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/ . Introduction 

Most organic target molecules are polyfunctional 
compounds requiring, in a retrosynthetic analysis,1 the 
reaction between a functionalized carbon electrophile 
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and a functionalized carbon nucleophile. Many carbon 
nucleophiles are organometallic reagents, and the highly 
reactive nature of the carbon-metal bond often pre-

0009-2665/93/0793-2117$ 12.00/0 © 1993 American Chemical Society 



2118 Chemical Reviews, 1993, Vol. 93, No. 6 Knochel and Singer 

eludes having functional groups present in these 
reagents. Thus, the development of methods allowing 
the preparation of functionalized organometallic com­
pounds is of great importance. These reagents will be 
very useful in the preparation of complex organic 
molecules since they will allow shorter synthetic routes 
by avoiding, for example, the use of protection-
deprotection steps as well as functional group inter-
conversions. The use of functionalized organometallics 
may also lead to the discovery of new reactivity patterns, 
especially if the carbon-metal bond can interact with 
an organic functionality in close proximity. This type 
of interaction may change both the chemical behavior 
of the functional group and of the carbon-metal bond 
leading to new synthetic applications. If the carbon 
chain linking the carbon-metal bond to the functional 
group has the appropriate length, then new ring closure 
reactions can be performed. Finally, if the functional 
group contains a chiral moiety, then new types of 
asymmetric synthesis will become possible. 

A reactivity problem may, however, occur if func­
tionalized organometallics are used. As a general rule, 
an organometallic reagent which tolerates the presence 
of a broad range of functional groups will display a low 
reactivity toward these organic functions and, in general, 
will also be relatively unreactive toward many organic 
electrophiles. The apparent contradiction of having a 
reactive organometallic bearing functionalities can be 
realized if two metals, M1 and M2, are used instead of 
one. The role of the first metal, M1, will be to convert 
a highly functionalized organic substrate FG-RX into 
a relatively stable (and unreactive) organometallic FG-
RM1. This reagent is then transmetalated by the second 
metal, M2, to a more reactive organometallic reagent, 
FG-RM2, which can then react efficiently with an 
electrophile. A large part of this review will be devoted 
to the demonstration of the synthetic utility of this 
approach using Zn as M1 and Cu, Pd, or Ti as M2. Thus, 
after a section describing the various preparations of 
functionalized organozinc reagents, we will examine 
their reactivity toward electrophiles after transmeta-
lation or in the presence of other metallic salts. 
Applications of the use of functionalized zinc-copper 
organometallics in natural product synthesis will be 
presented. Only the preparation and reactivity of 
organometallics bearing relatively reactive function­
alities will be discussed. The chemistry of organome­
tallic species bearing an ether, acetal, or ketal func­
tionality will generally not be covered in this review. 
Only reactions in which organozinc compounds are 
clearly reaction intermediates will be discussed in detail. 

Organozinc compounds (R2Zn and RZnX) are one of 
the first classes of main-group organometallic com­
pounds prepared.2 Frankland discovered, in 1849 at 
Marburg, that the heating of ethyl iodide with zinc 
produces highly pyrophoric diethylzinc. Amazingly, 
hydrogen gas was used as protective atmosphere in this 
preparation.3'4 A systematic study of the carbon-
carbon-bond-forming ability of these reagents with 
typical organic electrophiles such as acid chlorides,5 

aldehydes, ketones,6'7 or esters had been completed 
before 1880.8 These popular organometallic reagents 
were, however, replaced at the turn of the century by 
the more reactive organomagnesium compounds. Only 
the Reformatsky reaction9 (addition of zinc ester 

enolates to aldehydes) has remained in use by organic 
chemists. The reasons for this lack of interest were 
due to the very low reactivity of dialkylzincs toward 
most organic electrophiles and to the moderate yields 
obtained.2 This low reactivity presents a potential 
advantage for the preparation of functionalized zinc 
reagents. This was first recognized in 1936 by Huns-
diecker who prepared several organozinc iodides 1 
bearing an ester functionality by the direct insertion of 
zinc into the corresponding alkyl iodides in boiling ethyl 
acetate.10 More than 30 years later, Wittig and Jautelat 
reported the preparation of [(benzoyloxy)methyl]zinc 
iodide 2 in ether (reflux, 4 h, 82% yield) and [3-(ben-
zoyloxy)propyl]zinc iodide 3 in dioxane (90 0C, 2.5 h, 
65% yield).11 

RO2C(CH2JnZnI 

1 :n>5 

PhCO2CH2ZnI 

2 

PhCO2(CH2J3ZnI 

3 

In these reports, no reactivity studies of these reagents 
were made. The reagent 211'12 as well as ICH2ZnI12-15 

were used as precursors of a carbene in cyclopropanation 
reactions. Only a few other reactions using ICH2ZnI for 
forming new carbon-carbon bonds have been report­
ed.16'17 The low reactivity of organozincs is a result of 
the high covalent character of the carbon-zinc bond 
(comparable to the carbon-tin bond).18 Also, the Lewis 
acidity of Zn(II) is not sufficient to activate carbonyl 
groups toward addition reactions (eq 1). On the other 

X ft 
R-Zn-X A f / ! 1 Slow n Wi _ [R-Zn-X J — X 

OZnX 

O) 

hand, the empty low-lying p orbitals of zinc allow many 
transmetalation reactions with metallic salts to proceed 
as long as they are thermodynamically favored (eq 2). 
This excellent transmetalation ability permits the 
conversion of organozinc reagents 4 into a variety of 
new organometallics 5. 

Y - Z n ^ ^MLn R-Zn-Y + X-MLn 

4 

Y = R, halkfe... 
M = Ti, Mo, Ta, Nb, V, Pd, Ni, Pt, Cu... 

RMLn + ZnXY (2) 

5 

Especially interesting for synthetic applications are 
compounds 5 in which M is a transition metal, since 
these metals can mediate reaction pathways not avail­
able for main-group metals. Thus it has been shown, 
first by Negishi, that intermediate organopalladium-
(II) 6 can readily be formed from organozinc compounds 
4, and after reductive elimination, various cross-
coupling products are obtained20-25 (eq 3). 

PdL5 

R1—X 

X 

R1—Pd-L 
I 
L 

R-ZnY 4 

ZnXY 

R1—Pd-L 
I PdL2 

R-R 1 O) 

The process is catalytic in palladium and allows 
efficient cross-coupling reactions of various unsaturated 
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halides or acid chlorides with organozinc reagents.20-25 

Similarly, a transmetalation of 4 to copper organome-
tallics using CuBr-SMe2

26"27 in ether/HMPA, CuCN,28 

or CuCN^LiCl29 in THF are also possible (eq 4). The 
THF soluble copper salt CuCN-2LiCl is especially 
convenient, leading to functionalized copper reagents 
which react with various classes of electrophiles. 

CuX E + + . c + 
R-Zn-Y . »- R - C L »- R-Cu-E -^*- R-E (4) 

4 

Some of these reactions (allylation, acylation) can be 
performed using catalytic amounts of copper (I) salts.28-29 

Finally, the reactivity of the carbon-zinc bond toward 
aldehydes can be improved by the presence of various 
Lewis acids, and efficient asymmetric catalysis can be 
developed if chiral Lewis acid complexes are used.30 

/ / . Preparation of Functionalized Organozlnc 
Reagents 

A. Preparation by a Direct Insertion of Zinc 
Metal 

The rate of zinc insertion into the carbon-halide bond 
of organic halides depends strongly on the nature of 
the organic moiety, the halide, the reaction conditions 
(solvent, concentration, temperature), and the zinc 
activation. In 1962, Gaudemar reported that alkyl 
iodides insert zinc rapidly using zinc foil (electrolytic 
quality >99.9% purity) in THF under relatively mild 
conditions31 (50 0C, for primary iodides, 25 0C for 
secondary iodides). This procedure proved to be very 
general. Zinc foil can be replaced by zinc dust from 
various sources (Aldrich, Fluka, Riedel-de Haen).32 If 
the zinc dust is activated successively with 1,2-dibro-
moethane (4-5 mol % )29>33 and chlorotrimethylsilane 
(1 mol %)29.33-34 prior to the addition of the organic 
halide, then fast reaction rates are observed. Thus if 
the alkyl iodide (i.e. butyl iodide) is added as a 2.5-3.0 
M THF solution, the zinc insertion is complete within 
2-3 h between 35 and 40 0C. Secondary iodides react 
even faster, and a complete conversion to the alkylzinc 
iodide is usually observed after 0.5-1 h at 25 0C.29 The 
zinc insertion shows a remarkable functional group 
tolerance and most common organic functional groups 
(i.e. ester,29-35"52 ketone,29-35 cyanide,29-35^3-47-49"52-54 ha-
lide,29-35-43-48-50-62 2V,iV-bis(trimethylsilyl)amino group,55 

primary and secondary amino groups,56 amide and 
phthalimide,26'66'67 trialkoxysilyl group,58 sulfoxide,59 

sulfide,59 sulfone,59'60 thioester,60 boronic ester,46,48'50 

enone,40-53 and phosphate39-61) can be present during 
the organozinc formation (eq 5). Only hydroxyl groups 
(deprotonation) or nitro and azide functionalities 
(inhibition of the zinc insertion) cannot be present in 
the alkyl iodide. 

THF 
FG-RX + Zn ^ FG-RZnX (5) 

5-45 "C 
>85% 

X = I, Br; FG = CO2R, enoate, CN, enone, halide, (RCO)2N, 
(TMS)2Si, RNH, NH2, RCONH, (RO)3Si, (RO)2P(O), RS, 
RS(O), RSO2, PhCOS; R = alkyl, aryl, benzyl, allyl. 

The structure of the alkyl halide is very important 
for predicting the zinc insertion rate. Thus, allylic and 

benzylic groups considerably facilitate the formation 
of the zinc reagent and these reactions occur between 
5 and 10 0C allowing the less active organic bromides31 

(or even chlorides36-37) to be used. The presence of a 
polar functional group in the a or /3 position to the 
halide in an alkyl chain also strongly enhances the zinc 
insertion rate. Thus, whereas butyl iodide reacts in 
THF at 40 0C, the presence of a cyano group54-55 at the 
/3 position to the halide allows zinc insertion at 25-30 
0C. The presence of a polar phosphonate moiety in the 
organic halide enables successful zinc insertion under 
very mild conditions. Thus, diethyl 2-r>omoethylphos-
phonate61 is converted to the corresponding zinc reagent 
at 30 0C (10 h; >85 % yield). The exact reason for such 
a rate enhancement is not clear. Since the addition of 
equimolar quantities of acetonitrile to butyl iodide 
does not enhance the rate of zinc insertion in this 
reaction, the observed rate enhancement mentioned 
above cannot only be due to more efficient solvation of 
the zinc reagent or more efficient displacement of the 
newly formed organometallic from the zinc surface. The 
close proximity of the polar group to the carbon-iodine 
bond is also important. Hence, the rate of the zinc 
insertion to the iodides of type NC (CH2)J decreases as 
n increases and reaches a comparable rate to the zinc 
insertion into butyl iodide when n = 4. Thus, the polar 
group may facilitate the zinc insertion by accepting an 
electron from the zinc surface. This electron may then 
be transferred in a second step into the <r* (C-X) orbital. 
These successive electron transfer reactions between 
closer energy levels should proceed at a faster rate than 
the direct electron transfer from the zinc surface to the 
a* (C-X) orbital.62 Interestingly, the presence of a nitro 
or azide functionality in the molecule completely 
inhibits zinc insertion. In these cases, the electron from 
the zinc surface seems to be transferred reversibly to 
the NO2 or N3 group (no reduction product is observed 
under aprotic conditions in THF), and no further 
transfer to the a* (C-X) seems to occur. Also, pinacol 
(iodomethyl)boronate, which has a low empty non-
bonding orbital centered at boron, inserts zinc very 
rapidly (20 0C, 0.1 h, >90% yield).46 The presence of 
a phenylthio group, which is also a good electron 
acceptor,63 allows smooth zinc insertion into the carbon-
chlorine bond in chloromethyl phenyl thioether (THF, 
25 0C, 1 h).59-60 Alkenyl and aryl iodides having a 
stronger CspM bond (compared to Csp3-I) do not insert 
zinc in THF and react only in polar solvents at elevated 
temperatures with zinc metal (DMF, 70 0C, 14 h).35 

However, a vinylic iodide conjugated with a carbonyl 
group such as 3-iodo-2-cyclohexen-l-one is converted 
to (3-oxo-l-cyclohexenyl)zinc iodide in THF under quite 
mild conditions (25-50 0C, 0.5 h; >85% yield).53 Some 
typical reaction conditions for the preparation of 
organozinc halides are summarized in Table 1. 

The preparation of alkylzinc halides can also be 
performed in mixtures of benzene and DMA or HMPA 
using a zinc-copper couple.21_25-28b-c It is possible to 
generate in situ very reactive zinc metal by the reduction 
of zinc chloride with lithium naphthalenide in THF 
(eq 6) .64"67 This type of zinc reacts with alkyl bromides 

FG-RX 
ZnCI2 + Li-Naphthalene — Zn * " FG-RZnX (6) 

THF, 85-60 "C 

X = Cl, Br, I 
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Table 1. Reaction Conditions for the Preparation of 
Organozinc Halides from the Corresponding Organic 
Halides (Added as 2.5-3.0 M Solution) 

organic halide 
n-BuI 
c-HexI 
NC(CH2)SI 
(EtO)2(O)P(CHa)2Br 

Me 
MeA^O 

T 1BCH2I 
Me-7^0' 

Me 
PhSCH2Cl 
Hex(H)C=CHI 
(E or Z) 

O 

Lk, 
benzyl bromide allyl bromide 

T(0C) 
45-50 
25-30 

20 
30 
20 

25 
70 

25-50 

0-5 
10 

t(h) 
3-4 

2 
2 

10 
0.1 

1 
14 

0.5 

2 
4-5 

solvent 
THF 
THF 
THF 
THF 
THF 

THF 
DMF 

THF 

THF 
THF 

in THF at 25 0C in a few hours and with aromatic 
bromides at reflux, in THF, affording the corresponding 
organozinc bromides in excellent yields. After a trans-
metalation to the copper reagent by the addition of the 
THF soluble copper(I) salt CuCN-2LiBr,29 various 
electrophiles (i.e. acid chlorides, enones, and allylic or 
propargylic halides) react with these organometallics 
in excellent yields. The addition of an aromatic bromide 
or iodide bearing an electron-withdrawing group to the 
zinc reagent in the presence of Pd(PPh3)4 (5 mol %) 
also produces the desired coupling products.64 The 
reaction was shown to tolerate various functional groups 
(i.e. ester, nitrile, aromatic ketone, or halide)64-67 and 
should be especially useful for the preparation of 
polyfunctional aromatic zinc compounds. 

A potentially very promising preparation of dialkyl-
and diarylzinc reagents is the direct reaction of alkyl, 
alkenyl, and aromatic bromides with lithium metal and 
zinc chloride under sonication.68-72 The reaction pro­
ceeds under mild conditions and affords reactive 
diorganozincs which undergo 1,4-addition reactions with 
enones in the presence of nickel(II) salts (eq 7). The 
sonication of an alkyl iodide and a zinc-copper couple 
in the presence of an enone in an aqueous medium 
provides the 1,4-adduct in excellent yield (eq 8).68'71 

p-Tol-Br 
UZZnBr2ZEt2O 

25 -C, 0.5h 
sonication 

(P-ToI)2Zn 

Ni(acac)2cat. u g , , n T o | 

Me Me 67% 

a; 1(CH2J3Cl/Zn-Cu 

Pyr/H20(1:4) 
sonication, 2h ^ ^ ^ C 

(7) 

(8) 

It is, however, questionable if the reaction proceeds 
through the intermediate of a zinc or copper organo-
metallic while the radical nature of the reactive species 
is very probable.73 Remarkably, this Barbier reaction74 

can be performed with alkyl iodides bearing a halide 
or a hydroxy functionality.68 The use of polar solvents 
such as iV^ZV-dimethylacetamide (DMA) or JV^-dim-
ethylpropylene urea (DMPU)75 in the presence of a 

catalytic amount of LiI allows the use of primary alkyl 
chlorides, sulfonates, phosphates, or bromides as pre­
cursors for the formation of organozinc compounds 7 
(eq 9).76 

R - X 
Zn, Ml (0.2 equiv.), MBr (1.0 equiv.) 

DMA or DMPU, 40-80 "C, 2-12h 

X = Cl, Br, OMs, OTs, OP(O)(OPh)2; M = Li, Na, Cs 

R - Z n X O ) ' 

7 

Various functional groups are tolerated such as an 
ester, cyanide, or chloride. After the addition of 
CuCN^LiCl,29 these zinc reagents are readily converted 
to the corresponding copper derivatives and react well 
with various electrophiles (eq 1O).76 

Zn, LiI (02 equiv.), 
LiBr (1.0 equiv.), DMPU 

CI(CH2I4OMs •- CI(CH2J4ZnX 
5O-C, 12h 

1)CuCN-2LiCI 

2) NO2 

6-sa 
(10)7' 

85% 

Remarkably, the reaction can be extended to the 
preparation of benzylic and allylic zinc reagents. These 
reactions proceed without the formation of Wurtz-
coupling products. Thus, for example, an electron-rich 
benzylic bromide such as 8a (X = Br) furnishes, with 
zinc under typical reaction conditions (THF, 5 0C, 2 h), 
only the Wurtz-coupling product 9. However, the 
reaction of the corresponding phosphate 8b [X = OP-
(O) (OEt^], which is obtained in quantitative yield from 
the corresponding benzylic alcohol,77 reacts with zinc 
in DMPU in the presence of LiI (0.2 equiv) to produce, 
after 12 h at 50 0C, the desired zinc reagent 10 without 
the formation of any self-coupling product 9 (eq 11). 

Zn-OP(O)(OEt)2 

fi& • X = Br 
Sb: X = OP(O)(OEt)2 

Allylic mesylates and phosphates react under Barbier 
conditions in the presence of an aldehyde or ketone, 
LiI (0.2 equiv), and zinc in DMA or DMPU to furnish 
homoallylic alcohols in excellent yields (25-35 0C, 12 
h, 78-95% yield, eq 12).76 

R3 

R1. 
R5 

O 

A R6 

R2 R" 

Zn, LiI (0.2 equiv.) 

DMA or DMPU 
25-351C, 12h 

OH R3 

*6^ 'C(H)-R* <12> 

R1 M 
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The reaction proceeds well, even with highly sub­
stituted allylic mesylates or phosphates (i.e. no Wurtz 
coupling). It is also possible to generate the zinc 
organometallic first and to couple it in a second step 
with a reactive allylic bromide such as ethyl a-(bro-
momethyl)acrylate78 to obtain the cross-coupling pro­
duct 11 in 69% yield (eq 13).76 

Zn, Ul cat., 
DMPU 

i 

30"C,48h 

Me OP(O)(OEt)2 

COOEt 
,Br 

O 'C, 5 min 

Zn-OP(O)(OEt)2 

.COOEt 
(13) 

It should be mentioned that allylic or benzylic 
phosphates are far more stable than the corresponding 
bromides, tosylates, or mesylates and thus, are par­
ticularly convenient precursors for the preparation of 
allylic or benzylic organozinc reagents.77 

Relatively acidic protons are tolerated during the 
preparation of organozinc halides in strong contrast to 
the preparation of organomagnesium or lithium com­
pounds. Thus, 5-iodopentyne can readily be converted 
to the zinc reagent 12 (THF, 25-30 0C, 2 h) with less 
than 5% deprotonation.56,79 Similarly, zinc reagents 
bearing NH and NH2 groups of amines or amides can 
be obtained, and the reagents 13,80,8114,56 and 1595 can 
be easily prepared and reacted with electrophiles in 
the presence of Cu(I) or Pd(O) complexes.66,80,81 

_ * P ' 
,NHBoc 

COOBn 

12 

14 15 

Remarkably the reagent 13 does not show any 
tendency to undergo a ̂ -elimination reaction, and other 
zinc reagents bearing a potential leaving group in the 
/3-position such as NCCH2CH2ZnI64 and (EtO)2P(O)CH2-
CH2ZnI61 do not undergo an elimination under the usual 
reaction conditions. Fluorinated organozinc reagents 
have also been prepared by the direct insertion of zinc 
metal. Thus polyfluoroalkyl iodides are cleanly con­
verted to the corresponding zinc reagents under mild 
conditions in solvents such as dioxane or THF82,83 (eq 
14). These compounds have a low reactivity,84 and 

C4F9-I 
ZrVCu couple 

dioxane 
25 'C, 30 min 

70% 

C4F9-ZnI (14)8: 

transmetalations to the corresponding copper reagents 
have been performed to increase their reactivity. If 
difluorodihalomethanes, such as CF2Cl2 or CF2Br2, are 
submitted to zinc insertion in DMF, a complex reaction 
occurs86 and produces a mixture of bis(trifluoromethyl)-
zinc and a trifluoromethylzinc halide in high yield (eq 
15) .s6,86 

2Zn + 2CF2X2 

X = Cl, Br 

DMF, 251C 

80-95% 
* • CF3ZnX + (CF3J2Zn (15) 

,85 

The presence of a trifluoromethyl group close to the 
carbon-halide bond in vinyl halides facilitates the 
formation of the organozinc reagents87-89 and 2-bro-
motrifluoropropene 16 can be converted to (trifluor-
oisopropenyl)zinc bromide 17 in THF (60 0C, 9 h, 93 % 
yield; eq 16).87 

CF3 

< ^ B r 

Zn(Ag) 

16 

TMEDA, THF 

60 "C1Sh 

93% 

CF3 

(16)" 
ZnBr -TMEDA 

17 

Finally, electrochemical methods90 or the use of metal 
vapors91 of Zn can also be used to prepare fluorinated 
organozinc reagents. 

B. Preparation of Functionalized Dlalkylzlncs by 
an Iodine-Zinc Exchange Reaction 

The preparation of diorganozinc compounds is of 
special importance due to the utility of these reagents 
for catalytic asymmetric additions to aldehydes.92,93 

Furukawa described in 1966 that diiodomethane readily 
reacts with diethylzinc affording ethyl(iodomethyl)-
zinc (18) and ethyl iodide in quantitative yield94 (eq 
17). This reaction can be greatly extended to a variety 
of functionalized primary iodides (eq 18) .48,96 

1-CH2-I + Et2Zn 
THF 

-40 "C 
1-CH2-ZnEt + 

18 

Et-I (17)»' 

FG-RCH2-I .+ Et2Zn 
neat, 25-50 'C, 2-20 h 

r»-
CuI (0.3 mol%) 

then 50'C, 0.1 mmHg, Ih 
(-Et2Zn1-Et-I) 

(FG-RCH2J2Zn OS)* 

(ca. 80%) 

The exchange reaction can be catalyzed by transition-
metal salts, and it was found that the addition of CuI 
(0.3 mol %) allows the reduction of both the reaction 
time (by half) and the excess OfEt2Zn used (1.5 equiv 
instead of 5 equiv). A possible mechanism for the 
catalytic effect of CuI is given in Scheme 1. 

The reaction of Et2Zn with CuI first produces EtCu 
which decomposes under the reaction conditions (50 
0C) giving an ethyl radical and copper(0). A copper 
mirror is observed at the end of the reaction. The ethyl 
radical undergoes a radical substitution reaction with 

Scheme 1 
Et2Zn + CuI 

EtCu 

Et* + R-I 

R* + Et2Zn 

R-ZnEt2 * 

EtCu + 

Et* + 

Et-I + 

R-ZnEt2-

R-ZnEt + 

EtZnI 

Cu(O) 

R-

Et-

— I 

— I 
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the alkyl iodide, and the newly produced radical, R*, 
adds to diethylzinc providing an organozinc radical Et2-
(R) Zn' which then fragments and gives a new ethyl 
radical which continues the catalytic cycle. The yields 
are good, and a wide range of new functionalized 
dialkylzincs (19-22) are obtained by this method. 
Interestingly, other transition-metal catalysts such as 
PdCl2(dppf)96 or Ni(acac)2 catalyze these reactions even 
more effectively. However, in these cases the corre­
sponding alkylzinc iodide is obtained instead of the 
dialkylzinc (eq 19).95 

OCt2Zn - * -

80% 

(:£Hr 
Me 

19 

(NC(CH2) 3)2Zn 

21 

Et2Zn, 50-C,12h 

CuI (0.3 mol%) 

(-CH3CH2I) 

Oct-I 

(EtOOCfCHaJaJsZn 

20 

(CI(CH2U)2Zn 

22 

Et2Zn, THF, 25 1C, 2h 
— *- Oct-Znl 
PdCI2(dppf)(1.5mol%) 75_80<»/o 

(- C2Hs, -C2H4) 

(19) 

The mechanism of this reaction is currently under 
investigation96,97 and seems to be of radical nature. The 
reaction of the 5-hexenyl iodide 23 with Et2Zn, in the 
presence of a catalytic amount of PdCl2(dppf) or Ni-
(acac)2 in THF, produces with an excellent selectivity 
(ca. 20:1) the cyclized organozinc 24. Transmetalation 
of 24 with CuCN^LiCl29 followed by reaction with ethyl 
a-(bromomethyl)acrylate78 affords the cyclopentylme-
thyl derivative 2596 (eq 20, Scheme 8 and Table 20). 

Et2Zn, THF, 25 "C, 2h 

PdCI2(dppf) (1.5mol% 

1 Cl 
Ph" 

24 

I)CuCN-2IJCI /-««1 COOEt 

2) 
(20) 

COOEt 

Br. ̂ * PrT 80% 

25 

Whereas, the Pd-catalyzed reaction allows carbozin-
cation to be performed under mild conditions (section 
C.4), the copper(I)-catalyzed preparation of function­
alized dialkylzincs provides a unique source of zinc 
reagents for the catalytic asymmetric addition to 
aldehydes48 (section V). Polyfluorinated iodides such 
as CF3I or CF6F5I react with dialkylzincs in the presence 
of a Lewis base to give (CF3)2Zn and (C6Fs)2Zn com­
plexes.98 The extension of the reaction to higher 
polyfluorinated iodides does not proceed cleanly.98 

C. Preparation of Functionalized 
Organozinc-Copper Reagents by Using Insertion 
Reactions 

The oxidative addition of zinc metal to organic halides 
represents the most widely used preparation method 
of functionalized organozinc halides. However, a re­
cently described selective methylene homologation44-99-101 

Table 2. Zinc-Copper Organometallics 27 Obtained by 
the Reaction of a Copper Reagent with Iodomethylzinc 
Iodide 
copper reagent 26 

CuCN 
NCCH2Cu 
NC(CH3)CHCu 
PhCH2(CH3)NCu 

O NCu 

0>cu 

homologated reagent 27 

NC-CH2Cu-ZnI2 
NC-(CH2)2Cu-ZnI2 
NC-CH(CH3)CH2Cu-ZnI2 
PhCH2(CH3)NCH2Cu-ZnI2 

O N-CH2CuZnI2 

^s-^~CH2Cu-Znl2 

f T ^-CH2Cu-ZnI2 

\y^-CH2Cu-Znl2 

yield (%) 

84 
91 
69 
68 
64 

96 

93 

74 

of organocopper compounds using ICH2ZnI allows the 
conversion of a variety of copper derivatives Nu-Cu 
(26) into NuCH2Cu-ZnI2 (27) in good to excellent yields 
(eq 21).14-16-94 

Nu-Cu + 1-CH2-ZnI *-

26 

Nu 
I 

P-H 2 C^ 
V 
28 

Nu-CH2-Cu-ZnI2 (21) 

27 

Nu : CN, CH(R)CN, NR2, S-alkyl, Ar, 2- thienyl, alkynyl, alkenyl 

The copper nucleophile Nu-Cu (26) can be CuCN, 
a cyanoalkylcopper, a copper amide, an aryl- or het-
eroarylcopper, or an alkenyl- or an alkynylcopper99-101 

(Table 2). 
The tentative mechanism for this reaction involves 

a 1,2-migration of the nucleophile Nu from copper to 
carbon with the simultaneous expulsion of an iodide 
ion (see 28, eq 21). The copper reagent formed, 27, is 
intimately associated with ZnI2 as shown by its reactivity 
and is best considered as being a mixed zinc-copper 
cluster.99"101 In strong contrast to organocopper com­
pounds, Grignard reagents, organozincs, or organolith-
iums do not undergo the methylene homologation 
cleanly.102 Only the reactive allylic zinc bromides react 
directly with ICH2ZnI, affording homoallylic zinc 
halides of type 29, which after transmetalation to the 
corresponding copper reagent30 can be allylated in good 
yields (eq 22).103 

Bu 

ZnBr-
1-CH2-ZnI 

1 

25 'C, THF 

Bu 

ZnX-ZnX2 

29 

1)CuCN-2LiCI COOt-Bu 

2) COOt-Bu 
-Br 

Bu COOt 
(22) 

78% 

Interestingly alkenyl- and alkynylcopper reagents 30 
and 31 can be cleanly converted respectively to allylic 
and propargylic copper-zinc reagents of type 32 and 
33. The reactive organometallics 32 and 33 undergo 
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further reaction with ICH2ZnI if no other reaction 
partner is present in the reaction mixture. 

However, if an electrophile such as an aldehyde, 
ketone, imine, or formate is added to 30 prior to the 
addition of ICH2ZnI, then the intermediate allylic 
reagent 32 is trapped by this electrophile and high yields 
of homoallylic alcohols of type 34a,b are obtained.100 A 
similar reaction of the propargylic intermediate 33 with 
an aldehyde or a ketone provides the allenic and/or 
homopropargylic alcohols 35a and 35b (eqs 23 and 24).101 

R2(H)C=C(R1)Cu 

30 

ICH2ZnI 
R2(H)C=C(R1)CH2Cu*nl2 

32 

u R4»JL 
R R4 R3 O H 

34a 

R1 OH 

(23)1' 

R1-C=C-Cu 

31 

ICH2ZnI, THF 

-60 "C to 0 "C 

H 34b 

» [ R1-C=C-CH2CicZnl2 J 

33 

I Rsh'= C H 
R 3 ^ R 4 R 3 ^ 1 , OH 

35a 

(24)1( 

R1—C=C 
^ R 3 

HO 
35b 

The method is especially well suited for the prepa­
ration of functionalized allylic organometallics not 
readily available by standard methods. Thus, the 
alkenylcopper reagents 36 and 37 are readily homolo­
gated by a methylene unit, affording the allylic reagents 
38 and 39 bearing an allylsilane104 and an allylic amine 
functionality, respectively. Trapping 38 or 39 with an 
aldehyde or a ketone provides the expected function­
alized homoallylic alcohols 40 and 41a,b in good yields 
(eqs 25 and 26).100 

CH2 

Me2PhSi ^A;u 
ICH2ZnI CH5 

36 
O 

6 

- » . Me2PhSi OC< Cu-ZnI2 

38 

CH2 HO 

CH, 

Et. 
• — X u 

ICH2ZnI 

Me2PhSi 

CH2 

(25)" 

40 

~Et*Nv^A^< Cu»Znl2 

37 39 

RCHO CH2 OH 

^ A A n
 (26),0° Et9I 

41a:R = Ph 
41b:R = C(Et)2(CH2)2CN 

Table 3. a-Methylene-7-Butyrolactones 44 Prepared by 
the Reaction of an Acetylenic Ester, FG-RCu(CN)ZnX, a 
Carbonyl Compound, and Iodomethylzinc Iodide 

R 

H 
H 
H 
H 
H 
H 
H 
EtO2C 
EtO2C 
Bu 
c-Hex 
Bu 
Ph 

FG-R 

Bu 
PhCH2 

NC(CH2)3 
Bu-C==C(CH2)2 
EtO2C(CH2)S 
EtO2C(CH2)S 
C1(CH2)4 
EtO2C(CHa)3 
NC(CH2)S 
c-Hex 
Bu 
Ph 
Bu 

Scheme 2 

R-O= 

1) 

2) 

=C—CO2Et 

FG-RCu(CN)ZnX 

?0»E t ICH9ZnI 
RN^S=J 

FG-R 

4 

v. _. R. 
Xu(CN)ZnX N 

RL 

c-Hex 
Ph 
Ph 
Ph 
Ph 
(CH2)S 
Ph 
PhCH2CH2 
c-Hex 
Ph 
Ph 
Ph 
Ph 

FG-RCu(CN)ZnX 
R k , ICH2Zn 

68-85% 

CO2Et 

^i^JCu(CH)Zn>l 

FG-R 

3 42 

Rs 
H 
H 
H 
H 
H 
H 
CH3 
H 
H 
H 
H 
H 
H 

cis-trans yield 
ratio 

80:20 
92:8 
90:10 
95:5 
95:5 

100:0 
85:15 
95:5 
75:25 
98:2 
60:40 
98:2 

T"J" 

(%) 
76 
78 
75 
76 
85 
68 
82 
86 
93 
60 
67 
78 
85 

_^CH 2 

R R ^ O ^ ° 

C 

~fit; 
FG-R 

44 

E" 
%f ^o 

45 

Furthermore, a one-pot preparation of functionalized 
a-methylene-7-butyrolactones can be realized using an 
allylic organometallic intermediate of type 42106 bearing 
an ester functionality in position 2 (Scheme 2 and Table 
3) io3,io6 Thus, the carbocupration of acetylenic esters 
with a functionalized copper-zinc reagent, FG-RCu-
(CN)ZnI, provides a functionalized alkenylcopper of 
type 43 which inserts ICHzZnI and gives a ci$-a-
methylene-7-butyrolactone 44 stereoselective^ in the 
presence of an aldehyde or ketone. The stereochemistry 
of this transformation can be rationalized by a transition 
state of type 45106 (Scheme 2). 

