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Michael T. Crimmins” and Philippe G. Nantermet

Department of Chemistry
University of North Carolina
Chapel Hill, NC 27599-3290

INTRODUCTION

Metal homoenolates and other functionalized organometallics have become important
reagents in organic synthesis in recent years. These reagents are characterized by the existence of a
reactive organometallic species such as an organozinc or organotitanium species in the same molecule
with an electrophilic functional group such as an ester or nitrile. The utility of these reagents may
eventually surpass that of Grignard reagents and organolithium reagents since the less reactive metals
which have been used allow the incorporation of many reactive and sensitive functional groups into
the organometallic reagent. This review will outline recent developments in homoenolate equivalents,
metal homoenolates derived from siloxycyclopropanes, direct coupling of siloxycyclopropanes to
electrophiles, and the preparation and use of functionalized zinc reagents derived from halides. The
review is organized according to the metal ion within each section. For example all reactions of zinc
homoenolates are treated together within the same section. While the overview is not intended to be
comprehensive, every attempt has been made to include the most important and useful reagents and
some of their applications.

I. HOMOENOLATE EQUIVALENTS

Although true metal homoenolates, species containing a sigma bound metal ion in a B-position
to a carbonyl group, have only recently been prepared and utilized, a large number of homoenolate
equivalents have been investigated. An excellent review by Werstiuk on early homoenolate equiva-
lents has appeared.! Only the most recent examples of internally stabilized metal homoenolate equiva-
lents will be discussed here.

Kuwajima has reported a homoenolate equivalent in which the ketone carbony! is protected as
a silyl enol ether (Fig. 1).2 The enol ether oxygen then serves to stabilize the allylic anion by chelation
to the metal center. The homoenolate anion is obtained by a Brook-West rearrangement of an a-silyl
alkoxide. Alkylations, Michael additions, additions to carbonyls and epoxide openings have been
carried out with these anionic species.

Julia has reported the formation of ketone homoenolate equivalents from 1-alken-3-ols by
formation of the dianions (Eq. 1).3 These anions have been used in nucleophilic substitution reactions.
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Hoppe has prepared lithiated and titanated O-allyl carbamates which add readily to aldehydes
and ketones (Fig. 2).4 The products can be easily converted to y-lactones.
R? '
R3 R! 1. n-BuLi R3 R L\

—_—
n‘ lo) (o) 2. CITi(Oi-Pr); R‘ 0 0

N(i-Pr), oL g8 N(-Pr),

T

R® g2 Ho RS R? R Rp2
R‘ e Z— ns R! —_ R%‘ }
R R ; R
RS © 0 OYN(I-pI')g RS ©
o ifR'z H
Fig. 2

Goswami reported the formation of the dianion of N-phenylpropionamide from N-phenyl 3-
(tri-n-butylstannyl)-propionamide (Eq. 2).’ The dianion constitutes a homoenolate equivalent and
reacts with a variety of electrophiles.

O  SnBu, E* o

Ph_
i N—> Li
PhNH oJ\) PhNH E

E= D, CH2=CHCH2BI’, CH3CH2CH2I, Me 3SIC], PhZCO, CH3CONMCZ
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Ghosez has described the y-alkylation of metallated o-cyano enamines (Fig. 3).5 These
organolithium species also undergo 1,4 additions to o,B-unsaturated ketones with some competing
1,2-addition. The product a-cyano enamines can be hydrolyzed to carboxylic acids.

Lt
NR 1 CN
2 DAornBuLi| " R’X
A cN T~ B
o H Lo CNR,
3
RS NR, R
- , coH
R CN R
R? R
Fig. 3

Oxygenated allylic silanes have been used as homoenolate equivalents in the formation of C-
glycosides by Panek (Eq. 3).” The enol acetate products have been transformed in a number of stan-
dard transformations to aldehydes, ketones or protected alcohols.

R
OCHZPh SiMey
PhCH,0,,, WOCH2Ph OoAc (3€quiv) PhCHO,
— R 3
xo™' ﬁ BF3-Et,0 (4 equiv) -
OCHPh
OAc
X =Ac,pMeOCeHy— 5 50.80% R =H,CH,

1. HOMOENOLATES FROM SILOXYCYCLOPROPANES

The difficulty with the preparation and use of metal homoenolates is that their stability and
therefore their reactivity depends dramatically on the nature of the metal counterion. If the homoeno-
late is too reactive (M = Li, Na,...), cyclization to the corresponding cyclopropane derivative predomi-
nates (Fig. 4). If the reactivity is too low, reaction with the desired electrophile will not occur. Thus a

O— MX,,_; (o}

R
Me,SiO >4 MX,, Um (\ﬂ/
R R

R

MO>4 — RU
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careful balance between stability and reactivity must be achieved to find a useful homoenolate
reagent. Examples of stable homoenolates which vary from unreactive to moderately reactive will be
presented here.

Homoenolates can be prepared from appropriate silyloxycyclopropanes and the corresponding
metal halides. The silyloxycyclopropanes may be obtained by reductive silylation of 3-haloesters
(method A; Fig. 5)% or by the cyclopropanation (Simmons-Smith methylenation)’ of ketone silylenol
ethers (method B; Fig. 5). Method A can be used for the preparation of optically active homoenolate
reagents.!”

i OSiR
method A X ~_-C0R" _____,Na’R3SlCl 3
°n1
X =CL, Br
Me;SiO MaySiO
method B é CH,L,, Zn/Cu
—_—
Et,0
Fig. 5

a. Titanium Homoenolates

Treatment of the silyloxycyclopropanes 1a,b,c with TiCl, in CH,Cl, results in the formation of
the corresponding titanium homoenolates (Eq. 4). The homoenolate crystallizes from hexane and has
been shown to contain only one homoenolate moiety per Ti center.!! The addition of a second equiva-
lent of the silyloxycycopropane does not incorporate a second homoenolate moiety per titanium. The
structure is supported by 'H and *C NMR which both showed two nonequivalent methylenes (not a
cyclopropane derivative) and a very low field signal in the *C NMR which is characteristic of the C3
carbon bound to the metal center.!? The IR spectrum shows a carbonyl stretch at about 1600 cm'!
which supports the proposed chelate structure. The titanium homoenolates are sensitive to oxygen and
water, but are thermally stable due to the internal chelation of the ester to the metal center.

