselec-
tivity. Systematic evaluation of Ln(OTf); and other rare earth metal triflates in this
reaction has revealed that the ionic diameter significantly affects diastereo- and en-
antioselectivity. The larger cations such as La, Ce, Pr, and Nd bring about high stereo-
selectivity. Although the chiral ligand 74 binds strongly to these lanthanide ions, the
74-Ln(OTf); complexes have enough Lewis acidity to catalyze the aldol reaction.
Thus, retention of Lewis acidity is the key to realizing asymmetric induction.

10.2.2.3  Use of Chiral Fluoride lon Sources

The fluoride ion-catalyzed aldol reaction can be utilized for asymmetric synthesis
by using chiral quaternary ammonium fluorides (Scheme 10.65). Shioiri et al. re-
ported the first example of the asymmetric process, in which N-benzylcinchonium
fluoride (75) was used for reaction with SEE (up to 72% ee) [168]. Corey et al.
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Scheme 10.65

have shown that the cinchonidine-derived bifluoride salt 76 works as an efficient
asymmetric catalyst of the aldol reaction of the TMS enolate 77 leading to opti-
cally active f-hydroxy-a-amino esters [169]. Maruoka et al. recently demonstrated
that C,-symmetric chiral quaternary ammonium fluoride 78b (X=F), generated in
situ from the corresponding hydrogensulfate 78b (X=HSO,) and KF - H,0, cata-
lyzes the aldol reaction of tetralone TMS enolate with good to high diastereo- and
enantioselectivity [170]. Interestingly, changing the substituent R in 78 has a pro-
found effect on selectivity as well as reaction efficiency.
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10.2.2.4 Use of Trichlorosilyl Enolates and Chiral Lewis Bases

As described in Section 10.2.1.4, the aldol reaction of trichlorosilyl enolates is ef-
fectively catalyzed by a Lewis base. The base-catalyzed process has been applied to
asymmetric synthesis of aldols by using a chiral Lewis base [171]. The chiral phos-
phoramide 79 is an efficient catalyst realizing high diastereo- and enantioselectiv-
ity in the reaction of ketone trichlorosilyl enolates (Scheme 10.66) [96]. In the
presence of 79 the (E)- and (Z)-enolates of ketones have anti and syn selectivity, re-
spectively. This stereochemical response to the enolate geometry can be rational-
ized by chair transition structures like 38 (Scheme 10.31). The 79-catalyzed asym-
metric process shows a positive non-linear effect supporting the hypothesis of a
transition structure with two molecules of 79 [97]. When either enol or aldehyde
partner has a stereogenic center, high diastereoselectivity is observed with one en-
antiomer of 79 (matched case), while the other enantiomer provides low diaste-
reoselectivity (mismatched case) [99, 172, 173].

OSiCl, OH O
(8,5)-79 (10 mol%)

RCHO + > R7 Y

CHQCIZ R

) -78°C,2h )
R = aryl, vinyl 94-98%, anti/ syn = >99-61
88-97% ee (anti)
Me
OSiCl (S,5)-79 (10 mol%) OH O Phe., N0
RCHO + - J:
AN Ph CH,Cl, R Ph Ph

N
/krlk NN
-78°C, 2h Me

89-97%, syn/ anti= 3-18 (S,5)-79
84-96% ee (syn)

0SiCl; 79 (10 mol%) Y\/u\
+ I n-Bu
\)J\H }\H'BU CH2C|2
OTBS —78°C. 2 h OTBS

(8,5)-79: 47%, syn ! anti=2.7
(R,R)-79: 50%, anti/ syn=15.6

Scheme 10.66

Although addition of the trichlorosilyl enolate of methyl acetate to aldehydes is
accelerated by a Lewis base catalyst, poor enantioselectivity is observed for the
asymmetric version using 79, because of competition by the uncatalyzed achiral
process (Scheme 10.30 in Section 10.2.1.4) [95]. Denmark et al. recently demon-
strated that reactive silyl enolates are valuable for asymmetric addition to ketones
(Scheme 10.67) [174]. The use of bis-N-oxide 80 as catalyst achieves high enantio-
selectivity in the reaction with aromatic ketones.

Aldehyde trichlorosilyl enolates as well as ketone trichlorosilyl enolates are useful
for catalytic, diastereoselective, and enantioselective cross-aldol reactions (Scheme
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Scheme 10.67

10.67) [175]. The dimeric 1,1"-binaphthyl-2,2’-diamine-derived phosphoramide 81 ef-
fectively catalyzes the asymmetric process, occasionally with high stereoselectivity.
The adducts, f-hydroxyaldehydes, can be isolated as the stable dimethyl acetals by
treatment of the reaction mixture with MeOH.

10.2.3
Carbonyl-Ene Reactions

As described in the sections above, it is well established that reactions of Lewis
acid-activated aldehydes and ketones with silyl enolates afford f-hydroxy or f-sil-
oxy carbonyl compounds (Mukaiyama aldol reactions). Occasionally, however, ene-
type adducts, that is p-siloxy homoallyl alcohols, are the main products. The first
example of the carbonyl-ene reaction of silyl enolates was reported by Snider et
al. in 1983 [176]. They found that the formaldehyde—-Me;Al complex reacted
smoothly with ketone TMS enolates to give y-trimethylsiloxy homoallyl alcohols in
good yield. Yamamoto et al. reported a similar reaction of formaldehyde com-
plexed with methylaluminum bis(2,6-diphenylphenoxide) [177]. After these early
reports, Kuwajima et al. have demonstrated that the aluminum Lewis acid-pro-
moted system is valuable for the ene reactions of several aldehydes [178] and for-
maldimine [179] with silyl enolates bearing a bulky silyl group. A stepwise mecha-
nism including nucleophilic addition via an acyclic transition structure has been
proposed for the Lewis acid-promoted ene reactions.