The addition of a zinc-copper reagent bearing a keto 
group at the 7-position24b such as 46 allows a direct 
construction of the bicyclic 7-butyrolactones 47106 (eq 
27).103 

.hA^^< .Cu(CN)ZnI 
1) R-C=C-COOEt 

2) PhCHO, (ICH2J2Zn 
(27)"" 

4 7 a : R - H ; 7 6 % 
47b :R-CO2Et,83% 

An extension of this method to the functionalized 
copper acetylenides 48 and 49 permits the preparation 
of polyfunctional allenic organometallics such as 50 and 
51. Intramolecular trapping of 50 and 51 in a 1,2- or 
1,4-addition leads to the cyclized products 52 and 53 
in good yields (eqs 28 and 29).49a,1°3 Zinc organometal­
lics bearing a carbonyl function at the ^-position 
(homoenolate)26-28 can be obtained by the homologation 
of lithium enolates with bis(iodomethyl)zinc.14b Thus, 
the treatment of the lithium enolate of cyclohexanone 
generated from the silylenol ether, with (ICH2J2Zn 
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c-Hex 
1 > D B U - C u l c-Hex 
2) (ICHj)2Zn 

I2Zn-Cu ^ ; 

n 

48 50 

H^ ^H 

c-Hex 

HO' 

T 

73% 
52 

C DDBU, CuI | j Z n C u 

U 2) (ICHj)2Zn 

49 

I 2 Z n - W J s ^ 

n 

A H 

(29)" 

65% 

53 

affords the homoenolate 54 which can be allylated after 
its transmetalation with CuCN-2LiCl to afford 55.49a 

Homoenolate 54 can also be coupled with 3-iodocy-
clohexenone in the presence of catalytic amounts of 
Pd(dba)2

107 and PPh3 to afford 56 (Scheme 3). 

Scheme 3 
OSiMe3 

1) MeLi 

2) (ICH2)JZn 

-2O-C 

1) CuCN-2LiCI 

COOEt 
COOEt 

^ n A 
85% 

55 

|l , Pd(dba)2 cat, PPh3 

76% 
56 O 

H .OSiMe3 

1) MeLi, 25°C, 0.5 h 

2) Zn(CH2I)2 * " 

-100°Cto25°C. 0.5 h 

O ZnI 

1)CuCN-2LiCI 

2) < ^ 

o ^ 

IT H P^ 75% 

59 

Similarly, the silylenol ether of cyclohexanecarbox-
aldehyde 57 was converted to the homoenolate 58 which 

was allylated with an excess of allyl bromide in the 
presence of CuCN-2LiCl, giving the aldehyde 59 in 75 % 
yield (Scheme S).49*.^ Geminal dibromocyclopropanes 
60 bearing some functionalities react with lithium 
zincates (RgZnLi) leading to cyclopropanic zinc car-
benoids 61 which undergo a 1,2-migration108 leading to 
substituted mixed dialkylzincs 62 (eq 3O).109 

. Br 

Br R3ZnLi 

-85-C 

R 
IO 
Zn-R 

H O 

60 61 

J Zn-R 

E + 

X. (30)v 

62 

This reaction pattern is quite general, and 1,1-
dibromoalkenes 63U0 as well as 1,1-dibromoalkanes 
64 l l la undergo a bromine-zinc exchange reaction with 
the zincates R3ZnLi, providing the corresponding zinc 
carbenoids 65 and 66 which after the 1,2-migration and 
reaction with an electrophile (H+, acyl chloride, alkenyl, 
and aryl halide) furnish products of type 67 and 68 in 
good yields (eqs 31 and 32).110'111 

H 
R2 Br 

,Br R3ZnLi, THF 

-851C 

R \J>"R 

63 

O4C 

Br 

Br R3ZnLi, THF 

65 

R1. R 

H -
R2 Zn-R 

C Zn-R 

CBr 

E+ RV R H (31)1 

R2 

67 

64 

2O-C 

66 

* - < 
P E 

Zn-R 
' - < 

68 

(32)' 

R1 = Oct, PhCH2CH2, THPO(CHs)4; E
 + = RCOCI, ArBr, alkenyl-Br 

The reaction of silicon-substituted carbenoids like 
69 with dialkylzincs provides the same type of inter­
mediate zincates 70 and after 1,2-migration leads to 
the interesting zinc and silicon 1,1-bimetallics 71 (eq 
33).112-114 Polyfluorinated copper reagents such as 72 

LiCH(Cl)SiMe2Ph 

69 

Bu2Zn 

Bu-

Bu 

SDb. 
ci. 

H(SiMe2Ph) 
SiMe2Ph 

- f (33)112 

B u ^ ' ^ Z n B u 

70 
71 
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can be obtained formally by a double insertion reaction 
of a (trifluoromethyl)zinc halide with a phenylcadmium 
halide in the presence of CuBr (eq 34).m 

PhCdX 2 CF3ZnX 
CuBr, DMF 

25 "C 
C6F5CF2CF2Cu (34)1 

7 2 

Selective polymethylene insertions can also be per­
formed very efficiently.49a'"'101'103 Thus, alkynylcopper 
reagents like 73 selectively insert, in the absence of an 
electrophile, four methylene units leading to dienyl-
copper-zinc reagents 74 which after allylation give the 
unsaturated esters 75a-c in 74-50 % yield (Scheme 4) .103 

Scheme 4 

R - C = C - C u 

73 

ICH2ZnI 

R - C S C - C H 2 C u 

ICH2ZnI excess 

THF, -60 'C to 0 'C 

Cu CO2I-Bu 

M 7 4 
ICH2ZnI 

vi K" 
R / ' CO2I-Bu 

75a:R = Hex, 74% 
75b : R = TMS, 70% 
75c !R-CH2CH2CN, 50% 

OH2 

77 

ICH2ZnI 

W = C H 2 

CuCH/ 7 8 

ICH2ZnI 

h uu 

H 
The first methylene insertion converts the alkynyl 
copper 73 into a propargylic organometallic 76 which 
is in equilibrium with the allenic from 77. The insertion 
of a new methylene unit leads to the allylic reagent 78 
which is in equilibrium with the dienic organocopper 
79. The methylene homologation of 79 by ICH2ZnI 
furnishes the relatively reactive allylic reagent 80 which 
readily inserts another molecule of ICH2ZnI, providing 
the alkylzinc-copper 74 which under the reaction 
conditions does not insert another methylene group 
and can be allylated cleanly (Scheme 4). 

Alkynylcoppers, bearing an alkoxy group in the 
propargylic position, display a reactivity pattern which 
depends on the nature of the electrophile. Thus the 
tetrahydropyranyl ether 81 is readily homologated by 
ICH2ZnI in the presence of a carbonyl compound, giving 
the chelation stabilized allenic copper compounds 82. 
In the presence of a reactive electrophile such as 
benzaldehyde, the polar addition reaction proceeds and 
the homopropargylic alcohol 83 is isolated as the only 
product. In the presence of a less reactive electrophile 
such as cyclopentanone, further homologation of 82 is 
faster than the addition to the electrophile and it is 
only when the homologation process produces a reactive 
allylic intermediate (of type 80, Scheme 4) that the 
reaction with cyclopentanone occurs. The hydroxy-
dienes 84a,b are then obtained in 58-70% yields 
(Scheme 5). The same type of reactivity is observed 
with the propargylic ether 85 (eq 35).101>108 

The functionalized allenic copper reagent 86, obtained 
by the metalation of methoxyallene, is also an excellent 
precursor for a selective double methylene homologa­
tion. Its reaction with ICH2ZnI in the presence of an 
aldehyde or a ketone provides functionalized dienols 
of type 87 in fair to good yields (Scheme 6).103 

Scheme 5 
THP-O ICH2ZnI 

^-C=C-Cu(CN)Li 1 

80% 

" ~^"~-yrb A 6 

MeO 

82 

ICH2ZnI 

/cyclopentanone 
/ -60XtOO1C 

C=C-Cu(CN)Li 

85 Ny ICH2ZnI 

PhCHO 
-60 X to 0 'C * 

% 

MeO 

84a:R = H;70% 
84b: R = Pent; 56% 

/Me O 
M bH 

63% 
(35 

OH 

- C = C - C H - P h 

95% 

Scheme 6 
OMe I)BuLi, THF,-30'C / 0 M e ICH2ZnI, RCHO P M « Ij DULi, i n r , - * , \t i 

H2C=-=( 2, CuMUCI,-30-C H ^ = ' = \ 
M OU 

H2C=' 

it 
H2Cu 

^ - 0 M e RCHO C u C H \ y 0 " 8 ICH2ZnI 0 u - - 0 M e 

"hi 

">X" 

M M 

K̂* 
The insertion reaction described in this section allow 

unique and very efficient preparations of various types 
of functionalized zinc and copper organometallic re­
agents. The novel aspects of this chemistry certainly 
increases the synthetic potential of carbenoic re­
agents15,116 and should lead to useful applications in 
synthesis. 

D. Preparation of Functionalized Organozlnc 
Reagents Obtained from Reactive Organollthlums 
by a Lithium-Zinc Transmetalatlon 

Organolithium reagents are considered to be too 
reactive to tolerate most functionalities.18-117'118 How­
ever, the polar character and the reactivity of a carbon-
metal bond depends not only on the nature of the metal, 
but also on the hybridization of the carbon atom 
attached to this metal and on the structure and 
aggregation of this organometallic.18'117'118 Alkenyl- and 
aryllithiums are known to be less reactive than their 
alkyl counterparts and several electrophilic functions 
can be present in these organometallics [i.e. a halide 
(eq 36),119 a sulfone (eq 37),120 an epoxide (eq 38),121a or 
even in the case of aryl126 and acetylenic123 lithiums, an 
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ester, a nitro or a cyano group (eqs 39 and 40)]. 
However, most of these organometallics are very 
unstable and react only with selected electrophiles. The 
stability of these polyfunctional lithium derivatives can 
be greatly improved by performing a transmetalation 
with zinc(II) salts. 

ToIO2S. 

Me(Zt)I 

H-C=C-COOEt -
BuU 

-78 "C 
L i -C=C-COOEl (4O)123 

Thus, Sauvetre and Normant showed that, whereas 
(l,2,2-trifluoroethenyl)lithium (88) is a very unstable 
carbenoid (stable only at-100 0C), its addition to ZnX2 
furnishes a very stable zinc reagent 89 which has 
considerable synthetic utility (eq 41).89'124 Similarly, 
2-hydropentafluoropropene can be converted to the 
corresponding polyfluorinated organozinc compound 
90 (eq 42).8« 

F2C=CFCl 
BuLi, THF-Et2O (3:2) 

F3Q 
^ = C F 2 

-100'C 

LDA 

-78 "C 

F2C=CFLi 

88 

" 2 _ ^ F2C=CFZnX ( 4 1 ) 

89: stable at 25'C -100 "C 

F3C 

Li 
y CF, 

ZnI2 

-78 *C 

F3C 
— >=CF 2 

IZn 
(42)" 

90 

It is also possible to extend these reactions to the 
preparation of alkenylzinc halides and arylzinc halide 
(eq 43).124-126 The reaction of alkenyl iodides of type 

. BuLi (1.05 equiv.) 
I THF-Et20-pentane (4:1:1) 

K 
FG 

-100'C, 3 min ^ 
91 92 

FG 

FG = CCOR, CN, Cl, N3, NO2 

ZnI2JHF 
• 

-100 1C 

ZnI 

X 
(43) 

FG 
93 

91 with BuLi in a Trapp mixture127 at ca. -100 0C 

provides the corresponding functionalized lithium 
derivatives 92. The iodine-lithium exchange is com­
plete within 3 min at -100 0C.128 After the addition of 
ZnI2 (-100 0C), the zinc reagents 93 are obtained. They 
can be handled at 25 0C without decomposition. This 
method allows access to functionalized organozincs 
which cannot be prepared by direct zinc insertion. 
Although the presence of an azide or nitro group both 
inhibit direct zinc insertion, the iodine-lithium ex­
change reaction can be performed on the unsaturated 
azide 94 or on the aromatic nitro compound 95122iJ 

furnishing the desired lithium compounds 96 and 97 
which can subsequently be cleanly transmetalated to 
the corresponding zinc (or copper) reagent (eqs 44 and 
45)122ij,125 

BuU,-100'C 

94 3 min, Trapp mixture 

N,' 

,NQ 

96 

aNO2 ^"5s^N°2 

(44)1 

(45)1 

95 97 

E. Diverse Preparations of Organozinc Reagents 

/. WiSa a Boron-Zinc Exchange Reaction 

Organoboranes can be converted to diorganozincs 
under appropriate conditions (eq 46) .2 This reaction 
has been used to prepare diallylzinc and dibenzylzinc 
in excellent yields.129'130 The driving force of the 
reaction is the formation of the very volatile BMe3 (bp 
-20 0C; eq 47). More recently, this transmetalation 

3 R1 ,Zn + 2RZ
3B 

3Me2Zn + 2 ( - j S ^ \ ^ , B 

• 3 R2
2Zn + 2 R1

3B (46) 

3[<f^^^lZr) +2Me 3 B (47)129 

FG-R ̂  
I)HBBr2-Me2S 

CH2CI2,25 "C, 6h 

2) 
FG 

HS' 
s^SH 

Et2Zn (6 equiv.) 
»-

hexane, 0 'C, 10 min 

R ^ N ^ 1 D 
98 

( F G - R ^ ^ f (48) 

O c t ' ' ^ 
Et2BH 

Et2B-DeC 
99 

Et2Zn (6 equiv.) 
— 1 

hexane, 0 'C, 10 min 
(DeC)2Zn (49) 

has been used to prepare bis(alkenyl)zincs for a highly 
diastereo- and enantioselective preparation of trisub-
stituted ally lie alcohols.131 This very efficient and very 
fast transmetalation proceeds in hexane and leads 
within a few minutes at 0 0C to unexpectedly reactive 
di(alkenyl)zincs.131b A related transmetalation using 
readily prepared functionalized 2-alkyl-l,3-dithia-2-
borolanes (98) and diethylzinc (hexane, 0 0C, 10 min) 
provides functionalized dialkylzincs (eq 48).132 The 
reaction must proceed through an intermediate dieth-
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ylalkylborane of type 99 since this reagent undergoes 
the transmetalation under the same conditions (eq 49). 

2. Via a Mercury-Zinc Exchange Reaction 
The transmetalation reaction between diorganomer-

curials and zinc metal was discovered by Frankland in 
1864.133 This reaction allows the preparation of various 
functionalized dialkylzincs (eq 50) and has found 
applications in the preparation of optically active 
secondary alcohols.50 The reaction is complete within 

(FG-R)2Hg +Zn 
toluene 

110 "0,3-511 
(FG-R)2Zn + Hg(O) (5O)5 

>80% 

a few hours at 110 0C in toluene. Catalysis by the 
addition of ZnX2 is also possible; in this case, the 
transmetalation is complete in THF within 2 h at 60 
0C. The polyfunctional mercurials used in these reac­
tions can be prepared either by performing a substi­
tution reaction between functionalized copper-zinc 
reagents 100 and bis(iodomethyl)mercury 101 leading 
to methylene homologated diorganomercurials 102 (eq 
51) or by using a new transmetalation reaction between 
functionalized organozinc halides and mercurous chlo­
ride Hg2Cl2 in THF (-50 to 20 0C, 2 h; eq 52). Both 

FG-RCu(CN)ZnI 

100 

(ICH2)2Hg 

101 

DMF/THF 

-600C, 15h 
(74-98%) 

(FG-RCH2)2Hg 

102 
(51 )5' 

FG-RZnI THF,-50'C to 20-C (FG-R)2Hg +2ZnX2 

+ 
Hg2CI2 

2h 
61 - 89% 

+ 
Hg(O) 

(52)! 50 

react ions proceed in good yields and represen t very 
convenient and general p repara t ions of functionalized 
diorganomercurials .6 0 T h e synthesis of functionalized 
alkenylzinc hal ides such as 103 i s also possible and can 
be appl ied t o a highly selective p repara t ion of func­
tionalized (£)-olefins like 104 (eqs 53 and 54).5o,i26,i34 

Cl(CH2J3C=CH 
pinacolborane 

CH2CI2, O
0C, 9h 

Hg(OAo)2, THF, 250C 

CI(CH2J3-/ ^ B - 0 
NH4CI 

3) Na2SnO2, aq. acetone 
O0C 

' ( c i ( C H 2 ) 3 ^ H 9 

2 

(53)1 3 4 

(d(CH2)3^4H9 Zn, ZnBr2 

THF, 600C, 5h 

CI(CH ) ^ ^ Z n B r 1 ) C " H ) Z r C P 2 ' C H 2 C l 2 ' C K C H 2 , / ^ 8 * CI(CH2J3 ^ 2)c-HexCHO 2 4 

103 250C, 12h 1 0 4 

(54)1: 

A related transmetalation of bis(trifluoromethyl)-
mercury with dimethylzinc in pyridine produces the 
complex of bis(trifluoromethyl)zinc and pyridine in 
82% yield.135 

/ / / . Reactions of Functionalized Organozlncs 
Mediated by Copper(I) Salts 

A. General 
As mentioned in previous sections, organozinc halides 

and even diorganozincs are relatively unreactive or-

Scheme 7 

o 
R1^ R-FG 

R'-CzC-R-FG 

F G - R ^ N ^ . R - F G 

ganometallic reagents and their transmetalation to more 
reactive organometallic species is required for most 
reactions with electrophiles.2 Organocoppers derived 
from organolithiums or Grignard reagents react in 
excellent yields with a wide range of electrophiles and 
hence constitute a major class of organometallic reagents 
for organic synthesis.136 It is possible to prepare 
organocopper reagents derived from organozinc halides 
and dialkylzincs.137 The most efficient copper salts for 
performing this transmetalation are the THF soluble, 
CuCN-nLiX (X = Cl, Br, I; n = 1-2).29 Their reactions 
with either FG-RZnX or (FG-R)2Zn at 0 0C for 5 min 
furnish the corresponding copper reagents 10029 and 
10548 (eqs 55 and 56). 

FG-R + CuCN • nLIX' 
THF 

O0C, 5 min 
FG-RCu(CN)ZnX • nLiX (55)29 

100 

(FG-R)2Zn + CuCN • nLiX 
THF 

00C, 5 min 

FG-RCu(CN)Zn(FG-R) • nUX (56)48 

105 
X = CI,Br,l;n = 1,2 

The exact nature of the structures of 100 and 105 are 
not known; however, an EXAFS spectra of CuCN-2LiCl 
indicates that this species is not monomeric but contains 
oligomeric units of (CuCN)n (n > 2) and that in the 
complex 100 the cyanide ligand is still attached to the 
copper center.138 These reagents should be considered 
as being mixed clusters of copper and zinc. It was noted 
that the addition of increasing amounts of zinc salts to 
the reagent 100 considerably decreases its reactivity, 
suggesting that even in 100 some of the FG-R groups 
could still be attached to a zinc center. The use of 
lithium halides to solubilize CuCN was found to 
facilitate the transmetalation (i.e. to form the copper 
reagents 105 rapidly and under mild conditions). The 
new copper compounds 100 and 105 present a significant 
advantage compared to classical copper reagents since 
most organic functional groups can be contained in these 
copper derivatives. Their reactivity is somewhat re­
duced compared to lithium or magnesium-based re­
agents, and for example, epoxides do not react with 100 
or 105. Also the substitution reactions with alkyl halides 
proceed well only with primary alkyl iodides and need 
to be performed in polar solvents. Nevertheless, they 
react with a wide range of electrophiles as shown in 
Scheme 7 and display a remarkable thermal stability. 
Thus primary alkyl zinc-copper compounds 100 can 
be heated in refluxing 1,2-dimethoxyethane for several 
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hours without appreciable decomposition (eq 57).139 The 

EtQ2C(CH2)3Cu(CN)Znl , ^ ^ ( C H ^ C O O E t 

/ D M E , 85'C, 6 days H e x 

/ /D /o 

Hex / ^ 1 (57) 

X NC(CH2I3Cu(CN)ZnI^ / ^ . ( C H 2 J 3 C N 

DME, 851C, 6 days H e x 

85% 

reactivity of 100 toward different classes of electrophiles 
is described in detail in the following sections. 

B. Substitution Reactions 

7. Coupling with Reactive Halides 

Metallic halides of the type MX„ react differently 
with zinc-copper reagents (Table 4). Thus, MesSiCl 
does not react with most zinc-copper compounds, 
although the direct reaction of the zinc reagent 107 
with MeaSiCl furnishes the silylated heterocycle 108 in 
good yields (eq 58).140 However, RaSnCl reacts with 
100 or 105 in very high yields (eq 59). This reaction 
can be used to prepare stannylated phosphabenzenes 
directly from the aromatic zinc reagent (eq 6O).141 

U 

1 JJ 5O0C, 3 h ' J . J 500C, 4 h " 
^ N ^ T ^ ' Zn1THF " " Me3SiCI 

O^ N 
I 
Me 

O'' " N ' 78% 
I 
Me 

107 O 

Me. > L -SiMe 

J^ J (58)140 
O ^ N 

I 
Me 

108 

Me 

M e - ^ 0 N ( 

Me-J^ 0 / ' 
Me 

IBCH2ZnI + Me3SnCI 

Me. 

Me 
^ 

M e - ^ 0 / 
,BCH2SnMe3 (59)* 

Me 

87% 

Me 

Me 
(6O)1, 

SnPh3 

The reaction of organozinc halides or diorganozincs 
with allylic halides in the presence of copper(I) salts 
(catalytic or stoichiometric amounts) occurs with a very 
high SN2' selectivity.27-2813'30'64-142 In contrast, Ni(O)- or 
Pd(0)-catalyzed reactions of organozincs with allylic 
halides produce preferentially the SN2 substitution 
product (eq 61)27'142 and (eq 62J.54" 3-Carbomethoxy-
2-propenyl bromide gives the SN2' product with com­
plete selectivity (eq 63) j 2 8 - 1 4 3 whereas most allylic halides 
(chlorides or bromides) 27'28b-29'64 react with regioselec-
tivity (SN27SN2) of ca. 95-80/5-20 (Tables 5-7). 

Knochel and Singer 

R2 

R1 
R-M R R-M 

cat. NI(II) R2 

CuCN-2LiCI cat. 

Ql cat. Cu(I) 

NC""N 

^ P h 

NC^N 

P h ^ 

y^ 
(61) 

(62)* 

68% 

EtO ZnI 
^COOMe 

CuCN cat. 

THF-DMA 

EtOOC 
(63)21 

Aromatic organozinc reagents generated electro-
chemically using a sacrificial zinc anode can be allylated 
after transmetalation with CuCN-2LiCl in satisfactory 
yields (eq 64).144 This allylation procedure can be 
applied to a short preparation of isocarbacyclins (eq 
65).145 The 1,3-dichloropropenesof type 109 (Y = SPh, 
SePh) react with almost complete SN2' selectivity39 with 
RCu(CN)ZnI and give 1,3-disubstituted propenes 110 
in excellent yields (eq 66 and Tables 5-7).11 

ci^O COMe • 
DMF, Zn electrode, e" 

Ni(bipyr)3(BF4)2 cat. 
ZnBr2, NBu4Br 

cl2nHf^)-COMe « ^ ° ' , ^ - C W ° (64)1 

\—V CuCN-2LICI ^ - ' J Me 

63% 

( E t O ) 2 ( O ) P O ^ / 

TBDMSO 

IZn(X)Cu ^ ^ v ^ C 0 2 M e 

X = Cl, Br, CN ' 

TBDMSd 

CO2Me 

(65)1 

95% 

JU FG-RCu(CN)ZnX F Q , R J^ M 

S N 2 ' 
Cl R1 

109 : Y = SePh, SPh; R1 = Me, H 

Cl 

FG-RCu(CN)ZnX FG-R^ ^K^ ^R-FG ,.-.3» 

SN2' H R1 

110 

In strong contrast to most functionalized copper-
zinc reagents ICH2Cu (100), an unstable copper car-
benoid which is generated in situ in the presence of an 
allylic halide by the addition of ICH2ZnI16 to CuI-2LiI, 
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Table 4. Functionalized Stannanes Obtained by the Reaction of Functionalized Zinc-Copper Reagents with 
Trialkyltin Chlorides 

FG-RCu(CN)ZnX (FG-R) chlorotrialkylstannane product yield (%) ref(s) 

CH2OPiV 
Me 

CH2- f( I 

Me 

CH2SCOPh 
(CH2J3S(O)Ph 

CH2CH2P(O)(OEt)2 

CH(Pr)CH2P(O)(OMe)2 
(CH2)3COPh 

CN 

CH 2 ^ ^ ^ ^CO2Et 

V 
, < P°2Et 

E/Z (11:8 

Me 
Me 

Me 

Me 

O - B Bu 

O^ .,O 

Me3SiO Ph 

M e ' "Y (CH2>4M 

H 
EtO Ph 

XZnO' "ST ^(CH2J4M 

CO2Et 

Bu3SnCl 
Me3SnCl 

Bu3SnCl 
Me3SnCl 

Bu3SnCl 

Me3SnCl 
Bu3SnCl 
Bu3SnCl 

Bu3SnCl 

Me3SnCl 

Me3SnCl 

Me3SnCl 

Me3SnCl 

Me3SnCl 

Me3SnCl 

Bu3SnCH2OPiV 
Me 

0-^L-Me 
Me3SnCH2-B I 

0-"T -Me 
Me 

Bu3SnCH2SCOPh 

Me3Sn SPh 
Il 
0 

/ \ /P(OEt)2 
Bu3Sn ^ ^ 

Me3SnCH(Pr)CH2P(O)(OMe)2 
Bu3Sn(CHz)3COPh 

Bu3Sn' 

CN 

Bu3Sn' 
CO2Et 

SnMe3 

Me3Sn CO2Et 

\ = / 
EIZ (0:100) 

Me 

Me, 

Me 

0 - B ' 

Me 

Bu 

Me3Sn H 

E/Z (82:18) 

°v^0 

SnMe3 

0 Ph 

JL Jk 
M e ' " ^ N v - / ^ ( C H 2 ) 4 S n M e 3 

EtO2C 

EtO2C 
(CH2J4SnMe3 

93 
87 

64 
90 

81 

67 
65 
86 

88 

93 

95 

89 

65 

74 

44 
46a 

60 
59,60 

61 

61 
24b 
37 

37 

53 

53 

46b 

53 

49b 

49b 

Ph 

reacts with very high SN2 selectivity (eq 67 and Table 
5)." The reaction OfFG-RCu(CN)ZnI with propargylic 
halides or tosylates provides allenes or dienes (Table 

B r ICH2ZnI (3-4 equiv.) 

Cul»2Lil,-25'CtO^O1C 

I (67)4' 

90% (>90%SN2 selectivity) 

Cationic pentadienyliron and pentadienylmolybde-
num complexes such as 111 also react under very mild 

conditions (23 0C, 2 h) with FG-RCu(CN)ZnX (100), 
providing several types of functionalized iron dienes 
112 (Table 9, eq 68).51'801 

MeO-

EtO2C' Du(CN)ZnI 

0Fe(CO)3 PF6O 

111 

MeO. (68)s 

CO2Et 
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Table 5. Products Obtained from the Reaction of Functionalized Aliphatic Organozinc-Copper Reagents with Allylic 
Halides or Tosylates 

RCu(CN)ZnX (R) allylic electrophile product 
SN2'SN2 yield 

ratio (%) ref(s) 

CH2CH2CO2Et 

CH2CH2CO2Et 

CH2CH2CO2Et 

CH2CH2CO2Et 

CH2CH2CO2Et 

CH2CH2CO2Et 

CH2CH2CO2Et 

CH2CH2CO2Et 

CH2CH2CO2J-Pr 

allyl tosylate 

2-cyclohexenyl tosylate 

cinnamyl tosylate 

cinnamyl bromide 

cinnamyl chloride 

a-methallyl tosylate 

B r v ^ % ^ , C 0 2 M e 

Me.. .Me 

OTs 
CH3 

CH2CH2CO2I-Pr cinnamyl chloride 

CH2CH2C02t'-Pr geranyl chloride 

CH2CH2CO2I-Pr 2-cyclohexenyl bromide 

CH2CH2CO2I-Pr Br- /"^) 

CH2CH2CO2J-Pr 

"Br 

AcO' 

Me 

^ ^ .Cl 

JU 

CH(CH3)CH2CO2Et cinnamyl bromide 

CH(CH3)CH2CO2Et B r ^ / ^ C 0 2 l ,Me 

CH2CH(CH3)CO2Me 2-cyclohexenyl bromide 

(CH2)3C02Et 

(CH2)3C02Et 

crotyl tosylate 

M e ^ ^ v ^ - O T s 

Me 

EtO2C 

EtO2C 

EtO2C 

EtO2C 

Ph 

EtO2C 

CH3 

CO2Me 

CH3 

L ^ CH3 

EtO2C(CH2J3 

CH3 

Me Me 

EtO^CH^''^-^ 

87:13 

88:12 

87:13 

72:28 

100:0 

89 

82 

80 

93 

99 

50 

80 

89 

28b 

28b 

28b 

28b 

28b 

28b 

28b 

28b 

96:4 97 27 

88:12 81 27 

93 27 

85:15 79 27 

100:0 72 27 

87 27 

86:14 85 29b 

100:0 79 29b 

59 27 

78:22 68 29b 

73:27 95 29b 
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RCu(CN)ZnX (R) allylic electrophile product 
SN2/SN2 yield 

ratio (%) ref(s) 

(CH2)SCO2Et 

(CH2)3C02Et 

(CH2)3C02Et 

(CH2)3C02Et 

(CH2J3CO2Et 

CH2CH2CN 

CH2CH2CN 

CH2CH2CN 

CH2CH2CN 

CH2CH2CN 

(CH2)3CN 

(CH2J3CN 

(CHj)6CN 

( C H J ) 6 C N 

(CH2J6CN 

(CH2)4COPh 

CH2CH(CH3)CN 

Mev^^^Br 

Me 

3-chloro-l-butene 

l-chloro-2-butene 

cinnamyl chloride 

Me 

cinnamyl bromide 

3-chloro-l-butene 

2-chloromethyl-l-proper 

C02t-Bu 

2- (bromomethy 1) hexene 

cinnamyl bromide 

3-chloro-l-butene 

l-chloro-2-butene 

3-chloro- 2-butene 

cinnamyl chloride 

allyl chloride 

2- (bromomethyl)hexene 

CH2 -O 
CH2-N O 

CH2N(CH3)CH2Ph 

CH2SC10H2I 

CH(CH3)SPh 

CH(SPh)CH2CN 

2- (bromomethyl)hexene 

2- (bromomethyl)hexene 

2- (bromomethy 1) hexene 

Me 

C02t-Bu 

2-(bromomethyl)hexene 

CH(SPh)(CHj)2CO2Et CO2Et 

Me Me 

E t 0 2 C ( C H 2 ) 3 - ^ ^ 

EtO2C 

NC 

CH3 

,CO2I-Bu 

,Bu 

N C l C H j h ^ ^ 0 

Ph 

J^ NC(CH2)S 

PhCO(CH2)5^> 

CH3 

NC 
Bu 

CH3 

Bu 

CH3 

n-C 1 0 H 2 l S'^ N >^ s * 

Me' 

PhS CO2I-Bu 

Bu SPh 

EtO2C SPh 

83:17 91 29b 

100:0 

96:4 

97:3 

98:2 

100:0 

100:0 

87 

83 

86 

88 

92 

84 

83 

95 

64 

64 

64 

64 

54a 

54a 

54a 

54a 

84 99 

96:4 88 30 

97:3 85 30 

97:3 

97:3 

98:2 

91 

87 

88 

70 

69 

76 

68 

64 

75 

87 

75 

92 

64 

64 

64 

24b 

99 

99 

99 

99 

99 

59,60 

60 

59,60 
sC02Et 
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RCu(CN)ZnX (R) allylic electrophile product 
SN2/SN2 yield 

ratio (%) ref(s) 

CH2SCOPh 

CH2SCOPh 

CH2SCOPh 

CH2SCOPh 

(CH2J3SPh 

(CH2)3S(0)Ph 

(CH2)3S02Ph 

S02t-Bu 

(CH2)3C=CH 

CH2 

H2C,,, 

NC 

H2C. 