. OR
[: _OTMS TiCl, @
OR CH,CI, Gl =—0
R= Me 1la (70%)
Et 1b (83%)
i-Pr 1c (89%)

Two pathways [A] and [B] are possible for the formation of the homoenolate through
cleavage of the cyclopropane (Fig. 6). Pathway [A] would not seem likely because common Lewis
acids do not react. Pathway [B] is supported by the isolation of the titanium homoenolate and by the
known ¢ coordination of cyclopropanes to heavy metals.!2
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TABLE 1. Addition of Titanium Homoenolates to Aldehydes
Entry Carbonyl Compound Product Yield

OH
1 O—cno 90%"
Ph)\/\cozi-Pr

OH

2 o N—O—cuo
2 a
p-NOzcsm)\/\OOgi-Pr 9%

62%"

CO,i-Pr
86%°

o
o
Ph \/Y\/
OH
o
5 o 93%°
Ph
' PhJ\ 7(2:
o 919"
o
. Ph TCHO oh /k‘/\/oo,i-r»r 819" (86:14)
OH
o ./>= o
8 (I O:’ 81%° (86:14)
o ,/>= o
o /g ,O*o 949%® (88:12)
t-Bu t-Bu

10  CHs(CH,)CHO OHyCHge™ 0 ° 61%°
i/\ Ph\/\F>= ° 54%°
11 CH, Ph o
o
12 °2N—< >—CHO PNOTGS&N"”"“ 83%°
OH

a). 0.5 equiv. Ti(Oi-Pr)4 b) 0.5 equiv. Ti(Ot-Bu), c) see ref 13

corresponding alcohols or butyrolactones.!>!* They also react with acetals of ketones and aldehydes,
but due to their limited nucleophilicity they do not ordinarily react with ketones. Acetophenone reacts
in low yield and acyl chiorides do not normally react at all. Chlorination is often a problem when
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aromatic or unsaturated aldehydes are used. The limited nucleophilicity is due to the electron with-
drawing effect of the chloride ligands on the titanium. The use of alkoxide ligands has improved both
the yields and the range of reactivity of titanium homoenolates. The use of 0.5 equiv of Ti(O-i-Pr), or
Ti(O-t-Bu), as an additive illustrates this improvement: the yields on reaction with aldehydes are
improved and ketones react in good yield. Good levels of diastercoselectivity are observed (ca. 86%)
(see entries 7, 8 and 9; Table 1). The use of alkoxide modified titanium homoenolates allows the stere-
oselective preparation of y-lactones and cyclopropane carboxylates.

The use of titanium homoenolates derived from tin homoenolates has also been described by
Goswami (Fig. 8).4 A direct transmetallation from tin to titanium as opposed to the intermediacy of a
siloxycyclopropane is supported by deuterium labelling experiments.

j\/ Bu;SnH ? TiCl, OR
2, Ticy
MeO e 80°C,4hrs RO SnBu, CH,Cl, CisTi<—0 +Bu3SnCl
Pro LiN(SiMe,),,
Y ICH,SnBu;
o
Fig. 8

Reaction of the siloxycyclopropane shown in Eq. 5 with titanium tetrachloride followed by
benzaldehyde produced the aldol product with high diastereoselection in good yield.!S This reaction
could be viewed as an enolate and not a homoenolate reaction.

CO,Me

HO
1. TiCl,, -78° t00° to -78° o Ph
Meo,Si0 > 3)
(CHa)oC 2.PhCHO, 78° 10-30° oy 0 COMe
3. Hy0
58%

b. Tin Homoenolates

Treatment of the siloxycyclopropanes 1a,b,c with 1 equivalent of SnCl, results in the forma-
tion of the tin homoenolate 3a,b,c (Fig. 9).1¢ The addition of a second equivalent of siloxycyclo-
propane leads to the formation of the homoenolate 4a,b containing two homoenolate moieties per
metal center. If Bu,SnOTf is used instead of SnCl, the nonchelated homoenolate 5 is obtained. The
chemical reactivity of 5 has not been investigated but is assumed to be limited.

Murai reported the preparation of tin homoenolates from ketones and aldehydes which can
lead to unsaturated ketones and aldehydes after dehydrostannation in DMSO (Fig. 10);!7 a similar
reaction is obtained with the tellurium homoenolates (obtained from TeCl,).!* No homoenolate forma-
tion has been reported with GeCl,, SiCl,, Me,SiCl, Me,SiOTf or PbCl,. Metal homoenolates have
been prepared from the action of SbCl, and BiCl, but their reactivity has not been demonstrated.'s
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OR
OR SnC OR |>< OR
—l4> OSiMe,
OSiMe, Cl;Sn-— O E—— 0
qz&‘ V\ o
R=Me 1a 3a,b,c
R=Et 1Ib ’ OR
R=i-Pr 1c 4asb

1b 5
Fig.9
OSiMe, Ph o
Ph 70%
Ph ClySn =— O
OSiMe, ClgSn <— O °
80%
OSiMe,
[ : TeCl, +Bu  pDMSO o
BU  CH,Cl, ClTe<—0 Bu” 7
Fig. 10

¢. Mercury Homoenolates
Mercury (I) is known to react with cyclopropanes and indeed mercury homoenolates of alde-
hydes, ketones and esters have been prepared form the corresponding siloxycyclopropanes (Eq. 6).!6192!

osiMes o,

R XHg /\/wzn (6)

X = 0Ac, Cl, OCOCF;
R = OEt, Oi-Pr, H, alkyl

Murai and coworkers have performed dehydromercuration and carbonylative coupling on Hg
homoenolates using either stoichiometric or catalytic PdCl, (Fig. 11)."

Giese reduced a Hg homoenolate to produce 1.4-ketoradical 7 which can then undergo addi-
tions to various functionalized alkenes (Fig. 12).%2! When the homoenolate is generated from a
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(o] [o]
OSiMe;  Ho0AC), PdCl,
R R Li,CO; R
—Pd, HC
— R

R

o] o o
examples: )KK (80%)
P Cy (80%) Ph)l\( (98%)
H Me
(o

OSiMe;  Hg(OAc), PdCly, MeOH
J: "nz MeOH  COlam R J\z/\w’“’
R

R'=t-Bu, R’ =H: 52%

Fig. 11
OSiMe;  Hg(OAC), NaBH,
_— Pt —_—
HOAc HgOAc
o
(o] )j\/ )I\/\/\“/
)I\/ *
o
Mo,SiO
Hg(OAc), NaBH, i CHXCHYZ
HOAc H b4
x: Y

X =H, CO,Et; Y = H, Me, Cl; Z =CN, CO,Me, CO,Et

Fig. 12

substituted siloxycyclopropane, the position of the substituents can vary depending on the reaction
conditions. This results from equilibration through the cyclopropyloxy radical species 8 (Fig. 13).
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1. Hg(OAc), Y
OSiMe; " [i5a . OAc Y KF  onc >(\H\
/P< )YYk z
R o 2NaH, T p2 z RV CR?
XHC=CYZ X
R'=CH,, CH,
R®=H, CH,
1. Hg(OAc), Y
H,0 oHe Rt R2 Y
—_—— Nz + OHC
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d. Copper and Silver Homoenolates

Copper and silver homoenolates have been prepared by Murai, but have only been used in
homocoupling reactions to produce 1,6-diketones (Eq. 7).2 A silver homoenolate is a likely interme-
diate in the allylation of siloxycyclopropanes in the presence of silver fluoride as illustrated in Fig. 14.2

Me;Si0 o Ag o
AgBF, -Ag’ o
Et,0 o
[Cu(BFy),]

(o]
33

CH,CN
(CH3)3C ETOH 75%
Meo;SiO + )\/c‘ AgF o
— CH,CN
ETOH N
8 \ S
46%
Fig. 14

Gold homoenolates have been prepared from siloxycyclopropanes by treatment with a gold
halide in the presence of CsF (Eq. 8), however, they are not synthetically useful.
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(o)
OSiMe, CsF,
+ PhyPAUCI —* /\/"\ ®)
[><n 3 CHACN PhsPAu R
R =Ph, OEt

e. Zinc Homoenolates

Zinc homoenolates are among the only stable and chemically reactive metal homoenolates.
They have been extensively studied by Nakamura and Kuwajima. Treatment of siloxycyclopropanes
1a,b,c with ZnCl, in ethyl ether results in the formation of a zinc homoenolate 9 containing two
homoenolate moieties per metal center (Eq. 9).26%7