A catalytic asymmetric version of the ene reaction of silyl enolates was first re-
ported by Mikami et al. (Scheme 10.68) [180]. They disclosed that the Ti-BINOL
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complex (R)-59 catalyzes the ene reaction of glyoxylate esters with high syn and Z
selectivity and excellent enantioselectivity, irrespective of enolate geometry. Inter-
estingly, acetone TBS enolate undergoes the double ene reaction with two mole-
cules of methyl glyoxylate to give the 2:1 adduct in more than 99% de and ee
[181]. The Ti complex-catalyzed ene reaction is proposed to proceed through a con-
certed mechanism including a cyclic chair transition state. Jacobsen et al. recently
reported that the tridentate Schiff base—Cr(III) complex 82 is a quite efficient cata-
lyst of the asymmetric ene reaction of acetone TMS enolate with aromatic alde-
hydes (Scheme 10.68) [182].

j}\ OSiMe, (A58 (5 mol%) OH 05Ma,
+ —_— =
0 *C, <30 min -
E.:Z=14:86 58%, syn:anti=98:2, 2. E=94 .6 99% ce
E:Z=73:27 54%, syn 1 anti=98 :12, 7 E=96 1 4, 99% ee
o} 0Si  (R)-59 (10 mol%s) OH OSi OH HCI-MeOH
Jl\ + —_— H P —_—
MeO,C” ~H CH,Cl, MeO,C = CO,Me
Si=SiMe,+Bu 0°C.3h 77%, E:Z=1:4
OH O OH
MeO.C COzMe
=99% de, »89% ee
1-Bu
OSiMe, 82 (5 mol%) OH OSiMe,
ArCHO + —_— +Bu
acetone, BaO ArJ\A hll 0
2,6-lutidine, 4 °C L e
- (= [=Fd “”0’ \CI
Ar = Ph: 75% conv., 94% ea
Ar=3-BrCgHy: 93% conv., 93% ee 82

Scheme 10.68

10.2.4
Mannich-type Reactions

The original Mannich reaction is the acid-catalyzed aminomethylation of enoliz-
able ketones with non-enolizable aldehydes and ammonia, primary amines, or sec-
ondary amines, which involves nucleophilic addition of ketone enols to iminium
salts generated in situ from the aldehydes and the nitrogen compounds [183].
This three-component coupling reaction provides a powerful tool for carbon—car-
bon bond formation and introduction of nitrogen functionality. The classical Man-
nich reaction has some drawbacks in reaction efficiency, regioselectivity, and appli-
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cability, however. To improve the original method, reactions of preformed imi-
nium salts, imines, and aminoacetals with metal enolates, so-called “Mannich-
type” reactions, have been studied extensively.

The use of silyl enolates for Mannich-type reactions was first reported by Da-
nishefsky and Ojima in the late nineteen-seventies. Danishefsky et al. found that
silyl enolates added smoothly to N,N-dimethyl(methylene)iminium iodide, without
promoter, to give f-dimethylamino ketones after hydrolysis of the initially formed
aminomethylated silyl enolates [184]. Ojima et al., on the other hand, introduced
the TiCly-promoted reaction of imines with silyl enolates forming synthetically
more valuable secondary Mannich bases [185]. Since this pioneering study much
attention has been focused on Lewis acid-promoted Mannich-type reactions of im-
ines and aminoacetals. Current topics in this field are concerned with environ-
mentally more benign methods using water as solvent, rapid and efficient synthe-
sis by three-component coupling of aldehydes, amines, and silyl enolates, and dia-
stereo- and enantioselective reactions using Lewis acid catalysts.

10.2.4.1
Achiral Brensted and Lewis Acid-promoted Reactions

Studies in the nineteen-eighties revealed that some Mannich-type reactions of im-
ines with silyl enolates can be controlled with high diastereoselectivity, and that
use of a chiral auxiliary enables highly enantioselective synthesis of f-aminocarbo-
nyl compounds [186]. Some Lewis acids, for example TMSOTf and zinc halides,
were also found to be effective in catalytic quantities [187-190] although the origi-
nal method requires a stoichiometric amount of TiCl, [185]. In the last decade,
further progress has been made by development of new acid catalysts.

Bronsted Acids
Unlike Mukaiyama aldol reactions, Mannich-type reactions with silyl enolates can be
effectively catalyzed by a Brensted acid as well as by a Lewis acid. Akiyama et al. have
reported that HBF, works as an efficient catalyst of the addition of silyl enolates to N-
arylimines in aqueous MeOH or i-PrOH (Scheme 10.69) [191]. HBF, enables the
three-component coupling of aldehydes, aniline, and silyl enolates, in which not
only aromatic aldehydes but also enolizable aliphatic aldehydes are converted into
f-amino carbonyl compounds in good to high yield. With a surfactant such as so-
dium dodecylsulfate (SDS), the HBF,-catalyzed Mannich-type reaction proceeds ef-
ficiently in pure water [192]. An increased amount of HBF, also promotes the aque-
ous reactions effectively even without any surfactant [193]. The observed diastereo-
selectivity is strongly affected by the solvent system employed [194]. This solvent ef-
fect has been used for the stereo-divergent synthesis of f-amino-a-siloxy esters.
Kobayashi et al. have reported that the three-component Mannich-type reaction
of aldehydes, o-anisidine, and silyl enolates can be successfully performed by
using dodecylbenzenesulfonic acid (10 mol%) as a Brensted acid-surfactant-com-
bined catalyst (23°C, 2 h, 63-90% yield) [195].
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N'Ar ) OSiMe; HBF, (10 mol%) ArNH O
)]\ + RA ~ X - = R X
R’ H R3 MeOH or i-PrOH-H,O (30 : 1) R?2 R3
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i PMP. PMP.
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+ —_— +
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PMP = p-methoxyphenyl i-PrOH-H,0, =20 °C: 85%, 39 : 61

H,0, SDS (0.4 equiv), rt: 83%, 86 : 14
Scheme 10.69

Main-group Element Lewis Acids

An ethereal solution of LiClO, promotes the three-component coupling of alde-
hydes, silyl amines, and ketone silyl enolates to give f-aminoketones in good
yields with high anti selectivity (Scheme 10.70) [196]. B(C¢Fs)3 [29b, 197] and trityl
salts [198] as well as TMSOTY catalyze the addition of KSA to imines. The cataly-
tic activity of B(Cg¢Fs); is much greater than that of trityl salts and TMSOTY. InCl;
is valuable for the three-component Mannich-type reaction of non-enolizable alde-
hydes, aryl amines, and silyl enolates in pure water [199].