NC 

X) 

J-H2C CH2—| 

(CH2)6OAc 

Me 
,0-^/-Me 

-H2C-BV I 
O ' T i 

Me 

Me 
.O-y-Me 

-HC-B^ J 

EtO2C(CH2)] ° M M e 

Me 

CH2I 

CH2I 

CH2I 

CH2I 

CO2Et 

C02t-Bu 

2- (bromomethyl) hexene 

S02t-Bu 

C02t-Bu 

CO2Et 

A- B r 

CO2Et 

A- B r 

CO2Et 

A- B r 

CO2Et 

A^Br 

CO2Et 

A~-Br 

CO2Et 

CO2Et 

* ^ B r 

CO2Et 

CO2Et 

A^Br 

CO2Et 

C02t-Bu 

^ ^ B r 

2- (bromomethyl)hexene 

CO2Et 

A - B r 

Br 

Br a 

O 

P t T - S ' 

O 

A-A CO2Et 

P h ' ^ S ' ^ - ^ v C 0 2 t - B u 

PhSO2 

(-BuO2S CO2Et 

CO2Et 

CO2Et 

r^VCNco2Et 
CJ,A 
cis:trans (18:82) 

cOr 
cis:trans (14:86) 

CO2Et Hg 

CO2Et 

AcO(CH2)6-

Me 9°2 E t 

Me 

EtO2C COOl-Bu 

O'S 
Me-^—(-Me 

Me Me 

Bu 

CO2Et 

OPh 

CT' 

95 60 

89 

75 

70 

87 

76 

88 

90 

86 

60 

60 

60 

59,60 

59,60 

60 

60 

56 

95 56 

95 54b 

86 54b 

80 50 

88 48 

90 46a,48 

86 46a 

90 44 

89 44 

95 44 

96 44 
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RCu(CN)ZnX (R) allylic electrophile product 
SN2/SN2 yield 

ratio (%) ref(s) 

CH2I 

CH2I 

CH2OPiV 

geranyl bromide 

2- (bromomethyl)hexene 

CH2OPiV 

CH(OAc)CH(CHa)2 

CH(OAc)CH2CH2SPh 

C02t-Bu 

CO2Et 

allyl bromide 

CH(OAc)C(Et)2CH2CH2CN allyl bromide 

CH(OAc)(CH2)34C02Me allyl bromide 

(CH2)sC02Et 

(CH2)3CN 

(CH2)6OAc 

(CH2)2P(0)(OEt)2 

SPh 

SPh 

SPh 
.Cl 

Cl 

SPh 

(CH2)8C02Et 

(CH2J3CO2Et 

(CH2)3CN 

(CH2)6OAc 

(CHa)2P(O)(OEt)2 

(CH2) 2P(0)(OEt)2 

(CH2)eCl 

SPh 

Cl CH3 

SePh 

Cl 

1,3-dichloropropene 

1,3-dichloropropene 

CO2Et 

t-BuO2S 

l-chloro-2-butene 

79 44 

OPiv 

C02t-Bu 

* * ^ ^ O P i v 

OAc CO2Et 

i-P 

PhS 

OAc 

90 

95 

94 

95 

86 

44 

44 

44 

45 

45 

Et NEt 

MeO2C(CH2),,-

OAc 

SPh 
EtO2C(CH2J3 V-J#stN^,(CH2)3C02Et 

£/Z(21:79) 

SPh 
NC(CH2)3V^^.(CH2)3CN 

£/Z(8:92) 

SPh 
AcO(CH2)6 v j j * k ^ (CH2J6OAc 

BZ(45:55) 

SPh 

(EtO)2P(O)(CHj)2 . .(CH2J2P(O)(OEt)2 

BZ (8:92) 
SPh 

EtO2C(CH2J3 N ^ L , ( C H 2 ) 3 C 0 2 E t 

CH3 

EXZ(11:89) 

SePh 
Et02C(CH2)3v^lNi_^(CH2)3C02Et 

BZ (20:80) 

N C ( C H 2 ) 3 ^ ( C H 2 ) 4 C N 

BZ (87:13) 

A c O ( C H 2 ) 6 v ^ . ( C H 2 ) 7 0 A c 

BZ (70:30) 

(EtO)2P(0)"^^Y' 

(EtO)2P(O)' 

CO2Et 

SO2I-Bu 

CH3 

Ci(CH2J1T^f5* 

69 45 

95 45 

>97:3 88 39 

>97:3 85 39 

>97:3 76 39 

>97:3 90 39 

>97:3 89 39 

>97:3 89 39 

>97:3 88 39 

>97:3 80 39 

92 61 

79 61 

98:2 94 64 
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RCu(CN)ZnX (R) allylic electrophile product 
SN2/SN2 yield 

ratio (%) ref(s) 

( C H J ) 3 N J N , 0 Me 

I,Me 
Me 

^ — V Hex 

SiMe3 

^ 

K ' 
J - C H 2 N - N H B O C 

H ' ' ' 'CO2Bu 

J - C H 2 N - N H B O C 

H ' '''CO2Bu 

J - C H 2 N - N H B O C 

H ' '''CO2Bu 

J - C H 2 N - N H B O C 

H ' '''CO2Bu 

J-CH2^NHBoC 

H "CO2Bu 

CN 

CO2Et 

t-Bu02C 

A^Br 

1-BuO2C 

J^Br 

t-Bu02C 

A^ Br 

BrN Br 

-CH2 - ,NHBoc 

H '''CO2Bu 

IZnO 

c-Hex 

Me3SiO 

' ^ 

CH 2 -

CH2-

PrT ^ ^ Cl 

C I ^ ^ Y ^ 
Cl 

Me 

MeO^^j^-s-x^Br 

CO2Et 

CO2Et 

O O Br 
CH2 

Ph 

MeO2C 

IZnO 

P h " 

OSiMe, 

CH, 

J^ 

CO2Et 

CO2Et 

A^ Br 

Bu 

(CH2)6-

N+ < * ^ Br 

CH2 

Ph 

CQ^ 
OSiMe3 

J ^ 
Br 

TBDMSO 
J N EtO OZnI ^ ^ 

-CH2
 1 V N J ^ V 1 

Br 

XO2Et 

MewO-BJw(CHj)4. 

*Jt-6 H 
Me'T 

CO2Et 

Me 

Hex 

C02t-Bu 

Me3S 

C02t-Bu 

^ = L ^ N N _ / N . C 0 2 t - B u 

NHBOC 

CO2Bu 

,NHBoc 

MeO2C CO2Bu 

Gri 

CO2Et 

OTBDMS 

(EtO2C)2CH y ^ ^ X ^ 

83 46b 

74 101 

70 101 

50 8Od 

65 8Od 

48 8Od 

48 8Od 

55 8Od 

56 8Od 

51 8Od 

62 49b 

70 49b 

81 49b 

68 49b 

67 49b 

59 49b 

64 49b 

74 49b 

75 49b 

Ph 
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Table 6. Products Obtained by the Reaction of Functionalized Benzylic Zinc-Copper Reagents with Allylic Halides 

FG-RCu(CN)ZnX (FG-R) allylic halide product yield (%) ref(s) 

^6 
-CH2 v ^ 5 . ^ 0 C H 3 

-CH; xx 
OAo 

CN 

Cl 
-CH2 

Cl 

-CH 2 v^^X0 2 Et 

"XX 
OAc 

-CH; 

OAc 

-CH(CH2J2CN 

Ph 

-CH; 

-CH 

N(SiMe3J2 

N(SiH N(SiMe3J2 

-CH; 

-CH; 

N(SiMe3J2 

N(SiMe3J2 

OAc 

OAc 

XX 
OAc ^ 

-CH x 

-CH. JJ '2 S 

-CH. 

C02t-Bu 

C02t-Bu 

C02t-Bu 

Br ^^ 

Me 

Br S^-

CO2Et 

Br S^ 

C02t-Bu 

OCH2OCH3 

CH2OPh 

^ • ^ B r 

C02t-Bu 

C02t-Bu 

C02t-Bu 

A^B r 

Bu 

A^B r 

Me 

A^B r 

Bu 

A^B r 

C02t-Bu I 

C02t-Bu 

\ ^ 0 A c 

C02t-Bu 

X N 

Cl 

*ob 
CH3 

CO2Et 

< t ^ ^ 

EtO2C 

J^ 

jf^*^ 

C02t-Bu 
J 

^ V N 

CH3OCH2.. 

* 

OPh. 

Â  
t-Bu02C 

k̂ 
t-Bu02C 

A. 
t-Bu02C 

OAc 

KVI 
Kf-J 

OAc 

| ^ C N 

Vi U 
N(SiMe3J2 

T ^ U 
N(SiMe3J2 

rS U 
'O N(SiMe3J2 

^ Y S U 
N(SiMe3J2 

r̂S U 
OAc 
T 

' T ^ l U 
OAc 

' A Y ^ O A c 

U 
OAc r ^ l 

95 

98 

97 

96 

87 

82 

92 

84 

81 

93 

91 

89 

71 

96 

93 

74 

36 

36 

37 

37 

37 

37 

37,54b 

55 

55 

55 

55 

45 

45 

45 

99 

99 

99 
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FG-RCu(CN)ZnX (FG-R) allylic halide product yield (%) ref(s) 
Br 

-CH2 

"CH2 v ^ ^ ^ Me 

"OAc °TX 

CO2Et 

CO2Et 

CO2Et Br 

CO2Et ^̂ a: 
86 

82 

76 

76 

OAo 

Table 7. Products Obtained by the Reaction of Functionalized Alkenyl and Aromatic Zinc-Copper Reagents with 
Allylic Halides 

FG-RCu(CN)ZnX (FG-R) allylic halide product SN2'/SN2 yield (%) ref 

V 

Y 

Y 

X l 

^ B - V M 9 

Me 
Me 

Me Me 

Me-A Y 
0 -B Bu 

CN 

A 

XT 
/ > v ^ ^ C 0 2 E t 

U 
"Vi 

CO2Et 

/ -xx CO2Et 

A xx 
0.. -Ph 

A 

0.>^,c-Hex 

A 

A 
NO2 

CO2Et 

CO2Et 

A^B r 

CO2Et 

CO2Et 

< ^ B r 

CO2Et 

OCH2OCH3 

A^1 

OCH2OCH3 

*Â ' 
OCH2OCH3 

l-chloro-2-butene 

3-chloro-l-butene 

C02t-Bu 
^k^Br 

C02t-Bu 

C02t-Bu 

C02t-Bu 

^k/B r 

CO2Et 

Pent 

0 CO2Et 

CN 

CH3OCH2O 

CH3OCH2O 
VYYC N 

H2O K^ 
CO2Et 

CH3OCH2O 

CH3 

CO2Et 

CH. 

t-BuQ2C 

t-Bu02C 

CO2Et 

Oc^-Pn 

O^^c-Hex 

t-Bu02C K^ff-

NO2 

t-Bu02C 

80:20 

100:0 

83 53 

71 53 

81 

59 

125a 

46b 

69 46b 

72 35 

91 35 

72 35 

86 64 

93 64 

83 35 

83 35 

72 35 

79 125 
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FG-RCu(CN)ZnX (FG-R) allylic halide product SN27SN2 yield (%) ref 

/ • •a 
CO2Me 

allyl chloride 

allyl chloride 

COMe 

CO2Me 

COMe 

41 

63 

FG-RCu(CN)ZnX (FG-R) propargylic electrophile product yield (%) 

144 

144 

Table 8. Preparation of Dienes or Allenes by the Reaction of Propargylic Halides or Tosylates with 
Organozinc-Copper Reagents 

ref 

(CH2)SCO2Et HC=CCH2OTs -CO2Et 28b 

-v 
( C H J ) 3 C N 
(CH2)3C02Et 
(CH2)6C1 
CH2-C6H4-P-CN 
C6H4-P-COMe 
C6H4-P-CN 

• v x - s ^ , N H Boo 

CO2Bn 

C I C H J C = C C H J C I 
ClCH2C=CCH2Cl 
ClCH2C=CCH2Cl 
T S O C H 2 C = C C H 2 O T S 
TsOCH2C=CCH2OTs 
T S O C H 2 C = C C H 2 O T S 

HC=CCH2Br 

R = (CHj)3CN 
R = (CHj)3CO2Et 
R = (CHs)6Cl 
R = CH2-C6H4-P-CN 
R = C6H4-P-COMe 
R = C6H4-P-CN 

/s NHBoc 

CO2Bn 

84 
95 
92 
93 
93 
97 

55 

Table 9. Functionalized Iron and Molybdenum Diene Complexes Obtained by the Reaction of Cationic Iron 
Molybdenum Complexes with Functionalized Zinc-Copper Reagents 

FG-R2Cu(CN)ZnX (FG-R2) 

(CH2)2CN 
(CH2)3CN 
(CH2)3C02Et 
(CH2)3CN 

(CH2)2CN 
(CH2J3CN 
(CH2)3C02Et 
(CH2)4OAc 
(CH2J3CO2Et 

(CH2)3C02Et 
(CH2)4OAc 
(CHu)8CN 
(CHj)2CN 
(CH2)3C02Et 
(CH2J4OAc 
(CHj)2CN 

(CH2J4CO2Et 
(CHj)3CO2Et 
(CH2J2CO2Et 
(CH2J4CN 
(CHj)3CN 
(CHj)4OAc 

cationic complex 

R 1 + F e ( C O ) 3 BF4-

(CO)3Fe PF6-

Me 

M e - I ^ R ' 
+Fe(CO)4 

9 
+Mo(CO)2Cp PF6-

product 

R1^ ^R2 

Fe(CO)3 

Ri = H; R2 = (CH2)2CN 
R1 = H; R2 = (CH2)3CN 
R1 = H; R2 - (CHj)3CO2Et 
R1 = Me; R2 = (CHj)3CN 

Rtx, 
(CO)Fe 
R1 = H; R2 = (CHj)2CN 
R1 = H; R2 = (CH2)3CN 
R1 = H; R2 = (CHj)3CO2Et 
R1 - H; R2 « (CHj)4OAc 
R1 = OMe; R2 = (CHj)3COjEt 

M 9 R1 Me R1 

A B 

R1 = H; R2 = (CHj)3COjEt 
Ri = H; R2 = (CHj)4OAc 
R1 = H; R2 = (CHj)3CN 
R1 = H; R2 = (CHj)2CN 
R1 = Me; R2 = (CH2)3C02Et 
R1 = Me; R2 = (CH2J4OAc 
R1 = Me; R2 = (CH2)2CN 

0-R 2 
Cp(CO)Mo' 

R2 = (CHj)4CO2Et 
R2 = (CH2)S)CO2Et 
R2 = (CHj)2COjEt 
R2 = (CHj)4CN 
R2 = (CHs)3CN 
R2 = CHj)4OAc 

yield (%) 

84 
90 
97 
75 

78 
75 
83 
60 
76 

A:B 
57:0 
68:0 
65:0 
45:0 

28:23 
15:43 
20:36 

90 
90 
33 
58 
41 
51 

65 
65 
65 
65 
65 
65 

8Od 

or 

ref 

51a 
51a 
51a 
51a 

51a 
51a 
51a 
51a 
51a 

51b 
51b 
51b 
51b 
51b 
51b 
51b 

51c 
51c 
51c 
51c 
51c 
51c 
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FG-R2Cu(CN)ZnX (FG-R2) cationic complex product yield (%) ref 
(CHj)4OCOPh 
CH2 v^NHBoc 

CO2Bn 

CH2v^NHBoc 

CH2 

CH2 

CHg 

CH2 

CO2Bn 

. NHBoc 

CO2Bn 

. NHBoc 

6o2Bn 

s ^ , NHBoc 

CO2Bn 

s^NHBoc 

CO2Bn 

(CO)3Fe PF6-

Me 

(CO)3Fe PF6-

Me^. ^-v^ ^Me 

(CO)3Fe PF6-

MeO. 

W 
i PF6 

(CO)3Fe PF6-

MeO2C. 

(CO)3Fe PF6" 

^ 

MeO2C. 

(CO)3Fe BF4 

R2 = (CHj)4OCOPh 
^, NHBoc 

(CO)3Fe-J; ^ 

(CO)3Fe^ 
Me' 

(CO)3Fe 
MeO' 

57 
68 

59 

57 

64 

52 

31 

51c 
8Of 

8Of 

8Of 

8Of 

8Of 

8Of 

CO2Me 

2. Coupling with Alkynyl, Alkenyl, and Alkyl Halides 

Organocopper reagents are well known to undergo 
coupling reactions with alkenyl halides.136 The copper 
reagents derived from organozinc halides, RCu(CN)-
ZnI, react only under harsh conditions with alkenyl 
halides139 (several days, reflux in DME); however, the 
reactions produce functionalized olefins in a stereo-
controlled fashion (eqs 57 and 69). 

DME, 85 -C 
/ = \ + (EtO)2P(O)(CHa)2Cu(CN)ZnBr ^ 

Hex I 6 days 

E/Z : 17/83 

P(O)(OEt)2 
(69)1 

Hex 

82%; E/Z: 17/83 

The presence of an electron-withdrawing substituent 
at the ^-position considerably facilitates the substitu­
tion reaction since an addition-elimination mechanism 
can take place. Various reagents of type 113 react with 
zinc-copper organometallics in high yields (eq 70 and 
Table 10). 

FG-RCu(CN)ZnX 

FG-R 

/ = / (70) 

113 

= NO2, CO2R, COR 

The reaction can be used to prepare a variety of 
/3-substituted alkylidenemalonates by the addition of 
various zinc-copper reagents FG-RCu(CN)ZnX to a 
[(phenylsulfonyl)methylidene]malonate (eq 71).43 

A unique access to y-acetoxy nitro olefins 114 is also 
possible by this approach. Thus, the addition of an 
a-acetoxyalkylzinc-copper reagent to CE)-2-(ethylsul-
fonyl)-l-nitroethylene provides the pure (i?)-acetoxy 

CO2Et 

P h S 0 2 N > . C 0 2 E t * EtO2C Du(CN)ZnI 
-3O0C, 1h 

90% 

^CO 2Et 

Iv^yCO 2Et (71)" 

CO2Et 

nitro olefin 114 in good yields (eq 72).45h The addition 
of FG-RCu(CN)ZnX to 3-iodocyclohexenone usually 
proceeds very well and leads to highly functionalized 
3-substituted cyclohexanones (eqs 73 and 74 and Table 

E , S 0 2 ^ N ° 2 • PiV° 
,Cu(CN)ZnBr 7 g o c 

OAc 7 4 % 

P i v O ( C H 2 ) 3 . ^ ^ N 0 2 

(TMS)2N 

r * ! ^V^ N Cu(CN)ZnBr + 

aCu(CN)ZnBr 

NO5 

Cl Cl 

X 
115 

c-HexCu(CN)Znl 

'<fS> 

,c-Hex 

EtO2C(CH2J3Cu(CN)ZnI 

EtCO. 

116 
74% 

c-Hex 

(75)1' 
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Table 10. Reaction of Alkenyl Halides and Related Compounds with Zinc-Copper Organometallics Leading to 
Functionalized Olefins 

FG-RCu(CN)ZnI alkenyl iodide product yield (%) ref(s) 

(CHs)3CN 
(CHj)3CO2Et 
(CHj)2P(O)(OEt)2 

CH2OPiV 

(E)-octenyl iodide 
(E)-octenyl iodide 
CE/Z)-l-octenyl iodide 

E/Z(17:83) 
0 

R ^ v Hex 

R = (CH2)3CN (100% E) 
R = (CHj)3CO2Et (100% E) 
R = (CH2)2P(0)(OEt)2 

EIZ(ITM) 
O 

85 
76 
82 
97 
97 

139 
139 
139 
44 
44 

CH2OPiV 

(CH2)3C02Et 

(CHj)8OAc 

(CH2)3CN 

(CH2)^Cl 

(CH2)3SPh 

SiMe2Ph 

(CHa)6OAc 

(CHa)3CO2Et 

(CH2)3C02Et 

CH2CH2P(O)(OEt)2 

CO2Et 

PhSO/ CO2Et 

CO2Et 

PhSO/ CO2Et 

CO2Et 

PhSO/ CO2Et 

CO2Et 

PhSO/ CO2Et 

CO2Et 

PhSO/ CO2Et 

CO2Et 

PhSO/ CO2Et 

CO2Et 

PhSO/ CO2Et 

C02i-Pr 

PhSO/ CO2I-Pr 

CO2C-HeX 

PhSO/ C02c-Hex 

3-iodo-2-cyclohexenone 

EtO2C(CH2J3 CO2Et 

CO2Et 

AcO(CH2J3 CO2Et 

CO2Et 

NC(CH2J3 CO2Et 

CO2Et 

CI(CH2J4 CO2Et 

CO2Et 

PhS(CH2J3 CO2Et 

CO2Et 

PhMe2Si CO2Et 

CO2Et 

AcO(CH2J6 CO2Et 

CO2Et 

EtO2C(CH2J3 C02i-Pr 

CO2I-Pr 

EtO2C(CH2J3 CO2C-HeX 

C02c-Hex 

O 

CH(Pr)CH2P(O)(OMe)2 

CH(Pr)SPh 

CH(SPh)CH2CN 

(CH2)3SPh 

(CH2); 

S02t-Bu 

A 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

P(OEt)2 

O 

P(OMe)2 

Pr O 

SPh 

Pr 

CN 
SPh 

SPh 

S02t-Bu 

90 

88 

83 

84 

74 

40 

88 

82 

74 

86 

95 

88 

86 

85 

93 

43 

43 

43 

43 

43 

43 

43 

43 

43 

61 

61 

59,60 

59,60 

59,60 

60 
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FG-RCu(CN)ZnI alkenyl iodide product yield (%) ref(s) 

(CH2)IiCO2Me 

Me 

Me^-Me 

CH(OAc)CH(CHa)2 

CH 2 ^ ^ ^ x - C N TT 
CH-CH2CN 

Ph 

(CH2J4Cl 

(CHJ)3OAC 

(CH2)3CN 

N(SiMe3) 
CH; 

0^° 

A ^ ^ C N Xr 

J H v 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

(CH2)3—C=C—H 3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo- 2-cyclohexenone 

3-iodo- 2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

3-iodo-2-cyclohexenone 

(CHj)5CO2Me 

Me 

Me Me 

Me 

Me 
OAc 

^ H 

O CN 

Ph 

NC 

OAc 

CN 

N(SiMe3J2 

<5s^ 

0^0 

.CN 

3-iodo-2-cyclohexenone O 

f S COPh 

86 

85 

95 

88 

85 

84 

89 

84 

79 

89 

97 

70 

64 

71 

76 

76 

45 

56 

37 

36,37 

54b 

38,48 

38 

38 

55 

53 

35 

35 
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FG-RCu(CN)ZnI alkenyl iodide product yield (%) ref(s) 
NO2 

CH(OAc)-CH(CHa)2 

CH(OAc)Pent 

CH(OAc)(CHa)3OPiV 

N-CH2 

O 

CH2 

(CHj)6OAc 

(CHa)3CO2Et 

(CHa)3CN 

(CHa)3COPh 

(CHa)3CO2Et 

(CHa)6OAc 

(CHa)3CN 

(CH2)4C1 

(CH2)3CC02Et 

(CHa)3CN 

OSiMe3 

Ci (CH2J4 

3-iodo-2-cyclohexenone 

^ 5 ^ . NO2 PhSO2 

E , S 0 2 - ^ - N ° 2 

P h S 0 2 ^ N ° 2 

3-iodo-2-cyclohexenone 

0 . ,0 

c/Aa 

X 
X 
X 
X 
X 
X 

c/ \-Hex 

W 

Cl "Cl 

Qv , 0 

Cl Cl 

Qv ,Q 

Cl Cl 

ov .p 

Cl Cl 

Qv ,.O 

Cl "c-Hex 

Qv ,Q 

Cl c-Hex 

Ov JQ 

X Cl c-Hex 

Qv JQ 

Cl t-Bu 

°«° 
C l / N-Bu 

3-iodo-2-cyclohexenone 

Me 

Me 
NO2 

OAc 

AcO 

Pent " " ^ i * * ^ NO2 

PivO 
AcO 

rrU^X 
O 

Qv , 0 

AcO(CH2)5' (CH2I5OAc 

Qv ,.o 

EtO2C(CH2)/ (CHj)3CO2Et 

Qv ,P 

NC(CH2)/ (CH2J3CN 

Qv JO 

PhOC(CH2)/ (CH2J3COPh 

Ov JQ 

EtO2C(CH2)/ c-Hex 

X 
AcO(CH2)/ c-Hex 

Ov . 0 

NC(CH2)/ VHex 

X 
CI(CH2)4

/ c-Hex 

Ov , 0 

EtO2C(CH2)/ t-Bu 

X 
NC(CH2)/ N-Bu 

O 

70 

74 

79 

89 

83 

83 

72 

74 

67 

65 

57 

81 

77 

64 

125a 

45b 

80 

74 

72 

45b 

45b 

45b 

146 

146 

146 

146 

146 

146 

146 

146 

146 

146 

146 

49b 

file:///-Hex
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Table 11. Functionalized Alkynes Obtained by the Reaction of Zinc-Copper Organometallics with l-Haloalkynes 

FG-RCu(CN)ZnX (FG-R) alkynyl halide product yield (%) ref(s) 

CH2OPiV 
(CHj)3CO2Et 
(CHj)3CO2Et 
(CH2J3CO2Et 
(CHj)3CO2Et 

(CH2)3CN 
(CH2J3CN 

(CHj)3CH(OPiV)CH3 
(CH2)4C1 

(CH2)3C=CPent 
CH2CH2P(O)(OEt)2 
CH2SPh 
(CH=CH)Hex-(£) 

CHOAc 

(CH2)3C=CH 
CH2OPiV 
(H)C=C(H)(CH2)3OPiv-(E) 

Bu(H)C=C-B 

1-bromooctyne 
BrC=CCH2OTHP 
1-bromooctyne 
l-bromo-2-phenylacetylene 

Br -C=C-^ \ 

1-bromooctyne 

Br -C=C-^ \ 

1-iodooctyne 

Br-C=C-^ \ 

BrC=CPh 
1-bromooctyne 
1-bromooctyne 
1-iodohexyne 

1-bromooctyne 

1-iodohexyne 
1-iodohexyne 
1-iodohexyne 
1-iodohexyne 

CI(CHJ) 3 (H)C=C-B N 

P-J-
O ^ 

1-iodohexyne 

1-iodohexyne 

PiVOCH2C=CHeX 
Et02C(CH2)3C=CCH2OTHP 
EtO2C(CHj)3C=CHeX 
Et02C(CH2)3C=CPh 

Et02C(CH2)3-C=C-<{ \ 

HexC=C(CH2)3CN 

NC(CH 2 ) 3 -C=C- ( \ 

CH3CH(OPiv)(CH2)3C=CHex 

CI(CH2)4-C=C-<^J> 

Cl(CH2)4COC=CBu 

P* C. 
Bu 

(H)C=(H)CO2Et 

CHjC(CH3)JCH2C=CMe 

(CHj)3CO2Et 

CH2C(CHs)2CH2C=CMe 

1-iodohexyne 

a" 
^^ 0-C=C-I 

^ ^ '0-C=C-I 

Hex 
Vc=C-I 

CH/ 

DU 

C CO2Et 

Cf 
^ 0-C=C-A Me 

M e - C 5 C - ^ M e or 
v O - C S C - A 

EtO2C-^ Hex 

Me O - C = C - A Me 

Me-CSC^ 1 Me 

72 
74 
78 
71 
74 

81 
79 

75 
81 

87 

92 

81 

61 

56 

56 

44 
147e 
41 
41 
41 

41 
41 

41 
41 

PentC=C(CH2)3C=CPh 
(EtO)2P(O)CH2CH2C=CHeX 
PhSCH2C=CHeX 
(£)-BuC=CCH=CHHex 
(100% E) 

AcO 
^V-C=C-HeX 

O 
BuC=C(CH2)3C=CH 
BuC=CCH2OPiV 
(E)-BuC=CCH=CH(CH2)3OPiv 
PentCOC=CBu 

73 
89 
70 
77 

86 

60 
74 
66 
86 

41 
61 
59,60 
50 

45 

56 
45 
125a 
46b 

46b 

53 

53 

148 

148 

148 

10). A selective double addition-elimination on 3,4-
dichlorocyclobutene-l,2-dione (115) provides a range 
of functionalized 3,4-disubstituted cyclobutene-1,2-
diones 116 (eq 75).146 

Lithium- and magnesium-derived organocopper re­
agents are known to react under mild conditions with 
1-halogenoalkynes.147 Similarly, it was found that the 
functionalized copper-zinc reagents FG-RCu(CN)ZnX 
(100) undergo a smooth coupling reaction with 1-iodo 
or l-bromoalkynes. This provides an excellent synthesis 
of functionalized alkynes (Table 11) and has been used 

to prepare functionalized acetylenic ethers 117 (eq 
76).148 

.Ph 
Q ^ ^ • E^-^-^Cu^n,.-8 0 0 0 '0-5 5^^ 

56% 

Ph 

Ct* . C ^ - ^ C 0 2 E t (76)148 

117 
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Table 12. Coupling Reaction between Functionalized Alkylzinc Reagents and Polyfunctional Electrophiles in 
DMPUU» 

(FG-R)2Cu(MgX)-Me2Zn (FG-R) alkyl halide product yield (%) 
AcO(CHa)6 
AcO(CH2J6 
AcO(CHj)6 
EtO2C(CHj)3 
EtO2C(CHj)3 

Octl 
Et02C(CH2)3I 
NC(CH2)3I 
Octl 
KCHj)3C=CH 

AcO(CH2)12CH3 
AcO(CH2)8C02Et 
Ac0(CH2)„CN 
EtO2C(CH2)10CH3 

CO2Et H 

80 
74 
81 
72 
71 

AcO(CH2)4 

AcO(CHj)4 

PhCH2N(S02CF3)(CH2)3 
NC(CH2)6 

Ph' 
NO2 

SO2CF3 

PhCH2N(CH2I3I 

NC(CH2)3I 
PhCH2Br 

OAc 

NO2 

Ph 
PhCH2-N(CHj)7OAc 

SO2CF3 

PhCHjN(S02CF3)(CH2)6CN 
NC(CHj)7Ph 

83 

87 

77 
93 

The lower reactivity of copper-zinc reagents com­
pared to the corresponding lithium or magnesium 
copper derivatives becomes especially apparent in 
alkylation reactions. However, it was found that the 
treatment of dialkylzincs with 1 equiv of a lithium or 
magnesium dimethylcuprate provides a reagent which 
is able to alkylate primary alkyl iodides and benzylic 
bromides in polar solvents such as DMPU or NMP 
under relatively mild conditions (O 0C, 2 h).149 Less 
than 5 % of methyl transfer was observed under these 
conditions. This reaction shows a remarkable func­
tional group tolerance, and an iodide bearing a primary 
nitroalkane (118) or a terminal acetylene functionality 
(119) reacts to provide the expected mixed coupling 
product (Table 12 and eqs 77-79). This is one of the 
few methods allowing cross-coupling reactions between 
functionalized substrates to be performed. 

