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1. Introduction

Most organic target molecules are polyfunctional
compounds requiring, in a retrosynthetic analysis,! 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-
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cludes 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. Asa 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, M! and M2, are used instead of
one. The role of the first metal, M!, will be to convert
a highly functionalized organic substrate FG-RX into
arelatively stable (and unreactive) organometallic FG-
RM!, Thisreagentisthentransmetalated by the second
metal, M2, to a more reactive organometallic reagent,
FG-RM?, 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 M! 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 (ReZn and RZnX) are one of
the first classes of main-group organometallic com-
pounds prepared.? 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* A systematic study of the carbon-
carbon-bond-forming ability of these reagents with
typical organic electrophiles such as acid chlorides,®
aldehydes, ketones,®” 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 reaction® (addition of zinc ester
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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.? 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 alkyliodides in boiling ethyl
acetate.!® 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)propyllzinc iodide 3 in dioxane (90 °C, 2.5 h,
65% yield).!!

RO2C(CHa)nZnl PhGO,CH2Znl PhCO,(CHz)aZn!

1:n>5 2 3

In these reports, noreactivity studies of these reagents
were made. The reagent 21112 ag well as ICH,Zn]!2-15
were used as precursors of a carbene in cyclopropanation
reactions. Only afew other reactions using ICH»ZnlI for
forming new carbon—carbon bonds have been report-
ed.1617 The low reactivity of organozincs is a result of
the high covalent character of the carbon—zinc bond
(comparable to the carbon-tin bond).!® Also,the Lewis
acidity of Zn(II) is not sufficient to activate carbonyl
groups toward addition reactions (eq 1). On the other

/Lo
2 3 : siow R OZnX
R—Zn-X + )k —_— [ R=—2Zn=X ] R X

0]

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.

-R.
R—Zn-Y + XML, ——= [ y—zn ML,
4 5

Y = R, halide...

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

RML, + 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 obtained?*-25 (eq 3).

R

PdL, X Rzava ,
R!—X ——— R'—Pd-L —— |R'—Pd-L | — R—R! (3)
b zaxy ! - PdL,

6

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.20-26
Similarly, a transmetalation of 4 to copper organome-
tallics using CuBr-SMe,%-%" in ether/HMPA, CuCN,?
or CuCN-2LiCl?® 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.

X * + -Cu*
R—Zn-Y +—» R—=—Cu —» R—Cu-E —» R-—E (4)

4

Some of these reactions (allylation, acylation) can be
performed using catalytic amounts of copper(I) salts.282®
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.°

I11. Preparation of Functionalized Organozinc
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
conditions3! (50 °C, for primary iodides, 25 °C 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 Hden).32 If
the zinc dust is activated successively with 1,2-dibro-
moethane (4-5 mol %)% and chlorotrimethylsilane
(1 mol %)?333 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 THEF solution, the zinc insertion is complete within
2-3 h between 35 and 40 °C. Secondary iodides react
even faster, and a complete conversion to the alkylzinc
iodide is usually observed after 0.5-1 h at 25 °C.2° The
zinc insertion shows a remarkable functional group
tolerance and most common organic functional groups
(i.e. ester,2935-52 ketone,2%3% cyanide,?9:3543:47.43-6254 hq.
lide,29,35:4348,60.52 N N-bis(trimethylsilyl)amino group,®
primary and secondary amino groups,® amide and
phthalimide,2%657 trialkoxysilyl group,’® sulfoxide,
sulfide,’ sulfone,’98 thioester,®® boronic ester,46:48:50
enone,**53 and phosphate®5!) 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 =1,Br,;FG=CO,R, enoate, CN, enone, halide, (RCO),N,
(TMS):Si, RNH, NH>, RCONH, (RO)3Si, (RO),P(O), RS,
RS(0), RSO,, PhCOS; R = alkyl, aryl, benzyl, allyl.