OR

OR
osiMe;  ZnCl, -
— Epo—>2In+0 _VEtzo O—»2Zn<+—0 O
OR  Ei,0 K'
oA .
CO,R

The copper catalyzed addition of zinc homoenolates to enones, unsaturated aldehydes and
acetylenic esters and ketones proceeds in high yield to produce the silyl enol ethers of the adducts
(Fig. 15, Table 2).262® The presence of trimethylsilyl chioride and hexamethylphosphoramide

oR
OSiMe;  ZnCl,
2 X —— EL0—=I+—0 ,;TMsCl
R E,0
CO.R
o r
R! R2 R3 OSiMe,
| R! /QS)\
1 > RO.C R4
R2 )\ Ra R‘l

Cu(l), HMPA, THF
Fig. 15

(HMPA) are essential for the success of these reactions. The best conditions are as follows: 2.3 equiv
of siloxycyclopropane, 2.4 equiv. of TMSCI, 0.12 equiv Cu(I), 2.4 equiv. of HMPA and 1 equiv of
substrate in an ether-THF solvent mixture. While the zinc reagent contains two homoenolates bound
to each zinc atom, only one of the homoenolates can be transferred; the second is unreactive.

The synthesis of highly substituted cyclopentenones has been developed in our laboratory by
taking advantage of the conjugate addition of zinc homoenolates on acetylenic esters and amides
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followed by intramolecular capture of the resulting silyl allenolate (Fig. 16, Table 3).*

TABLE 2. Conjugate Addition of Zinc Homoenolates to Unsaturated Carbonyls

Entry  Enone/acetylenic ester Cyclopropane Product Yield
1 o OSiMe,
OSiMe
X 3 93%
Oi-Pr
1c¢ wzi-Pr
2 o OSiMe,
OSiMe,
)><om 91%
d COMe
3 o OSiMe,

OSiMe,
[ :OEt 0%
1b CO,Et

4 OHC OSiMe,
\(\ " )
75%
CO,Et
5 't 1b
)\ MossK>_Q %
CO,Et
MeO ,C—===—CO,Me
63%
MeO,C CO,Et
N o
Me;Si—O0 OFt CO,Et
[Etozc/\ﬂ'zn + R—=—CO;Eit — EI10 FO, —_—
2 R
R
o
m CONR,
[Eto.‘,c/\/}2 R—==CONR, —
R
Fig. 16

Zinc homoenolates react rapidly with acyl chlorides in the presence of Cu or Pd catalysts, but
C and O acylation compete (Table 4).2"% Acylation on carbon results when ether or THF in combina-

tion with HMPA is used as solvent while acylation on oxygen occurs in CH,CL, or CHCI,.
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TABLE 3. Addition-Cyclization of Zinc Homoenolates to Acetylenic Esters

Entry  Enone/acetylenic ester Cyclopropane Product Yield
(o]
OCH,0CH, CO,Et
1  Et0,c—= ib
7
C5H1 1 OCH zoq'l 3 1%

2 E0,C o

< 83%
HO  C(CHj)

1b
3 m‘ozc = C‘Hg 65%
CuHy

Highly selective S22 reaction on allylic halides can be effected with zinc homoenolates in the
presence of Cu(l) and cosolvents such as DMF or HMPA (Fig. 17)" Addition of TMSCI is not
required and therefore selective allylation can be performed in the presence of unsaturated ketones.
Direct nucleophilic substitution (Sy2) is generally not useful with zinc homoenolates.

ey = L

R'COC], R'COCl,
Et,0 or THF CHCl,
HMPA

R CO4R OR
\“/\/ D<ocon' O-acylation

° C-acylation

Fig. 17

Coupling of zinc homoenolates to aryl, or vinyl halides can be readily accomplished with the
use of Pd or Ni catalysts (Table 4).2728% Jodides are more reactive than the corresponding bromides
and two homoenolate moieties can be transferred from the zinc reagent when it is coupled to iodoben-
zene. No reaction is obtained in the Pd or Ni catalyzed coupling of aryl triflates with zinc homoeno-
lates, but the vinyl triflate derived from cyclohexanone reacts to give a 55% yield of the product
derived from coupling with the homoenolate.

Chiral zinc honoenolates have been prepared from S and R f-bromoisobutyrates through
conversion to the chiral siloxycyclopropanes le and 1f (Eq. 10).>! No racemization occurs during the
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TABLE 4. Coupling of Homoenolates to Acyl, Vinyl and Aryl Halides

Entry Electrophile Cyclopropane  Product Catalyst Yield
(o]
1 PhCOC1 1b I
Ph AN Co,Et Cu'HMPA  76%
2 Pucod 1d )o\)\ Pd 93%
Ph CO,Me
3 (CHp,.CcCcoCl e o
(cua)acJ\/‘ coppr M 93%
] 1
4 Ph” "¢ 1c /\(\/cozi Pr Cu, HMPA 9%
Ph
; ’\/l\/‘\\)\/\/
AcO Ic  AcO CO,i-Pr
ci Cu', HMPA 2%

6
oj : l Cl 1¢ OJ:))\/\/OOzi-Pr cul HMPA 87%

7
?)k/ le MOSSio\*/\/\cozi_Pr

cu', HMPA 48%
8 Ph AN cl 1c Ph” NN CO,i-Pr NiCl,dppe 65%
TMSCI, HMPA

° X )~ 5—0—\_ Pd 49%
o Br1b o CO,Et

10 OCH;0CH,4 OCH,0CH,3 Pd 73%
| 1b

CO,Et
11 B CeHy Ic wed N\ Pd 76%
COzi-Pr
Me,Si 1b Me;Si CO,i-Pr Pd 87%
b )_/ )/\/
Br

preparation. These chiral homoenolates have been used to perform many of the reactions previously
carried out with the simple zinc homoenolate (Table 5). Another method developed by Yoshida
allows preparation of the homoenolate directly from the halide.3?
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Br COMe OSiMe; ZnCl, l COzMe
OMe /\f (10)

Me,SiCl
S S le S 9f
R RIf R 9f
It is important to note that the formation of zinc homoenolates from siloxycyclopropanes is an
equilibrium which can be shifted toward the siloxycyclopropane upon addition of Cu(l) and HMPA.
When the siloxycyclopropane is substituted, the regiochemistry of the cleavage depends on the nature
of the substituent. If R = phenyl the cleavage occurs at the most substituted position due to electronic
stabilization.?” If R = Me the cleavage occurs at the leastsubstituted position due to steric effects (Fig.
18). Treatment of substituted siloxycyclopropanes with ZnCl, or MeOLi results in >98% regioselec-
tivity while cleavage with Hg(OAc), or TiCl, is less selective.!? The absence of racemization in the
chiral zinc homoenolates mentioned above is due to the high regioselectivity in the cleavage of the
siloxycyclopropane to the zinc homoenolate; k, is very slow compared to k, (Fig. 19).