(AcO(CH2)4)2Zn 

Me2Cu(CN)(MgCI)2 

DMPU 
O0C, 2 h 

118 

(EtO2C(CHj)3I2Zn + 1(CH2J3-C=C-H 

119 

Me2Cu(CN)(MgCI)2 

DMPU *" 
O0C, 2 h 

| * > ^ C $ 

^ C O 2 E t H 

(NC(CH2)6)2Zn + PhCH2Br 

67% 

Me2Cu(CN)(MgCI)2 

DMPU 
O0C, 2 h 

Ph(CHa)7CN (79)1 

93% 

3. Coupling with Acid Chlorides 

Acid chlorides react only slowly with alkylzinc halides, 
and the reaction is further complicated by zinc(II)-
catalyzed THF ring opening. In contrast, the corre­
sponding organocopper reagents 100 react smoothly 
with acid chlorides at O 0C (2-12 h) and provide 
polyfunctional ketones in excellent yields. Alkyl, aryl, 
or benzylic zinc-copper reagents can be used with equal 
success (eqs 80-83 and Table 13). In the case of 
a-oxygenated organometallics, it was shown that the 
corresponding copper-cadmium organometallics react 
with acid chlorides in better yields.46 

(80)z 

PU (81 )37 

90% 

( E t O ) 2 ( 0 ) P ^ ^ . 
Cu(CN)ZnBi r

 1 ^ 0 0 I ( E t O ) 2 ( O ) P ^ . Pent 
O0C 

84% (82)61 

//—\ 1)CuCN-2LiBr /7~\ 
I Z n _^jH Z n l 2 ) M e C 0 C | . AC-^Q-AC (83)-

76% 

C. Addition Reactions 
1. Additions to Aldehydes and Related Reagents 

The direct addition of alkyl, aryl, or alkenyl zinc 
reagents to aldehydes is usually relatively inefficient.2 

However, it has been shown that alkenylzinc chlorides 
which seem to be more reactive than their alkyl 
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Table 13. Preparation of Polyfunctional Ketones by the Addition of Zinc-Copper Reagents to Acid Chlorides 

FG-RCu(CN)ZnX (FG-R) 

PiVOCH2 

PivOCHj 

PivOCH2 

PiVOCH2 

i 

M B N X H ( O C O C H 3 ) 

Me 

O 

EtO2CCH2CH2 

EtO2CCH2CH2 

PrCH(SPh) 

NCCH2CH(SPh) 

PhCOSCH2 

PhS(CHj)3 

NC(CH2)2 

NC(CH2J2 

NC(CH2)2 

EtO2C(CH2J3 

Me 

P i v O ' ^ / v C H 2 

NC(CH2)S 
Me 

Me-VO 
T B-CH 

Me-T-O' Hex 
Me 

O 

(f^£%(CH2)3 

W 
O 

HC=C-(CH2)S 

HC=C-(CHj) 3 

(EtO)2(0)P(CH2)2 
(EtO)2(O)P(CHj)2 
(EtO)2(0)P(CH2)2 
AcO(CHa)5 

RCOCl (R) 

Ph 

Qv 
c-Hex 
Cl(CH2)S 
Ph 

Ph 

Ph 

Ph(CH2)2 

Ph 

Ph 

Ph 

Ph 

Ph 

Cl(CH2)S 

c-Hex 

Ph 

Ph 

Ph 
Ph 

Ph 

Ph 

c-Hex 

Ph 
c-Hex 
Pent 
Ph 

product 
O 
U 

Ph'XHjOPiv 

V'YV o p i v 

O 
PivOCHaCOc-Hex 
Cl(CHa)3COCH2OPiV 

OAc 
M e ^ J ^ P h 

Me O 

O 

O 

O 

P h - ^ - ^ C O j E t 

O 

P h ^ — —^CO 2 Et 

P h - \ - S P h 

Pr 

p h -V S P h 

pA"Vh 

O 

p h s ^ - ^ Y P h 

O 

O 

O 

CI(CH2)3'^V-^SCN 

O 

o - H e x ' ^ / s - C N 

Eto2c^-^YPh 

O 
Me O 

PivO 

NC(CHa)3COPh 
HeptCOPh 

O 

|f^[[jN(CH2)3COPh 

W 
O 

O -.H 

O r-H 

PhCO(CH2)2P(0)(OEt)2 

c-HexCO(CH2)aP(0)(OEt)2 

PentCO(CH2)2P(0)(OEt)2 

OhCO(CHa)6OAc 

yield (%) 

81 

90 

66 
42 
82 

93 

76 

89 

93 

79 

85 

87 

83 

77 

79 

87 

93 

93 
74 

74 

68 

67 

96 
86 
84 
87 

ref(s) 

44,45 

44,45 

44,45 
44,45 
45 

45 

27a 

27a 

59,60 

59,60 

60 

59,60 

54a 

54a 

54a 

29 

29 

29 
46a 

57 

56 

56 

61 
61 
61 
48 
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FG-RCu(CN)ZnX (FG-R) 

cc 
Cf 

a? 
PrCH(CH2CN) 

PhCH(CH2CN) 

L J N ^ Z H X 

O 

U U 
PhCH(CH 3 ) 
Ph 
CH(CH2)JCN 

Cl 
X ^ C H 2 

(TMS)2N 

6" 
(TMS)2N 

Br 

(TMS)2N 

(TMS)2N 

(TMS)2N 

r V C H 2 

U 1̂ 
(TMS)2N 

6r 0 H ! 

(TMS)2N 

RCOCl (R) 

Ph 

Ph 

Ph 

Ph 

Ph 

ClCOCOCl 

Ph 

c-Hex 
Ph 

c-Hex 

Ph 

Ph 

Q-
Cl(CHa)3 

Cl(CHa)3 

C I C H 2 % / ^ J \ 

U 

p h - ^ > 
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product 
^\..->CN 

^ ^ • C O P h 
as/trans (VA) 

t-Bu* ^ ^ ''COPh 

dsftrans (<1 :>99) 

CT0" 
\-^""COPh 

ds/trans (<1 :>99) O 

Ph -^y^CN 
Pr 

XN 

P h \ ° 
Ph 

ct>° 
H 

O 

U Xj I 
PhCH(CH3)COc-HeX 

^ C N 

--Sr" 
O 

Cl 
X ^ c H e * 

CXc|o 

H 

^ ^ A - N ^ P h 
H 

H bJ 

H 

Cl 

H 

H 

yield (%) 

89 

67 

68 

81 

82 

77 

90 

93 
83 

92 

94 

75 

78 

80 

73 

76 

53 

ref(s) 

54b 

54b 

54b 

54b 

54b 

49 

36,37 

36,37 
37 

36 

55 

55 

55 

55 

55 

55 

55 
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FG-RCu(CN)ZnX (FG-R) 

OT 
< Q - 0 - C H * 
N C ^ D H 

a? 
MeO2C-^ V - j 

MeoHCH 
N C ^ O H 
NC(CHj)6 
Cl(CHj)6 
EtO2C(CHj)3 
EtO2C(CHj)3 

B O 2 C H Q > - | 

E,O2CHQH 

C-O-1 

EtO2C 

O"* 
CO2Et 

CO2Et 

"0^O-1 

^ - O - 1 

On 
o-«_ 
CH3CO-Q>-| 

K>H 

RCOCl (R) 

Cl3C 

Cl3C 

Ph 

Ph 

CF3
0 

CF3
0 

CF8-

Ph 
Ph 
Bu 
Ph 
Bu 

Ph 

Bu 

Ph 

Ph 

Bu 

Ph 

Bu 

Ph 

Bu 

Bu 

CH3 

product 

COY0" 
< ^ ^ — ^ j ) - C H 2 C O C C l 3 

~0-C 
0£ 

o 

MeO2C-^ VcOCF3 

MeO-<( )>-COCF3 

NC-V~Vc°CF 3 

NC(CHj)6COPh 
PhCO(CHj)6Cl 
EtOjC(CHj)3COBu 
EtO2C(CHj)3COPh 

E t O 2 C - ^ V - COBu 

E t O 2 C - ^ ^ - C O P h 

C l - ^ ^A-COBu 

EtO2C 

Q^COPh 

CO2Et 

Q K C O P h 

CO2Et 

Q^COBu 

N C _ 4 y _ c ° p h 

HC~\ #~COBU 

/CN 

Q ^ C O P h 

/CN 

0KCOBu 

C H 3 C O - ^ V-COBu 

A C ~ 0 - A C 

yield (%) ref(s) 

CH2 

O 
NO2 

Ph 

Ph 

Ph 
o 

NO2 

82 

85 

82 

75 

52 

32 

50 

94 
85 
91 
95 
83 

88 

90 

83 

92 

94 

73 

71 

98 

97 

80 

76 

80 

70b 

70b 

125 

125 

144 

144 

144 

64 
64 
64 
64 
64 

64 

64 

64 

64 

64 

64 

64 

64 

64 

64 

64 

29 

\ 
75 125a 

COPh 

0 (CFsCO)jO was used. 
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counterparts,13113 add to a-amino aldehydes in accept­
able yields,160 providing unsaturated 1,2-amino alcohols 
stereoselectively (eq 84). Allylic zinc reagents, which 
are highly reactive, add to a wide range of carbonyl 
functionalities (Table 14).151-166 For example, the 
functionalized 2-carboethoxyallylzinc bromide 120 re­
acts well with aldehydes, ketones or imines106,156 (eq 85 

BOCNH^i + ^ Z n C , e t h e r - T H F » BOCNH 
i u -3O0C to O0C 

O P h^-«N .CO2Me 

Jl r T 
^ s ^ X ) ^ PhCHO CO2Et H Ph 

>—( 250C < ^ ^ Z n B r " 
Ph 120 

P h N " ^ 0 (85)105'156 

PrT^CO2Me 

and Table 14) leading to a-methylene-7-butyrolactones 
or a-methylene-7-butyrolactams.156 

The zinc reagent 120 is prepared in high yield (>90 %) 
from the corresponding bromide in THF if the reaction 
temperature is maintained between 17 and 20 0C during 
the addition and if zinc having a granulometry of 30 
mesh is used (Table 14).105 The allylic zinc compound 
121 formally allows (3 + 2) cyclization reactions to be 
performed,167 and its addition to aldehydes or imines 
furnishes, after a Pd(0)-catalyzed ring closure, 3-me-
thylenetetrahydrofurans and 3-methylenepyrrolidines 
(eq 86).167 

1) R3(H)C=NR4 

2) Pd(O) -C 
ZnBr 

OCH2Ph 2) Pd(O) 

121 

In the presence of Lewis acids such as Ti(Oi-
Pr)nCl4-,,,

158-169 Me3SiCl, or BF3-OEt2,
40 the addition of 

functionalized organozinc halides to aldehydes proceeds 
satisfactorily. An excellent chemoselectivity is ob­
served; thus, the reaction of cinnamaldehyde with the 
zinc-copper reagent 122 produces in the presence of 
BF3-OEt2 (2 equiv) the 1,2-adduct 123 in 89% yield 
(Table 14), whereas in the presence of Me3SiCl (2 equiv) 
the same organometallic reagent undergoes a 1,4-
addition leading to the aldehyde 124 (92% yield; eq 
87).40 As is the case for organotitanium reagents,162-163 

the organometallics FG-RCu(CN)ZnI add, in the pres­
ence of BF3-OEt2, with good diastereoselectivity to 
a-chiral aldehydes (eq 88).*° Oxygenated metabolites 
of unsaturated fatty acids can be prepared using the 
addition of a functionalized zinc-copper reagent to the 
unsaturated polyfunctional aldehyde 125 (eq 89).161 

The direct addition of organozinc halides to aromatic 
aldehydes is possible in the presence of BF3-OEt2, but 
the use of the corresponding copper compounds is 
mandatory for other classes of aldehydes (Table 15). 
Interestingly, it was found that functionalized (bro-

momethyl)oxazoles of type 126 can be readily converted 
to the corresponding zinc reagents 127 and be added 
under very mild reaction conditions (0 0C, 2 h) to 
aldehydes and ketones in the absence of copper salts 
(eq 9O).164 This high reactivity can be explained by the 

BF3-OEt2 

(2 equiv.) PivO 

PivO^ .Me, -78°C to -3O0C 

OH 

XJ Cu(CN)ZnI -3O0C, 4 h 
(1,2-add.) 

Ph 

122 
+ 

H Me3SiCI 
(2 equiv.) 

Me Ph 

123 
89% 

k CH2Ch 

(87)* 

-780C to 250C * P i v 0 Me 

CH2CHO 

Ph 

(1,4-add.) 

O 

124 

92% 

-Y^ H + Ph^"5**-^ ^O 
IZn(CN)CUs 

BF3OEt2 

(2 equiv.) 

Me 
-78°C to -300C 

-3O0C, 4 h 

P h ^ ^ O 

P h ^ M e 

73% (dr.-85:15) 

A c O v ^ v A H EtO2C(CH2)TCUi 

AcO" 

1(CN)ZnI 

I BF3OEt2, -780C, 5 h 

125 

Me 

AcO, 

AcO' 

OH 
CO2Et 

Me 
55% 

enolate character of the zinc compounds 127, and it is 
well known that zinc enolates display usually a good 
reactivity toward carbonyl compounds (Reformatsky 
reaction).9 In contrast, a benzylic zinc halide requires 
the transmetalation to the copper reagent 128 to add 
to aldehydes (eq 91). 

EtO2C EtO2C 

N ^ 0 Z n 1 T H F 1 O X C b 

B r BrZn^ 

^.6 
EtO2C. 

126 

EtO2C. 

XT' 

127 

BF3-OEt2 

Cu(CN)ZnCI + p h C H 0 (2 equiv.) 

90% 

(9O)1' 

128 

-780C to -200C 
-200C, 12h 

EtO2C. 

TX .̂ (91) 
95% 
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Table 14. Preparation of Polyfunctional Secondary Alcohols by the Addition of Allylic Organozinc or 
Organozinc-Copper Reagents to Aldehydes, Ketones, and Imines 

FG-RM" 
M = Cu(CN)ZnI carbonyl compound product yield (%) ref 

(CH2)3-< ~) 

PhMe2Si 

Pen t^OTHP 

OTHP 

T H P O C H 2 C ^ C C H 2 M 
OMe 

£zj^ C^M 

TBDPSO 

Me 

* C ^ M 

T B D P S C ^ ^ ^ C ^ , 
C^ M 

M 

Fe(CO)3 

y—M 

Fe(CO); 

Fe(CC 

.OCI 

Fe(CO)3 

-M 

1 
I 
Fe(CO)3 

,OCH2Ph 

OCH2Ph 

M 

X 

JX 

^OC 

OCH2Ph 

M 

OCH2Ph 

M 

OCH2Ph 

M 

.OCH2Ph 

M 

PhCHO 

o 

6 
PhCHO 

NC(CH2)2C(Et)2CHO 

u 

6 
Q 

6 
PhCHO 
PhCHO 

PhCHO 

o 
1 

Ph-^SiMe3 

PhCOMe 

MeCOMe 

Me V ^ C H O 

Me 

PhCHO 

PhCOMe 

P h ^ N s Me 

Il 0H 

( > — ( C H j J a - ^ ^ P h 

OH 
PhMe2Si 

Et: 
Il 0 H 

-JUPh 
OH 

Et5N CN 

Et Et 

OH 

Pent' OTHP 

OH 

OTHP 

THPOCH2C^CCH2CH(OH)Ph 
OMe 

Ph 

Me 

TBDPSO 
OH 

T B D P S O - ^ ^ ^ - C * ? H 

Ph 

SiMe3 

OH 

Me 
Ph 

Fe(CO)3 

.OH 

Me 
Me 

Fe(CO)3 

- \ Ii un ivie (CO)3Fex 0 H M e 

Me 

BnO. 
> OH 

Ph 

BnO. 
> OH 

A A 0 
BnO. 

B " A J ^ 
BnO. 

BnO^ 
> NHMe J^x 

96 

71 

90 

75 

58 

70 

80 
95 

46 

64 

37 

20 

64 

95 

92 

100 

100 

98 

90 

100 

100 

100 

100 

101a 

101a 

101a 
101a 

101b 

101b 

151c 

151c 

151c 

157c 

157c 

157c 

157c 

157c 

157c 

Ph 
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FG-RM-
M = Cu(CN)ZnI carbonyl compound product yield (%) ref 

OCH2Ph 

M 

CO2Et 

CO2Et c 

CO2Et e 

Me 

C02t-Bu 
,M 

Me 
CO2Et 

H N J S ^ M 

Bu 

CO2Et 

CH2Ph 

CO2Et 

NC(CHj)3 

CO2Et 

Me 

M e ^ % u 

PhCHO 

PhCHO 

PhCHO 

PhCHO 

c-HexCHO 

PhCHO 

PhCHO 

PhCHO 

6 0 S NHBu 

Me 

Ph 

Ph. 

p h - v ^ o 

Me, 

P h - \ 0 ^ 0 

BuCSC(CHj)2 

tev/ 

Vf 
c - H e x ^ Q ^ O 

cis/trans (80:20) 

P h - ^ Q ^ O 

cis/trans (92:8) 

NC(CH2J3 /, 

P h - ^ - Q ^ O 

cis/trans (90:10) 

Bu N 

Ph-^Q^O 

91 

88 

33 

87 

89 

76 

78 

75 

76 

157c 

105b 

105b 

105b 

105b 

106 

106 

106 

106 

CO2Et 

(CH2)3C02Et 

CO2Et 

H^Jv^M 

(CH2J3CO2Et 

CO2Et 

H.J\x-M 

(CH2J4CI 

CO2Et 
Et0 2C^,#J^ JH 

(CHj)3CO2Et 

PhCHO 

PhCOMe 

Ph' 

O 

cis/trans (95:5) 

EtO2C' 

P h » - * w * * 0 

cis/trans (95:5) 

EtO2C 

Ph ° 

cis/trans (100:0) 

EtO2C 

EtO2C 

Ph 

cis/trans (85:15) 

85 

68 

82 

86 

106 

106 

106 

106 
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FG-RM" 
M = Cu(CN)ZnI carbonyl compound product yield (%) ref 

CO2Et 
E t 0 2 C ^ x * J ^ M 

(CH2J3CN 

CO2Et 

c-Hex 

CO2Et 
c-Hex s ^ - ^ v ^ M 

Bu 

CO2Et 
B u ^ ^ s ^ M 

Ph 

CO2Et 

Bu 

C02t-Bu c 

C02t-Bu 

c-HexCHO 

PhCHO 

PhCHO 

PhCHO 

PhCHO 

Ph 

Me 

Me 

Me 

Me 

Me 

Me 

Me 

'OH 

c-HexCHO 

PhCHO 

^ M e 

M e v^ H A^M 
Me 

CO2Me c 

, ^ s ^ Z n B r 

CO2Et c 

CO2Et c 

CO2Et c 

^L^ZnBr 

PentCOSiMe3 

Ph v j ? N N^-CO2Me 

Ph 

P h x ^ N CO2Et 

Ph4 

Ph ̂ N CO2Et 

Me 

t-Bu ̂ N CO2Et 

Ph 

EtO2C 

NC 
c-Hex-^-n-^^O 

as/trans (95:5) 

c-Hex » 4 — / 

P h - ^ / ^ O 

cisArans (75:25) 

c-Hex " X - / 

P h - S 0 - ^ 5 O 

cis/lrans (98:2) 

«4y 
-O-o Ph 

cisftrans (60:40) 

By / / 

Ph^Sy^O 

cis/trans (98:2) 

t-Bu02C Ph Ph 

H i OH 
t-Bu02C Ph Me 

H 

I „Me 

Me' 

c-Hex 

OH 

(dr = 9:1) 

LM8 

Me' 

Ph 

OH 

(dr = 4:1) 
Me„ 

Me [ ]T OH 

M e ^ * ^ H ' ^ - ^ P e n t 

Ph' 

93 

60 

67 

78 

85 

85 

77 

78 

95 

78 

70 

85 

78 

75 

106 

106 

106 

106 

106 

156a 

156a 

76 

76 

155 

Ph^CO 2 Me 

P h ^ N > * 0 

PIT^CO2Et 

P h - ^ N - ^ O 

M^T-CO2Et 

t - B u - % - ^ 0 

P h ^ X O 2 E t 

0 Prepared by the methylene homologation of the corresponding alkenylcopper (or alkynylcopper) using iodomethylzinc iodide. 
6 Prepared by metalation. ' Prepared by direct zinc insertion. 

156b 

156b 

156b 

156b 
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Table 15. Preparation of Polyfunctional Secondary Alcohols Obtained by the Addition of Organozinc or 
Organozinc-Copper Reagents to Aldehydes, Ketones, Imines, or Immonium Ions in the Presence of Lewis Acids 

FG-RM" carbonyl compound product yield (%) ref(s) 
PiVOCH2M 

PiVOCH2M 

PhSCH2M 
Et02C(CH2)2M 

EtO2C(CH2J2M 

Et02C(CH2)3M 

EtO2C(CH2)JkI 

EtO2C(CH2)SM 

EtO2C(CH2J2M 

Et02C(CH2)2M 

PhCO(CH2)„M 

PhCO(CHiI)6M 

Me Y^CO2Et 
M 

Me 
^T^CO^t 
M 

Et02C(CH2)2M 

EtO2C(CHa)3M 

Et02C(CH2)8M 

PhCHO 

HexCHO 

PhCHO 
PhCHO 

BuCHO 

PhCHO 

PhCHO 

PhCHO 

t-Bu 

I(CH2)4COPh 

PhCHO 

BuCHO 

PhCHO 

P h ^ N CHO 

PhCHO 

t-BuCHO 

CHO 
OMe 

PIVO'^Y' 
OH 

Ph 

PivO y 
OH 

PhSCH2CH(OH)Ph 
O 

Bu 

as/trans (>99:1) 

O 

/=/ Me 
Ph 

ds/trans (83:17) 

O 

1> 
EtO2C' 

EtO2C 

,OH 

t-Bu 

OH 

89 

73 

71 
95 

44,45b 

44,45b 

59,60 
158 

100 

78 

80 

95 

88 

95 

76 

75 

94 

95 

95 

40 

97 

158 

158 

158 

158 

158 

158 

158 

158 

158 

158 

160 

160 

160 

OMe 
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FG-RM" carbonyl compound product yield (%) ref(s) 
Et02C(CH2)3M CHO / = \ .OH F HCK_^c 0 i 

Et 
88 160 

EtO2C(CH2)SM 

Et02C(CH2)4M 

Et02C(CH2)4M 

Me Y^CO2Et 
M 

Et02C(CH2)2M 

O 

( H O f c R ^ ^ 

O 

O Me 
(MeO)2P L 

P h - ^ C H O 

PentCHO 

PhCHO 

PhCHO 

H \ N
Y

C 

Bu O 

PhCHO 

HexCHO 

PhCHO 

HC=C-

' ^ 
^ 

PivO^ 

Me 

PivO-

Me 

PivO. 

Me 

AcO(CH2)3M 

M 

H-Bu 

PhCHO 

o 

Ph' 

PhCHO 

aCHO 

HexCHO 

CHO 

P h ^ C H 3 

AcO(CH2)3M 

O 

O 

NM 

"̂ M 

HexCHO 

PhCHO 

b* o 
P h - ^ ^ H 

EtO2C 

EtO2C 

OH 

Ph 

OH Me 

OH 
BocNHs vC02Et 

Bu 

P i v O ^ / ^ / v ^ P h 

Me OH 

PivOv 

Me OH 

P i v O s ^ - v ^ ^ - s ^ Hex 

Me OH 

Me 

AcO' Ph 
OH 

( f l * , f l * / f l *S* = 83:17) 

AcO 
,Hex 

OH 

Ph 

O 
,Ph 

OH 

68 

22 

80 

70 

32 

96 

88 

81 

75 

65 

80 

84 

77 

77 

91 

93 

79 

160 

160 

160 

160 

159 

61 

61 

61 

56 

57 

40 

40 

40 

40 

40 

40 

40 
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FG-RM0 carbonyl compound product yield (%) ref(s) 

Ph-

O 

NC(CHj)3M 

•**• 
^ 

EtO2C(CH2)SM 

M 9v „ 

Me7L/ 
Me' u 

BCHoM 

EtO2C(CH2)SM 

Et02C(CH2)sM 

C2F6M 

1-C8F7M 

C6Fi3M 

Me 
Me 

B' 0 S, -Me 
Me 

Me'Me 

BuC^C(CH2)4M 

^ Z n C I 

CHO 

P h ^ X H 3 

PhCHO 

PhCHO 

PhCHO 

H ^ O 

P h ^ ^ H 

O 
AcO N ^-^A H 

AcO*^ Pent 

Me 

( Q ) - C H O 

Cr(CO)3 

Me 

CHO 

CHO 

Q-
Cr(CO; 

Me 

0-
Cr(CO)3 

PhCHO 

BuCHO 

c-HexCHO 

PhCHO 

o 
B O C N H ^ A N 

BnO 

U MS 

P h ^ ^ A 0 ^ ^ ^ j A p h 
OH 

_* _*, _* _* {R ,R IR S =85:15) 

,Ph 
NC 

OH 

N - ^ ^-^ ^ Ph 

OH 

O 

OH 
OH 

E t 0 2 C ( C H 2 ) e v ^ ! ^ P h 

OH 

OH 

AC°Y^^(CH2)eC02Et 

A c O ^ Pent 

0-ToI-CH(OH)C2F6 

0-ToICH(OH)CRx 

CF3 

0-TOICH(OH)C6FI3 

OH 

Pent 
OH 

u 
_ , J ^ c-Hex 
Pent y ^ 

OH 

BuC^C(CH2)4CH(OH)Ph 
OH 

B o c N H ^ ^ s ^ 

jy 

73 

85 

89 

72 

93 

80 

55 

85 

100 

80 

76 

74 

87 

64 
>60 

40 

40 

40 

40 

46a 

161 

161 

176 

176 

176 

46b 

46b 

46b 

49b 
150 

(dr = 8:1) 
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FG-RM- carbonyl compound product yield (%) ref(s) 

^ Z n C l BocNH 

Me 

Me 

OH 

BocNH ^X^f> 

Me„ 

V 
Me 

>60 150 

CC" 
CN 

ZXT" 
O 
IJ 

EtO-1Nf-V^M 

PhCHO 

PhCHO 

PhCHO 

PhCHO 

EtO 

T 
N ^ O 

"ZnBr 

,0 
EtO 

Ny° 
ZnBr 

EtO 

NY° 
ZnBr 

EtO 

ZnBr 

EtO 

NyO 

ZnBr 

EtO 

"ZnBr 

,0 

T 
EtO 

ZnBr 

PhCHO 

PhCHO 

P P - ^ S S A H 

Me O 

O 

T B D M S O ^ ^ / v . ^ A 

Me 
Me 

Me 

(dr = 8:1) 

ox 
rvv Ph 

L ^ OH 
CN 

Me0^^r^^ -Ph 

OH :m: AcO 

.0 
EtO 

Pent 

Ny° 
T 

OH 

EtO2C 

Ph 

OH 
EtO2C 

N ^ O 

Ph 

OH 

EtO2C 

N<s^0 

OH Me 

Me 

EtO2C 

N<j..O 

Me 

OH 

EtO2C 

OH 

EtO2C 

OTBDMS 

Me 

Me^T ~ Me 

OH 

93 

94 

85 

97 

92» 

96» 

97» 

62» 

40» 

62» 

39» 

36,37 

36,37 

36,37 

37 

164 

164 

164 

164 

164 

164 

164 
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FG-RM0 carbonyl compound product yield (%) ref(s) 

EtO 

NY° 

ZnBr 

ZnBr 

EtO 

ZnBr 

EtO 

ZnBr 

O 

NY° 
ZnBr 

a" CO2Me 

CO2Me 

^CI 

CC 

cc 
M 

CN 

M 

CN 

PhCOMe 

P h - ^ ^ M e 

u 

6 
Me 

O 

a-0 
O^OEt 

Cl +N 

O' OEt 

Cl +N 

0"^OEt 

0,-0 
O ^ OEt 

O ^ O E t 

Cl" 4N 

0 " " O E t 

Me 

Cf 
Cl +NT 

O ^ O E t 

EtO2C 

OH 

EtO2C 

Me1 
Ph 

OH 

EtO2C 

Me 
Ph 

OH 

EtO2C 

N ^ O 

OH 

EtO2C 

NY° 
MeW^ 

OH 

MeO2C 

= / V J ' 

N w ^ \ r C 0 ! M 9 

49» 

47» 

93» 

90» 

52» 

50» 

57» 

56» 

43» 

40» 

50» 

46» 

164 

164 

164 

164 

164 

170 

170 

167 

167 

167 

169 

169 
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FG-RM" carbonyl compound product yield (%) ref(s) 

M 

CN 

M 

CN 

M 

CN 
M 

CN 

M 

CO2Me 

M 

CO2Me 
M 

CO2Me 

M 

CO2Me 

,M 

CO2Me 

CO2Me 

CC 

CC 

a' 
cf > r 

0^"OEt 

CC 
Cf + N ^ 

O ^ O E t 
^ . C O 2 E t 

a- \J 
O ^ O E t 

M e V s ^ ^ - C 0 2 M e 

0*^OEt 

O ^ O E t 

.CT 
O1^OEt 

.Cf 
ci Y 

O ^ O E t 

.Cf" 
Cl ^ jT 

O -^OEt 

Cl" +N 

O1^OEt 

O ^ O E t 

CC .CT Cl" +N' 

O ^ O E t 

CO2Me 

O ^ O E t 

Cl ^+JjT 

0 ^ 0 E 1 

^ V ^ . .V-CN 
\JT\J 

Br 

r/ ?—(\ />-CN 

CO2Me 

r/ V-(v />-CN 

CO2Me 

H \—(\ /)—CN 

Me 

\\-\\-soim 

Me 

N ' ^ — k ^-CO 2 Me 

Nw/Vj^~C 0 2 M e 

.CN 

N ' ^ — ^ h—CO2UB 

MeO2C 

= / W 

OMe 

\J~\ /J 
MeO2C 

Me 

Br 

CN 

6O* 

44» 

45» 

43" 

57» 

46» 

38» 

29» 

50" 

41» 

61» 

66» 

169 

169 

169 

169 

169 

169 

169 

169 

169 

169 

168 

168 

168 
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FG-RM" carbonyl compound product yield (%) ref(s) 

Cl(CHs)4ZnI 

EtO2C(CHj)2ZnI 

Et02C(CH2)3ZnI 

^ O ^ O ^ ^ Z n l 

Cl(CH2J4ZnI 

C) 
X V 

CO2Ph 

,Q 
CO2Ph 

O 
X-V 

CO2Ph 

,P 
CO2Ph 

O 
Ci- V 

CO2Ph 

Cl(CH2)4ZnI 

Et02C(CH2)2ZnI 

Et02C(CH2)8ZnI 

t-Bu 
I 

rS 
c,- V 

CO2Ph 

t-Bu 
I 

rS «Y 
CO2Ph 

t-Bu 

Cl(CHj)4ZnI 

EtO2C(CHj)2ZnI 

EtO2C(CHj)3ZnI 

Cl(CHj)4ZnI 

Cl' +N 
CO2Ph 

Ph 

Cl" +N ' 

CO2Ph 

Ph 

Cl- +N 
CO2Ph 

Ph 

Cl" +N' 

CO2Ph 

Cl 

N — XO2Et 
CO2Ph 

CO2Et 
i 
CO2Ph 

N 
CO2Ph 

OH 

6* N' "N 
CO2Ph CO2Ph 

68:32 

Cl 

"CO2Et 

,CO2Et 

"Cl 

,CO2Et 

Cl" +N 
CO2Ph 

c-HexCHO MgBr 

H X ^ OPIV 

1 M = Cu(CN)ZnX.» Prepared in the absence of Lewis acid. 

"Cl 

„c-Hex 

OPiv 

77» 

97* 

82» 

64» 

70» 

81» 

46» 

35» 

57» 

66» 

47» 

66» 

71» 

77» 

172 

172 

172 

172 

171 

171 

171 

171 

171 

171 

171 

171 

125a 

125a 
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Nonactivated imines do not react with organozinc 
reagents; however, the addition of some dialkylzincs to 
a-diimines proceeds quantitatively.165 The addition of 
dialkylzincs toiV-diphenylphosphinoylimines 129 in the 
presence of a catalytic or a stoichiometric amount of 
chiral j8-amino alcohols provides chiral amines of type 
130 with excellent enantioselectivity (75-98% ee; eq 
92).166a 

reported. The extension of the reaction to function-
alized dialkylzincs seems straightforward and would 
allow an easy access to chiral polyfunctional amino 
acids.173"175 

The diastereoselective addition of perfluoroalkylzinc 
iodides to chiral arene-chromium complexes 134 has 
been exploited to prepare (perfluoroalkyl)arylcarbinols 
135 in 30-66% ee (eq 97).176 

P f ^ N Ph 
P-Ph 

1 2 9 

Bu2Zn 

^ N OH 

M / Ph 

(1.0 equiv.) 