The structure of the alkyl halide is very important
for predicting the zinc insertion rate. Thus, allylic and
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benzylic groups considerably facilitate the formation
of the zinc reagent and these reactions occur between
5 and 10 °C allowing the less active organic bromides3!
(or even chlorides®®%") to be used. The presence of a
polar functional group in the a or 8 position to the
halide in an alkyl chain also strongly enhances the zinc
insertion rate. Thus, whereas butyl iodide reacts in
THF at 40 °C, the presence of a cyano group®5% at the
8 position to the halide allows zinc insertion at 25-30
°C. The presence of a polar phosphonate moiety in the
organic halide enables successful zinc insertion under
very mild conditions. Thus, diethyl 2-bromoethylphos-
phonate®! is converted to the corresponding zinc reagent
at 30 °C (10 h; >85% yield). The exact reason for such
arate 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(CH;),I 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 o*(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
o*(C-X) orbital.®2 Interestingly, the presence of a nitro
or azide functionality in the molecule completely
inhibits zinc insertion. Inthese cases, the electron from
the zinc surface seems to be transferred reversibly to
the NO; or N3 group (no reduction product is observed
under aprotic conditions in THF), and no further
transfer to the ¢*(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 °C, 0.1 h, >90% yield).#6 The presence of
a phenylthio group, which is also a good electron
acceptor,® allows smooth zinc insertion into the carbon-
chlorine bond in chloromethyl phenyl thicether (THF,
25 °C, 1 h).®®80 Alkenyl and aryl iodides having a
stronger Csp%I bond (compared to Csp3-I) do not insert
zincin THF and react only in polar solvents at elevated
temperatures with zinc metal (DMF, 70 °C, 14 h).3
However, a vinylic iodide conjugated with a carbonyl
group such as 3-iodo-2-cyclohexen-1-one is converted
to (3-oxo-1-cyclohexenyl)zinciodide in THF under quite
mild conditions (25-50 °C, 0.5 h; >85% yield).5® 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.2-25:28bc Tt is possible to
generate in situ very reactive zinc metal by the reduction
of zinc chloride with lithium naphthalenide in THF
(eq 6).84+%7 This type of zinc reacts with alkyl bromides

FG-RX
THF, 25-60 °C
X=Cl,Br |

ZnCl; + Li-Naphthalene Zn"*

FG-RZnX (6)
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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 T (°C) t (h) solvent

n-Bul 45-50 3-4 THF
c-HexI 25-30 2 THF
NC(CHy).l 20 2 THF
(Et0)2(0)P(CH;);Br 30 10 THF

Me . 20 0.1 THF
Me 0,

Mg O
PhSCH,CI 25 1 THF
Hex(H)C=CHI 70 14 DMF
(EorZ

0 25~50 0.5 THF
Q.
benzyl bromide 0-5 2 THF
allyl bromide 10 4-5 THF

in THF at 25 °C 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,?® various
electrophiles (i.e. acid chlorides, enones, and allylic or
propargylic halides) react with these organometallics
inexcellent yields. The addition of an aromatic bromide
or iodide bearing an electron-withdrawing group to the
zinc reagent in the presence of PA(PPhg)s (5 mol %)
also produces the desired coupling products.t¢ The
reaction was shown to tolerate various functional groups
(i.e. ester, nitrile, aromatic ketone, or halide)%%7 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.®8-72 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).687

o]

o]
Li/ZnBr/Et,0 Met, 2 zMe
p-Tol-Br éﬁ-——— (p-Tol)2Zn (7)
sonication I p-Tol
]

Ni(acac), cat. M
67%

(o]
KI/\/\ ®
Cl

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.” Remarkably, this Barbier reaction™
can be performed with alkyl iodides bearing a halide
or a hydroxy functionality.®® The use of polar solvents
such as N,N-dimethylacetamide (DMA) or N,N-dim-
ethylpropylene urea (DMPU)% in the presence of a

Me M

)(CHg)oCl/ Zn-Cu

CC, S
/H,0 (1:4
CH, Pyr /H,0 (1:4)

sonication, 2h
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catalytic amount of Lil allows the use of primary alkyl
chlorides, sulfonates, phosphates, or bromides as pre-
cursors for the formation of organozine compounds 7
(eq 9).76

Zn, Mi (0.2 equiv.), MBr (1.0 equiv.)