TABLE 5. Coupling of Chiral Homoenolates to Halides

Entry Electrophile Product yield (%e.e)

CO,Me
ot O
Ph CO, Mo
) PhCOCI W 55% (>91)
o

Br CO,Me
I c°2m
O/ O/\r 79% (95)

OSiMe, K=30 m Cu OSiMe,
[><on +ncl, —» no,c/\’} — [X 11)

—

w

E-%

. oR

in 0.2M . HMPA

in ether 77% in 30 min
Me,SiCl 62% in 26 hrs
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i 2 b
~~_

R OR
OSiMe;  7ZnCl, P("' SiMe; Zn<—0
I > , —
OR .1 OR
Ph P ph)\)LOR
Ph stabilizes §
CH Zne0
OSiMe, 1\<°- SiMe;
rd ﬁ
)><on - e OF K'/“\OR
CH, . 3
M’ coordinates to least hindéred ¢ bond
Fig. 18

o e JRIN S
I

Zznt AN Co2Me -— D<OSIM03 -—
OMe —

[ TLOLD)
7
Y,

Fig. 19

III. DIRECT COUPLING OF SILYLOXYCYCLOPROPANES TO ELECTROPHILES
Homo-Reformatsky Reactions with ZnX, Catalysis

Zinc homoenolates are virtually unreactive to benzaldehyde and acetophenone in a variety of
solvents even in the presence of HMPA, however, the presence of one equivalent of TMSCI allows
the reaction to proceed in dichloromethane (no reaction in diethyl ether). The regeneration of ZnClL,
when the reaction is mediated by TMSCI gives rise to a version of the reaction in which the siloxycy-
clopropane is directly coupled to the carbonyl compound.?’?#* Treatment of the siloxycyclopropane
with aldehydes in the presence of 2 mole % Znl, (or ZnCL) in CH,Cl, at 25°C afford the corre-
sponding y-siloxyester in good yield. Ketones other than acetophenone are unreactive, but benzalde-

hyde dimethyl acetal also reacts under the same conditions.
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TABLE 6. Direct Coupling of Siloxycyclopropanes to Electrophiles

Entry Electrophile = Cyclopropane Product Catalyst Yield
1 PhCHO 1b MosSIO Zal, 89%
Ph COEt
Me;Sio Znl 2%
PhCH 1d 2
2 0 ph/K)\cozm ZnCl, 56%
Mo,SiO
ZnCl 83%
3 PhCHO 1e Ph,\r\ CO,Et 2
MeySIO
4 _NCHO 1 3 Znl, 2%
CO,Et
Meo,SIO
5 G OHO g CoHyy cor  ZCa 9%
O Ph O_Ph
o] b Me4Si0 Znl, 7%
6 PhJ\ phfi\/\ooza ZnCl, 0%
MeO
7  PhCHOMe), 1b Znl, 91%
Ph)\/‘oo,Et ZnCl, 0%
Ph CO.Me Znl 2%
8 PhCHO id 2
Mo,si;(\r
oTt CO,i-Pr
9 Ic Pd 90%
oo o"vo
o
Me,SiO,
N_ OTI 3 N
10 U Pd 50%
OTt H OSiMe, CHys
1 \& &Ho Pd 65%
o CrHys o
12 PhCOCI 1b Ph Y\,OOzEt Pd 86%
o

Chelation controlled 1,2 asymmetric induction is observed in the reaction with 2-alkoxyalde-
hydes (93% stereoselectivity). The previously discussed regioselectivity with methyl or phenyl
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substituted siloxycyclopropanes is also observed in the catalytic homo-Reformatsky reaction.3 Opti-
cally pure siloxycyclopropanes result in nearly complete chirality transfer in the catalytic homo-
Reformatsky reaction.

The catalytic cycle shown in Fig. 20 has been proposed to account for the accelerating effect
of TMSX through activation of the carbonyl oxygen. The wider use of Znl, is consistent with higher
Lewis acidity of TMSIL. Siloxycyclopropanes derived from esters ketones and aldehydes have been
coupled to aryl triflates in the presence of 5 mole % [PdCI(C,H,)], and PPh3.34 The reaction is
presumably induced by the coordination of the cyclopropane to an electron deficient Pd-(ArOTYf)
complex. The reaction tolerates a variety of functional groups: CHO, ketones, COOR, NO,. No reac-
tion is observed with aryl halides.

osiMe; _ ZnX, "
zn .
D<OR \/\002R +Me;SiX
R‘\“/ R?
r °
OSiMe, ; A R?
-— Zn \/\oo R t I
R CO,R ol .
R2 §iMes
1
X
o
0SiMe, ArOTf )k/\
< R Ar
R cat Pd(PPh,),

[><°sm°3 OSiMe.
ives
LaPd* <<
PdL,+ArOTf ——s  Pd'L,, OT! — R . A
Ar

Ar

Fig. 20

Dimerization of homoenolates accompanied by CO insertion has been obtained in the pres-
ence of 5 mole % PdCL(PPH,), in chloroform (Eq. 12). The reaction has been carried out with an
optically pure siloxycyclopropane with no racemization.

R! R" o R
‘><osm, PdCl,(PPhy), R%Monz 12)
———eei
OR? €O, CHCl,
o o

The direct coupling of acyl chlorides to the siloxycyclopropanes which was not possible with
catalytic ZnX, has been successfully executed with a Pd catalyst.* Carbonylative arylation of siloxy-
cyclopropanes catalyzed by Pd° has also been recently achieved (Fig. 21).32#
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PhCOPACI(Ph,P),-CH,CI o
[ OSiMes o o) (Ph3P),-CH; 2 oupe
Oi-Pr Ph

(o]
COCl
OSiMe, o
o+ (PhO);P
' / 5% [PACI(n*-C,Hy), N
sHsh2 o o
o R
OSIR
ArOTEf  + 3 —»CO (10 atm) Ar)‘\/kn/nz
R 5 mol% Pd(PhsP),
R [o]
1
36-87%

R;=H, alkyl; R, = alkyl, alkoxy, aryl
Fig. 21

IV. FUNCTIONALIZED ORGANOZINC REAGENTS

Other methods for the preparation of homoenolates and various functionalized
organometallics have been developed by Knochel, Yoshida, Riecke and Fukuzawa. The treatment of
functionalized halides with activated zinc results in the formation of functionalized organozinc
reagents. Several methods are known for the activation of zinc:*® washing the zinc with HCL® ultra-
sonic cleaning,* use of Zn/Cu couple,’>*? use of Zn/Ag couple,’! use of 1,2-dibromoethane®® and
TMSCI*% as activating agents and preparation of highly activated zinc by the reduction of ZnX, with
alkali metals.* These functionalized zinc reagents (see Table 7) have recently been shown by
Knochel to be very weak bases in contrast to the corresponding Grignard or organolithium reagents.*’
They can be generated in the presence of benzyl amine, diethyl malonate and in some instances, ¢-
butanol (Fig. 22). This is clearly one of the major advantages to these reagents allowing them to
tolerate a wide variety of reactive or somewhat acidic functional groups. Even functionalized zinc
reagents containing primary or secondary amides or acetylenic hydrogens have been prepared and
further elaborated.’

a. Conjugate Addition

Most of the zinc reagents prepared by the methods mentioned above can be converted to the
corresponding functionalized *‘organozinc cuprates” by treatment with a THF soluble CuCN-2LiCl
salt.4 These “‘organozinc cuprates” react with o, 3-unsaturated ketones and aldehydes in the presence
of TMSCI to give the corresponding B-substituted ketone or aldehyde (Table 8) (some substrates
require the addition of HMPA to the reaction mixture).*>- 4!
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TABLE 7. Functionalized Organozinc Reagents