P V V * 1>Ha°+ 

Bu O 

56% (87% ee) 

2) HO' 

Ph 

Y 
Bu 

130 

NH, 
(92)1 

CO2Me 

O 
CO2Me 

cr N+ 

cr ^OEt 

131 
Cu(CN)ZnI 

40% overall 
yield. 

(94)167 

CO2Me 

S, decalin 

—* 
heat 

Pyridinium salts 131167-171 o r unsaturated pipe-
ridines172 132 react with various organozincs or with 
the corresponding copper reagents and provide an 
expeditive preparation of various polyfunctional het-
erocycles (eqs 93-95).167_171 This reaction has been 
applied to a synthesis of (i)-dihydropinidine 133 (eq 
96).172 A new synthesis of chiral amino acids using the 

OMe 1) MeMgCl 
2)PhOCOCI 

3) H3O+ 

4) NaBH4 / CeCI3 

5) t-BuOK 

OMe 

M e ^ N ^ 

M e ^ N ^ P r 

CO2Ph 

132 

n-PrZnl 

BF3 • OEt2 

90% 

els: trans 4:1 

CO2Ph 

1) H2 / Pd / C_ 

2) HO", A 
H 

133 

(96)1 

addition of dialkylzincs to chiral oxazolidines has been 

CH3 

^ - C H O 

Cr(CO)3 

134 

CH3 

F 3 V ' Z n / ™ F . ^ - - C H ( O H ) - C f 3 

P 3 / ultrasound \ ^ f ^ 3 

Cr(CO)3 

135 

— ! 2 L » » o-Tol-*CH(OH)CF(CF3)2 (97)176 

The low reactivity of organozinc compounds in 
addition reactions makes these organometallics ideal 
reagents for catalyzed reactions, and a number of highly 
efficient catalytic systems have been developed for 
performing selective additions of diethylzinc to alde­
hydes.30'92'93 Recently, the reaction has been extended 
to functionalized diorganozincs using a chiral titanium 
catalyst (see section V).48 

2. 1,4-Additions to a,$-Unsaturated Carbonyl 
Compounds 

One of the most useful synthetic properties of 
organocopper compounds derived from lithium or 
magnesium organometallics is their ability to readily 
undergo 1,4-addition reactions. As expected the zinc 
copper reagents FG-RCu(CN)ZnI react under the 
appropriate reaction conditions with several types of 
a,/8-unsaturated carbonyl compounds. The use of a 
soluble copper salt was found to be mandatory.29 The 
addition of CuCN (1 equiv), which is insoluble in THF, 
to butylzinc iodide in the presence or absence of 
MesSiCl177-180 leads only to low yields of 3-butylcyclo-
hexanone (10-23%; eq 98 and Table 16), whereas the 
use of the THF soluble copper salt CuCN-2LiX, in the 
presence of MeaSiCl, provides the desired Michael 
adduct in 97% isolated yield!29 

BuZnI 

"CuX", THF 
cyclohexenone __ 

n Me3SICI 
-780C to 250C "*"" "Bu 

CuX = CuCNm = O: 10% 

CuX = CuCN; n = 2 : 23% 

CuX = CuCN-2LiCI ; n = 2 : 

(98)2 

97% 

Clearly the rate of the transmetalation from zinc to 
copper is faster if a soluble copper salt is used. With 
CuCN-2LiCl, various functionalized organozinc halides 
can be added to /?-monosubstituted enones in the 
presence of MeaSiCl (2 equiv; eqs 99-101 and Table 

0 

6* NC' ^Cu(CN)ZnI 

1) Me3SiCI (2 equiv.) 
-780C to 250C, 12 h 

2) aq. NH4CI ' 

(99)2 

XN 

8 1 % 
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Table 16. Michael Additions of Functionalized Zinc-Copper Reagents to Enones and Related Carbonyl Compounds 

FG-RM" 
a,(3-unsaturated 

carbonyl compound product yield (%) ref(s) 

NCCH2CH2M 

NCCH2CH2M 

NCCH2CH2M 

PivOCH2M 

PhSCH(Pr)M 

PhS(CH2)3M 

PhS(CH2)3M 

Me 
Me-IyO^ 

Me-T-O 
Me 

Me 
M e - \ ^ 0 „ 

,BCH2M 

Me-T^o ' 
Me 

BCH(Hex)M 

Me 
MeA^O 1 

Me 

Me 
Me-V-Q1 

Me-T^o" 
Me 

,BCH(HeX)M 

BCH(Hex)M 

Me 
M e - \ ^ 0 „ 

^BCH(HeX)M 
Me-7^0 

Me 

Me 
Me-A-C; 

T BCH(Hex)M 
Me-7^0 

Me 

( E I O ) 2 R N ^ 

O 

M e - ^ ^ P h 

6 

0 

M eA^vP h 

0 

M e ' ^ ^ P h 

O 

Ph 

O 

M e - ^ ^ P h 

p h ^ C 0 2 E . 

CO2Et 

Pent^Y0 0^' 
CO2Et 

PhS 

Ph O 

Me 

OH 

X >e 
Me 
Me 

,Me Me^ 
Me^ /~~0 Ph 0 
Me-

m B \ l 

Hex 

(1 diastereomer) 

Me, Me 

Me 
Me 

"O Ph O 

Hex 

(1 diastereomer) 

Me 

Me 
Me 

M e ^ 6 

le-*\_ i 
O Ph 

, B N A N ^ C O 2 E I 

Hex CO2Et 

(1 diastereomer) 

Me 
Me 

Me^e 

O Pent 
r j - B ^ k ^ C O j E t 

Hex CO2Et 

(mixture of diastereomers) 
O 

(EtOkR^^^o 

95 

65 

86 

59 

78 

84 

81 

67 

74 

57 

79 

95 

86 

71 

54a,99 

54a 

54a 

44,45b 

59,60 

59,60 

60 

46a 

46a 

46a 

46a 

46a 

46a 

61 
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FG-RM" 
a,j8-unsaturated 

carbonyl compound product yield (%) ref(s) 
O 

( E t O ) 2 F ^ M 

( i P r 0 2 C - ^ Z n 

(E to 2c^Z n 

UO 2 C-SP 

( B O W * 1 

O 

M e - ^ ^ P h 

O 

6 
O 

6 
O 

6 
O 

( i P r 0 2 C ^ Z n 

( E , o 2 c ^ Z n 

( E t O 2 C ^ 2 " 

(NC(CH2)S)2Zn 

M 

P r A ^ C N 

M 

P r J ^ C N 

Me 

(E«o2c^Zn 

(E ,o 2c^Z n 

& . 

^Y0 

Me 

Me 

Me 

Xt>,R 
R = Me3Sn, Ac, MOM 

H 
Me 

Me 

EtCsCCOMe 

o 

M e ^ ^ P h 

O 
(BO)2P. 

Ph Me 

OSiMe3 

C02iPr 

OSiMe3 

ex. 
OSiMe3 

I ^ S Me 

OSiMe3 

CO2B 

CO2Me 

CO2B 

Me 

(dr = 72:28) 

OSiMe3 

^ ^ N ^ ^ C O s B 
Me 

Me3SiO CO2B 

Me' 

£/Z(24:76) 

Me3SiO. 

iPr02C 

Me U 
"OR 

(dr= 1:1) 

OSiMe3 

H - V ^ M e 

M e - ^ ^ C O a B 

B1 Me 

< OSiMe3 

^ - C O 2 B 

CN 

CN 
Pr 

(dr = 67:33) 

Pr 

Ph Me 

(dr = 76:24) 

88 61 

93 27a 

76 27a 

91 27a,28b 

78 27a 

92 27a 

75 27a 

85-95 27a 

75 27a 

73 27a 

83 48 

84 54b 

83 54b 
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FG-RM" 
a,0-unsaturated 

carbonyl compound product yield (%) ref(s) 

CJ 
,CN 

O" 
,CN 

M 

O Ph O 

of-
76 54b 

62 54b 

t-Bu.^-sy.l M 

'CN 

Me 

PivO^ 

H - C E C ^ ^ M 

EtO2C(CHj)3M 

CC M 
ZnI 

M e ^ ^ P h 

Ph 

O 

M e ^ ^ P h 

O 

(dr. 

t - B u ^ ^ 

S , 
Me 

P i v O — ' 

O 

= 83:17) 

Ph O 

V ^ ^ M e 

^""CN 

Ph O 

^ ^ — ^ H 

Ph O 

CO2Et 

(then allyl bromide) 

86 54b 

92 40 

95 56 

95 (55,64) 29 (64,28b) 

74 49 

(dr = 80:20) 

Me 

PivO 

NC^^^^M 

NC^^-^"M 

NC -̂"̂  M 

M O 

IVl 

OMe 

Me 

N C ^ M 

U 

6 
Me'^^Ph 

^f 
Me 

O 

6 

6 r OPiv 

Me 

CN 

CN 

NC ,Me 

Ph O 

OEt 

Me O 

Me 
Me 

O O 

O 

U-XN 

94 29 

97 29 

81 29 

99 29 

78 28b 

76 28b 

70 28b 
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FG-RM-
a,/3-unsaturated 

carbonyl compound product yield (%) ref(s) 

CN 

Me 
^ • C N 
M 

NC — M 

NC ^ ^ M 

NC ^~^ M 

Cbz' 

_7 
Cbz 

EtO2C ^ " ^ M 

EtO2C ^ - ^ M 

EtO2C ^ - ^ ^ M 

EtO2C^ ̂ ^ M 

MeO2C ^ ^ ^ ^ M 

MeO2C 

MeO2I 

Me^ Me 

O 

Me 

^ X O 2 M e 

CHO 

O 

Me 
Me 

Me 

Me^ ^ * \ ^ « \ ^CN 

O 

O 

Ph 

Me 

V * 5 ^ Pent 

OTBS 

U 

TBSO OMe 

O 

TBSO h v ^ Pent 

OTBS 

J Me Me 

CN 

Me Me 

O 

Me 

Me 

Me' 

CN 

.CN 

CN 

CHO 

CCO2Me 

•"V "CN 

N ^ 
Cbz' 

O Q 

N -J 
Cbz 

Me 

Me Me 

Me 

OEt 

CO2Et 

0 ' " " - " ' "CN 

EtO2C. 

P h - " ^ H 

CO2Et 

OHC. 

O 

aN ^ , UU2 

^ M e 

I2Me 

Pent 

OTBS 

O O 

TBSO 

OMe 

\^ \ /^5 S ^C0 2 Me 

Pent 

OTBS 

54 28b 

62 28b 

70 28b 

95 28b 

59 28b 

71 28b 

70 28b 

77 28b 

77 28b 

94 28b 

73 28b 

86 185 

88 185 

83 185 
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FG-RM" 
a,0-unsaturated 

carbonyl compound product yield (%) ref(s) 

Me02CC=C(CH2)3M 

MeO2CC=C(CHs)3M 

MeO2I 

Me02C(CH2)6M 

CC 

Cl' 

Cl' 

P i v O ^ ^ N ^ M 

jy" 
t -Bu0 2 C^" -^ 

N C 

N C 

t-Bu02C 

TBSO 
^ v . -Pent 

OTBS 

6 OMe 

O 

tr 
TBSO OMe 

O 

TBSO OMe 

O 

\ 

TBSO 

O 

)—Pent 

^ . XO2Et 
PIT*Y z 

CO2Et 

c-Hex^Y0 0 2* 
CO2Et 

Ph^Yc°2Et 

CO2Et 

Ph-^Y 
CO2Et 

CO2Et 

CO2Et 
Ph^Y 

CO2Et 

CO2Et 
;-Hex^Y 

CO2Et 

p h ^ r C 0 2 E , 

CO2Et 

c-Hex-^Y' 
CO2Et 

CO2Et 

TBSO 

•«P 
,CO2Me 

Pent 

OTBS 

TBSO 

TBSO 

O 

CO2Me 

\ 
> ' Pent 

TBSO 

c-Hex 

NC 

CO2Et 

CO2Et 
Ph 

CO2Et 

PivO CO2Et 

Ph 

t-Bu02C 

^ J ^ C 0 2 E t 

X ^ CO2Et 

c-Hex 
^%^k^C0 2 Et 

. - B u O 2 C ^ « * « * 

75 185 

95 185 

75 185 

78 186 

93 36,37 

95 36,37 

80 125b 

71 125b 

82 125b 

76 125b 

90 125b 

92 125b 

85 125b 

79 125b 
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^-unsaturated 
FG-RM0 carbonyl compound product yield (%) ref(s) 

Me 

Me 

Me' 

Me 

OAo 

OAo 

CN 

-G-* MeO2C-(; V - M 

F 3 C H Q h M 

MeCO 

NC-/ V-M 

MeO-^ V-M 

Bu^L^a M̂  
H 0-1 

M e M e 

Me M 

H 0-i 
M e M e 

M 
Me^X 

Me 

SnBu3 

SnBu3 

CN 

CN 

CO2Et 
Ph^5Y 

CO2Et 

O 

M e - ^ ^ P h 

O 

M e - ^ ^ P h 

Me 

Me' 

Me Ph 

Vy CN 

OAo CN 

Me Ph 

Me' 
CO2Et 

OAo CO2Et 

CN 

Me 

Ph O 

^ CO2Me 

CF3 

V 
CN 

OMe 

Pent 

Ph O 
Me 

Me 
Me O 

Et 

SnBu3 

Me 

89 45 

86 45 

61 35 

44 144 

52 144 

54 144 

35 144 

54 144 

76 46b 

73 46b 

66 216 

38 216 

SnBu3 

0 M = Cu(CN)ZnX. 
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>& 
Cu(CN)ZnI N ^ S ^ C H 3 Me3SiCI (2 equiv.) 

O -706C to 2O0C, 8 h 
95% 

Ph 

CH. 
(100)51 

( H e X ^ H 9 

1) Zn, ZnBr 

3O0C, 15 min 

THF 

2) CuCN-2LiCI 

_ ^ H e x ^ ^ 
Cu(CN)ZnBr 

, Me3SiCI 

-7O0C to 2O0C, 8 h 
(101f 

58% (>98% E) 

16). However, under these conditions P-disubstituted 
enones or unsaturated esters do not react. The use of 
a polar solvent such as HMPA circumvents this problem 
and allows the addition of organozinc reagents to both 
(8-mono and 0-disubstituted enones as well as to ethyl 
acrylate to proceed (eqs 102 and 103).28b Another way 

IZn O 
N ^ 

CuCN (0.35 equiv.) 
HMPA (1.5 equiv.) 

O0C, 1Sh ' 

Cbz 

(102); 28b 

N 
Cbz' 

7 1 % 

_J 

^CN + •s^COoMe 
CuCN (0.35 equiv.) 

HMPA (1.5 equiv.)* 
O0C, 16 h 

NC 

M B O 2 C N ^ J 
(103)2 

59% 

to extend the scope of the reaction is to use a Lewis acid 
or MesSiX180 to activate the unsaturated carbonyl 
moiety. The reaction of fi-disubstituted enones with 
various functionahzed zinc-copper reagents occurs well 
under these conditions (eqs 104 and 105 and Table 17).38 

Interestingly, if a cyano substituent is present or 
introduced on the side chain at the appropriate position, 
as in 136, a ring closure occurs affording a stable 
difluoroboron enolate 137 which can be purified by 
flash-chromatography and was characterized by its 
X-ray structure.38 The Michael addition can also be 
performed with functionalized arylzinc reagents pre­
pared by an electroreduction of the corresponding 
chloride or bromide using a sacrificial zinc electrode 
(eq 106).144 Dialkylzincs like 138 can be used advan-
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BF3OEt2 

U(CN)ZnI 
-3O0C, 22 h 
O0C, 6 h 

(104)3i 

( J L ^ . C 
IZn(CN)Cu(CH2)3CN 

81% 

F 3 B ' \ >BF, 
O +H' 3 

(105)3' 

tageously in Michael additions, and their transmeta-
lation with CuCN-2LiCl affords a copper species which 
reacts readily with enones (eq 107) z48 It should be noted 

-CK Zn anode, e" = \ .0 

fcH DMF. Ni(Bipyr)3(BF4)2 

c*n^GK 

CuBrSMe2 

CH3 

(106)14 

54% 

( N C ^ ^ Z n 

138 

CuCN-2LiCI 

6 
(107)* 

CN 

83% 

TBSO' 

1 + ^ C u ( C N ) Z n , 1 ) M
7

a / c ^ 2 5 o C 

,^-QsK^Pent + ^ C O 2 M e 2)1NHCI,0°C 

139 OTBS 

/ V ^ ^ ^ ^ C 0 2 M e (108)
1«5 

T B S O - V ^ ^ ^ - P e n t 

OTBS 

140 
86% 

that unfunctionalized dialkylzincs (Et^Zn) can also be 
added enantioselectively in a 1,4-fashion to chalcone in 
the presence of Ni(II) salts and chiral ligands181,182 or 
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Table 17. Michael Additions of Functionalized Zinc-Copper Reagents to 0-Disubstituted Enones in the Presence of 
BF9-OEt2 

FG-RM" 
a,/S-unsaturated 

carbonyl compound product yield (%) ref 

PiVOCH2M 

Cl(CHj)4M 

Cl(CHj)4M 

Cl(CHj)4M 

o 

Ph / 5 S s *^0 (CH 2 ) 3 M 

AcO(CHj)3M 

EtO2C(CHj)3M 

p h ^ ^ t X ^ 0 ( C H 2 ) 3 M 

Et02C(CH2)3M 

P h - ^ ^ O f C H a l s M 

OPiv 

Me' 

OPiv 

Me' 

EtO2C(CHj)3M 

Cl(CHj)6M 

E t O 2 C - ^ \ - M 

Me 

O Me 

Jf 
O 

Me 

'c- Hex 

Me 

Me 

Me 

O Me 

Me' 

Me 

O Me 

Me' 

Me Me 
O 

Me^ Me 
O 

Me' 

Me ' Me 

O 

M e ' ^ - ^ M e 

O 

OPiv 
Me 

T1Me1 Me 

MeXjU' 

c-Hex 

Me 

. 0 ^ 0 
Me 

f 
Ph 

OAc 

Me 

TMe. Me 

JOc 
MeXJ UcO2Et 

fMev Me 

Me 

0Me. Me AJKiX^CO2Et 

0Me. Me 

M e ^ .OPiv 

.Cl 

.CO2Et 

Me O 

I X 
CI(CH2)6'^

>v^^Me 

CO2Et 

71 

94 

81 

88 

98 

87 

94 

84 

88 

88 

88 

86 

74 

77 

68 

44 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

38 

64 

64 

64 

0 M - Cu(CN)ZnI. 
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by using a chiral copper(I) catalyst.183,184 The Michael 
addition of functionalized zinc-copper organometallics 
has been extensively applied to the synthesis of 
prostacyclins, prostaglandins, and related molecules.185,186 

Thus, the a-methylenecyclopentanone 139 reacts in 
excellent yields with various types of polyfunctional 
reagents (FG-R)Cu(CN)ZnI providing the desired 
prostaglandin 140 (eq 108). 

3. Michael Additions to Nltro Olefins and Related 
Reagents 

Nitro olefins are excellent Michael acceptors and add 
a wide range of nucleophiles providing functionalized 
nitroalkanes which are important intermediates in 
synthesis. They can be readily converted to amines by 
reduction or carbonyl compounds by a Nef reaction.187 

Interestingly, the addition of lithium or magnesium 
cuprates to nitrostyrene does not occur cleanly. This 
may be due to electron-transfer side reactions and to 
the fact that the magnesium and lithium nitronates 
obtained after addition can themselves add to nitro 
olefins and hence lead to polymerization products.188,189 

In strong contrast, copper reagents derived from 
organozinc compounds add cleanly and in high yields 
to various types of nitro olefins.42,47,52 The reaction 
proceeds at -20 0C for aliphatic nitro olefins, whereas 
conjugated aromatic nitro olefins, such as nitrostyrene, 
react only at 0 0C (eq 109 and Table 18). Unsaturated 
nitro compounds bearing a leaving group in the /3-po-
sition,190 such as 2-nitro-l-acetoxy-2-propene, (141), 
react under milder conditions (-55 0C, 10 min) and 
provide new nitro olefins which are susceptible to 
addition of a second different nucleophile (multicou-
pling reagent)190 (eq 110). The intermediate nitronates 

^v. ^ v Pr^ ^ ^ -7S0C to -2O0C, 2 h 
N C ^ ^ ^ C u ( C N ) Z n l + ^ ^ N 0 2 Z^z 

NO2 

141 

+ EtO2C' Cu(CN)ZnI 

EtO2C 

THF 

^T^^NOa 
Pr 

\% 

-550C, 10 

(109)52 

min 

(110)* 

92% 

obtained after the addition of FG-RCu(CN)ZnX can 
be directly submitted to an oxidative Nef reaction (O3, 
CH2CI2, -78 0C, 3 h) and converted into polyfunctional 
ketones in good overall yields (eq 111).52 Finally, an 

NO3 

Du(CN)ZnI 

CO2Me 

I)O0C, 4 h 
2) O3, CH2Cl2 

-780C, 3 h 
3) Me2S, -780C to 250C 

Me 

EtO2C CO2Me 
(111)* 

interesting addition-elimination reaction of 100 to nitro 

olefins bearing a leaving group in the ^-position (SR or 
SO2R) produces pure (E)-nitro olefins.47,62 The reaction 
has been applied to the preparation of the nitro triene 
142 which undergoes a highly stereoselective Diels-
Alder reaction on silica gel191 leading to the nitro 
compound 143 (eq H2)47,52,192 The addition of RCu-
(CN)ZnI to 2,2-bis(methylthio)-l-nitroethylene (144) 
provides the exo-(nitromethylidene)cyclopentane (145) 
in 85% yield. No migration of the double bond is 
observed under the mild reaction conditions used (eq 
113).52 

CH3 

(CH2J3Cu(CN)ZnI 

CH3 

+ PhSO2" 

NO2 SiO2, hexane 

. ^ ^ N 0 2 -6O0C % 

Me 

142 

MeS 

MeS 

A 5 ^ N O 2
 + IZn(CN)Cu 

144 
THF 

-300C ̂ r Cf*»°> <,,,. 
^ -^ 85% 

145 

4. Carbocupration Reactions 

The addition of organometallics to unactivated 
alkynes represents a unique method for the stereose­
lective preparation of (E)- or (Z)-trisubstituted alk-
enes.193,194 As expected only highly reactive zinc 
reagents such as allylic zinc compounds are able to add 
to unactivated alkynes. These reactions have been 
elegantly applied to the synthesis of 1,5-annelated 
4-methylenecyclopentenes. Thus, the zinc reagent 146 
undergoes a smooth cyclization (THF, 25 0C, 2 h) 
leading to the alkenyl zinc 147. Treatment of 147 with 
a catalytic amount of Pd(PPh3)4 (5 mol %) provides 
the bicyclic diene 148 in 84% GC yield (eq 114 and 

JDMe 

Me3Si-C=C-
,ZnBr 

25°C, 2 h 

THF 

Me3Si 

Brzn-X} 

MeO •> v> 

146 147 

250C, 3.5 h 

Pd(PPh3)4cat. 
(114)1 

CH, 

148 
84% 

Table 19).196 Several classes of mixed zinc-copper 
organometallics are able to add to activated and 
some nonactivated alkynes. Ethyl propiolate reacts at 
-60 to -50 0C with FG-RCu(CN)ZnI and provides the 
syn-addition product 149 with high stereoselectivity. 
By performing the reaction at higher temperature and 



2168 Chemical Reviews, 1993, Vol. 93, No. 6 Knochel and Singer 

Table 18. Preparation of Polyfunctional Nitroalkanes by the Addition of Polyfunctional Zinc-Copper Reagents to 
Nitro Olefins 

FG-RM- nitro olefin product yield (%) ref(s) 

OAc 
Me 

Me 

OAc 

A1 Hex' M 

PhS 

( B O ) 2 P N ^ 

O Me 
( M e O ) 2 P ^ M 

AcO(CH2)SM 

EtO2C 

Pent-C=C-

NC 

( E t O ) 2 P v ^ 

EtO2C ^ - ^ M 

AcO(CH2)«M 

NC 

cr 

// ^ 

ft 
CO2Me 

CH2M 

E t O j C ' ^ - ^ ^ M 

AcO(CH2)6M 

E t 0 2 C ^ v ^ ^ M 

E tOzC^^ ' ^M 

N C ' ^ ^ ^ ^ M 

AcO(CHa)6M 

p h / ^ N 0 2 

p h / ^ N 0 2 

p h / ^ N 0 2 

p h ^ . N 0 2 

p h / ^ N 0 2 

X ^ N O 2 
Ph' 

P h / ^ N ° 2 

p h / ^ N 0 2 

p h ^ . N 0 2 

p r X * ^ N 0 2 

p r x - ^ N 0 2 

p r / ^ , N 0 2 

Pr^*=^N°2 

p r ^ ^ N 0 2 

p r^^N°2 

Pr 
X - ^ N O 2 

NO2 

^ v ^ O A c 

NO2 

^ j ^ O A c 

NO2 

OAc 

Pr NO2 

H CH3 

Pr NO2 

X 
H CH3 

Pr NO2 

H 
H CH3 

Me Ph 

O2N N 

AcO 

EtO2C NO2 

-C=C-Pent 
,NO2 

" "NO2 

(EtO)2(O)P' 

EtO2C 

NO, 

Pr 

NO2 

,NO, 

CO2Me 
Pr 

,NO2 

EtO2C. , N O 5 

AcO(CHj)7' 

EtO2C 

NO2 

A 
NO, 

EtO2C ' — y Me 
Pr 
O 

NC ^ y "Me 
Pr 

AcO(CH2J6' 

Pr 

72 

68 

83 

81 

91 

82 

90 

77 

84 

80 

94 

76 

94 

90 

81 

75 

82b 

76* 

7 16 

45 

45b 

60 

61 

61 

48 

42,52,56 

42,52 

42,52 

61 

42,52 

42,52 

42,52 

42,52 

42,52 

42,52 

92 

88 

72 

42,52 

42,52 

42,52 

42,52 

42,52 

42,52 
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Table 18 Preparat ion of Polyfunctional Nitroalkanes by the Addition of Polyfunctional Zinc-Copper Reagents to 
Nitro Olefins 

FG-RM° nitro olefin product yield (%) ref(s) 

( E t O ) 2 P ^ ^ M 

E t 0 2 C ' " ' N - ^ ' M 

E t O 2 C ' " ' — ^ M 

N C ^ ^ ^ ^ M 

ACO(CHJ) 6 M 

O 
( E t 0 ) 2 P ^ M 

M 0-X-

H 

EtO2C' 

Pr NO2 

H 
H Et 

Pr, NO2 

>=< 
H Et 

NO2 

ps^ - ^ -CO i -Me 
CH3 

NO2 

r ^ - ^ ^ C O s M e 
CH3 

NO2 

r ^ - ^ X O a M e 
CH3 

NO2 

r ^ ^ ^ C 0 2 M e 
CH3 

p h / ^ . N 0 2 

p h ^ ^ N ° 2 

p h ^ ^ , N 0 2 

(EtO)2(O)P. 

MeO2C 

(EtO)2(O)P 

Pent^V 
Ph 

^ C H 3 " 1 

70» 

85» 

87» 

74» 

75» 

78» 

69» 

85 

74 

61 

52 

52 

52 

52 

52 

46b 

76 

49b 

0 M = Cu(CN)ZnI.»Yield after oxidative Nef reaction. 

in t h e presence of a n excess of MesSiCl, an (E)-a-
silylated acrylic es ter of type 150 is ob ta ined (eq 115).41 

HC=C-CO2Et 

-780C, 1-14 h 

Du(CN)ZnI 

E tO 2 C' ^ - ^ "*•*" ^CO2Et 

149 
95% (100% E) 

(115)41 

HC=C-CO2Et 
» • 

Me3SiCI (4 equiv.) EtO2C 
220C, 18 h 

150 
9 1 % (100% E) 

Dimethy l acetylenedicarboxyla te (151)27a>56 a n d pro-
pio lamide (152)66 r eac t in sat isfactory yield wi th FG-

PhCH2NH' 
,Cu(CN)ZnI 

MeO2C-C=C-CO2Me 

151 

(0.7 equiv.) 

-6O0C, 2 h ' 

PhCH2NH 

CO2Me 
(116)5' 

MeO2C 

7 1 % (100% Z) 

RCu(CN)ZnX. The presence of relatively acidic N-H 
protons does not interfer with the addition reaction 
(eqs 116 and 117). In the case of substituted propiolic 

EtO' 
X / \ ^ C u ( C N ) Z n l 

H-CSC-CONH 2 

152 
(0.7 equiv.) 

-3O0C to O0C, 2 h 

E tO 2 C' ^ ^ " ^ " ^CONH2 (117)* 

53% (100% Z) 

esters the addition proceeds only at -30 to -20 0C 
resulting in a partial isomerization of the intermediate 
alkenylcopper leading to a mixture of (E)- and (Z)-
acrylic esters 153 (eq 118).41 If the addition is performed 

HeX-C=C-CO2Me + NC(CH2J3Cu(CN)ZnI 

Hex CO2Me 

y=i (us)4' 
NC(CH2)/ H 

153 
82% 

in HMPA using (2-carbethoxyethyl)zinc chloride (154), 
a cyclization reaction occurs leading to a highly func-
tionalized cyclopentenone 155 (eq 119).196 

The zinc-copper reagents FG-RCu(CN)ZnI (100) do 
not add to unactivated alkynes; however, the treatment 
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Table 19. Additions of Zinc or Zinc-Copper Reagents to Alkynes 

Knochel and Singer 

FG-RM alkyne product E/Z ratio yield (%) ref(s) 

NC M 

NCT ^ - ^ M 

E t 0 2 C x ^ / S * M 

E t 0 2 C ' " ~ v ' ^ M 

M 
Cl 

NC ^ ^ M 

OPiv 

Me' 

OPiv 

Me' 

OPiv 

Me' 

AcO(CH2)6M 

Me' 
,OAc 

,OAc 

NCH2M 

PhS(CH2)3M 

PhS(CH2)3M 

( E t O ) 2 P ^ ^ 

(EtO)2P. ~ . 

CX 

HC=CCO2Et 

HC=CCO2Et 

HC=CCO2Et 

HC=CCO2Et 

HC=CCO2Et 

HexC=CC02Me 

HexC=CC02Me 

HexC=CC02Me 

MeC=CCO2Me 

MeC=CCO2Me 

HC=CCO2Et 

CO2Me 

OPiv Hex OPiv Hex 
JL ^v^^W^COoMe . ,. , * k ^ \ J ^ s i M e 3 
r ^ - ^ ^^ ^s< c + Me ^ j 

H 

22:78 
OPiv Me OPiv Me 

,CO2Me + Me. 