R—X -  R— (9)®
DMA or DMPU, 40-80 °C, 2-12h R—=2znX

7
X = Cl, Br, OMs, OTs, OP(0)(OPh),; M = Li, Na, Cs

Various functional groups are tolerated such as an
ester, cyanide, or chloride. After the addition of
CuCN:2LiCl,® these zinc reagents are readily converted
to the corresponding copper derivatives and react well
with various electrophiles (eq 10).76

Zn, Lil (0.2 equiv.),
LiBr (1.0 equiv.), DMPU
CI(CH,),OMs —————— CI(CH,),ZnX

50°C, 12h
1) CUCNs2LiCI NO2
. Cl (10)7s
2) NO,
é/sa
85%

Remarkably, the reaction can be extended to the
preparation of benzylic and allylic zincreagents. 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 °C, 2 h),
only the Wurtz-coupling product 9. However, the
reaction of the corresponding phosphate 8b [X = OP-
(0)(OEt)s], which is obtained in quantitative yield from
the corresponding benzylic alcohol,” reacts with zinc
in DMPU in the presence of Lil (0.2 equiv) to produce,
after 12 h at 50 °C, the desired zinc reagent 10 without
the formation of any self-coupling product 9 (eq 11).

Zn-OP(O)(OEY),

Zn, Uil cat,
DMPU <0
50°C, 12h

X= op(oxorst)2 10
100%
< (1 1 )76

e o

9
100%

8a:X=Br 0°C,2h

8b: X = OP(O){OEY),

Allylic mesylates and phosphates react under Barbier
conditions in the presence of an aldehyde or ketone,
Lil (0.2 equiv), and zinc in DMA or DMPU to furnish
homoallylic alcohols in excellent yields (25-35 °C, 12
h, 78-95% yield, eq 12).7

R3 fo}

X+R5)LR5

Zn, Lil (0.2 equiv.)

——————
DMA or DMPU
25-35°C, 12h

R\ =
R2 RA
oH R?
5
RRS cH-R¢ (12
R? R2
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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)acrylate™ to obtain the cross-coupling pro-
duct 11 in 69% yield (eq 13).78

Me Me Me Me
| | COOE!
Zn, Lil cat.,
DMPU H 2\/5'
—————— —————————
Z 30°C, 48h 2 0°C, 5min
Me OP(O)OEt), Me  Zn-OP(O)(OEt),
Me Me
(13)
COOEt
| Me CH,
CH,
11 69%

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.”

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 °C, 2 h) with less
than 5% deprotonation.’®” Similarly, zinc reagents
bearing NH and NH; groups of amines or amides can
be obtained, and the reagents 13,5081 14,5 and 15% can
be easily prepared and reacted with electrophiles in
the presence of Cu(I) or Pd(0) complexes.56:80581

NHB
IZn/\( 0c

267NN
ek a
¢oosn

12 13

ZE /2\/
5
O\fo
§ !
X
2y

-

14 15

Remarkably the reagent 13 does not show any
tendency to undergo a 8-elimination reaction, and other
zinc reagents bearing a potential leaving group in the
B-position such as NCCH,CH,ZnI? and (EtO).P(O)CHz-
CH:ZnI® 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 THF8288 (eq
14). These compounds have a low reactivity,’* and