CN
Znl

CO,Me

OAc

Znl

OAc

Zni

OAc

COPh 0
@an R)I\(CHz)nan
Q R = Et, Me, Ph
EtO,C Znl

n=2,3,4,56
[
P"j‘/é}zm
o
ﬂ\/znl
S

(Et0)2P(0) < _~ 7n

o]

ZnBr

OAc

ZnCl
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Zn, THF H—=——CONH
B0,6° NN ——————  mo e N Naiezt ——
CuCN, 2LiCl
CO,Et
100% E, 53%
ZNconn,
0 o MeO,C —==—CO,Me
Zn, THF
PhCH N ™  PhCH.N —_—
A CuCN, 2LiCl I
H
I Cu(CN)Znl
o
PRCH,N
I CO,Me 100% E, 71%
o
CO,Me
H—== Zn,THF = 4 _— !
—\ CuCN,2LiCl \
I Cu(CN)zZn)
o
H
&
Fig. 22

Addition-elimination on P-haloenones results in the formation of B-substituted enones (Table 9).%*
505253 Addition of “‘organozinc cuprates” to B-substituted enones does not readily occur without the
use of BF,*E,0 as a catalyst (Table 10). One example of intramolecular trapping of the enolate has
been observed (Fig. 23).3

The conjugate addition of functionalized zinc-copper reagents to acetylenic esters in the the
presence of TMSCI affords either the ethylenic esters, the C-silylated unsaturated esters or a mixture
of both (HMPA is required in some examples, Table 11, Fig. 24) 501556

Conjugate additions to nitro olefins and unsaturated nitriles result in the corresponding func-
tionalized nitro compounds or nitriles.””*® When the nitro compound is -substituted a mixture of
nitroalkane and the corresponding ketone (Nef reaction) is obtained; treatment of the mixture with
aqueous acid leads to the ketone exclusively (Table 12).
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TABLE 8. Conjugate Addition to Enones and Enals

FG-R-Cu(CN)Znl Electrophile Product Yield Reference
o o
Et0,C”""Cu(CN)zn! (5 97% “
CO,Et
Cu(CN)Zni 0 0
CN ij 4% .
CN
CN oN
O Ph/\)~° 61% 48
Cu(CN)Znl
Ph O
Ph O
(El‘-'>)zP(O)\/\cu«m)z"l Ph’\/Lo (‘\/'\ 88% 49
P(O)OEt),
0 o
NC Cu(CN)Znl ?,,)(c" 54% 50
[0} (o]
1Zn(CN)Cu é o g 5%
cBaN _° 5
CBzN
CO,Et
B0, "CuCNiznl N\ N\CHO OHC\/C\ 3% 50
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TABLE 9. Conjugate Addition to §-Haloenones

FG-R-Cu(CN)Znl Electrophile Product Yield Reference
oN o
Zn(CN)Cu, :~ t E ] 80% 47
[
0
1Zn{CN)Cu \)\ @\ 97% 51
OAc i

OAc

1% 48

Ph__O o
IZn(CN)Cu\é Q %
|
(o)
IZn(CN)Cu.__.s ©O Q 88% 48
4, |

(o]

o (D o
l P(°)(°Et)z

co 52

CO,Et
SO.Ph 2
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TABLE 10. Conjugate Addition to B,p-Disubstituted Enones

FG-R-Cu(CN)Znl Electrophile Product Yield Reference

o) (o]
't 84% 53
P Ao~ Cu(CN)znl Oﬁ
Ph

0 (o]

Ao Cu(CNjZnt Q %’ oA 86% 5
I
OAc
0

Et0,C " Cu(CN)Znl 88% 53

))\ ﬁ\/\/coza
o o
EtO,C ™" Cu(CN)Znl %
2 u(CN)Z 7@\ 7@\/\/ coer ™™ 50

activated Zn CuCN'LiCl
FGR-X —* FG-R-Znl W FG-R-Cu(CN)Znl
o
THF -30°
FG-R-Cu(CN)ZnI +
R-FG
(o]

BF;-Et,0
FGR-Cu(CN)Znl  + —_—

R-FG
R f
F38" \j
o] N;— BF,
3 equiv BF3EtzO
+NeTTN"NcueNyznl
R R
F\ IF
B, +
0” "NH
|
—_— 80%
R
Fig. 23
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Me,SiCl
FG-R-Cu(CN)Znl + R'—==—CO,R? ﬂ—»
R1 ooznz R‘ 002R2
>=< and/or >=__<
FG-R H FG-R SiMe,
Fig. 24
TABLE 11, Conjugate Addition to Acetylenic Esters
FG-R-Cu(CN)Znl Electrophile Product Yield Reference
CO,Me
J\/\,Cu(CN)ZnI —==-CO,Me  PVO 2
PvO SiMe, 78% 54

(E)2P(0) _~ Cu(CN)Znl MeO,C —=m— CO,Me(Et) 2P(0) \/Y\ CO,Me

CO,Me 91% 49
OAc OAc
Cu(CN)Znl H-=m—CO,Et 79% 55
CO,Et
OAc OAc
EtO,C "Cu(CN)Znl Ph—=m—CO,Et  Et0,C™"y” CO,Et 0% 50
Ph

OAc BrZn(GN)Cu—0
VO
cucNyznBr  Ph NO2 Oho

CN
\H\(\ NO, (12%)
Ph

Fig. 25
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TABLE 12, Conjugate Addition to Unsaturated Nitro Compounds

FG-R-Cu(CN)Znl Electrophile Product Yield Reference

002M0
°°2M° Pr

l S \/\/\No2 NO, 15% 56

0~ “Cu(CN)Znl o

(o]

AcO(CH,)gCu(CN)Zni \/\/{No2 \/\H\ 1% 56

(CH,)gOAc

AcO__ Cu(CN)znl OAc CN

CN
l Ph Aoy \ﬁ\(kc" 89% 57

Ph

b. 1,2 Addition

The 1,2 addition of functionalized organozinc reagents to acyl chlorides has been performed
by Knochel using CuCN-2LiCl#4648-525658 (¢ form the “organozinc cuprate” and also by Yoshida
using a Pd(0) catalyst [usually Pd(PPh,),].%>* Both methods result in the formation of the corre-
sponding ketones in good yield (Table 13).

The functionalized organozinc reagents do not react with saturated aldehydes without the
addition of BF,*Et,0% or TMSCL! However, the titanium reagents (obtained from the organozinc
reagent by transmetallation) react readily to form the corresponding alcohols or lactones with fair
disastereoselectivity where applicable 552

Ketones are unreactive with the organozinc reagents, but the titanium reagents can be used to
prepare functionalized tertiary alcohols from ketones.¢?
¢. 8,2’ Reactions

Functionalized “organozinc cuprates” generally react with allylic halides to give S,2" prod-
ucts. Very little direct S;2 has been seen in the examples which have been studied. Allylic acetates
and tosylates also undergo S,2’ displacement.*%° Several examples of double S,2’° reaction have
been reported. Propargy] tosylates and bromides react to give the corresponding allenes.5
d. Coupling of Functionalized Organozinc Reagents with Vinyl and Aryl Halides.