SRiMes 5 M LiCIO, Baglt 0
FhCHO + MEQNSiMEg + = Ph e —— Ph - Ph
Etgo, rt, Bh g

78%, 100% de
Scheme 10.70

Kobayashi et al. have reported that the TMSOTf-catalyzed ring-opening of ben-
zyl (3-oxytetrahydropyran-2-yl)carbamates with silyl enolates proceeds with high
1,2-syn diastereoselectivity (Scheme 10.71) [200]. It has been proposed that the re-
action mechanism involves the transient formation of an acyclic iminium ion spe-
cies as the reactive intermediate. The stereoselective Mannich-type reaction is ap-
plicable to the synthesis of piperidine alkaloids.
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Scheme 10.71

Transition Metal Lewis Acids

Mukaiyama et al. have disclosed that several transition metal salts (TiCly, Fel,,
Znl,, Cdl,, and Hgl,) catalyze the addition of the TMS enolate of methyl pro-
panoate to N-benzylideneaniline (Scheme 10.72) [198]. Fel,, in particular, has high
catalytic activity, and the Fel,-catalyzed system enables anti-selective Mannich-type
reaction of a variety of imines with propanoate TMS enolates. Titanium halides
(TiBry, Tily) [201] and, Fe(III)-exchanged montmorillonite [202] as well as Fel, are
valuable for the anti-selective reaction. The Tily-catalyzed reaction with a homo-
chiral silyl enolate proceeds with high diastereoface selectivity.

cat. Fela, TiBry, Tily,

2
N-H? 0OSiMe,  or Fe(lll}-montmorillonite R™NH O
o oz i 3
/! Jl\ H i oR® CH,CI, R : OR
major isomer
PMP
n-PMP - TBSO  OMe Til (10 mol%) “NH QTBS
+ —_— AP
= .
s OSiMes  CH,Cly, 78 °C ol
E:Z=99:1 CO:Me

94%, 1,2-syn . anti=2 . 98
2,3-syn . anti=2 98 (1,2-anti)

Scheme 10.72

Kobayashi et al. have demonstrated that metal triflates such as Zr(OTf),,
Hf(OTf)4 [203], Sc(OTf)3, and Yb(OTf); [204] are efficient catalysts of the addition
of silyl enolates to imines in anhydrous CH,Cl, or CH3CN. With these catalysts
the three-component coupling of aldehydes, amines, and silyl enolates can be effi-
ciently achieved in the presence of a dehydrating agent such as MgSO, or 4-A MS
[205]. The Sc(OTf);- and Yb(OTf);-catalyzed systems are applicable to the Man-
nich-type reactions of O,N- and N,N-acetals [206]. Thus, the Yb(OTf);-catalyzed re-
action of N-(a-aminoalkyl)benzotriazoles with silyl enolates proceeds with the loss
of benzotriazole to give f-amino carbonyl compounds in good to high yield
(Scheme 10.73).
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Scheme 10.73

The three-component Mannich-type reaction can be successfully performed in
water by using Sc(OTf);, Yb(OTf)s, or Cu(OT{), as catalyst and SDS as surfactant
[207]. Lewis acid-surfactant-combined catalysts (LASC) such as scandium trisdode-
cylsulfate (Sc(O3SOC;,H;s)3) and copper bisdodecylsulfate (Cu(O3SOCi,Hjys),)
also promote the aqueous reaction [73Db]. The Sc(OTf);- and Yb(OTf);-catalyzed re-
actions of imines with silyl enolates proceed smoothly in supercritical CO,
(scCO,) containing poly(ethylene glycol) (PEG) or its derivatives [208]. PEG in
scCO, would work as surfactant to accelerate the reactions by forming emulsions.

It is well recognized that aldimines are less reactive than aldehydes toward nu-
cleophilic addition. In the presence of a catalytic amount of Yb(OTf);, however, si-
Iyl enolates react with aldimines exclusively to afford f-aminocarbonyl compounds
in high yield, even when aldehydes are present (Scheme 10.74) [209]. Selective for-
mation of aldimine-Yb(OTf); complexes rather than aldehyde-Yb(OTf); complexes
is attributable to the inverted reactivity. Polyallylscandium trifylamide ditriflate
(PA-Sc-TAD), a polymer-supported Sc catalyst, also has high aldimine-selectivity.

NPh OSiMes OH O PhNH O
+ + _— +
Ph’JL'H Ph’JL‘ H i o Ph Ph Ph Ph Ph
1 equiv 1 equiv 1 equiv
Yb{OTf); (20 mol%:), MeCN, -23 °C 2% 92%
Sc(OTf)y (20 mol%e), MaCN, -23 °C 13% 58%
PA-Sc-TAD (8 mol%:), CHzCla-MeCN (2 : 1), 0 °C 1% 95%
PA-Sc-TAD: {/\@;Z.SctﬂTlle
Ti

Scheme 10.74

Hydrazones are much more stable than imines and are often isolated as stable
crystals which can be stored at room temperature. A drawback of using hydra-
zones as electrophiles is their low reactivity. Kobayashi et al. have found that ben-
zoylhydrazones serve as stable surrogates of unstable imines in Sc(OTf)s-catalyzed
Mannich-type reactions (Scheme 10.75) [210]. Benzoylhydrazones derived from al-
dehydes including functionalized or unstable ones react smoothly with silyl eno-

461



462

10 Silicon in Organic Synthesis

lates in the presence of a catalytic amount of Sc(OTf); to afford f-N-benzoylhydra-
zinocarbonyl compounds, which are readily converted to f-lactams, pyrazolones,
and pyrazolidinones.