H 
12:88 

Me Me 

AcO(CH 2 I 6 - ^Y 0 0 2 " 0 + AcO(CH2V 

Me' 

CO2Me 

SiMe3 

CO5Me 

SiMe3 

CO2Me 

17:83 

Me 

Me' 
CO2Et 

OAc H 

MeO2CC=CCO2Me Me CO2Me 

MeO2CC=CCO2Me 

HC=CCO2Et 

EtO2CC=CCO2Et PhS 

HC=CCO2Et 

HC=CCO2Et 

CO2Me 

CO2Me 

CO2Et 

PhS 

(EtO); 

MeO2CC=CCO2Me o 
(EtO)2P, 

HC=CCO2Et 

CO2Me 
CO2Me 

CO2Et 

97:3 

>99:1 

>99:1 

mixture 

mixture 

mixture 

mixture 

>96:4 

>97:3 

>98:2 

98:2 

100:0 

100:0 

100:0 

100:0 

>95.5:0.5 

83 41 

84° 

85" 

77 

73° 

78° 

69 

87 

95 

85 

91 

92 

41 

>99:1 99 41,76 

>99:1 91« 41 

41 

82 41,48 

41 

41 

41 

mixture 76" 41 

91 45 

93 45 

77 45b 

45b 

60 

60 

61 

61 

56 
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Table 19 (Continued) 
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FG-RM alkyne product E/Z ratio yield (%) ref(s) 
O 

BnN 
H 

E t O 2 C ^ — ' 

MeJ^? 

Me 
Me' 0 Bu 

( a o 2 c ^ z 

V 2 

( a o 2 c ^ ) z 

OAc 

(Et02C^}Zn 

( E t o 2 c ^ Z n 

( E t O 2 C ^ 2 " 

MeO2CC=CCO2Me 

HC=CCONH2 

HC=CCO2Et 

HC=CCO2Et 

HC=CCO2Et 

EtC=CCOMe 

MeO2CC=CCO2Me 

HC=CCO2Et 

PhC=CCO2Et 

HC=CCO2Et 

HC=CCO2Et 

HC=CCO2Et 

HC=CCO2Et 

RQ 

Pent 
V-C=C-CO2 I 

RO 

iPr 
)—CSC-CO2Et 

HO 
Ph. V-C=C-CO2Et 

CO2Me 
CO2Me 

CO2Et 

Pent 

< 

CO2Et 

-S^~ CO2Et 

^ 
EtO2CCH2CH2 OSiMe3 

Et Me 

MeO2C 

MeO2C CO2Et 

OAc 

CO2Et 

R = MOM 
R = Ac 
o 

/ N - C O 2 E t 

r̂ 
RO Me 

R = MOM 
R = Ac 
R = TMS, H 

O 

A^-CO2Et 

TMSO 

100:0 

100:0 

100:0 

92:8 

95:5 

71 56 

53 56 

72 46b 

100:0 91 46b 

100:0 84 76 

73 27a 

63 27a,196 

79 37 

70 28b 

>98:2 

>98:2 

>98:2 

97:3 

68 

70 

81 

85 

125a 

125a 

125a 

55 

71 
50 
70 

196 
196 
196 

72 
49 
70 
65 

196 
196 
196 
196 
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Table 19 (Continued) 

Knochel and Singer 

FG-RM alkyne product E/Z ratio yield (%) ref(s) 

Eto,C ̂
Z n 

( E «o 2 c^ Z n 

( a o 2 c ^ " Z n 

(E,O2C-^4ZP 

Ph-C=C-
ZnI 

EtO5C ^ ^ M 

EtO2C ^ ^ M 

CO2Et 
C 
C t-Bu 

RO' 

CO2Et 
i 
C 
C t-Bu 

HO' 

CO2Et 

C 

C 

HO 

BuC=CCO2Me 

BuC=CSMe 

HC=CH 

t-Bu 

R = MOM 
R = TMS, H 

CO2Et 

EtO2C(CH2J3 X 

Bu SMe 

X = H 
X = allyl 
X = I 

EtO2C I 

65 196 
82 196 
83 196 

65 196 

65 196 

55^ 198 

95:5 
95:5 
95:5 
<1:99 

92 
70* 
75d 

26rf 

106 
106 
106 
106 

EtO2C' 

EtO2C 

,M 

Pent 

,M 

Pent 

NC ^ ^ M 

C l ' 

Cu(CN)Li-ZnMe2 

SC -Bu 

O . 

Pr 
Cu(CN)Li-ZnMe2 

SiMe3 Q-OiMe3 

BuC=CSMe 

HC=CH 

BuC=CSMe 

BuC=CSMe 

Pent 
V ^ v ~ - ^ ' C 0 2 E t 

Bu-V 

CI(CH2 

Bu 
SMe 

O- . 
U v 0 Bu 

CO2Et 

Pr 

SnMe3 

SiMe3 

<1:99 

1:99 

99:1 

99:1 

99:1 

74:26 

75 106 

66" 106 

60 106 

66 106 

60* 106 

6# 106 

" Reaction performed in the presence of excess TMSCl. b Addition of Cp2TiCl2.c The reaction mixture was trapped with allyl 
bromide. d The reaction mixture was trapped with iodine.e The reaction mixture was trapped with ethyl a-(bromomethyl)acrylate. 
' The reaction mixture was trapped with MegSnCl. 
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CO2Et 

in ^-"^ 
C + 

MOMO Pent 

CO2Et 

? 
Cu(+1) cat., HMPA 

ZnCI 

154 

/S-CO2Et 

)—Pent 
MOMO 

155 
71% 

DX 
OSiMe3 

OEt (119)1 

of an alkylzinc iodide with Me2Cu(CN)Li2 provides a 
copper reagent, tentatively represented as FG-
RCu(CN)Li-Me2Zn»LiI, which adds smoothly to alkynyl 
thioethers (25 0C, 2-6 h) leading stereospecifically, after 
the trapping of the intermediate alkenylcopper with 
an electrophile, to tri- or tetrasubstituted olefins (eq 
120 and Table 19).106 The addition of these copper 

NC(CH2)3Znl 
I)Me2Cu(CN)U2 

2) Bu-C=C-SMe , O0C, 3 h 
3) H2O 

NC(CH2J3 H 
- )={ (12O)1 

Bu SMe 

60% 

derivatives to acetylene itself proceeds well if secondary 
alkylcopper reagents are used; with primary organozinc-
copper reagents only low yields are obtained (eq 121).106 

Pent 
I 

1) Me2Cu(CN)Li2 

Et02C(CH2)3CHZnl 2) H-C=C-H, -450C, 3 h 
3) I2 

/Pent 

EtO2C(CH2J3-CH I (121) 

66% 

The intramolecular version of these carbometalation 
reactions produces highly functionalized exo-alky-
lidenecyclopentanone derivatives of type 156 in satis­
factory overall yields (eq 122).106 The addition of 

ZnI 

> ' B u 1) Me2Cu(CN)U2, 250C, 1.5 h 

O O 2) 
CO2Et 

E t O 2 C ^ 

O' "O p„ 
\_/ Bu 

156 
60% 

(122)1' 

I)Et2Zn, PdCI2(dppf) cat. 

2) CuCN2LiCI 

3) ? ° * E t 

^ ^ B r 

NC 

*-\_rJr~CQ& (123)197 

functionalized organozincs to alkenes is difficult to 
realize; however, in the presence of catalytic amounts 
of PdCl2(dppf), an intramolecular addition occurs 
providing a new stereoselective route to polyfunctional 

»- R"Z^SPdL 2 l 

CH3CH3 

+ 

H2C — CH2 

L2PdEt2 

R ^ X C ^ P d L 2 ' 

Et2Zn 

cyclopentanes (eq 123 and Table 2O).197 The tentative 
mechanism for the Pd-catalyzed ring closure is de­
scribed in Scheme 8. Some radical cyclizations of 
organozinc derivatives have been described.41,198 

IV. Reactions of Functionalized Organozincs 
Catalyzed by Palladlum(O) Complexes 

A. Cross-Coupling Reactions with Alkenyi and 
Aryl Halides 

Organozinc halides readily undergo transmetalation 
reactions with palladium(II) salts20 (or nickel(II) salts).199 

The resulting organometallics display a rich and unique 
chemistry. Cross-coupling reactions with alkenyl and 
aromatic halides as well as acylation reactions (section 
IV.B) have been especially well studied.200 In 1977, 
Negishi showed that organozinc halides react with 
alkenyl iodides in the presence of catalytic amounts of 
Pd(PPh3)4

201-202 (eqs 124 and 125). The reaction has 

Me3Si-C=C-(CH2I2ZnCl + I -O = \ 5% Pd(PPh3J4 

Me^ ^Me 
Me 

Me3Si-C£C-(CH2)2—Ph (124)201b 

83% 

i ,Me Pd(PPh3J4 cat. 
+ CIZn-C=C-

Me OSiMe. '3 

Me OH 

M e ^ % J C x * c (125)8°2 

Me 
80 - 85% 

been extended to highly functionalized organozinc 
compounds. For example, zinc homoenolates such as 
157 undergo selective cross-coupling reactions with a 
wide range of aromatic or vinylic halides in the presence 
of 5% of a nickel or palladium catalyst (Table 21 and 
eq 126).27 The reaction can be further extended to a 

Me. 

Zn-K-C°2E,1 
O ' - O 

Zn-V — I2 y 

157 

I 5% NiLn, or PdLn 

THF, O to 2O0C 

Me. 
XT ^O 

CO2Et 

(126)27 

73% 
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Table 20. Intramolecular Carbozincation of Alkenes Catalyzed by PdClj(dppf)1*7 

iodide intermediate zinc derivative electrophile product 

Knochel and Singer 

yield (%) 

C ZnI 

Ph 

^ 

Ph 

^ 

Ph 

I 

Ph 

Ph 

*? 

I 

P-NCC6H4 

^ 

I 

P-PiVOC6H4 

Ph 

CT 
Ph 

tr 
Ph 

CT 
Ph 

CT 
Ph 

P-NC-C6H4 

P-PiVOC6H4 

6r» 

ZnI 

ZnI 

ZnI 

ZnI 

ZnI 

CO2Et 

CO2Et Ph 

CO2Et 

CO2Et 

Ph 

HC^CCO2Et 

PhCOCl 

P h - ^ N 0 5 

0 - | 

i 

<YXJ° 

/ N ^ ^ ^ C 0 2 E t 

Ph 

Ph 

NO2 

Bu 
Ph 

CO2Et P-NC-C6H, 

6 ^ CO2Et 

CO2Et P-PIvOC6H4 J, 

^ * A^A)O 2 Et 

80 

73 

90 

80 

64 

76 

78 

83 

62 

wide range of ester or ketone substituted organozinc 
compounds (Table 21 and eq 127). Interestingly, N C - ^ V-ZnBr + I — / ^ -CO 2 Et _!H2_! 

4 Pd(PPh3J4 

THF 

EtO2I 

CW^OMe 

ZnI + ^ s j ^ l 2 ™ol% CI2Pd(P(o-Tol)3)2 

NCH^y-H^J)-C02Et (129)" 

PhH, DMA, 6O0C, 1 h 

CO2Me 

^ C O 2 E t (127)24« 

82% 
ZnI 

" ^ i + PhI 

M e - ^ N ' ^ M e 

Pd(PPh3J4 

250C 

100% 

alkenyl triflates such as 158 can also be used under the 
same reaction conditions (eq 128).24 The use of 

(130)ZI 

Ph ' 
^ 8 " * "Ml* M(PPHj)4 ft Jl 

OTf 4O0C, 1 h " I P h ^ - ^ ^ - ^ B u C l ' 

Z n ' M e . X .Me 
. N N 1 mol% Pd(dba)2 

J + ^ V ^ o 4 mol% PPh3 
"^ 450C, 24 h 

158 67% 

(128)z Me.NAN .Me 

functionalized aromatic zinc halides allows easy access 
to polyfunctional aromatic and heteroaromatic com­
pounds (eqs 129-131).64'203'96 The remarkable aspect 
of this cross-coupling reaction is its high functional 
group tolerance.204 Hence, a wide range of amino acids 

'O (131 f 
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Table 21. Palladium-Catalyzed Cross-Coupling Reaction between Alkenyl and Aryl Halides or Triflates and 
Functionalized Organozincs 

FG-RZnX organic halide product yield (%) ref(s) 

IZn' 
,NHBoc 

CO2Bn 

PhI 

OAc 

OMe 

PhCO(CH2)3ZnI 
PhCO(CHa)3ZnI 

PhCO(CH2)BZnI 

PhCO(CHa)3ZnI 

ZnI 

Bu^AB ,0 Me 

H 6 ^ M ° 

Me-V-O^ 
I BCH2ZnI 

MeV^O 
Me 

EtO2C(CHa)3ZnBr 

EtO2C(CHa)3ZnBr 

Et02C(CH2)3ZnBr 

E t O 2 C - ^ ^ - Z n I 

JJ 
J? 
X? 
jy 
j* 
PM 

OTf 

^ B u 
OTf 

^ B u 

1 ^ B u 

' ^ ^ H e x 

Me Me 

O ^ ^ - M e 

Bu^Y^0 

I 

xy 
M e C O ^ ^ 

„ C JCT° ' 

J? 
J? 

Ar ' 
,NHBoc 

CO2Bn 

Ar = Ph 
Ar = 1-naphthyl 

Ar = 2-AcOC6H4 

Ar = 2-MeOC6H4 

Ar = AcOC6H4 

Ar = 4-BrC6H4 

Ar = 4-FC6H4 

Ar = 4-MeC6H4 

Ar = 4-NO2C6H4 

PhCO(CHj)3Ph 

Jl 
B u - ^ C H ^ C O P h 

X 
Bu'^ICHaleCOPh 

B u / ^ ( C H 2 ) 3 C O P h 
Me M e 1 ^ 

Hex 

2 K M?,Me Me-A \y 
Me Me 

f& Me 
Me 

Bu 

EtO2C(CHj)3-<\ ^ - C O M e 

E t0 2 C(CH 2 ) 3 -<^ j> -C 

EtO 2 C(CH 2 J 3 - ^~ l> -h 

E t O 2 C - Q ) - H Q - C N 

-CN 

-NO2 

55 
64 

13 

50 

53 

67 

36 

74 

77 

77 

86 

86 

93 

90 

80 

80,81 
80,81 

80,81 

80,81 

80,81 

80,81 

80,81 

50 

61 

99 
67 

80,81 

80,81 

24b 
24b 

24b 

24b 

46b 

46a 

64 

64 

64 

64 
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FG-RZnX organic halide product yield (%) ref(s) 

EtO2C-(( / - Z n B r 

EtO2C 

Q^ZnBr 

N C - / V-ZnBr 

N C - / VznBr 

Q^ZnBr 

CN 

/ = \ //—ZnBr 

V( 
CO2Et 

EtOjC(CHj)2ZnI 
EtO2C(CHj)8ZnI 
EtO2C(CHj)2ZnI 

EtO2C(CHj)3ZnI 

EtOjC(CHj)2ZnI 

EtO2C(CHj)3ZnI 

EtO2C(CHj)2ZnI 

EtO2C(CHj)3ZnI 

EtO2C(CHj)2ZnI 

Et02C(CH2)3ZnI 

EtO2C(CHj)3ZnI 

Et0jC(CH2)2ZnI 

Et02C(CH2)2ZnI 

Et02C(CH2)3ZnI 

E t O 2 C ^ * 

E t 0 2 C ^ ^ 

E t 0 2 C ^ ^ B r 

U 
R 

^ B r 

PhI 
PhI 

OC' 
CC' 

xy 
M e O " ^ ^ 

OC' 
^-'^^XOjMe 

OC' 

jy 
OTf 

jy 
j& 

t-Bu—/ VoTf 

._ A - ^ - . 

EtO2C H ^ - < Q > - C 0 2 E t 

EtO2C 

CN CO2Et 

R 

\ // 
CO2Et 

R = H 
R = Me 

EtOjC(CHj)2Ph 
EtO2C(CHa)3Ph 

MeO 

E t O z C ( C H z ) 2 - ( ^ ^ 

MeQ 

EtOzC(CHz)3-Xx^j; 

EtOzC(CHz)2-C V o M e 

EtO2C(CH2)S-(^J)- OMe 

CO2Me 

v> 
CO2Me 

(CH2)2C02Et 

( ^ - ( C H 2 J 3 C O 2 E t 

B r - \ \ ~ (CHs)2CO2Et 

Bu'^(CH2)3C02Et 

Et02C(CH2)3—(x h— Br 

EtO2C(CHz)2- i ^ - N O 2 

t -Bu -Q-

t -Bu- -OTf t-Bu 

(CHz)ZCO2Et 

(CHz)3CO2Et 

94 

82 

95 

82 

93 

95 

96 

75 

95 

100 

67 

75 

78 

80 

74 

87 

64 

64 

64 

64 

64 

95 
93 
90 
90 
90 

64 
64 
24a,27a 
24a 
24a 

24a 

24a 

24a 

24a 

24a 

24a 

24a 

24a 

24a 

24a 

24a 
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FG-RZnX 
EtO2C(CHs)3ZnI 

EtO2C(CH2)SZnI 

EtO2C(CH2) 3ZnI 

Et02C(CH2)3ZnI 

C l ^ ^ Z n l 
Me 

(Et02CCH2CH2)2Zn 

organic halide 
Me Me 

M e - \ M e M e ^ ^ 
OTf OTf 

9:1 

P h v ^ 

Bu V j S ^ 1 

Buw' 
iPr 

Me I 

a: 

product 
Me Me 

M e ^ j - ^ M e ^ V 
(CHj)3CO2Et (CH2J3CO2Et 

9:1 

Ph N**^(CH2)3C02Et 

80N^(CHj)3CO2Et 

Bu (CHj)3CO2Et 

Me 

M e ' ^ ^ 

^ S s , ^ \ ^ C 0 2 E t 

CC 

yield (%) 
83 

79 

71 

89 

42 

83 

ref(s) 
24a 

24a 

24a 

24a 

201c 

27a 

(MeO2CCH(Me)CHj)2Zn PhI 

(Et02CCH2CH2)2Zn 

(Et02CCH2CH2)2Zn 

(i-Pr02CCH2CH2)2Zn 

(Et02CCH2CH2)2Zn 

(Me02CCH(Me)CH2)2Zn 

(Et02CCH2CH2)2Zn 

(iPr02CCH2CH2)2Zn 

K> Me 

MeO^ O 

Me 

cr 
Br 

Br 

Br 

•xx, 
(iPr02CCH2CH2)2Zn 

(iPr02CCH2CH2)sZn 

(iPr02CCH2CH2)2Zn 

(Et02CCH2CH2)2Zn 

^ 2 n , 

P h ^ B r 

B u ^ ' 

Bu Br 

Me^YB r 

SiMe3 

, . 1 .Me 

^ h A o 
Me 

Me 

Me 

CO2Me 

^ - ^ / \ ^ C 0 2 E t 

O OMe 

Me 

CO2Et 

C02iPr 

/ V ^ ^ C 0 2 E t Qr-

0X- CO2Et 

C02iPr 

Bu ̂
Ss^^v^CO^Pr 

79 

49 

73 

55 

79 

85 

85 

76 

76 

90 

76 

87 

97 

27a 

27a 

27a 

27a 

27a 

27a 

27a 

27a 

27a 

27a 

27a 

27a 

53 
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FG-RZnX organic halide product yield (%) ref(s) 

ZnI 

ZnI 

Me 

Me 

Me 

Me 

ZnI 

ZnI 

PhI 

^ s ^ Hex 

^ S f Hex 

CO2Et 

Ph 

Hex 

Me 

Me-

Hex 

CO2Et 

71 

73 

82 

93 

53b 

53b 

53b 

53b 

Me 

ZnCI 

. X ^ Hex 71 53b 

IZn 

H 

E: Z ( I l : 89) 

CO2Et 
I Z n v ^ - H 

^ s ^ H e x 

'yvMe 

N ^ O 
Me 

100%2Z4f 

Me 

81 

87 

53b 

53b 

CO2Et 

Me 

Me 

100% Z 

Me 
- S ^ 

Me 
CO2Et 

88 53b 

CO2Et 

O H 

P e n t ^ ^ ' v n C I 

Hex 
SO2ToI 

, ^ s ^ H e x 

E/Z (88:12) 

EtO2C Hex 

k-^/k^. SO2To! 
87 

55 

53b 

53b 

Hex 

IZn' 
/ L ^ S O 2 T o I 

, ^ - ^ H e x 

100% E1E 

Hex 

Hex' 
,SO2ToI 

40 53b 

can be prepared by the palladium(0)-catalyzed cross-
coupling reaction of the /3-aminozinc reagent 159 with 
aromatic or heteroaromatics (eq 132).80,81 The choice 
of the catalyst is important for many of these reactions 
and [(o-Tol)3P]2PdCl2 has been found to be the most 
effective in many cases.24,80,81 A variety of fluorinated 
olefins and dienes have been obtained by this meth-
0(J87,89,124 

a I Z n - ^ V N H B o ° ((0-ToI)3P)2PdCI2OaI. 

N ^ B r CO2Bn 35 to 4O0C, 30 min 

159 

,NHBoc 

S.N CO2Bn 
(132)8 
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B. Acylatlon Reactions 
Although several types of organometallics can be 

acylated with acid chlorides, organomanganese(II) 
halides are the reagents of choice for performing such 
reactions.206 However, the palladium-catalyzed acy-
lation reaction20 using organozincs has the advantage 
that numerous functionalities can be present in the 
organometallic species. Several types of ester or ketone 
containing alkylzinc halides can be acylated by a wide 
range of acid chlorides (eqs 133206 and 134,80,81 Table 
22). Interestingly, the direct acylation of organozinc 
halides with carbon monoxide and an allylic benzoate 
in the presence of 5 mol % of Pd(PPh3>4 provides 5-keto 
esters, 160, in high yields (eq 135).207 

Me 
+ IZn' 

COCI 
XO2Et 

DMA / benzene 
Ph(PPh3)4 cat. 

Me 

CO2Et 
O 
87 - 88% 

(133)2' 

^NHBOC 

CO2Bn 

^ \ r > | PdCI2(PPh3)., cat. 

O 

r% 
"O' 

N H B 0 C (134)80 

O CO2Bn 

90% 

.OCOPh CO, toluene / DMA 

CO2Et (135)207 

V. Asymmetric Addition of Functional/zed 
Organozincs to Aldehydes Catalyzed by Chlral 
Tltanlum(IV) Complexes 

The transmetalation of organozinc reagents to or-
ganocopper reagents or intermediate organopalla-
dium(II) complexes considerably increases the synthetic 
potential of organozinc halides. The synthetic utility 
of functionalized dialkylzincs can be extended through 
the titanium-catalyzed addition of functionalized di­
alkylzincs to aldehydes. The direct addition of zinc 
organometallics to aldehydes is very sluggish and 
requires the use of a catalyst. 2,5-8'4° In the presence of 
a chiral titanium catalyst, dialkylzincs add with high 
enantioselectivity to aldehydes.30'92'93'48,208,209 For ex­
ample, some functionalized dialkylzincs, obtained from 
the corresponding dialkylmagnesium derivatives,209 add 
to benzaldehyde with excellent enantioselectivity in the 
presence of catalytic amounts of TADDOL (161, ct,a, 

1) TADDOL (0.1 equiv.), Et2O 

2) Ti(O-IPr)4(1.2 equiv.) ' 
3) (FG-R)2Zn (2 1.2equiv.) 

-780C to -3O0C 
15-2Oh 

OH 

P r T " R-FG 
(136)2' 

Me 0-^v .OH 
r n Ph 

161: TADDOL 

OH 

PtV 

10%;84%ee 

Ph' 

OH 

(CH2)6-°^ 

68%; 84% ee 

(^,a^-tetraaryl-l,3-dioxolane-4,5-dimethanol) (eq 136).209 

The iodine-zinc exchange reaction allows the prep­
aration of a wide range of functionalized dialkylzincs.48 

A number of these functionalized organometallics add 
with excellent enantioselectivity to aromatic and ali­
phatic aldehydes (eq 137 and Table 23) in the presence 
of catalytic amounts of trans-l(i?),2(i?)-bis(trifluo-
romethanesulfonamido)cyclohexane208 (8 mol %) and 
Ti(Oi-Pr)4 (2 equiv).48 The reaction can be extended 
to a,/3-unsaturated aldehydes, and it was found that 
the presence of a substituent in a-position to the 
aldehyde function leads to a substantially higher 
enantiomeric excess (eq 138) .21° 

O 
(AcO(CH2Js)2Zn 

Ti(O-IPr)4 (1 equiv.) 

Tf 

.Ti(Oi-Pr)2 

(8 mol%) 

OAc 

Pr H + (AcO(CH2)S)2Zn 

OH 

83%; 97% ee 

Ti(O-IPr)4 (1 equiv.) 

Tf 

(137)* 

Tf 

Pr)2 

(8 mol%) 

OAc (138)2 

R = 
R = 

H:75%;83%ee 
Br: 95%, 94% ee 

This reaction has been applied to the preparation of 
the prostaglandin side chain 162 in excellent yield and 
high enantioselectivity (eq 139).211,212 This reaction also 
allows an enantioselective synthesis of protected 1,4-
diols of type 164 (eq 14O)210 using the 7-oxygenated 
a,/3-unsaturated aldehyde 163.213 Finally, the addition 

Bu3Sn' 

O 

Tf 

CO r i ( o i - p r ) 2 
Tf (8 mol%) 

OH 

BuaSn^^s^Pent 

88%, 92% ee 

ether 

OH 

162 
98% 

Pent 
(139)z 

(IPr)3SiO 
H + (AcO(CH2)J)2Zn 

163 

Ti(O-JPr)4 (1 equiv.) 

Tf * " 

C 0 T i < < > p r ) 2 
Tf (8 mol%) 

TIPSON ,OAc (140)210 

164 
90%, 92% ee 
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Table 22. Palladium-Catalyzed Acylation Reactions between Acid Chlorides or Related Reagents and Functionalized 
Organozincs 

FG-RZnI acid chloride product yield (%) ref(s) 

EtO2C(CHz)2ZnI 

Et02C(CH2)2ZnI 

EtO2C(CHj)2ZnI 

Et02C(CH2)2ZnI 

Et02C(CH2)2ZnI 

EtO2C(CHs)2ZnI 

Et02C(CH2)2ZnI 

Et02C(CH2)2ZnI 

EtO2C(CH2J3ZnI 

Et02C(CH2)3ZnI 

EtO2C(CH2J3ZnI 

Et02C(CH2)3ZnI 

o 

E t - ^ ^ Z n l 

O 

E f ^ ^ Z n l 

Ph1 

Ph' 

X^s^2"1 

,ZnI 

Me 

Ph' 

Ph' 

X ^ s ^ Z n l 

ZnI 

ZnI 

EtCOCl 

HeptCOCl 

PhCOCl 

K> MeO-<\ />-COCI 

COCI 

OMe 

( Q - C O C I 

O 

Ph^%AC i 

COCI 

^ C H 3 

HeptCOCl 

MeO2C(CHa)4COCl 

MeO2C(CHs)7COCl 

EtO2C(CHj)8COCl 

PhCOCl 

HeptCOCl 

HeptCOCl 

M e O - ^ V-COCI 

- ^ C O C I 

PhCOCl 

EtCOCl 

O 

A 1̂ CO2Et 

Hept 

O 

CO2Et 

O 

P h ' ^ / V , C 0 2 E t 

CO2Et 

CO2Et 

CO2Et 

CO2Et 

Hept X ^ \ ^ C 0 2 E 

MeO2C 

M e 0 2 C ^ / ^ ^ | 

O 

E t 0 2 C ^ ^ ^ ~ . 