Vinyl halides and triflates can be directly coupled to the functionalized organozinc reagents
through the use of a Pd(0) catalyst. %597

Arylation using Pd(0) catalysts or Ni catalysts have been reported by Yoshida and Riecke. %56
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TABLE 13, Coupling to Acyl Halides

FG-R-Cu(CN)Znl Electrophile Product Yield Reference
Ph
Et0,C""Cu(CN)zZnl PhCOCI Exozc’\/\“/ 8% 44
o
o)
NG~ CU(CNIZnl CICH,);,C0C1 Nc/\)'\(cﬂmc, ne 5
N \CN
Ph 6% 47
|
XO‘Cu(cN)zm PhCOC
o}
o]
/k(CU(CN)ZnI PhCOCl1 /’\‘/'L Ph 82% 51
OAc OAc
o]
Cu(CN)Znl
(CN) PhCOCI Ph 61% 48
CO,Et CO,Et
(Et0),P(0) Ph
(Et0),P(0) _~ Cu(CN)Zni PhCOCl1 \/\'r 9% 49
o]
o) 0
Ph
O)‘\O/\CU(CN)ZnBr PhCOCI 0% 55
o]
o
Cu(CN)ZnBr
O CH,(CH,),COCl (CH2)3CH4
EtO,C Et0,C 80% 45
o
~ 2l PhCH=CHCOCI ’\/lk/\
Et0,C E10,C ph 2% 31
CO,M
E10,¢™~"zn| MeO,C(CH,),COCl Etozc’\/\r(c"”“ 2Me
o 90% 31
o E'\(\)l\c,u15 6% 58
o)
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TABLE 14, Addition to Aldehydes and Ketones

FG-R-Cu(CN)Znl Electrophile Product Yield Reference
Ti(OI-Pr) H
"PM)2 PhCHO
(Nc/\’)z Nc’\)\ph 81% 57
OH
Ti(OI-Pr
Et0,¢ 7~ THOHPN)s n-BuCHO EtO;C’\/kc.H, 100% 61
_ OH
Ph A~ THOHP)g PhCHO Pthk on %% 61
° )
YT Co,E o
PhCH= 1
Tiorpry, CH=CHCHO 2(0\/(/\% 95% 6
Ph.__CHO
AcO”™~"Cu(CN)Zn! Y AcO Ph 77% 59
OH
(o) o Ph
O::N(CHz):,CU(CN)ZnI PhCH=CHCHO @::N 8% 59
(o] 0 OH
Ph
E10,c"~~"CuCNjzni  PhCHO E‘°2°’V\g* n% 59
OH
Cu(CN)zZnl
(Et0),P(0) " (CN) PhCHO (EIO)zp(O)/\)\Ph 9%% 49
OMe
OMe (X/\/\ 97% 60
~N C[ CO,Et
EtO,C Znl CHO 2
HO
o CO,Et
O /04.}/ 88% 61
t-Bu t-Bu

E10,6 7~ THOHP1)3
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TABLE 15. Allylic Substitution of Allyl Halides

FG-R-Cu(CN)Znl Electrophile Product Yield  Reference
NG~ CUCN)Zn! B NCW\ 88% 57
Ph Ph
CO,Et
Cu(CN)Znl CO.Et
CN ,,J\iar CN 82% 47
Cu(CN)Znl CO,Et )\,/\I/ 95% st
Br
OAc OAc CO,Et
mzl—Bu
O  Cu(CN)Znl
o
COzt-Bu
)\,Br O)Kg 2% 43
NO, NO,
OAc
Et0,¢”7 " cu(CN)znl aozc/\/\© % %
NO,
Et0,¢7 "Cu(CN)ZnI )\,OAc Etozc/M N% 56
OAc OAc
Cu(CN)2nCI P O O \ 2% 55
OAe OAc
Cu(CN)Znl v
O’ ad 93% 45
E10,C c Et0,C
Ph #
O ) 58
PR~ cu(cNyzni o
° \'/\/m" Eto,c’\/><\ 95% 62
Et0,C " Cu(CN)2nl
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TABLE 16. Substitution of Allyl and Propargyl Halides

FG-R-Cu(CN)Znl Electrophile Product Yield Reference
o
NC 8% 57
Cu(CN)zZni :\/i>=
NCT~ [ o NC
c (EO)P©O) 0% 63
%\/c‘ \/\)sz‘)
(Et0)2P(0) o~ cuiepzni e (Et0);P(0) X
SePh SePh
Et0,C”~~""Cu(CN)zni I)\,G' E10,C COE 89% 63
a
a a / !\ 84% 63
l/}\,Cu(cN)ZnBr Hf ' s s
OTs
Et0,C~~""Cu(CN)zZnl N ==<_\-°°zE! —% 62
M0 ,C " Cu(Me ,S)ZnBr TBDPSON’ TBOPSO__ ¥ %% 64
H (CHZ)3CO,Me

A & TBDPSO (CHZ);,C0,Me
MoO,C Cu(Me;S)ZnBr Tlam’so”?.Br _\=..=‘H 88% 64

N~ PR pr PR 8% 57
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TABLE 17. Coupling with Vinyl and Acetylenic Halides

FG-R-Cu(CN)Znl Electrophile Product Yield Reference
Znl ot O/\"”?E‘ 4% 65
A~ O’
E10:C t-Bu t-Bu
Co,Et
Et0,C~"zni HoCs ! Hs°4\=/—/_ 89% 65
Ph .
Pha ™~ I Pch, Y eH, 1% 58
o o
N ZhBr
m )\ C(\’K 9% 45
Br
CO,Et co,E1
Br
EtO,C ™" Cu(CN)znl O/ h 74% 54
CO,Et
NN"cueNznl I W\ T “
PvO PvO CeHia 0
CeHi3
OAc OAc
Br
Y\cu(CN)ZnBr F j)\ 76% 54
Cetia = CeHia
Br CsHia
S
CN)Znl 4
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TABLE 18. Coupling with Aryl Halides and Viny! Sulfides

FG-R-Cu(CN)Znl Electrophile Product Yield Reference
Ph
Pho~"2zn Phl *(,)(\/ Ph 9% S8
I
M 65
go,c~ 2 © °c>2c_<j>_\—co,rst »%
c°2MG
Et0,C"znl Phl Et0,C”~"Ph % 65
Br
CN
PhSO,
Et0,¢~""Cu(CN)zZn| =0 B0, NN N0, 79% 66
2
EtS P{OXOEt),
NO
(E10),P(0) "\~ CU(CNIZnl @Noz 2 9% 66
Et0,C
MeS NO, NO,
Et0,C”""Cu(CN)Znl = = 90% 66
MeS
E10,C

A number of examples of the coupling of acetylenic halides and functionalized organozinc reagents
without the aid of a transition metal catalyst have been noted by Knochel.