Zn/Cu couple 83
C4Fg-l —————= CFy2nl (14)
dioxane
25 °C, 30 min
70%
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transmetalations to the corresponding copper reagents
have been performed to increase their reactivity. If
difluorodihalomethanes, such as CF,Cl; or CF2Br,, are
submitted to zinc insertion in DMF, a complex reaction
occurs® and produces a mixture of bis(trifluoromethyl)-
zinc and a trifluoromethylzinc halide in high yield (eq
15).85:88

DMF,25°C
2 CFXz
80-95%

X=CI, Br

2Zn  + CFsZnX + (CFa)oZn  (15)%°

The presence of a trifluoromethyl group close to the
carbon-~halide bond in vinyl halides facilitates the
formation of the organozinc reagents®”-% and 2-bro-
motrifluoropropene 16 can be converted to (trifluor-
oisopropenyl)zinc bromide 17 in THF (60 °C,9h, 93 %
yield; eq 16).57

CFs TMEDA, THF CF3 o
)\ +  InAg) —— 2\ (18)
Br 60°C,9h ZnBr sTMEDA

16 93%

17

Finally, electrochemical methods® or the use of metal
vapors?! of Zn can also be used to prepare fluorinated
organozinc reagents.

B. Preparation of Functionalized Dialkylzincs by
an lodine-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.9223
Furukawa described in 1966 that diiodomethane readily
reacts with diethylzinc affording ethyl(iodomethyl)-
zinc (18) and ethyl iodide in quantitative yield* (eq
17). This reaction can be greatly extended to a variety
of functionalized primary iodides (eq 18).43:%

THF
-40 °C

I-CHp-l + EtZn I-CHx-ZnEt +  Et-l (17)%¢

18
neat, 25-50 'C, 2-20 h
Cul (0.3 moi%)

then 50 °C, 0.1 mmHg, 1h
(- EtaZn, - Et-1)

FG-RCH,-| «+ EtZn (FG-RCHp),2n  (18)*

(ca. 80%)

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

The reaction of EtyZn with Cul first produces EtCu
which decomposes under the reaction conditions (50
°C) 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
EtpZn  + Cul —————— EtCu + EtzZnl
— Et- + Cu(0)
Ete + R-l — Et! + Re
R + EtZn —— = R-ZnEty :|
_—

R-ZnEt, »

EtCu

R-ZnEt + Et.
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the alkyl iodide, and the newly produced radical, R*,
adds to diethylzinc providing an organozinc radical Et,-
(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
PdCly(dppf)%* or Ni(acac); catalyze these reactions even
more effectively. However, in these cases the corre-
sponding alkylzinc iodide is obtained instead of the
dialkylzinc (eq 19).%

Me.

Q
Me=T" Ngchlzn  (EOOC(CHa)g)2n
Me O/ 5

Me
19 20

(NC(CHz)3)eZn (CI(CH2)4 JoZn
21 22

EtaZn, 50 °C, 12h
OctoZn Oct-|
80% Cul (0.3 moi%)

Et,Zn, THF, 25 'C, 2h

—————————-

PdCl;(dppt) (1.5mol%)
(- CeHs, - CaHs)

Oct-Znl

75-80%
(- CH3CHal )
(19)

The mechanism of this reaction is currently under
investigation®97 and seems to be of radical nature. The
reaction of the 5-hexenyl iodide 23 with Et;Zn, in the
presence of a catalytic amount of PdCly(dppf) or Ni-
(acac), in THF, produces with an excellent selectivity
(ca. 20:1) the cyclized organozinc 24. Transmetalation
of 24 with CuCN-2LiCl® followed by reaction with ethyl
a-(bromomethyl)acrylate™ affords the cyclopentylme-
thyl derivative 25% (eq 20, Scheme 8 and Table 20).

£
Ph Ph

1) CUCN «2LiCl COOEt

P — .

2) (20)
COOEt

Br\/g Pr€ 80%

Et,Zn, THF, 25 °C, 2h

———ee .