F:C
CFa .
H
H . 75Mes 55oTh), (5 moi%) N,
N o A e NH O
i X MeCN 0
iy R? € R! X
rR? R?
R'=Ph, alkyl, vinyl X =Ph, OR, SR 66-07%
1) NaOMe, rt r}"'NH
PRI Y S
i-Bu H Ar Ar H 2 Ce
N-‘ ‘TII Buli, -78 °C "TI/ *NH O 99
Q o] )76'\
"‘J R i-Bu OMe HN=NH
93:: Smly, 45°C
Ar = p-CF4CeH, FBu o
94%

Scheme 10.75

The Sc(I1I)-catalyzed system has been applied to combinatorial synthesis of nitro-
gen compounds using polymer-supported reagents and catalysts [211-213]. Sc(OTf)s-
catalyzed reactions of polymer-supported benzoylhydrazones and a-iminoesters with
silyl enolates are useful for the synthesis of pyrazolone and ag-amino acid libraries,
respectively [211]. Parallel synthesis of a y-amino alcohol library can be achieved
by the Mannich-type reaction of polymer-supported thioester silyl enolates followed
by reductive cleavage with LiBH, [212]. PA-Sc-TAD (Scheme 10.74) and Sc(OTf); mi-
croencapsulated with polystyrene (MC Sc(OTf)s) are efficient and readily re-usable
catalysts of three-component Mannich-type reactions of aldehydes, amines, and silyl
enolates [213]. These reactions, using a polymer-supported Sc catalyst, provide con-
venient routes, of high quality and with good yields, to many structurally distinct -
aminocarbonyl compounds. Interestingly, in the competing reaction of benzaldehyde
and N-benzylideneaniline with propiophenone TMS enolate, PA-Sc-TAD has higher
aldimine selectivity than Sc(OTf); (Scheme 10.74). This fact can be explained by the
stability of the aldimine—polymer-supported catalyst complex.

10.2.4.2 Base-catalyzed Reactions

We recently reported that the Mannich-type reaction of N-sulfonylimines with ke-
tone dimethylsilyl (DMS) enolates proceeds smoothly in the presence of water
and a catalytic amount of a base such as diisopropylamine (Scheme 10.76) [214].
The novel base-catalyzed reaction has high anti diastereoselectivity irrespective of
enolate geometry. In this reaction DMS enolates would be activated by the coop-
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erative action of water and the base catalyst. We have also found that i-Pr,NH cat-
alyzes the three-component coupling of aromatic aldehydes, sulfonamides, and
DMS enolates to give f-aminocarbonyl compounds. The mechanism of the three-
component reaction is condensation of the aldehyde and sulfonamide to form an
N-sulfonylimine and water, and subsequent addition of DMS enolate to the N-sul-
fonylimine, promoted by the in-situ-generated water and i-Pr,NH.

H»0 (0.6-1 equiv)

ok OSiHMe, +ProNH (2.4-4 mol%) TsNH O
+ 9 ) : .
F|1/JL~H R Uy H1 DMF, =78 or =50 °C R E‘E R
R'= aryl, vinyl RQ. R3 = alkyl, Ph 79-98%, 80-98% de
0 OSiHMe,  FProNH (2 moi%) TsNH O
+  TsNHy +

799%, 70% de
Scheme 10.76

10.2.4.3 Asymmetric Mannich-type Reactions

The development of enantioselective Mannich-type reactions is an important sub-
ject in synthetic organic chemistry, because these reactions provide optically active
nitrogen-containing compounds which are very valuable in syntheses of biologi-
cally active products and their derivatives. Until recently, this subject had been
solved by use of chiral auxiliaries [215]. In recent years, catalytic asymmetric Man-
nich-type reactions using chiral Lewis acids have been studied extensively [216].
This section deals with chiral Lewis acid-promoted reactions.

Stoichiometric Use of Chiral Lewis Acids

Yamamoto et al. have disclosed that an equimolar amount of the chiral borane Le-
wis acid 83 is valuable for highly stereoselective Mannich-type reaction of imines
bearing a chiral auxiliary by double stereodifferentiation (Scheme 10.77) [217]. The
83-promoted reaction of N-(1-phenylethyl)imines with KSA achieves more than
90% de with a matched pair of reagents. The relative configuration between newly
formed stereogenic centers in the reaction with a-substituted KSA can be con-
trolled by the enolate geometry. The synthetic utility of this route to enantiomeri-
cally pure f-aminoesters has been demonstrated by syntheses of key intermediates
leading to biologically active compounds [218]. The Bronsted acid-assisted chiral
Lewis acid (BLA) 84 also is effective in double stereodifferentiation using chiral
imines [219]; 84 also promotes the Mannich-type reaction of achiral imines such
as N-benzhydrylimines, with high enantioselectivity.
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Catalytic Asymmetric Reactions

The first truly catalytic enantioselective Mannich-type reaction of aldimines with silyl
enolates was reported by Kobayashi et al. in 1997 [220]. They reported that the com-
bined use of chiral zirconium complex 85a, prepared from Zr(Ot-Bu), and (R)-6,6-
dibromo-BINOL, and N-methylimidazole (NMI) realizes highly enantioselective ad-
dition of silyl enolates to N-(2-hydroxyphenyl)aldimines (Scheme 10.78). The 2-hy-
droxyphenyl group, which would serve for the formation of a rigid imine-85a com-
plex by bidentate chelation, can be readily removed by methylation of the hydroxy
group and subsequent oxidation with Ce(NH,),(NOj3)s. The 85a-catalyzed system
has been successfully used for enantioselective synthesis of both syn- and anti-f-am-
ino alcohols by proper choice of a-oxy silyl enolates, as shown in Scheme 10.78 [221].
The 85a-catalyzed enantioselective three-component coupling of an a-alkoxy alde-
hyde, 2-amino-m-cresol, and a thioester silyl enolate has been used for synthesis
of a novel inhibitor of ceramide trafficking, (1R,3R)-HPA-12 [222]. The chiral zirco-
nium complex 85c, bearing a methylene-tethered bis(BINOL) ligand, also works as
an efficient asymmetric catalyst of the reaction of N-(2-hydroxyphenyl)aldimines
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[223]. The use of 85D as catalyst is effective in highly enantioselective Mannich-type
reaction of benzoylhydrazones [224].