V. APPLICATIONS

Applications of homoenolate reagents in the total synthesis of natural products and other
complex molecules has been somewhat limited to date, but these vertatile and powerful reagents
should see increased use in the future due to their excellent functional group selectivity. Nakamura and
Kuwajima have employed titanium ester homoenolates in two differnt ways in steroid synthesis (Fig.
26). The diastereoselective addition of a titanium homoenolate to a steroidal aldehyde served as a key
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step in the synthesis of depresosterol (Fig. 26).%® Conjugate addition of a zinc ester homoenolate in the
presence of BF, etherate produced a cortisone and andrenosterone intermediate with >97% diastereos-
electivity while the TMSCI catalyzed addition gave only a 1:1 mixture (Eq. 13).% Paquette made use
of the conjugate addition of a homoenolate in a synthetic approach to trixikingolides (Eq. 14).”

p
s,
s,
’,

CHO

—_— No Reaction

AT /\/Cozipl'
3

Ti(OiPr),

ciyoipyTi 7 0!

0°, CH,Cl,

depresosterol

Fig. 26

)
o~ C02PT

moRp > 13)
HMPA
CuBr+Mg,S
TMSCI1
BF3°Et20
cortisone and
andrenosterone
(o]
(o) /\/IL TMSO [o] H O
Zn( OEt), 1.H* z
—_— P a——— 149
TMSC], ether, 2.CH,0 1
CuBreMe,S CO, Bt i

15
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The synthesis of isocarbacyclin was accomplished by the S2’ reaction of the zinc cuprate
with an allylic phosphate in 95% yield to give the 5,2’ product almost exclusively (>99%, Egq. 15)."
The allylic tosylate displayed a lower selectivity for S,2” reaction. An S 2’ reaction of a functional-
ized zinc copper reagent with an optically active propargyl bromide or tosylate was employed in the
synthesis of the antifungal derivative from Saponium japonicum. The allenes which resulted retained
very high enantiomeric purity (Fig. 27)%

002M9
RO Zn(X)Cu _~_ COMe 3

N
=

& > 3 15
<l/\/\/\/x=CN,BLCl <:k/\/\/\/ "

1

Me;Sio OSiMe,t-Bu Me,Si0 OSiMe,t-Bu

R = (Et0),PO, (PhO),PO 95% yield, 99:1 regioselectivity

£ S
no’}/ no/\/
H 'Br

Ts0" “H
i XZn(Cu) /\64“002'#0 l XZn(Cu) \/\/C°2Me
n=1,2
RO co,M R H
_>=I=‘\‘“\64n 2ie N CO,Me
H H H
n=1,2; R = TBDPS, R(+)-MPT R =TBDPS, R(+)- MPT
Fig. 27

Titanium homoenolates have been utilized by several groups in the preparation of hydroxyeth-
ylene isosteres of peptides.’”* Addition of the dichloro-monoisopropoxy titanium homoenalate
displayed the best diastereoselectivity in additions to aminoacid derived aldehydes. Amino aldehydes
which were protected as the N,N-dibenzyl amines were the most selective (Fig. 28).
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The conjugate addition-cycloacylation of zinc homoenolates has been used to produce a wide
variety of [2+2] photocycloaddition substrates. A typical example is the photoaddition of the
cyclopentenone as a key step in a formal synthesis of bilobalide shown in Fig. 29.”

MeO,C o o
OR CO,M
o o = /\/u\ost)z 2ne
H Y / HMPA, CuBr-Me,S
H TMSCI
/]\ 65%
0 CcOo,Me
hv WO,

bilobalide

Fig. 29

77



09: 28 27 January 2011

Downl oaded At:

CRIMMINS AND NANTERMET

10.

11

12.

13.

14.

15.

16.

17.

18.

REFERENCES
N. H. Werstiuk, Tetrahedron, 39, 205 (1983).
1. Kuwajima and M. Kato, Chem. Commun., 708 (1979); J. Enda, T. Matsutani and I. Kuwajima,
Tetrahedron Lert., 25, 5307 (1984); M. Kato, A. Mori, H. Oshino, J. Enda, K. Kobayashi and 1.
Kuwajima, J. Am. Chem. Soc., 106, 1773 (1984); J. Enda, I. Kuwajima ibid., 107, 5495 (1985).
T. Cuvigny, M. Julia, L. Jullien and C. Rolando, Tetrahedron Lett., 28, 2587 (1987).

D. Hoppe, R. Hanko, A. Bronneke and F. Lichtenberg, Angew. Chem. Int. Ed. Eng., 20, 1024
(1981). D. Hoppe and A. Bronneke, Tetrahedron Lett., 24, 1687 (1983).

R. Goswami, J. Am. Chem. Soc., 102, 5973 (1980); R. Goswami and D. E. Corcoran, Tetrahe-
dron Lert., 23, 1463 (1982); R. Goswami and D. E. Corcoran, J. Am. Chem. Soc., 105, 7182
(1983).

B. Lesur, J. Toye, M. Chantrenne and L. Ghosez, Tetrahedron Lett. , 20, 2835 (1979); L.
Ghosez, R. Montaigne and P. Mollet, ibid., 135 (1966); S. De Lombaert, B. Lesur and L.
Ghosez, ibid., 23, 4251 (1982).

J. S. Panek and M. A. Sparks, J. Org. Chem., 54, 2034, (1989).

K. Ruhlman, Synthesis, 236 (1971); J. Alaun, Chem. Rev., 619 (1983).

S. Murai, L. Ryu and N. Sunoda, J. Organomet. Chem., 250, 121 (1983).

J. M. Denis and J. M. Conia, Tetrahedron Lett., 4593 (1972); J. M. Conia and C. Girard, ibid.,
2767 (1973); R. Le Goaller and J.-L. Pierre, Bull. Chim. Soc. Fr., 1573 (1973); S. Murai, T. Aya
and N, Sunoda, J. Org. Chem., 38, 4354 (1973); G. Rousseau and N. Slougui, Tetrahedron Lent.,
24, 1251 (1983).

E. Nakamura and I. Kuwajima, J. Am. Chem. Soc., 105, 651 (1983).

E. Nakamura, H. Oshino and I. Kuwajima, ibid., 108, 3745 (1986).

E. Nakamura and I. Kuwajima, ibid., 99, 7360 (1977).

R. Goswami, J. Org. Chem., 50, 5907 (1985).

H.U. Reissig, H. Holzinger and G. Glomsda, Tetrahedron, 45, 3139 (1989).
E. Nakamura, J. Shimida and 1. Kuwajima, Organometallics, 4, 641 (1985).
L Ryu, S. Murai and N. Sonoda, J. Org., Chem., 51, 2389 (1986).

H. Nakabhira, I, Ryu, L. Han, N. Kambe and N. Sonoda, Tetrahedron Lett., 32, 229 (1991).

78



09: 28 27 January 2011

Downl oaded At:

19.

20.

21.

22,

23.

25.

27.

28.

29.

30.

3L

32

33.

3s.

36.

37.

38.

39.

HOMOENOLATES AND OTHER FUNCTIONALIZED ORGANOMETALLICS. A REVIEW

L Ryu, K. Matsumoto, M. Ando, S. Murai and N. Sonoda, ibid., 21, 4283 (1980).

B. Giese, H. Horler and W. Zwick, ibid., 23, 931 (1982).

B. Giese and H. Horler, ibid., 24, 3221 (1983).

L Ryu, M. Ando, A. Ogawa, S. Murai and N. Sonoda, J. Am. Chem. Soc., 105, 7192 (1983).

L Ryu, H. Suzuki, A. Ogawa, N. Kambe and N. Sunoda, Tetrahedron Lett., 29, 6137 (1988).