PdCl,{dppf) (1.5mol%)

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
aldehydes?® (section V). Polyfluorinated iodides such
as CF3l or CFgFsl react with dialkylzincs in the presence
of a Lewis base to give (CF3);Zn and (CeFs)2Zn com-
plexes.®® The extension of the reaction to higher
polyfluorinated iodides does not proceed cleanly.?

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 homologation#428-101

Knochel and Singer

Table 2, Zinc—Copper Organometallics 27 Obtained by
the Reaction of a Copper Reagent with Iodomethylzinc
Iodide

copper reagent 26 homologated reagent 27 yield (%)

CuCN NC-CH;Cu-Znl, 84
NCCH,Cu NC-(CHjy);Cu-Znl; 91
NC(CH;)CHCu NC-CH(CHg)CH;Cu-Znl; 69
PhCH,(CH;)NCu  PhCH,(CH3)NCH;Cu-Znl; 68
/\ 64

O\—/NCU O\_/N-CHZCU'ZnIZ
96

Q\Cu [}\CHch'Zmz
. 93

s\ Cu @?—CHZCU'ZMZ

74

Q\Cu @CHZCU'ZMQ

of organocopper compounds using ICH,Znl allows the
conversion of a variety of copper derivatives Nu—-Cu
(26) into NuCH,Cu-Znl; (27) in good to excellent yields
(eq 21).141694

Nu—Cu + |-CHp-Zni ——=
286
rilu
O 0%
I—HLC ! | Nu-CH,-CueZnl, (21)
Zn
28 27

Nu : CN, CH(R)CN, NR;, S-alkyl, Ar, 2- thienyl, alkynyi, alkeny!

The copper nucleophile Nu-Cu (26) can be CuCN,
a cyanoalkylcopper, a copper amide, an aryl- or het-
eroarylcopper, or an alkenyl- or an alkynylcopper?®-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 Znl, as shown by its reactivity
and is best considered as being a mixed zinc—copper
cluster.%-191 In strong contrast to organocopper com-
pounds, Grignard reagents, organozincs, or organolith-
iums do not undergo the methylene homologation
cleanly.192 Only the reactive allylic zinc bromides react
directly with ICHyZnl, affording homoallylic zinc
halides of type 29, which after transmetalation to the
corresponding copper reagent® can be allylated in good
yields (eq 22).103

Bu I-CHz-Znl Bu
)\/Znsr——
25°C, THF : ZnXeZnX,
28
1) CuCNs2LiCl Bu COOt-Bu
- (22)
2) GOOt-Bu

Br
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 ICH;Znl 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 ICH.Znl, then the intermediate allylic
reagent 32 is trapped by this electrophile and high yields
of homoallylic alcohols of type 34a,b are obtained.!® 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).10!

ICH,Znl
RUHIC=CR)C ~—2 I R(H)C=C(R")CH,Cu-Znl, ]
30 32
R1
R2.
i R*
.
Ra)LR4 R3 OH
34a
— (23)100
+
R'  OH
2 R4
RY/‘\)<H3
) ] H 34b
(CH2Znl, THF =
RI.CEC.Cy —mmit F R'-CZC-CH,Curznl, |
-60°C00°C
31 33
R1
R R* RS 35a
— OH (24)104
R'—C=C B3
R2
HO
asb

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 allylsilane!% 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
(egs 25 and 26).1%

GH2  cHyzni GHe
Me,PhSi \)J\C Me,PhSi \)j\/Cu-anz
u

36 38
0
CH, HO
o Me,PhSi ey (25)%°
40
CH, ICH,Znl (He
ElzN\/u\Cu EtzN\/[k/CU'anz
37 39
ACHO CH, OH
—_— EtzN\)j\/k (26"
R
41a:R=Ph
41b: R = C(Et);(CH,),CN
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Table 3. a-Methylene-y-Butyrolactones 44 Prepared by
the Reaction of an Acetylenic Ester, FG-RCu(CN)ZnX, a
Carbonyl Compound, and Iodomethylzinc Iodide

cis-trans yield

R FG-R Ro Rs ratio (%)