-

OH
HO OSiMe, 854 (510 mol%) U
NMI (5-30 mol%
jg s HE\% i NH O

N X >
Vji\ R2 CHCly, —45 °C R X
R H AW
R' = aryl, alkyl R? = Me, X = OMe or
R?=H, X = SEt 56%-guant., 80->98% ee
0SiMe,

OH
Aoi @[
TBSO NH O guant.

85a (10 mol%:) o B 92% de, 95% ee

NMI (20 mol%:)

HO
:@ toluene, —78 °C oTBS
N

M 0SiMe, OH
Ph” ~H
o S X

88% de, 80% ee

Y

85a (10 mol°s)

NMI (40 mols) B g ORME
CHClp, —45 °C CiBn
TE: sl f) 9¢
o_ 0
pary
(L 1.0 CC
X Y oy X
85a: X =Br,¥Y=H 85¢

85b: X =H, Y =Br
Scheme 10.78

Murahashi et al. have shown that the chiral titanium catalyst 86, prepared from
Ti(Oi-Pr)y, (S)-BINOL, and 4-t-butylcatechol, effects high optical yields in the addi-
tion of KSA to aromatic nitrones (Scheme 10.79) [225]. The catechol ligand plays a
crucial role in achieving the high enantioselectivity. The adducts, N-siloxy-f-amino
esters, are readily converted into the corresponding f-amino esters by reduction of
the nitrogen—oxygen bond with Zn/H,SO,. In this asymmetric reaction a positive
non-linear relationship is observed between the enantiomeric purity of 86 and the
adduct, indicating that a binaphtholato-bridged dimeric complex seems to be in-
volved as the active species.
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- Ti-{8)-BINOL-4-+-butylcatechol
O.-Bn OTBS (886, 20 mol%) TBSO.  -Bn_

+ -
ArJJ\H /\OMQ PhMe, 78 °C A,)\/H\OMQ

74-89%, B0-92% ee

Scheme 10.79

Sodeoka et al. have found that binuclear g-hydroxo palladium complex 87 is an
efficient catalyst of the asymmetric Mannich-type reaction of ¢-N-arylimino esters
with SEE (Scheme 10.80) [226]. Mechanistic studies using '"H NMR and electro-
spray ionization mass spectrometry suggest that a unique binuclear palladium-

sandwiched enolate 88 is involved in the palladium-catalyzed reaction.

PR . OSiMes 87 (5 mol%) HN'PMS
f“FfOpG’ILH Z "R DMF, 28 °C, 17-24 h ,—,pro?c/'\/“\ﬂ
PMP = p-methoxyphenyl R = Ph, 95%, 90% e

R = 2-naphthyl, B2%, 83% ee

SeTTN e H
P\F;“ \PTj/P e P 2BF,
2BF;” g © 2BF,
P70 Np
Ar? Arz
R

87: Ar = p-MeCgH,

o
oT

IO,

Scheme 10.80

Lectka et al. have reported that Tol-BINAP-coordinated CuClO, catalyzes the addi-
tion of SEE to a-N-tosylimino esters with high enantioselectivity (Scheme 10.81)
[227]. The use of a-substituted SEE gives anti adducts with high diastereoselectiv-
ity. The Tol-BINAP complex is superior to the corresponding BINAP complex in
diastereo- and enantioselectivity. It has been proposed that this asymmetric Man-
nich-type reaction proceeds by a Lewis acid-catalyzed mechanism, not a transmetal-

ation mechanism as reported by Sodeoka et al.

- (R)-Tol-BINAP-CuCIO, Ts.
’ 0SiMey (2 mol%) NH O
+
R
EIOEC)LH ZPh THF, 0°C, 24 h Et0,C” Y~ "Ph

R

R=H: 95%, 98% es
R =Me: 86%, 92% de, 98% ee

Scheme 10.81
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Quite recently, chiral diamine ligands have been used by Kobayashi et al. for
highly enantioselective Mannich-type reactions [228, 229]. The chiral complex pre-
pared from chiral diamine 89a and Cu(OTf), effects highly enantioselective addi-
tion of silyl enolates to a-N-acylimino esters (Scheme 10.82) [228)]. The first exam-
ple of catalytic asymmetric Mannich-type reaction in aqueous media has been
achieved by the combined use of ZnF,, diamine 89b, and TfOH in the reaction of
a-hydrazono esters [229].