E t 0 2 C ^ ^ ^ " ^ 
O 

OMe 

84 

100 

100 

94 

100 

81 

92 

90 

94 

90 

89 

72 

53 

62 

80 

90 

85 

76 

77 

22 

22 

22,27 

22 

22 

22 

22 

22 

22 

22 

22 

22 

24b 

24b 

24b 

24b 

24b 

24b 

24b 



Organozinc Reagents in Organic Synthesis 

Table 22 (Continued) 

Chemical Reviews, 1993, Vol. 93, No. 6 2181 

FG-RZnI acid chloride product yield (%) ref(s) 

EtO2C(CHa)3ZnI 

VMeO2C 

( i P 0 2 C ^ 

( B O 2 C - ) 

Zn 

Zn 

(J-PrO2C(CH2)S)2Zn 

Me 

Me 

IZn' 

IZn' 

IZn' 

IZn' 

IZn' 

IZn' 

IZn' 

IZn' 

IZn' 

ZnI 

^ NHBoc 

CO2Bn 

v^NHBoc 

6O2Bn 

•v^NHBoc 

CO2Bn 

s ^ . NHBoc 

CO2Bn 

V N ^ , NHBoc 

CO2Bn 

•v^NHBoo 

CO2Bn 

v^NHBoc 

CO2Bn 

v^NHBoc 

CO2Bn 

« NHBoc 

CO2Bn 

MeCOCl 

EtCOCl 

EtCOCl 

EtCOCl 

Me 

COCl 

PhCOCl 

M e ^ c o c i 

Me 

0 

Ph-^-^-ci 

t-BuCOCl 

PhCOCl 

PhCOCl 

Cl 

O 

MeCOCl 

EtCOCl 

Me 
V - CH2COCI 

Me 

t-BuCH2COCl 

PhCH2COCl 

o 
Ph^*^AC| 

MeO-^ 1 ^ -COCI 

MeO2C 

Me O 

XA Ph 

O Me 

0 - \ ^ \ ^ . N H B o c 

O CO2Bn 

Me NHBoc YY 
O CO2Bn 

NHBoc ;,Y"Y 
O CO2Bn 

Me NHBoc 

TYY 
Me O CO2Bn 

NHBoc 
t-Bu-^Y^Y 

O CO2Bn 

NHBoc 
ph'"YY' 

O CO2Bn 

O CO2Bn 
NHBoc 

74 

85 

63 

91 

88 

93 

81 

89 

50 

72 

70 

90 

80 

83 

76 

84 

41 

72 

43 

24b 

24b 

24b 

24b 

206 

27a 

27a 

27a 

27a 

53b 

80,81 

80,81 

80,81 

80,81 

80,81 

80,81 

80,81 

80,81 

80,81 



2182 Chemical Reviews, 1993, Vol. 93, No. 6 

Table 22 (Continued) 

Knochel and Singer 

FG-RZnI acid chloride product yield (%) ref(s) 

IZn' 

IZn' 

IZn' 

IZn' 

IZn' 

- ^ NHBoc 

6O2Bn 

v ^ NHBoc 

CO2Bn 

s^NHBoc 

CO2Bn 

• ^ NHBoc 

CO2Bn 

^ ..NHBoc 

CO2Bn 

| Z n ^ \ ^ C 0 2 B n 

| Z n ^ ^ N H B o c 

CO2Bn 

IZn' 

IZn' 

,NHBoc 

CO2Bn 

,NHBoc 

CO2Bn 

EtO2C(CHj)3ZnI 

Et02C(CH2)3ZnI 

EtO2C(CHz)3ZnI 

EtO2C(CHj)3ZnI 

Et02C(CH2)3ZnI 

EtO2C (CH2J2ZnI 

Et02C(CH2)2ZnI 

Et02C(CH2)3ZnI 

Et02C(CH2)3ZnI 

AcO. 
AcO-(x h— COCI 

ClCH2COCl 

ACOCH 2 COCI 

EtO' 

" COCl 
O 

O 

ClCOOPh 

ClCO2Et 

1-PrCH2OCOCl 

PhOCOCl 

M e ^ j ^ \ ^ O C O P h 

^ ^ O C O P h 

Me 

Me 
^ k ^ O C O P h 

M e ^ ^ ^ O C O P h 

Me 

OCOPh 

Me Me 

M e . ^ ^ , O C O P h 

OCOPh 
^X 
Me Me 

^ ^ ^ O C O P h 

Ph^^s^^OCOPh 

C I ^ ^ V 
O CO2Bn 

NHBoc 
AcO^YV 

O CO2Bn 

NHBoc 

O 

O 

O CO2Bn 

EtO' 
NHBoc 

O CO2Bn 

E K X x \ ^ NHBoc 

O CO2Bn 

O CO2Bn 

Me -v. JC Jk 
^ ^ 0 — ^ NHBoc 
Me 

BocNH NHBoc 

BnO2C O CO2Bn 

Me O 

CO2Et 

63 

39 

CO2Et 

61 

41 

10 

10 

45 

87° 

85° 

85" 

100° 

100° 

35" 

44" 

28" 

78" 

80,81 

80,81 

64 80,81 

53 80,81 

8Oe 

8Oe 

8Oe 

8Oe 

8Oe 

207 

207 

207 

207 

207 

207 

207 

207 

207 

" Reaction performed under a CO atmosphere. 
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Table 23. Enantioselective Addition of Functionalized Dialkylzinc Reagents to Aldehydes in the Presence of Catalytic 
Amounts of l(.R),2(i?)-Bis(trifluoromethanesulfonamido)cyclohexane 

(FG-R)2Zn (FG-R) aldehyde product 
enantiomeric 
excess (% ee) yield (%) ref 

AcO(CHj)6 

AcO(CH2)S 

AcO(CH2)B 

Cl(CHj)4 

Cl(CHj)4 

AcO(CH2)4 

AcO(CH2)3 

PivO(CH2)3 

EtO2C(CHj)3 

AcO(CHj)6 

AcO(CH2J4 

AcO(CH2J6 

Cl(CHj)4 

AcO(CHj)6 

CI(CHJ) 4 

PivO(CH2)3 

PivO(CH2)6 

AcO(CH2)6 

AcO(CH2)6 

PhCH2(Tf)N(CH2)S 

AcO(CHj)6 

PhCHO 

PentCHO 

c-HexCHO 

PhCHO 

CH 3 

PhCHO 

PhCHO 

PhCHO 

PhCHO 

Me 

O 

O 

O 

H ^ 

O 

O 

O 

SnBu3 

SnBu3 

SnBu3 

SnBu3 

SnBu3 

Me 

O 

Br 

O 

OH 

Bu3Sn' 

Bu3Sn 

Bu3Sn 

O 

H ^ - ^ P r 

OAc 

OAc 

OAc 

OAc 

OPiv 

EtO2C 
OAc 

93 

97 

97 

93 

97 

92 

86 

92 

60 

98 

93 

92 

95 

91 

95 

90 

92 

75 

80 

86 

94 

79 

62 

83 

95 

95 

72 

75 

90 

75 

70 

85 

81 

79 

75 

69 

67 

90 

83 

78 

56 

95 

48 

48 

48 

48 

48 

48 

48 

48 

48 

48 

211 

211 

211 

211 

211 

211 

210 

210 

210 

210 

210 
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(FG-R)2Zn (FG-R) aldehyde product 
enantiomeric 
excess (% ee) yield (%) ref 

Cl(CHs)4 

PivO(CH2)3 

AcO(CHj)6 

AcO(CH2)6 

PhCH2(Tf)N(CHa)3 

AcO(CH2)6 

Cl(CHa)4 

AcO(CHa)6 

PivO(CH2)6 

AcO(CH2)4 

PivO(CH2)3 

Cl(CHa)6 

H ^ f Pr 
Br 

O 

H'^r*s?vPr 
Br 

O Me 

H - \ ^ M e 
Br 

O 

H ^f Me 
Br 

H ^ ^ ^ S n B u , 

SiMe2Ph 

O 

O 

H —' SiMe2Ph 

O 

O 

O 

O 

O 

OSi(IPr)3 

OSi(IPr)3 

OSi(IPr)3 

'OSKiPr)3 

OSi(IPr)3 

OAc 

95 

95 

68 

80 

82 

96 

96 

91 

91 

99 

40 

66 

68 

68 

68 

77 

62 

70 

70 

71 

72 

62 

55 

59 

210 

210 

210 

210 

210 

210 

214 

214 

214 

214 

214 

214 

of functionalizied dialkylzincs to /?-(silyloxy)propional-
dehyde 165 provides 1,3-diol derivatives which can be 
converted to aldol products of type 166 (eq 141).214 The 

TlPSO. I s / N]f + (AcO(CH2)5)2Zn 
Ti(O-IPr)4 (1 equiv.) 

Tf 

165 

TIPSO OH 

a: Ti(Oi-Pr)2 

^H OAc 
1 Jt-BuPh2SiCI 
2) CF3CO2H 

3) PCC 

71%, 91%ee 

Tf (8 mol%) 

O OSiPh2(I-Bu) 

X JL 
H-^^^CH-OsOAc 

166 
70% 

(141)Z14 

enantioselective addition of a diorganozinc to these 
carbonyl compounds selectively provides syn- or anti-
1,3-diols 167, depending on the configuration of the 
catalyst used (eq 142).214-215 Functionalized mixed 
alkenyl(alkyl)zincs can be readily prepared from the 
corresponding boranes.131 Their addition to aldehydes 

(AcO(CH2J4J2Zn PhCH2O OH 

Et' 

PhCH2O O 

E f ^ - ^ H 

OAc 

(8 mol%) 

71% : syn : anti 
(9:91) 

Ji(OiPr)2 

PhCH2O OH 

Et - ^ " v ^ — ^ ^ ^ O A c 

72% : syn : anti 
(86 :14) 

(8mol%) syn-167 

(142)"' 

in the presence of a chiral catalyst proceeds with high 
enantioselectivity.131b It should be noted that the 
alkenyl group is transferred preferentially to the alkyl 
group. This method has been elegantly applied to a 
synthesis of CR)-(-)-muscone (eq 143).217 Clearly, this 
approach will allow the preparation of a wide range of 
chiral polyfunctionalized building blocks with a high 
enantioselectivity. 
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1) HB(c-Hex)2, hexane, O0C 
2) add 1 % M-DAIB in Et2Zn 

3) aq. NH4CI * 
75% 

(CH2)^ 

92% ee 

- » - (R)-(-)-Muscone (143)217 

VI. Conclusions and Perspectives 

Organozinc compounds have been considered for a 
long time as unreactive organometallics with limited 
applications in organic synthesis. It has become clear 
within recent years that this opinion has to be revised. 
In fact, the low reactivity of the carbon-zinc bond can 
be exploited for the preparation of a wide range of 
polyfunctionalized zinc reagents. The good transmet-
alation ability of organozinc derivatives with soluble 
copper salts such as CuCN«2LiX29 or palladium(II) 
complexes20 allows the in situ preparation of highly 
reactive organometallic species. The reaction pathways 
which are now available for these transition-metal 
intermediates allow reactions with numerous carbon 
electrophiles in excellent yields. The addition of 
functionalized dialkylzincs to aldehydes in the presence 
of chiral titanium catalysts provides a general enan-
tioselective preparation to polyfunctional secondary 
alcohols and considerably extends the synthetic utility 
of diorganozincs. Their excellent functional group 
tolerance, their high chemoselectivity and excellent 
stereoselectivity in many reactions makes organozincs 
ideal organometallic intermediates for the construction 
of complex polyfunctional molecules. 

VII. Acknowledgments 

I would like to thank all my co-workers for their 
dedication, intellectual contribution, and hard work. I 
would also like to thank Mrs. Alice Fortney from the 
University of Michigan for typing part of this manu­
script. Finally, I thank the Alfred P. Sloan Foundation 
for a Fellowship (1992-1993), the Alexander von 
Humboldt Foundation for a fellowship to R.D.S., the 
donors of the Petroleum Research Found, administered 
by the American Chemical Society, the Fonds der 
Chemischen Industrie, and the Deutsche Forschungs-
gemeinschaft (SFB 260) for generous support of this 
research. 

VIII. References 
(1) Corey, E. J.; Cheng, X.-M. The Logic of Chemical Synthesis; 

Wiley: New York, 1989. 
(2) Nutzel, K. Methoden der Organischen Chemie; Metallorganische 

Verbindungen Be, Mg, Ca, Sr, Ba, Zn, Cd; Thieme: Stuttgart, 
1973; Vol. 13/2a, p 552. 

(3) Frankland, E. Liebigs Ann. Chem. 1849, 71, 171; 213. 
(4) Elschenbroich, C; Salzer, A. Organometallics: a concise intro­

duction; VCH: Weinheim, 1989. 
(5) Freund, A. Liebigs Ann. Chem. 1861,118, 1. 
(6) Rieth, R.; Beilstein, F. Liebigs Ann. Chem. 1863,126, 248. 
(7) Pawlow, D. Liebigs Ann. Chem. 1877,188, 130. 
(8) Wagner, G.; Saytzeff, A. Liebigs Ann. Chem. 1875,175, 361. 

(9) (a) Reformatsky Chem. Ber. 1887, 20, 1210; 1895, 28, 2842. (b) 
Furstner, A. Synthesis 1989, 571. 

(10) Hunsdiecker, H.; Erlbach, H.; Vogt, E. German Patent 722467, 
1942; Chem. Abstr. 1943, 37, P 5080. 

(11) Wittig, G.; Jautelat, M. Liebigs Ann. Chem. 1967, 702, 24. 
(12) (a) Wittig, G.; Schwarzenbach, K. Angew. Chem. 1959,71,652. (b) 

Wittig, G.; Schwarzenbach, K. Liebigs Ann. Chem. 1961, 650, 1. 
(c) Wittig, G.; Wingler, F. Liebigs Ann. Chem. 1962,656,18. (d) 
Wittig, G.; Wingler, F. Chem. Ber. 1964, 97, 2139, 2146. 

(13) (a) Simmons, H. E.; Smith, R. D. J. Am. Chem. Soc. 1958,80,5323. 
(b) Simmons, H. E.; Smith, R. D. J. Am. Chem. Soc. 1959,81,4256. 
(c) Blanchard, E. P.; Simmons, H. E. J. Am. Chem. Soc. 1964,86, 
1337,1347. 

(14) Reviews on (iodomethyl)zinc iodide and related reagents as organic 
reagents have been published: (a) Simmons, H. E., Cairns, T. L.; 
Vladuchick, A.; Hoiness, C. M. Org. React. 1972, 20, 1. (b) 
Furukawa, J.; Kawabata, N. Adv. Organomet. Chem. 1974,12,83. 
(c) Zeller, K.-P.; Gugel, H.; Houben-Weyl Methoden der Orga­
nischen Chemie; Regitz, M., Ed.; Band EXDCb; Thieme: Stuttgart, 
1989; p 195. 

(15) For recent applications of ICH2ZnI in cyclopropanation reactions, 
see: (a) Staroscik, J. A.; Rickbom, B. J. Org. Chem. 1972,37,738. 
(b) Kawabata, N.; Nakagawa, T.; Nakao, T.; Yamashita, S. J. Org. 
Chem. 1977,42,3031. (c) Johnson, C. R.; Barbachyn, M. R. J. Am. 
Chem. Soc. 1982, 104, 4290. (d) Fabisch, B.; Mitchell, T. N. J. 
Organomet. Chem. 1984, 269, 219. (e) Bartnik, R.; Mloston, G. 
Synthesis 1983, 924. (f) Arai, I.; Mori, A.; Yamamoto, H. J. Am. 
Chem. Soc. 1985,107, 8254. (g) Mash, E.; Nelson, K. A. J. Am. 
Chem. Soc. 1985,107,8256. (h) Mori, A.; Arai, I.; Yamamoto, H. 
Tetrahedron 1986,42,6447. (i) Sugimura, T.; Futagawa, T.; Tai, 
A. Tetrahedron Lett. 1988,29,5775. (j) Sugimura, T.; Futagawa, 
T.; Yoshikawa, M.; Tai, A. Tetrahedron Lett. 1989,30, 3807. (k) 
Mash, E. A.; Nelson, K. A.; Van Deusen, S.; Hemperly, S. B. Org. 
Synth. 1989, 68, 92. (1) Mash, E. A.; Torok, D. S. J. Org. Chem. 
1989, 54, 250. (m) Mash, E. A.; Hemperly, S. B.; Nelson, K. A.; 
Heidt, P. C; Van Deusen, S. J. Org. Chem. 1990, 55, 2045. (n) 
Newman-Evans, R. H.; Simon, R. J.; Carpenter, B.K.J. Org. Chem. 
1990,55,695. (o) Friedrich, E. C; Lewis, E. J. J. Org. Chem. 1990, 
55,2491. (p) Imai, T.; Mineta, H.; Nishida, S. J. Org. Chem. 1990, 
55, 4986. 

(16) (a) Seyferth, D.; Dertouzos, H.; Todd, L. J. J. Organometal. Chem. 
1965,4,18. (b) Seyferth, D.; Andrews, S. B. J. Organometal. Chem. 
1971, 30, 151. 

(17) (a)Lee,J.G.;Ha,D.S.Synf/ieswl988,318. (b) Rodriguez, A. D.; 
Nickon, A. Tetrahedron 1985,41,4443. (c) Thomas, A.; Singh, G.; 
Ha, H.; Junjapp, H. Tetrahedron Lett. 1989,30,3093. (d) Lehnert, 
E. K.; Sawyer, J. S.; MacDonald, T. L. Tetrahedron Lett. 1989,30, 
5215. 

(18) Negishi, E. Organometallics in Organic Synthesis; Wiley: New 
York, 1980; Vol. 1. 

(19) (a) Pearson, A. J. Metallo-organic Chemistry; Wiley: New York, 
1985; p 106. (b) Reetz, M. T.; Wenderoth, B.; Peter, R.; Steinbach, 
R.; Westermann, J. J. Chem. Soc, Chem. Commun. 1980, 1202. 

(20) (a) Negishi, E.; Valente, L. F.; Kobayashi, M. J. Am. Chem. Soc. 
1980, 102, 3298. (b) Kobayashi, M.; Negishi, E. J. Org. Chem. 
1980,45,5223. (c) Negishi, E. Ace. Chem. Res. 1982,15,340. (d) 
Negishi, E.; Bagheri, V.; Chatterjee, S.; Luo, F.-T.; Miller, J. A.; 
Stoll, A. T. Tetrahedron Lett. 1983, 24, 5181. (e) Grey, R. A. J. 
Org. Chem. 1984, 49, 2288. (f) Nakamura, E.; Kuwajima, I. 
Tetrahedron Lett. 1986,27,83. (g) Sato, T.; Naruse, K.; Enokiya, 
M.; Fujisawa, T. Chem. Lett. 1981, 1135. 

(21) Tamaru, Y.; Ochiai, H.; Yoshida, Z. Tetrahedron Lett. 1984, 25, 
3861. 

(22) Tamaru, Y.; Ochiai, H.; Nakamura, T.; Tusbaki, K.; Yoshida, Z. 
Tetrahedron Lett. 1985, 26, 5559. 

(23) Tamaru, Y.; Ochiai, H.; Sanda, F.; Yoshida, Z. Tetrahedron Lett. 
1985, 26, 5529. 

(24) (a) Tamaru, Y.; Ochiai, H.; Nakamura, T.; Yoshida, Z. Tetrahedron 
Lett. 1986, 27, 955. (b) Tamaru, Y.; Ochiai, H.; Nakamura, T.; 
Yoshida, Z. Angew. Chem. 1987, 99, 1193. 

(25) Tamaru, Y. New Trends in Organometallic Chemistry; Sakurai, 
H., Ed.; Tohoku University: Sendai, Japan, 1990; p 304. 

(26) Nakamura, E.; Kuwajima, I. J. Am. Chem. Soc. 1984,106, 3368. 
(27) (a) Nakamura, E.; Aoki, S.; Sekiya, K.; Oshino, H.; Kuwajima, I. 

J. Am. Chem. Soc. 1987,109,8056. (b) Nakamura, E.; Sekiya, K.; 
Kuwajima, I. Tetrahedron Lett. 1987, 28, 337. 

(28) (a) Knochel, P.; Normant, J. F. Tetrahedron Lett. 1986,27,4431. 
(b) Ochiai, H.; Tamura, Y.; Tsubaki, K.; Yoshida, Z. J. Org. Chem. 
1987, 52, 4418. (c) Tamaru, Y.; Tanigawa, H.; Yamamoto, T.; 
Yoshida, Z. Angew. Chem. 1989,101,358; Angew. Chem., Int. Ed. 
Engl. 1989, 28, 351. 

(29) Knochel, P.; Yeh, M. C. P.; Berk, S. C; Talbert, J. J. Org. Chem. 
1988, 53, 2390. 

(30) For recent review, see: (a) Duthaler, R. O.; Hafner, A. Chem. Rev. 
1992, 92, 807. (b) Soai, K.; Niwa, S. Chem. Rev. 1992, 92, 833. 

(31) Gaudemar, M. Bull. Soc. Chim. Fr. 1962, 974. 
(32) (a) Zinc dust: Alrich, -325 mesh; Fluka, puriss >98%; Riedel de 

Haen, min 90%, dust. 
(33) Erdik, E. Tetrahedron 1987, 43, 2203. 



2186 Chemical Reviews, 1993, Vol. 93, No. 6 Knochel and Singer 

(34) (a)Gawronsky.J.K. Tetrahedron Lett. 1984,25,2605. (b)Picotin, 
G.; Miginiac, P. J. Org. Chem. 1987, 52, 4796. (c) Picotin, G.; 
Miginiac, P. Tetrahedron Lett. 1987, 28, 4551. 

(35) Majid, T. N.; Knochel, P. Tetrahedron Lett. 1990, 31, 4413. 
(36) Berk, S. C; Knochel, P.; Yeh, M. C. P. J. Org. Chem. 1988,53,5798. 
(37) Berk, S. C; Yeh, M. C. P.; Jeong, N.; Knochel, P. Organometallics 

1990 9 3053. 
(38) Yeh.'M. C. P.; Knochel, P.; Butler, W. M.; Berk, S. C. Tetrahedron 

Lett. 1988, 29, 6693. 
(39) Chen, H. G.; Gage, J. L.; Barrett, S. D.; Knochel, P. Tetrahedron 

Lett. 1990, 31,1829. 
(40) Yeh, M. C. P.; Knochel, P.; Santa, L. E. Tetrahedron Lett. 1988, 

29 3887 
(41) Yeh, M. C. P.; Knochel, P. Tetrahedron Lett. 1989, 30, 4799. 
(42) Retherford, C; Yeh, M. C. P.; Schipor, L; Chen, H. G.; Knochel, 

P. J. Org. Chem. 1989, 54, 5200. 
(43) Tucker, C. E.; AchyuthaRao, S.; Knochel, P. J. Org. Chem. 1990, 

55, 5446. 
(44) Knochel, P.; Chou, T.-S.; Chen, H. G.; Yeh, M. C. P.; Rozema, M. 

J. J. Org. Chem. 1989, 54, 5202. 
(45) (a) Chou, T.-S.; Knochel, P. J. Org. Chem. 1990, 55, 4791. (b) 

Knochel, P.; Chou, T. S.; Jubert, C; Rajagopal, D. J. Org. Chem. 
1993 58 588. 

(46) (a) Knochel, P. J. Am. Chem. Soc. 1990,112, 7431. (b) Waas, J. 
R.; AchyuthaRao, S.; Knochel, P. Tetrahedron Lett. 1992,33,3717. 

(47) Retherford, C; Knochel, P. Tetrahedron Lett. 1991, 32, 441. 
(48) Rozema, M. J.; AchyuthaRao, S.; Knochel, P. J. Org. Chem. 1992, 

57, 1956. 
(49) (a) For a review, see: Knochel, P.; Rozema, M. J.; Tucker, C. E.; 

Retherford, C; Furlong, M.; AchyuthaRao, S. Pure Appl. Chem. 
1992, 64, 361. (b) AchyuthaRao, S.; Knochel, P. J. Org. Chem. 
1991, 56, 4591. 

(50) Rozema, M. J.; Rajagopal, D.; Tucker, C. E.; Knochel, P. J. 
Organomet. Chem. 1992, 438,11. 

(51) (a) Yeh, M. C. P.; Sun, M.-L.; Lin, S.-K. Tetrahedron Lett. 1991, 
32,113. (b) Yeh, M. C. P.; Tau, S.-J. J. Chem. Soc, Chem. Commun. 
1992,13. (C) Yeh, M. C. P.; Tsou, C-J.; Chuang, C-N.; Lin, H.-C 
J. Chem. Soc, Chem. Commun. 1992,890. (d) Yeh, M. C P.; Sheu, 
B. A.; Fu, H. W.; Tau, S. I.; Chuang, L. W. J. Am. Chem. Soc 1993, 
115, 5941. 

(52) Jubert, C; Knochel, P. J. Org. Chem. 1992, 57, 5431. 
(53) (a) JanikaramRao, C; Knochel, P. J. Org. Chem. 1991, 56, 4593. 

(b) Knochel, P.; JanikaramRao, C Tetrahedron 1993, 49, 29. 
(54) (a) Yeh, M. C. P.; Knochel, P. Tetrahedron Lett. 1988,29, 2395. 

(b) Majid, T. N.; Yeh, M. C P.; Knochel, P. Tetrahedron Lett. 
1989, 30, 5059. 

(55) Chen, H. G.; Hoechstetter, C; Knochel, P. Tetrahedron Lett. 1989, 
30, 4795. 

(56) Knoess, H. P.; Furlong, M. T.; Rozema, M. J.; Knochel, P. J. Org. 
Chem. 1991, 56, 5974. 

(57) Yeh, M. C. P.; Chen, H. G.; Knochel, P. Org. Synth. 1991, 70,195. 
(58) (EtO)3Si(CH2)J (n = 2, 3) can be readily converted to the 

corresponding zinc reagents: Knochel, P.; Yeh, M. C. P. Unpub­
lished results, 1988. 

(59) AchyuthaRao, S.; Tucker, C E.; Knochel, P. Tetrahedron Lett. 
1990, 31, 7575. 

(60) AchyuthaRao, S.; Chou, T.-S.; Schipor, I.; Knochel, P. Tetrahedron 
1992, 48, 2025. 

(61) Retherford, C; Chou, T.-S.; Schelkun, R. M.; Knochel, P. Tetra­
hedron Lett. 1990, 31, 1833. 

(62) For a extensive discussion of the formation of organomagnesium 
compounds, see: (a) Walborsky, H. M.; Rachon, J. J. Am. Chem. 
Soc. 1989, 111, 1896. (b) Root, K. S.; Hill, C L.; Lawrence, L. M.; 
Whitesides, G. M. J. Am. Chem. Soc 1989, Ul, 5405. (O Rachon, 
J.; Walborsky, H. M. Tetrahedron Lett. 1989, 30, 7345. (d) 
Walborsky, H. M. Ace Chem. Res. 1990,23, 286. (e) Walborsky, 
H. M.; Zimmermann, C. J. Am. Chem. Soc. 1992,114, 4996. 

(63) (a) Screttas, C. G.; Micha-Screttas, M. J. Org. Chem. 1978, 43, 
1064. (b) Screttas, C G.; Micha-Screttas, M. J. Org. Chem. 1979, 
44, 713. (c) Cohen, T.; Guo, B.-S. Tetrahedron 1986, 42, 2803. 

(64) Zhu, L.; Wehmeyer, R. M.; Rieke, R. D. J. Org. Chem. 1991, 56, 
1445. 

(65) Zhu, L.; Rieke, R. D. Tetrahedron Lett. 1991, 32, 2865. 
(66) (a) Rieke, R. D.; Uhm, S. J.; Hudnall, P. M. J. Chem. Soc, Chem. 

Commun. 1973, 269. (b) Rieke, R. D.; Li, P. T.-J.; Burns, T. P.; 
Uhm, S. T. J. Org. Chem. 1981, 46, 4323. (c) Rieke, R. D.; Uhm, 
S. J. Synthesis 1975, 452. 

(67) Rieke, R. D. Science 1989, 246, 1260. 
(68) Einhorn, C; Einhorn, J.; Luche, J.-L. Synthesis 1990, 787. 
(69) Petrier, C; de Souza Barbosa, J. C; Dupuy, C; Luche, J.-L. J. Org. 

Chem. 1985, 50, 5761. 
(70) (a) de Souza Barbosa, J. C; Petrier, C; Luche, J.-L. Tetrahedron 

Lett. 1985, 26, 829. (b) Corey, E. J.; Link, J. O.; Shao, Y. 
Tetrahedron Lett. 1992, 33, 3435. 

(71) Petrier, C; Dupuy, C; Luche, J. L. Tetrahedron Lett. 1986, 27, 
3149. 

(72) Einhorn, C; Luche, J.-L. J. Organomet. Chem. 1987, 322, 177. 
(73) Luche, J.-L.; Einhorn, C ; Einhorn, J.; Sinisterra-Gago, J. V. 

Tetrahedron Lett. 1990, 31, 4125. 
(74) Blomberg, C; Hartog, F. A. Synthesis 1977, 18. 

(75) (a) Mukhopadhyay, T.; Seebach, D. HeIv. Chim. Acta 1982, 65, 
385. (b) Seebach, D.; Beck, A. K.; Mukhopadhyay, T.; Thomas, E. 
HeIv. Chim. Acta 1982, 65,1101. (c) Bengtsson, M.; Liljefors, T. 
Synthesis 1988, 250. 

(76) Jubert, C; Knochel, P. J. Org. Chem. 1992,57, 5425. 
(77) (a)Poulter,CD.;Satterwhite,D.M.Biochemistry 1977,16,5471. 

(b) Poulter, C. D.; King, C-H. R. J. Am. Chem. Soc. 1982, 104, 
1422. For a recent use of allylic phosphates as electrophiles, see: 
(c) Yanagisawa, A.; Nomura, N.; Yamamoto, H. Synlett 1991,513. 
(d) Lithium halides react rapidly with allylic phosphates in DMF 
at 25 0C to afford the corresponding allylic halide with retention 
of the stereochemistry of the double bond: Araki, S.; Ohmori, K.; 
Butsugan, Y. Synthesis 1984, 841. 

(78) Villieras, J.; Rambaud, M. Synthesis 1982, 924. 
(79) The protection of the acidic hydrogene of terminal alkynes has to 

be performed during the preparation of the corresponding mag­
nesium or lithium reagents: (a) Flahaut, J.; Miginiac, P. HeIv. Chim. 
Acta 1978, 61, 2275. (b) Hall, S. E.; Roush, W. R. J. Org. Chem. 
1982, 47, 4611. 

(80) (a) Jackson, R. F. W.; James, K.; Wythes, M. J.; Wood, A. J. Chem. 
Soc, Chem. Commun. 1989, 644. (b) Jackson, R. F. W.; Wythes, 
M. J.; Wood, A. Tetrahedron Lett. 1989,30,5941. (c) Jackson, R. 
F. W.; Wood, A.; Wythes, M. J. Synlett. 1990, 735. (d) Dunn, M. 
J.; Jackson, R. F. W. J. Chem. Soc; Chem. Commun. 1992,319. (e) 
Jackson, R. F. W.; Wishart, N.; Wythes, M. J. J. Chem. Soc, Chem. 
Commun. 1992, 1587. (f) Dunn, M. J.; Jackson, R. F. W.; 
Stephenson, G. R. Synlett 1992,905. (g) Jackson, R. F. W.;Wishart, 
N.; Wythes, M. J. Synlett 1993, 219. 

(81) Jackson, R. F. W.; Wishart, N.; Wood, A.; James, K.; Wythes, M. 
J. J. Org. Chem. 1992, 57, 3397. 

(82) (a) Haszeldine, R. N.; Walaschewski, E. G. J. Chem. Soc. 1953, 
3607. (b) Miller, W. T.; Bergman, E.; Fainberg, A. H. J. Am. Chem. 
Soc. 1957, 79, 4159. (c) Chambers, R. D.; Musgrave, W. K. R.; 
Savory, J. J. Chem. Soc. 1962,1993. (d) Kumai, S.; Munekata, S.; 
Yamabe, M. Asahi Garasu Kenkyu Hokoku 1981, 31, 91; Chem. 
Abstr. 1982,97,23253b. (e) Blancou, H.; Commeyras, A. J. Fluorine 
Chem. 1982,20,255. (f) Benefice, S.; Blancou, H.; Commeyras, A. 
J. Fluorine Chem. 1983,23,47. (g) Benefice-Malouet, S.; Blancou, 
H.; Commeyras, A. J. Fluorine Chem. 1985, 30,171. (h) For an 
excellent review, see: Burton, D. J. Tetrahedron 1992, 48,189. 

(83) Blancou, H.; Moreau, P.; Commeyras, A. Tetrahedron 1977, 33, 
2061. 

(84) Sekiya, A.; Ishikawa, N. Chem. Lett. 1977, 81. 
(85) Burton, D. J.; Wiemers, D. M. J. Am. Chem. Soc. 1985,107,5014. 
(86) Wiemers, D. M.; Burton, D. J. J. Am. Chem. Soc. 1986,108, 832. 
(87) Jiang, B.; Xu, Y. J. Org. Chem. 1991, 56, 7336. 
(88) (a) Morken, P. A.; Lu, H.; Nakamura, A.; Burton, D. J. Tetrahedron 

Lett. 1991,32,4271. (b) Hansen, S. W.; Spawn, T. D.; Burton, D. 
J. J. Fluorine Chem. 1987, 35,415. (c) Morken, P. A.; Burton, D. 
J. J. Org. Chem. 1993, 58, 1167. 

(89) Gillet, J. P.; Sauvetre, R.; Normant, J. F. Synthesis 1986, 538. 
(90) Habeeb, J. J.; Osman, A.; Tuck, D. G. J. Organomet. Chem. 1980, 

185, 117. 
(91) (a) Klabunde, K. J.; Campostrini, R. J. Fluorine Chem. 1989,42, 

93. (b) Guerra, M. A.; Bierschenk, T. R.; Lagow, R. J. J. Am. Chem. 
Soc 1986,108, 4103. (c) Klabunde, K. J.; Key, M. S.; Low, J. Y. 
F. J. Am. Chem. Soc. 1972, 94, 999. (d) Klabunde, K. J. Angew. 
Chem., Int. Ed. Engl. 1975,14, 287. 

(92) (a) Oguni, N.; Omi, T. Tetra/iedronZ,eit. 1984,25,2823. (b)Oguni, 
N.; Matsuda, Y.; Kaneko, T. J. Am. Chem. Soc. 1988,110, 7877. 
(c) Soai, K.; Oookawa, A.; Ogawa, K.; Kaba, T. J. Chem. Soc, Chem. 
Commun. 1987, 467. (d) Soai, K.; Yokoyama, S.; Ebihara, K.; 
Hayasaka, T. J. Chem. Soc, Chem. Commun. 1987,1690. (e) Soai, 
K.; Oookawa, A.; Kaba, T.; Ogawa, K. J. Am. Chem. Soc. 1987,109, 
7111. (f) Soai, K.; Niwa, S.; Yamada, Y.; Inoue, H. Tetrahedron 
Lett. 1987, 28, 4841. (g) Soai, K.; Nishi, M.; Ito, Y. Chem. Lett. 
1987, 2405. (h) Soai, K.; Niwa, S.; Watanabe, M. J. Org. Chem. 
1988,53,927. (i) Soai, K.; Niwa, S. Chem. Lett. 1989,481. (j)Soai, 
K.; Watanabe, M.; Koyano, M. J. Chem. Soc, Chem. Commun. 
1989,534. (k) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R. J. Am. 
Chem. Soc. 1989, 111, 4028. (1) Corey, E. J.; Yuen, P.-W.; Harmon, 
F. J.; Wierda, D. A. J. Org. Chem. 1990,55,784. (m) Corey, E. J.; 
Hannon, F. J. Tetrahedron Lett. 1987,28, 5233. (n) Joshi, N. N.; 
Srebnik, M.; Brown, H. C Tetrahedron Lett. 1989,30, 5551. (o) 
Itsuno, S.; Frechet, J. M. J. J. Org. Chem. 1987, 52, 4140. (p) 
Oppolzer, W.; Radinov, R. N. Tetrahedron Lett. 1988, 29, 5645. 
(q) BoIm, C; Zehnder, M.; Bur, D. Angew. Chem., Int. Ed. Engl. 
1990, 29, 205. (r) Itsuno, S.; Sakurai, Y.; Ito, K.; Maruyama, T.; 
Nakahama, S.; Frechet, J. M. J. J. Org. Chem. 1990,55, 304. (s) 
Oppolzer, W.; Radinov, R. N. Tetrahedron Lett. 1991, 32, 5777. 