Y. Ito, M. Inouye, M. Suginome and M. Murakami, J. Organomet. Chem., 342, C41 (1988).

M. Murakami, M. Inouye, M. Suginome and Y. Ito, Bull. Chem. Soc. Japan, 61, 3649 (1988).

E. Nakamura and I. Kuwajima, J. Am. Chem. Soc., 106, 3368 (1984).

E. Nakamura, S. Aoki, K. Sekiya, H. Oshino and I. Kuwajima, ibid., 109, 8056 (1987).

I. Kuwajima, Pure and Applied Chem., 60, 115 (1988).

M. T. Crimmins and P. G. Nantermet, J. Org. Chem., 55, 4235 (1990); M. T. Crimmins, P. G.
Nantermet, B. W. Trotter, I. M. Vallin, P. S. Watson, L. A. McKerlie, T.L. Reinhold, A. W. H.
Cheung, K. A. Stetson, D. Dedopoulou and J. L. Gray, ibid.,58, 000 (1993).

E. Nakamura and I. Kuwajima, Tetrahedron Lett., 27, 83 (1986).

E. Nakamura, K. Sekiya and I. Kuwajima, ibid., 28, 337 (1987).

Y. Tamaru, H. Ochiai, T. Nakamura, K. Tsubaki and Z. Yoshida, ibid., 26, 5559 (1985).

H. Oshino, E. Nakamura and 1. Kuwajima, J. Org. Chem., 50, 2802 (1985).

S. Aoki, T. Fujimura, E. Nakamura and I. Kuwajima, J. Am. Chem. Soc., 110, 3296 (1988).

S. Aoki, E. Nakamura and I. Kuwajima, Tetrahedron Lett., 29, 1541 (1988).

S. Aoki, T. Fujimura, E. Nakamura and 1. Kuwajima, ibid., 30, 6541 (1989).

S. Aoki and E. Nakamura, Syn. Lert., 74 (1990); S. Aoki and E. Nakamura, Tetrahedron, 47,
3935 (1991).

T. Fujimura, S. Aoki and E. Nakamura, J. Org. Chem., 56, 2809 (1991).

For a recent review on the chemical activation of zinc and the preparation of organozinc
reagents, see E. Erdik, Tetrahedron, 43, 2203 (1987); R. D. Rieke, Science, 246, 1260 (1989).

C. R. Hauser and D. S. Breslow, Org. Synth., Wiley, New York, Coll. Vol III, 408 (1955); M. S.
Newman and F. J. Evans, Jr., J. Am. Chem. Soc., 77, 946 (1955).

79



09: 28 27 January 2011

Downl oaded At:

CRIMMINS AND NANTERMET

41.

42.

43

4,

45.

46.

47.

48.

49.

50.

S1.

52,

53.

4.

55.

56.

57.

58.

59.

60.

61.

62.

R. F. Abdulla, Aldrichimica Acta, 21, 31 (1988).
R. D. Smith and H. E. Simmins, Org. Synth., Wiley, New York, Coll. Vol V, 855 (1973).

M. Bellassoued, M. Gaudemar, A. E. Borgi and B. Baccar, J. Organomet. Chem., 280, 165
(1985).

G. Picotin and P. Miginiac, J. Org. Chem., 52, 4796 (1987).

P. Knochel, M. C. P. Yeh, S. C. Berk and J. Talbert, ibid., 53, 2390 (1988).

L. Zhu, R. M. Wehmeyer and R. D. Rieke, ibid., 56, 1445 (1991).

H. P. Knoess, M. T. Furlong, M. J. Rozema and P. Knochel, ibid., 56, 5974 (1991).
T. N. Majid, M, C. P. Yeh and P. Knochel, Tetrahedron Letr., 30, 5069 (1989).

T. N. Majid and P. Knochel, ibid., 31, 4413 (1990).

C. Retherford, T. Chou, R. M. Schelkum and P. Knochel, ibid., 31, 1833 (1990).

Y. Tamaru, H. Tanigawa, T. Yammamoto and Z. Yoshida, Angew. Chem. Int. Ed. Eng. , 28, 351
(1989).

T. S. Chou and P. Knochel, J. Org. Chem., 55, 4791 (1990).

C. E. Tucker, S. A. Rao and P. Knochel, ibid., 58, 5447 (1990).

M. C. P. Yeh, P. Knochel, W. M. Butler and S. C. Berk, Tetrahedron Lett., 29, 6693 (1988).
M. C. P. Yeh and P. Knochel, ibid., 30, 4799 (1989).

S. C. Berk, M. C. P. Yeh, N. Jeong and P. Knochel, Organometallics, 9, 3053 (1990).

C. Retherford, M. C. P. Yeh, L. Schipor, H. G. Chen and P. Knochel, J. Org. Chem., 54, 5200
(1989).

M. C. P. Yeh and P. Knochel, Tetrahedron Lett., 29, 2395 (1988).

Y. Tamaru, H. Ochiai, T. Nakamura and Z. Yoshida, Angew. Chem. Int. Ed. Eng., 26, 1157
(1987).

M. C. P. Yeh, P. Knochel and L. E. Santa, Tetrahedron Lett., 29, 3887 (1988).

Y. Tamaru, T. Nakamura, M. Sakaguchi, H. Ochiai and Z. Yoshida, Chem. Commun., 610
(1988).

H. Ochiai, T. Nishihara, Y. Tamaru and Z. Yoshida, J. Org. Chem., 53, 1343 (1988).

80



09: 28 27 January 2011

Downl oaded At:

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

HOMOENOLATES AND OTHER FUNCTIONALIZED ORGANOMETALLICS. A REVIEW

H. Ochiai, Y. Tamaru, K. Tsubaki and Z. Yoshida, ibid., 52, 4420 (1987).
H.G. Chen, J.L. Gage, S.D. Barett and P. Knochel, Tetrahedron Lett., 31, 1829 (1990).

0. W. Gooding, C. C. Beard, D. Y. Jackson, D. L. Wren and G. F. Cooper, J. Org. Chem., 56,
1083 (1991).

Y. Tamaru, H. Ochiai, T. Nakamura and Z. Yoshida, Tetrahedron Lett., 27, 955 (1986).
C. Retherford and P. Knochel, ibid., 32, 441 (1991).
E. Nakamura and I. Kuwajima, J. Am. Chem. Soc., 107, 2138 (1985).

Y. Horiguchi, E. Nakamura and 1. Kuwajima, J. Org. Chem., 51, 4323 (1986); J. Am.
Chem.Soc., 111, 6257 (1989).

D. L. Cheney and L. A. Paquette, J. Org. Chem., 54, 3334 (1989).

T. Tanaka, K. Bannai, A. Hazato, M. Koga, S. Kurozumi and Y. Kato, Tetrahedron, 47, 1861
(1991).

A.E. De Camp, A. . Kawaguchi, R. P. Volante and I. Shinkai, Tetrahedron Lett, 32,1867 (1991).
R. F. W. Jackson, K. James, M. J. Wythes and A.Wood, Chem. Commun., 644 (1989).
S. Kano, T. Yokomatsu and S. Shibuya, Tetrahedron Lett., 32, 233 (1991).

M. T. Crimmins, J. L. Gray and D. K. Jung, J. Am. Chem. Soc., 115, 0000 (1993).

(Received September 22, 1992; in revised form December 17, 1992)

81