0
Jk 0SiMe; Cu(OTf),-89a (10 mol%)
N™ "n-CyHp + = -0y Hzs NH O
L /’l\Ph CH.Clp, 0°C, 18 h SR
EtO,C” ~H EtO.C Ph
92%, 94% ee
ZnFy (50 mol%s)
89b (10 mol%a) BzHN
n-NHBZ OSiMe;  TIOH (1 mol%) “NH O
* R \,/If-\ph —_ EtO?C/-\-.)L Ph
Et0,C” “H HZO-THF (1 : 9) :

0°C,72h R

Ph Fh R=H: 89%, 92% ee
R =Me: 91%, 92% de, 88% ee

A
nu

/—NH HN—\
Ar Ar

89a: Ar = 1-naphthyl
89b: Ar=Ph

Scheme 10.82

10.2.5
Mukaiyama-Michael Reactions

Similar to the Mukaiyama aldol reaction, conjugate addition of silyl enolates to
a,f-unsaturated carbonyl compounds, denoted the Mukaiyama-Michael reaction, is
a highly important carbon—carbon bond-forming process in modern organic syn-
thesis [230, 231]. This reaction variant is an attractive alternative to the conven-
tional metal enolate process, because of the mild reaction conditions and fre-
quently superior regiocontrol (1,2- versus 1,4-addition). The original procedure re-
quires a stoichiometric amount of a Lewis acid such as TiCl, [230]. After the early
studies, however, in the nineteen-eighties Mukaiyama et al. and other research
groups developed a variety of efficient reaction systems using a catalytic amount
of a Lewis acid [50, 232] or a fluoride ion source [233]. These reaction systems
were applied to highly diastereoselective conjugate addition of silyl enolates. In
the last decade there has been continuous interest in the development of new cat-
alysts and reaction systems to realize high reaction efficiency and high diastereo-
and enantioselectivity.
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10.2.5.1 Achiral Lewis Acid-promoted Reactions

Grieco et al. have reported that an ethereal solution of LiClO, effectively promotes
conjugate addition of KSA to af-unsaturated ketones at ambient temperature
(Scheme 10.83) [234]. Sterically hindered KSA and enones can be used success-
fully. Reetz et al., on the other hand, have disclosed that LiClO4 suspended in
CH,CI, works as an efficient catalyst of the conjugate addition [26]. The heteroge-
neous catalyst is readily recyclable. LiCo(ByC,Hi;)2 (90) [235] and LiAl[OCPh
(CF3),)4 (91) [236] are effective catalytic systems. The former lithium salt has high
catalytic activity in 1,2-dichloroethane (DCE). The latter lithium salt can catalyze
the Michael addition of KSA effectively in toluene, a less hazardous solvent.

0 OTBS
A OTBS catalyst
+ —_—
R R

R=H: 1 M LICIOy in Et,0, 1.2 h 95%
3 mol% LiCIO4 in CH:Cly, 1h 97%
10 mol% 90 in DCE, 5 min 97%

R=Me: 5MLICIO4in Etz0, 1.6 h 76%
10 mol% 90in DCE. 1 h 99%
10 mol% 91 in PhMe, 4 h 97%

0 OTBS
COsMe OTBS 1 M LICIO, in Et;O COsMe
- )\ =
= "OMe . 1h CO:Me
73%

Scheme 10.83

B(CsFs)s, an air-stable, water-tolerant Lewis acid catalyst, is applicable to conju-
gate additions of SEE and KSA to a,f-unsaturated ketones as well as aldol and
Mannich-type reactions of silyl enolates [29].

Use of aluminum-based bidentate Lewis acid 14 results in unique stereoselectiv-
ity in the Michael addition of KSA (Scheme 10.84) [37]. The 14-promoted reaction
of the KSA derived from methyl isobutyrate with 4-phenyl-3-buten-2-one gives the
corresponding E adduct selectively, in contrast with the 15-promoted reaction,
which is Z-selective. The origin of the inverse selectivity is probably that 14 forces
the enone to take the s-trans formation 92 by double coordination of the carbonyl
oxygen.

Tin-based Lewis acids such as Bu,Sn(OTf), [237], Bu3SnClO, [52¢], and
(CoFs)2SnBr, [53, 54a] are efficient catalysts of the Mukaiyama-Michael addition.
The last two catalysts are particularly valuable for chemoselective addition of silyl
enolates. In the presence of 10 mol% Bu;SnClO,, the competitive Michael addi-
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0 0OSiMe, 14 0r 15 MouSiO CO,Me CO.Me
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92 Ph

Scheme 10.84

tion of a KSA and a SEE affords the KSA adduct exclusively (Scheme 10.85). Par-
allel recognition using (CgFs),SnBr, realizes highly selective three-component cou-
pling of an enone bearing an acetal moiety, a KSA, and an SEE.

OTBS DSiMes BusSnCIOy4 (10 mol%:)

o]
F-h)'l\,//\ " g\oa ' .f/-’l\r-Bu CH.Cly, -78 °C

Rk L L X
+
pne N NAOOE Ty +Bu

64% 0%

:Gﬁ Fs}gsn Br2
O OTBS 03iMeq {20 mol%)

Ao o Eogle %
Ph” 7 “CgHy-p-CH(OMe), ¥ “OE ZtBu  CHyCly, 78 °C, 8 h

COsEt
o 2
Ph
i-Bu

OMe O
Scheme 10.85 B83%

Lanthanide triflates and Sc(OTf); effectively catalyze conjugate addition of SEE,
KSA, and ketene silyl thioacetals under mild conditions (0°C to room tempera-
ture, 1-10 mol% catalyst) (Scheme 10.86) [69, 238]. After an aqueous work-up
these Lewis acids can be recovered almost quantitatively from the aqueous layer
and can be re-used without reduction of their catalytic activity. Eu(fod)s also is ef-
fective in not only aldol reactions but also Michael addition of KSA [239]. The
Eu(fod);-catalyzed addition of KSA is highly chemoselective for enones in the
presence of ketones.
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Scheme 10.86

The BiCl3-Znl, catalyst system also is effective in conjugate addition of SEE at room
temperature [57]. [Ir(COD)(PPh;),]OTf activated by the hydrogen molecule works as
the catalyst under slightly severe conditions (50-70°C, more than 10 h) [240].

Three-component coupling reaction of a-enones, silyl enolates, and aldehydes by
successive Mukaiyama-Michael and aldol reactions is a powerful method for
stereoselective construction of highly functionalized molecules valuable as syn-
thetic intermediates of natural compounds [231c]. Kobayashi et al. recently re-
ported the synthesis of y-acyl-d-lactams from ketene silyl thioacetals, a,f-unsatu-
rated thioesters, and imines via successive SbCls-Sn(OTf),-catalyzed Mukaiyama-
Michael and Sc(OTf);-catalyzed Mannich-type reactions (Scheme 10.87) [241].