(93) For excellent reviews, see: (a) Evans, D. A. Science 1988,240,420. 
(b) Noyori, R.; Kitamura, M. Angew. Chem., Int. Ed. Engl. 1991, 
30, 49. 

(94) Furukawa, J.; Kawabata, N.; Nishimura, J. Tetrahedron Lett. 1966, 
3353. 

(95) Knochel, P. Unpublished results Ann Arbor, MI, and Marburg, 
Germany, 1992. 

(96) (a) Hayashi, T.; Konishi, M.; Kumada, M. Tetrahedron Lett. 1979, 
21, 1871. (b) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; 
Higuchi, T.; Hirotsu, K. J. Am. Chem. Soc. 1984, 106, 158. 



Organozlnc Reagents in Organic Synthesis Chemical Reviews, 1993, Vol. 93, No. 6 2187 

(97) A related reaction can be performed using Grignard reagents: (a) 
Yuan, K.; Scott, W. J. Tetrahedron Lett. 1989,30,4779. (b) Yuan, 
K.; Scott, W. J. J. Org. Chem. 1990, 55, 6188. 

(98) Lange, H.; Naumann, D. J. Fluorine Chem. 1984, 26, 435. 
(99) Knochel, P.; Jeong, N.; Rozema, M. J.; Yeh, M. C. P. J. Am. Chem. 

Soc. 1989, Ul, 6474. 
(100) Knochel, P.; AchyuthaRao, S. J. Am. Chem. Soc. 1990,112,6146. 
(101) (a) Rozema, M. J.; Knochel, P. Tetrahedron Lett. 1991,32,1855. 

(b) Burns, M. R.; Coward, J. K. J. Org. Chem. 1993, 58, 528. 
(102) Hahn, R. Cj Tompkins, J. Tetrahedron Lett. 1990, 31, 937. 
(103) Rozema, M. J.; AchyuthaRao, S.; Knochel, P. J. Org. Chem. 1993, 

58, 2694. 
(104) (a) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1986, 25, 1. (b) 

Molander, G. A.; Shubert, D. C. J. Am. Chem. Soc. 1987,109,6877. 
(105) (a) El Alami, N.; Belaud, Cj Villieras, J. J. Organomet. Chem. 

1987, 319, 303. (b) El Alami, N.j Belaud, C; Villieras, J. J. 
Organomet. Chem. 1988, 348, 1. (c) Belaud, C; Roussakis, C; 
Letourneux, Y.; El Alami, N.; Villieras, J. Synthetic Commun. 1985, 
15, 1233. (d) El Alami, N.; Belaud, C; Villieras, J. Tetrahedron 
Lett. 1987, 28, 59. 

(106) AchyuthaRao, S.; Knochel, P. J. Am. Chem. Soc. 1992,114,7579. 
(107) (a) Takahashi, Y.; Ito, T.; Sakai, S.; Ishii, Y. J. Chem. Soc, Chem. 

Commun. 1970,1065. (b) Rettig, M. F.; Maitlis, P. M. Inorg. Synth. 
1977,17,134. (c) Mignani, G.; Leising, F.; Meyrueix, R.; Samson, 
H. Tetrahedron Lett. 1990, 31, 4743. 

(108) For some other reactions involving 1,2-migrations of organometallic 
intermediates, see: (a) Miller, J. A. J. Org. Chem. 1989, 54, 998. 
(b) Kocienski, P.; W adman, S.; Cooper, K. J. Am. Chem. Soc. 1989, 
111, 2363. (c) Mortimore, M.; Kocienski, P. Tetrahedron Lett. 
1988, 27, 3357. (d) Ramig, K.; Bhupathy, M.; Cohen, T. J. Org. 
Chem. 1989,54,4404. (e) Charreau, P.; Julia, M.; Verpeaux, J.-N. 
J. Organomet. Chem. 1989,379,201. (f) Michnick, T. J.; Matteson, 
D. S. Synlett 1991,631. (g) Nguyen, T.; Negishi, E. Tetrahedron 
Lett. 1991,32,5903. (h) Villieras, J.; Reliquet, A.; Normant, J. F. 
J. Organomet. Chem. 1978,144,1; 263. (i) Villieras, J.; Reliquet, 
A.; Normant, J. F. Synthesis 1978, 27. 

(109) Harada, T.; Hattori, K.; Katsuhira, T.; Oku, A. Tetrahedron Lett. 
1989, 30, 6035, 6039. 

(110) Harada, T.jHara, D.; Hattori, K.; Oku, A. Tetrahedron Lett. 1988, 
29, 3821. 

(111) (a) Harada, T.; Kotani, Y.; Katsuhira, T.; Oku, A. Tetrahedron 
Lett. 1991,32,1573. (b) Harada, T.; Katsuhira, T.; Oku, A. J. Org. 
Chem. 1992, 57, 5805. 

(112) Negishi, E.; Akiyoshi, K. J. Am. Chem. Soc. 1988,110, 646. 
(113) Negishi, E.; Akiyoshi, K.; O'Connor, B.; Takagi, K.; Wu, G. J. Am. 

Chem. Soc. 1989, Ul, 3089. 
(114) For an alternative preparation of 1,1-bimetallics of silicon and zinc, 

see: (a) Knochel, P.; Xiao, C; Yeh, M. C. P. Tetrahedron Lett. 
1988,29,6697. (b) Lautens, M.; Huboux, A. H. Tetrahedron Lett. 
1990, 31, 3105. (C) Lautens, M.; Delanghe, P. H. M.; Goh, J. B.; 
Zhang, C H. J. Org. Chem. 1992, 57, 3270. 

(115) Yang, Z.-Y.j Wiemers, D. M.; Burton, D. J. J. Am. Chem. Soc. 1992, 
114, 4402. 

(116) Siegel, H. Top. Curr. Chem. 1982,106, 55. 
(117) (a) Wakefield, B. J. Organolithium Methods; Academic Press: 

London, 1988. (b) Stowell, J. C. Carbanions in Organic Synthesis; 
Wiley: New York, 1979. 

(118) Brandsma, L.; Verkruijsse, H. Preparative Polar Organometallic 
Chemistry; Springer-Verlag: Berlin, 1987; Vol. 1. 

(119) (a) Piers, E.; Karunaratne, V. Can. J. Chem. 1984, 62, 629. (b) 
Piers, E.; Karunaratne, V. J. Chem. Soc, Chem. Commun. 1983, 
935. (C) Piers, E.; Karunaratne, V. J. Chem. Soc, Chem. Commun. 
1984, 959. (d) Piers, E.; Karunaratne, V. J. Org. Chem. 1983,48, 
1774. (e) Piers, E.; Yeung, B. W. A. J. Org. Chem. 1984,49,4567. 

(120) Najera, Cj Yus, M. J. Org. Chem. 1988, 53, 4708. 
(121) (a) Peterson, P. E.; Nelson, D. J.; Risener, R. J. Org. Chem. 1986, 

57,2381. See also: (b) Caine, D.; Frobese, A. S. Tetrahedron Lett. 
1978,5167. (C) Negishi, E.; Boardman, L. D.; Tour, J. M.; Sawada, 
H.; Rand, C L. J. Am. Chem. Soc. 1983,105,6344. (d) Sengupta, 
S.; Snieckus, V. J. Org. Chem. 1990, 55, 5680. (e) Duhamel, L.; 
Duhamel, P.; Enders, D.; Karl, W.; Leger, F.; Poirier, J. M.; Raabe, 
G. Synthesis 1991, 649. (f) Cooke, M. P. J. Org. Chem. 1984,49, 
1144. (g) Cooke, M. P.; Widener, R. K. J. Org. Chem. 1987, 52, 
1381. 

(122) Aromatic halides bearing an ester, cyano, or nitro group have been 
converted into the corresponding aromatic lithium derivatives and 
have been reacted with carbonyl compounds: (a) Parham, W. E.; 
Jones, L. D.; Sayed, Y. J. Org. Chem. 1975,40,2394. (b) Parham, 
W. E.; Jones, L. D. J. Org. Chem. 1976, 41,1187. (c) Parham, W. 
E.; Jones, L. D. J. Org. Chem. 1976,41,2704. (d) Parham, W. E.; 
Piccirilli, R. M. J. Org. Chem. 1977, 42, 257. (e) Parham, W. E.; 
Boykin, D. W. J. Org. Chem. 1977, 42, 260. (f) Parham, W. E.; 
Bradsher, C. K. Ace. Chem. Res. 1982, 15, 300. (g) Bolitt, V.; 
Mioskowski, C; Reddy, S. P.; Falck, J. R. Synthesis 1988,388. (h) 
Kdbrich, G.; Buck, P. Chem. Ber. 1970,103, 1412. (i) Buck, P.; 
K6brich, G. Chem. Ber. 1970,103,1420. (j) Cameron, J. F.; Frechet, 
J. M. J. J. Am. Chem. Soc. 1991,113, 4303. 

(123) (a) Herrmann, J. L.; Berger, M. H.; Schlessinger, R. H. J. Am. 
Chem. Soc. 1979,101,1544. (b) Midland, M. M.; Tramontano, A.; 
Cable, J. R. J. Org. Chem. 1980, 45, 28. 

(124) (a) Gillet, J.-P.j SauvStre, R.; Normant, J.-F. Tetrahedron Lett. 
1985, 26, 3999. (b) Tellier, F.; Sauvetre, R.; Normant, J. F. J. 
Organomet. Chem. 1986, 303, 309. (c) Tellier, F.; Sauvetre, R.; 
Normant, J. F. J. Organomet. Chem. 1987,328,1. (d) Tellier, F.; 
Sauvetre, R.; Normant, J. F.; Dromzee, Y.; Jeannin, Y. J. Organomet. 
Chem. 1987,331,281. (e) Martinet, P.; Sauvetre, R.; Normant, J. 
F. J. Organomet. Chem. 1989, 367, 1. 

(125) (a) Tucker, C E.; Majid, T. N.j Knochel, P. J. Am. Chem. Soc. 
1992,114,3983. (b) Cahiez, G.; Venegas, P.; Tucker, C. E.; Majid, 
T. N.; Knochel, P. J. Chem. Soc, Chem. Commun. 1992, 1406. 

(126) Tucker, C E.; Knochel, P. J. Am. Chem. Soc. 1991,113, 9888. 
(127) Kdbrich, G. Angew. Chem., Int. Ed. Engl. 1967, 6, 41. 
(128) (a) Bailey, W. F.; Patricia, J. J. J. Organomet. Chem. 1988,352,1. 

(b) Bailey, W. F.; Punzalan, E. R. J. Org. Chem. 1990,55,5404. (c) 
Negishi, E.; Swanson, D. R.; Rousset, C J. J. Org. Chem. 1990,55, 
5406. (d) Seebach, D.; Neumann, H. Chem. Ber. 1974,107, 847. 
(e) Cahiez, G.; Bernard, D.; Normant, J. F. Synthesis 1976, 245. 

(129) Thiele, K.-H.j Zdunneck, P. J. Organomet. Chem. 1965, 4, 10. 
(130) (a) Zakharin, L. I.; Okhlobystin, O. Y. Z. Obsc. Chim. 1960,30,2134 

(in English, 1960,2109); Chem. Abstr. 1961,55,9319«. (b) Thiele, 
K.-H.; Engelhardt, G.; Kohler, J.; Amstedt, M. J. Organomet. Chem. 
1967, 9, 385. 

(131) (a) Srebnik, M. Tetrahedron Lett. 1991, 32, 2449. (b) Oppolzer, 
W.; Radinov, R. N. HeIv. Chim. Acta 1992, 75, 170. 

(132) Langer,F.;Waas,J.;Knochel,P.TetrahedronLett., 1993,34,5261. 
(133) Frankland, E.; Duppa, D. F. Liebig's Ann. Chem. 1864,130,117. 
(134) Tucker, C E.; Davidson, J.; Knochel, P. J. Org. Chem. 1992, 57, 

3482. 
(135) (a) Liu, E. K. S. Inorg. Chem. 1980, 19, 266. (b) Liu, E. K. S.; 

Asprey, L. B. J. Organomet. Chem. 1979,169, 249. 
(136) (a) Posner, G. Org. React. 1972,19,1; 1975,22,253. (b) Lipshutz, 

B. H. Synthesis 1987, 325. (c) Lipshutz, B. H.; Wilhelm, R. S.; 
Kozlowski, J. A. Tetrahedron 1984,40,5005. (d) Lipshutz, B. H. 
Synlett. 1990,119. (e) Lipshutz, B. H.; Sengupta. Org. React. 1992, 
41,135. 

(137) For an early report of such a transmetalation, see: Thiele, K. H.; 
Kdhler, J. J. Organomet. Chem. 1968,12, 225. 

(138) Stemmler, T.; Penner-Hahn, J. E.; Knochel, P. J. Am. Chem. Soc. 
1993,115, 348. 

(139) Jubert, C ; Knochel, P. Unpublished results, Ann Arbor, MI, 1990. 
(140) Singer, R. D.; JanakiramRao, C; Knochel, P. Manuscript in 

preparation. 
(141) Teunissen, H. T.; Bickelhaupt,F. TetrahedronLett. 1992,33,3537. 
(142) Sekiya, K.; Nakamura, E. Tetrahedron Lett. 1988, 29, 5155. 
(143) Yamamoto, Y.; Chounan, Y.; Tanaka, M.; Ibuka, T. J. Org. Chem. 

1992, 57, 1024. 
(144) Sibille, S.; Ratovelomanana, V.; Perichon, J. J. Chem. Soc, Chem. 

Commun. 1992, 283. 
(145) Tanaka, T.; Bannai, K.; Hazato, A.; Koga, M.; Kurozumi, S.; Kato, 

Y. Tetrahedron 1991, 47,1861. 
(146) Sidduri, A.; Budries, N.; Laine, R. M.; Knochel, P. Tetrahedron 

Lett. 1992, 33, 7515. 
(147) (a) Oliver, R.; Walton, D. R. M. Tetrahedron Lett. 1972,5209. (b) 

Waugh, F.; Walton, D. R. M. J. Organomet. Chem. 1972,39, 275. 
(c) Commercon, A.; Normant, J. F.; Villieras, J. Tetrahedron 1980, 
36,1215. (d) For the preparation of 1-haloalkynes, see: Brandsma, 
L. Preparative Acetylenic Chemistry; Elsevier: Amsterdam, 1971; 
p 99. (e) Belyk, K.; Rozema, M. J.; Knochel, P. J. Org. Chem. 1992, 
57, 4070. 

(148) SSrensen, H.; Greene, A. E. Tetrahedron Lett. 1990, 31, 7597. 
(149) Tucker, C E.; Knochel, P. J. Org. Chem., 1993, 58, in press. 
(150) Thompson, W. J.; Tucker, T. J.; Schwering, J. E.; Barnes, J. L. 

Tetrahedron Lett. 1990, 31, 6819. 
(151) (a) Ohler, E.; Reininger, K.; Schmidt, U. Angew. Chem., Int. Ed. 

Eng. 1970,9,457. (b) Chan, T.-H.; Li, C-J. Organometallics 1990, 
9, 2649. (c) Semmelhack, M. F.; Fewkes, E. J. Tetrahedron Lett. 
1987, 28, 1497. 

(152) (a) Knochel, P.; Normant, J. F. Tetrahedron Lett. 1984,25,1475. 
(b) Knochel, P.; Normant, J. F. Tetrahedron Lett. 1984,25,4383. 
(c) Auvray, P.; Knochel, P.; Normant, J. F. Tetrahedron Lett. 1985, 
26, 2329. 

(153) Auvray, P.; Knochel, P.; Normant, J. F. Tetrahedron Lett. 1986, 
27, 5091. 

(154) Knochel, P.; Normant, J. F. J. Organomet. Chem. 1986, 309, 1. 
(155) Yanagisawa, A.; Habaue, S.; Yamamoto, H. Tetrahedron 1992,48, 

1969. 
(156) (a) Dembele, Y. A.; Belaud, C ; Hitchcock, P.; Villieras, J. 

Tetrahedron: Asymmetry 1992,3,351. (b)Dembel6,Y.A.;Belaud, 
C; Villieras, J. Tetrahedron: Asymmetry 1992, 3, 511. 

(157) (a) van der Louw, J.; van der Baan, J. L.; Bickelhaupt, F.; Klumpp, 
G. W. Tetrahedron Lett. 1987,28,2889. (b) van der Louw, J.; van 
der Baan, J. L.; Stieltjes, H.; Bickelhaupt, F.; Klumpp, G. W. 
Tetrahedron Lett. 1987, 28, 5929. (c) van der Louw, J.; van der 
Baan, J. L.; Stichter, H.; Out, G. J. J.; Bickelhaupt, F.; Klumpp, 
G. W. Tetrahedron Lett. 1988, 29, 3579. 

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

(159) DeCamp, A. E.; Kawaguchi, A. T.; Volante, R. P.; Shinkai, I. 
Tetrahedron Lett. 1991, 32, 1867. 



2188 Chemical Reviews, 1993, Vol. 93, No. 6 Knochel and Singer 

(160) Tamaru, Y.; Nakamura, T.; Sakaguchi, M.; Ochiai, H.; Yoshida, Z. 
J. Chem. Soc, Chem. Commun. 1988, 610. 

(161) Quinton, P.; Le Gall, T. Tetrahedron Lett. 1991, 32, 4909. 
(162) (a) Reetz, M. T. Organotitanium Reagents in Organic Synthesis; 

Springer: Berlin, 1986. (b) Reetz, M. T. Top. Curr. Chem. 1982, 
106,1. 

(163) Weidmann, B.; Seebach, D. Angew. Chem., Int. Ed. Eng. 1983,22, 
31. 

(164) Gangloff, A. R.; Akermark, B.; Helquist, P. J. Org. Chem. 1992,57, 
4797. 

(165) Wiasing, E.; Havenith, R. W. A.; Boersma, J.; van Koten, G. 
Tetrahedron Lett. 1992, 33, 7933. 

(166) (a) Soai, K.; Hatanaka, T.; Miyazawa, T. J. Chem. Soc, Chem. 
Commun. 1992,1097. (b) Katritzky, A. R.; Harris, P. A. Tetra­
hedron: Asymmetry 1992, 3, 437. 

(167) Chia, W.-L.; Shiao, M.-J. Tetrahedron Lett. 1991, 32, 2033. 
(168) Shing, T.-L.; Chia, W.-L.; Shiao, M.-J.; Chau, T.-Y. Synthesis 1991, 

849. 
(169) Shiao, M.-J.; Liu, K.-H.; Lin, L.-G. Synlett 1992, 655. 
(170) Shiao, M.-J.; Chia, W.-L.; Shing, T.-L.; Chow, T. J. J. Chem. Res. 

(S) 1992, 247. 
(171) Comins, D. L.; O'Connor, S. Tetrahedron Lett. 1987, 28, 1843. 
(172) Comins, D. L.; Foley, M. A. Tetrahedron Lett. 1988, 29, 6711. 
(173) Andres, C; Gonzales, A.; Pedrosa, R.; Perez-Encabo, A.; Garcia-

Granda, S.; Salvado, M. A.; Gomez-Beltran, F. Tetrahedron Lett. 
1992, 33, 4743. 

(174) Agami, C; Couty, F.; Daran, J.-C; Prince, B.; Puchot, C. Tetra­
hedron Lett. 1990, 31, 2889. 

(175) Agami, C; Couty, F.; Poursoulis, M.; Vaissermann, J. Tetrahedron 
1992, 48, 431. 

(176) Solladie-Cavallo, A.; Farkhani, D.; Fritz, S.; Lazrak, T.; Suffert, J. 
Tetrahedron Lett. 1984, 25, 4117. 

(177) (a) Chuit, C; Foulon, J. P.; Normant, J. F. Tetrahedron 1981,37, 
1385; 1980,36,2305. (b) Bourgain-Commercon, M.; Foulon, J. P.; 
Normant, J. F. J. Organomet. Chem. 1982, 228, 321. 

(178) (a) Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1985, 26, 6015; 
6019. (b) Alexakis, A.; Berlan, J.; Besace, Y. Tetrahedron Lett. 
1986, 27, 1047. 

(179) (a) Horiguchi, Y.; Matsuzawa, S.; Nakamura, E.; Kuwajiima, I. 
Tetrahedron Lett. 1986,27,4025. (b) Nakamura, E.; Matsuzawa, 
S.; Horiguchi, Y.; Kuwajima, I. Tetrahedron Lett. 1986,27, 4029. 

(180) (a) Bergdahl, M.; Lindstedt, E.-L.; Nilsson, M.; Olsson, T. Tet­
rahedron 1988,44,2055. (b) Bergdahl, M.; Lindstedt, E.-L.; Nilsson, 
M.; Olsson, T. Tetrahedron 1989, 45, 535. (c) Bergdahl, M.; 
Lindstedt, E.-L.; Olsson, T. J. Organomet. Chem. 1989,365, CIl. 
(d) Bergdahl, M.; Nilsson, M.; Olsson, T. J. Organomet. Chem. 
1990, 391, C19. 

(181) (a) Soai, K.; Hayasaka, T.; Ugajin, S.; Yokoyama, S. Chem. Lett. 
1988, 1571. (b) Jansen, J. F. G. A.; Feringa, B. L. Tetrahedron: 
Asymmetry 1992,3,581. (c) See also: Jansen, J. F. G. A.; Feringa, 
B. L. J. Org. Chem. 1990, 55, 4168. 

(182) (a) BoIm, C; Ewald, M. Tetrahedron Lett. 1990, 31, 5011. (b) 
BoIm, C. Tetrahedron: Asymmetry 1991,2,701. (c) Uemura, M.; 
Miyake, R.; Nakayama, K.; Hayashi, Y. Tetrahedron: Asymmetry 
1992, 3, 713. 

(183) (a) Villacorta, G. M.; Rao, C. P.; Lippard, S. J. J. Am. Chem. Soc. 
1988, 110, 3175. (b) Ahn, K.-H.; Klassen, R. B.; Lippard, S. J. J. 
Organometallics 1990, 9, 3178. 

(184) Knotter, D. M.; Grove, D. M.; Smeets, W. J. J.; Spek, A. L.; van 
Koten, G. J. Am. Chem. Soc. 1992,114, 3400. 

(185) Tsujiyama, H.; Ono, N.; Yoshino, T.; Okamoto, S.; Sato, F. 
Tetrahedron Lett. 1990, 31, 4481. 

(186) Yoshino, T.; Okamoto, S.; Sato, F. J. Org. Chem. 1991, 56, 3205. 
(187) For excellent reviews on the chemistry of nitro olefins and related 

nitro derivatives, see: (a) Seebach, D.; Colvin, E. W.; Lehr, F.; 
Weller, T. Chimia 1979, 33,1. (b) Yoshikoshi, A.; Miyashita, M. 
Ace. Chem. Res. 1985,18, 284. (c) Barrett, A. G. M.; Graboski, G. 
G. Chem. Rev. 1986,86, 751. (d) Rosini, G.; Ballini, R. Synthesis 
1988,833. (e) Tamura, R.; Kamimura, A.; Ono, N. Synthesis 1991, 
423. (f) Kabalka, G. W.; Varma, R. S. Org. Prep. Proc. Int. 1987, 
19 283 

(188) (a) Bowlus, S. B. Tetrahedron Lett. 1975,3591. (b) Hansson, A.-
T.; Nilsson, M. Tetrahedron 1982, 38, 389. (c) Stiver, S.; Yates, 
P. J. Chem. Soc, Chem. Commun. 1983, 50. 

(189) Ibuka, T.; Aoyagi, T.; Kitada, K.; Yoneda, F.; Yamamoto, Y. J. 
Organomet. Chem. 1985, 287, C18. 

(190) (a) Knochel, P.; Seebach, D. Tetrahedron Lett. 1981,22, 3223. (b) 
Knochel, P.; Seebach, D. Tetrahedron Lett. 1982, 23, 3897. (c) 
Seebach, D.; Knochel, P. HeIv. Chim. Acta 1984, 67, 261. 

(191) (a) Pogrebnoi, S. I.; Kalyan, Y. B.; Krimer, M. Z.; Smit, W. A. 
Tetrahedron Lett. 1987, 28, 4893. (b) Veselovsky, N. V.; Gybin, 
A. S.; Lozanova, A. V.; Moiseenkor, A. M.; Smit, W. A.; Caple, R. 

Tetrahedron Lett. 1988,29,175. (c) Hondrogiannis, G.; Pagni, R. 
M.; Kabalka, G. W.; Anosike, P.; Kurt, R. Tetrahedron Lett. 1990, 
31, 5433. 

(192) Kurth, M. J.; O'Brien, M. J.; Hope, Y.; Yanuck, M. J. Org. Chem. 
1985, 50, 2626. 

(193) Knochel, P. Carbometallation of Alkenes and Alkynes; In Com­
prehensive Organic Chemistry; Trost, B. M., Ed.; Pergamon 
Press: New York, 1991; Vol. 4, p 865. 

(194) Normant, J. F.; Alexakis, A. Synthesis 1981, 841. 
(195) (a) van der Louw, J.; Komen, C. M. D.; Knol, A.; de Kanter, F. J. 

J.; van der Baan, J. L.; Bickelhaupt, F.; Klumpp, G. W. Tetrahedron 
Lett. 1989,30,4453. (b) Yanagisawa, A.; Habaue, S.; Yamamoto, 
H. J. Am. Chem. Soc 1989, 111, 366. 

(196) (a) Crimmins, M. T.; Nantermet, P. G. J. Org. Chem. 1990, 55, 
4235. (b) Crimmins, M. T.; Nantermet, P. G.; Trotter, B. W.; Vallin, 
I. M.; Watson, P. S.; McKerlie, L. A.; Reinhold, T. L.; Cheung, A. 
W.-H.; Steton, K. A.; Dedopoulou, D.; Gray, J. L. J. Org. Chem. 
1993, 58, 1038. 

(197) Stadtmuller, H.; Lentz, R.; Studemann, T.; D6rner, W.; Tucker, C. 
E.; Knochel, P. J. Am. Chem. Soc. 1993,115, 7027. 

(198) (a) Crandall, J. K.; Ayers, T. A. Organometallics 1992, 11, 473. 
(b) See also: Meyer, C.; Marek, I.; Courtemanche, G.; Normant, 
J-F. Synlett 1993, 266. 

(199) (a) Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 
94, 4374. (b) Corriu, R. J. P.; Masse, J. P. J. Chem. Soc, Chem. 
Commun. 1972, 144. 

(200) For a review article, see: Erdik, E. Tetrahedron 1992, 48, 9577. 
(201) (a) Negishi, E.; King, A. O.; Okukado, N. J. Org. Chem. 1977, 42, 

1821. (b) Negishi, E.; Matsushita, H.; Kobayashi, M.; Rand, C. L. 
Tetrahedron Lett. 1983, 24, 3823. (c) Millar, J. G. Tetrahedron 
Lett. 1989, 30, 4913. 

(202) Negishi, E.; Owczarczyk, Z. Tetrahedron Lett. 1991, 32, 6683. 
(203) Sakamoto, T.; Kondo, Y.; Murata, N.; Yamanaka, H. Tetrahedron 

Lett. 1992 33 5373 
(204) (a)Minato!A.</.Org.C/iem. 1991,56,4052. (b)L6ffler,A.;Himbert, 

G. Synthesis 1992, 495. (c) Stolle, A.; Ollivier, J.; Piras, P. P.; 
Salaun, J.; de Mejere, A. J. Am. Chem. Soc. 1992,114, 4051. 

(205) (a) For an excellent review, see: Cahiez, G. Actual. Chim. 1984 
(Sept), 24. (b) Cahiez, G.; Laboue, B. Tetrahedron Lett. 1989,30, 
3545. (c) Cahiez, G.; Laboue, B. Tetrahedron Lett. 1989,30,7369. 
(d) Cahiez, G.; Alami, M. Tetrahedron 1989,45,4163. (e) Cahiez, 
G.; Chavant, P.-Y.; Metais, E. Tetrahedron Lett. 1992, 33, 5245. 

(206) Tamaru, Y.; Ochiai, H.; Nakamura, T.; Yoshida, Z. Org. Synth. 
1988, 67, 98. 

(207) Tamaru, Y.; Yasui, K.; Takanabe, H.; Tanaka, S.; Fugami, K. Angew. 
Chem. 1992,104, 662. 

(208) (a) Yoshioka, M.; Kawakita, T.; Ohno, M. Tetrahedron Lett. 1989, 
30,1657. (b) Takahashi, H.; Kawakita, T.; Yoshioka, M.; Kobayashi, 
S.; Ohno, M. Tetrahedron Lett. 1989,30,7095. (c) Takahashi, H.; 
Kawakita, T.; Ohno, M.; Yoshioka, M.; Kobayashi, S. Tetrahedron 
1992, 48, 5691. 

(209) (a) Beck, A. K.; Bastani, B.; Plattner, D. A.; Petter, W.; Seebach, 
D.; Braunschweiger, H.; Gysi, P.; LaVecchia, L. Chimia 1991,45, 
238. (b) Schmidt, B.; Seebach, D. Angew. Chem. 1991,103, 100; 
Angew. Chem., Int. Ed. Engl. 1991, 30, 99. (c) Seebach, D.; 
Behrendt, L.; Felix, D. Angew. Chem. 1991,103,991; Angew. Chem., 
Int. Ed. Engl. 1991,30,1008. (d) Schmidt, B.; Seebach, D. Angew. 
Chem. 1991, 103, 1383; Angew. Chem., Int. Ed. Engl. 1991, 30, 
1321. (e) von der Bussche-Hunnefeld, J. L.; Seebach, D. Tetra­
hedron 1992, 48, 5719. (f) Seebach, D.; Plattner, D. A.; Beck, A. 
K.; Wang, Y. M.; Hunziker, D.; Petter, W. HeIv. Chim. Acta 1992, 
75, 2171. 

(210) Rozema, M. J.; Eisenberg, C; Lutjens, H.; Ostwald, R.; Belyk, K.; 
Knochel, P. Tetrahedron Lett. 1993, 34, 3115. 

(211) Brieden, W.; Ostwald, R.; Knochel, P. Angew. Chem. 1993, 105, 
629; Angew. Chem., Int. Ed. Engl. 1993, 32, 582. 

(212) (a) Noyori, R.; Suzuki, M. Angew. Chem. 1984, 96, 854; Angew. 
Chem., Int. Ed. Engl. 1984,23,847. (b) Suzuki, M.; Yanagisawa, 
A.; Noyori, R. J. Am. Chem. Soc 1990,107, 3348. (c) Morita, Y.; 
Suzuki, M.; Noyori, R. J. Org. Chem. 1989,54,1785. (d) Noyori, 
R.; Suga, S.; Kawai, K.; Okada, S.; Kitamura, M. Pure Appl. Chem. 
1988,60,1597. (e) Collins, P. W.; Jung, C. J.; Gasiecki, A.; Pappo, 
R. Tetrahedron Lett. 1978, 3187. (f) Newton, R. F.; Reynolds, D. 
P. J. Chem. Soc, Perkin Trans. 1 1983, 683. (g) Lipshutz, B. H.; 
Ellsworth, E. L. J. Am. Chem. Soc. 1990, 112, 7440. 

(213) Roush, W. R.; Koyama, K. Tetrahedron Lett. 1992, 33, 6227. 
(214) Brieden,W.;Rozema,M.J.;Eisenberg,C.;Knochel,P.Tetrahedron 

Lett., 1993, 39, in press. 
(215) Soai, K.; Hatanaka, T.; Yamashita, T. J. Chem. Soc, Chem. 

Commun. 1992, 927. 
(216) Sato, T.; Kawase, A.; Hirose, T. Synlett. 1992, 891. 
(217) Oppolzer, W.; Radinov, R. N. J. Am. Chem. Soc 1993,115,1593. 