ShCls-Sn(OTHs PhazM-py,
OSiMe, 0 (5 mol%) Se(OTh)s
+ - -
EiS Msa CHyCl, 78°C,5h ~78100°C, 10h
- NHPh
.COSEt ? : ° Hg(OCOCFa), : _COSE!
+ EISJ\/\I/\ Ph MeCN. 0°C. 0.5 h m
07 N""Ph COSEt BN 0% ~N""Ph
Ph Ph
94%, 19 : 81 quant.

Scheme 10.87

Otera et al. have found that KSA bearing more substituents at the reaction site
add to f-substituted a-enones much faster than less substituted KSA when the
KSA have a relatively small trialkylsilyl or alkoxy group (Scheme 10.88) [242]. On
the basis of the experimental results and semi-empirical PM3 MO calculations
they have proposed that the Mukaiyama-Michael reaction of KSA is initiated by



10.2 Silyl Enolates

electron transfer from KSA to Lewis acids [242c]. The electron-transfer mecha-
nism for the SnCly-catalyzed reaction is shown in Scheme 10.88.

Q OSiEty OSiEt, SnCly (10 mol%)
SN - A -

Ph = “OEl = "0l CH.Clp, 78 °C, 4 h
(0]

0
* )J\X/
Ph,u\%(COpEt o CO,Et

95% 0%

)J\,/,L ClySnO
Ph EtSiCl + /\&0025

EtSi0

QO H
Ph =

Scheme 10.88

10.2.5.2 Solvent-promoted Reactions

When MeNO, [233a] and DMSO [81] are used as solvents, Michael addition of KSA
proceeds smoothly at room temperature without additional catalyst. Coordination of
the solvent molecule to the silicon atom would enhance the nucleophilicity of KSA to
effect the uncatalyzed reaction.

10.2.5.3 Asymmetric Michael Reactions

In 1988, Mukaiyama et al. reported the Sn(OTf),-50d-catalyzed asymmetric Mi-
chael reaction of a trimethylsilyl enethiolate, CH,=C(SMe)SSiMe; (up to 70% ee)
[243]. It was proposed that the catalytic reaction proceeded via an Sn(Il) enethio-
late. They also demonstrated that a BINOL-derived oxotitanium catalyzes the Mi-
chael addition of ketene silyl thioacetals to a-enone with high enantioselectivity
(up to 90% ee) [244]. After this pioneering work other research groups developed
new reaction systems for enantioselective Mukaiyama-Michael reactions.
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Bernardi and Scolastico have reported the use of chiral Ti complexes, prepared
in situ from TiCl,(Oi-Pr), and a,a,d',a’-(4R, 5R)-tetraaryl-1,3-dioxolane-4,5-dimetha-
nol (TADDOLs), for Michael addition of KSA to a-enone 93 [245]. The reaction is
only modestly enantioselective (up to 47% ee), however, even with stoichiometric
use of the titanium complex. Chiral Cu(Il)-box complex (R,R)-70d has also been
used for the same reaction (Scheme 10.89) [246]. The catalyst system is more en-
antioselective, and a catalytic quantity of 70d can be used.

0
o 0 Or-Bu (R,A)-70d HCI n
+
OMe %\OTBS >
d)k PhMe, ~78 °C Bl
93 —l 24 catalyst loading
100 mol%: B63%, B0% de, B6% ee
0 g 0 20mol%:  B5%, 72% de, 63% ee
<_,N. .N 20Ti™
5 Cu
Ph Ph
(R,A)-70d

Scheme 10.89

Katsuki et al. have shown that the chiral Sc catalyst prepared from Sc(OTf); and
the BINOL derivative 94 catalyzes the conjugate addition of 2-(trimethylsiloxy)
furan to 3-[(E)-2-butenoyl]-1,3-oxazolidin-2-one (95a) with high anti diastereoselec-
tivity and good enantioselectivity (Scheme 10.90) [247]. The use of hexafluoro-2-
propanol ((CF3),CHOH, HFIP) is effective in improving the chemical yield of the
Michael adduct. It has been proposed that HFIP suppresses the formation of the
major side product by quenching the zwitterionic intermediate. In the same reac-
tion chiral Cu(Il) complex 70a can achieve high enantioselectivity but with
slightly lower anti selectivity (89%, 79% de, 95% ee).

The utility of Cu(II)-box complex 96 for asymmetric Mukaiyama-Michael reac-
tion has been intensively studied by Evans et al. (Scheme 10.91) [248]. In the pres-
ence of HFIP the 96-catalyzed reaction of S-t-butyl thioacetate TMS enolate with
alkylidene malonates provides the Michael adducts in high chemical and optical
yield. HFIP plays a crucial role in inducing catalyst turnover. Slow addition of the
silyl enolate to a solution of 96, alkylidene malonates, and HFIP is important in
achieving high yields, because the enolate is susceptible to protonolysis with
HFIP in the presence of 96. The glutarate ester products are readily decarboxy-
lated to provide chiral 1,5-dicarbonyl synthons. Quite recently, Sibi et al. reported
enantioselective synthesis of f-amino acid derivatives by Cu(II)-box-catalyzed con-
jugate addition of silyl enolates to aminomethylenemalonates [249].

The catalytic system using 96 is also valuable for highly enantioselective addi-
tion to 3-[(E)-2-alkenoyl]-1,3-oxazolidin-2-ones 95 (Scheme 10.92) [250]. Addition to
95 proceeds stereospecifically, depending on the geometry of the enolate. On the
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Scheme 10.91

basis of the stereochemical outcome and monitoring by in-situ IR spectroscopy
the reaction mechanism proposed involves formation of dihydropyrans 97 by a
hetero Diels-Alder reaction and the subsequent protonolysis by HFIP.

Base-catalyzed conjugate addition of silyl enolates also has been extended to the
asymmetric version. Corey et al. have disclosed that chiral quaternary ammonium
salt 98 is an effective catalyst of diastereo- and enantioselective Michael addition
of SEE to chalcones under toluene/50% aqueous KOH biphasic conditions
(Scheme 10.93) [251].

10.2.6
Alkylation and Allylation of Silyl Enolates

Alkylation of silyl enolates with primary and secondary alkyl electrophiles can be
performed by generation of active enolates with MeLi [86] and fluoride ion sources
[19¢, 252]. These Sy2 type reactions are not suitable for alkylation with tertiary alkyl
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electrophiles, because base-promoted elimination is likely. In contrast, the Lewis
acid-promoted reactions, which involve initial activation of the electrophiles, like
Sx1 reactions, are quite valuable for introduction of tertiary alkyl groups [253, 254].

Alkyl fluorides are relatively stable and have been rarely used as alkylation
agents in alkylation chemistry compared with other alkyl halides. Maruoka et al.,
however, found that Me;Al efficiently catalyzes the alkylation of KSA with tertiary
alkyl fluorides (Scheme 10.94) [255]. Under the same conditions alkylation with
the corresponding chloride does not proceed. The strong activation of tertiary al-
kyl fluorides by Me;Al originates from the exceedingly high affinity of aluminum
for the fluorine atom (Section 10.2.1.1).
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A concentrated solution of LiClO, in Et,0 effectively induces allylation of silyl en-
olates with allyl alcohols [256] and acetates [257]. The reactions of 3-methyl-2-cyclo-
hexen-1-ol and its regioisomeric alcohol with methyl acetate TBS enolate give similar
results in terms of yield and regioselectivity, which is indicative of an allylic carboca-
tion intermediate (Scheme 10.95). Ring-opening of 8-oxabicyclo[3.2.1]octa-2,6-dienes
at the bridgehead has recently been achieved by means of the LiClO4-promoted re-
action [258]. This method provides a convenient route to highly functionalized 1,4-
cycloheptadienes that can be further manipulated for use in natural-product synthe-
sis.

OTBS —_
OH 2\ie
f2 equw
@\ or OH S
am LlCI04 Et,0
1, 15 min 90%, 5.8 : 1
CO,Me
O@ as above
B6%
TBSQ TBSQ
(8] as above
P—OTBS - OTBS + OTBS
4 M LiCIO4-Et;0
0°C.4h 3
\

COzMe 95%,3:1 CO:Me
Scheme 10.95

Matsuda et al. have reported that [Ir(cod)(PPhs),]OTf activated by H, is an effec-
tive catalyst of allylation of SEE with allyl alcohols (Scheme 10.96) [259]. TfOH
also has comparable catalytic activity in the allylation. This implies that the Ir
complex might work as a source of TfOH.

475
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Scheme 10.96

Although the Nicholas reaction is a reliable method for propargylation of silyl eno-
lates, it requires a stoichiometric amount of alkyne-Co,(CO)s complexes [260]. Re-
cently, Matsuda et al. successfully used the Ir-catalyzed system for highly regioselec-
tive propargylation of silyl enolates with propargyl acetates (Scheme 10.97) [261].

[Irfcod {PIOPh)5}a]OTF

}( OSiMes (1 mol%s)-Hy )QL
=" “OAc * P X
Z /‘ X CH,Cly, 25°C, 4-6 h el

(4 equiv)

Ph

X = Mea, Ph, OFh, SPh 89-97%
Scheme 10.97

10.2.7
Vinylation and Arylation of Silyl Enolates

In 1979 Ito and Saegusa discovered that SEE bearing an w-vinyl group provide
f,y-unsaturated cyclic ketones in the presence of a stoichiometric amount of
Pd(I) salts [262]. This cyclization is quite useful for the synthesis of biologically
active natural compounds. Toyota and Thara recently developed the catalytic ver-
sion of the cycloalkenylation using molecular oxygen as reoxidant and applied it
to the construction of bicyclo[3.2.1]octane frameworks in natural product synthesis
(Scheme 10.98) [263, 264]. When a small silyl group, for example TMS, is em-
ployed the proposed reaction mechanism involves a palladium enolate intermedi-
ate (path a), whereas cyclization of the TBS enolates would proceed by nucleophil-
ic addition of the enolate terminus to the remote Pd-coordinated alkene (path b).
Metal-mediated additions of silyl enolates to alkynes also are valuable for intra-
and intermolecular vinylation of ketones. The Hg(II)-induced cyclization of alky-
nyl-branched SEE provides regio- and stereochemically homogeneous exocyclic vi-
nyl mercurial products that can be converted into a variety of functionalized al-
kenes [265-267]. Two plausible mechanisms for the intramolecular carbomercura-
tion have been proposed, as in the above Pd(II)-mediated cycloalkenylation—nu-
cleophilic enolate addition to the Hg(II)-activated alkyne and concerted addition of
an a-keto mercurial species generated by Si-Hg transmetalation. Forsyth et al.
have determined that carbomercuration occurs in an anti fashion by the former
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mechanism (Scheme 10.99) [266], which stands in marked contrast to the latter
syn addition mechanism proposed by Drouin and Conia [265].

Scheme 10.98
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Yamamoto et al. have reported that the EtAlCl,-promoted intramolecular addi-
tion of SEE to both terminal and internal unactivated alkynes proceeds in an endo
fashion to give 3-cyclohexen-1-ones in good yields (Scheme 10.100) [268]. Quench-
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ing the reaction mixtures with D,O and I, introduces D and I at the 4-position.
This, and the endo-selective cyclization, suggest the mechanism via nucleophilic
addition of the enolate to a zwitterionic intermediate generated from the alkyne
moiety and EtAlCl,.
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Iwasawa et al. have demonstrated that the endo-selective cycloalkenylation of cw-
acetylenic SEE is successfully achieved by stoichiometric or catalytic use of
W(CO)s -