H Bu c-Hex H 80:20 76
H PhCH; Ph H 92:8 78
H Bu—C=C(CH;); Ph H 95:5 76
H EtO;C(CH;)3 Ph H 95:5 85
H EtO,C(CHy)s (CHy)s H 68
H CI(CHy), Ph CH; 100:0 82
EtOZC Et02C (CHz)a PhCHzCHz H 85:15 86
EtO;C NC(CHy)s c-Hex H 95:5 93
Bu c-Hex Ph H 75:25 60
c-Hex Bu Ph H 98:2 67
Bu Ph Ph H 60:40 78
Ph Bu Ph H 98:2 85
Scheme 2

1) FG-RCU(CN)ZaX
2 R o e

A (\ FG-R He
R—C=C—CO,Et Rge, o
R %
68-85%

FG-RCU(CN)ZNX ’
R
(o] CO,Et

O,k (CH, 2 CO,Et " = .

R R W(CNIZnX A M
7 Scucnzx T T ez —— ;‘E

FG-A FG-R ol °

43 42 as

Furthermore, a one-pot preparation of functionalized
a-methylene-y-butyrolactones can be realized using an
allylic organometallic intermediate of type 421% bearing
an ester functionality in position 2 (Scheme 2 and Table
3).103106 Thus, the carbocupration of acetylenic esters
with a functionalized copper-zinc reagent, FG-RCu-
(CN)Znl, provides a functionalized alkenylcopper of
type 43 which inserts ICH,Znl and gives a cis-a-
methylene-y-butyrolactone 44 stereoselectively in the
presence of an aldehyde or ketone. The stereochemistry
of this transformation can be rationalized by a transition
state of type 451% (Scheme 2).

The addition of a zinc—copper reagent bearing a keto
group at the y-position2#® such as 46 allows a direct
construction of the bicyclic y-butyrolactones 471% (eq
927).103

Ph

o = o]
1) R=C=C—COOE!
,U\/\/Cu(CN)ZnI )——— e} (27)'o
Ph 2) PhCHO, (ICH,)Zn
46 R Ha

47a:R=H;76%
47b :R«COEL; 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).49%193 Zinc organometal-
lics bearing a carbonyl function at the B-position
(homoenolate)?-28 can be obtained by the homologation
of lithium enolates with bis(iodomethyl)zinc.1¥® Thus,
the treatment of the lithium enolate of cyclohexanone
generated from the silylenol ether, with (ICH3);Zn
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H

1,2n"Cu -)\H

c-Heij —_—

O=0O—I

1) DBU, Cul
c-Hex B
2) (ICH,)2Zn

o (o]
48 50
H\[rH
c-Hex (28)"’3
HO
73%
52
o H H
' A
i 1D8u.Cul WnCu P M
C 2 (1ICH,)pzZn
49
51
0
o)
CH
'// 2
(29)103
5%
53

affords the homoenolate 54 which can be allylated after
its transmetalation with CuCN-2LiCl to afford 55.4%
Homoenolate 54 can also be coupled with 3-iodocy-
clohexenone in the presence of catalytic amounts of
Pd(dba);!?" and PPh; to afford 56 (Scheme 3).

Scheme 3
OSiMe,

1) Melli
————
2) (ICH,),Zn
20°C
1) CuCN-2LiCl

ij\, Pd(dba), cat., PPhs
|

76%

56 o]
H OSiMeg
1) Meli, 25°C, 0.5 h
2) Zn(CH!),
-100°C t025°C. 0.5 h
57
o} Znl 0 A
H 1) CuCN-2LiCI
75%
2 B o
58 59

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

Knochel and Singer

was allylated with an excess of allyl bromide in the
presence of CuCN-2LiCl, giving the aldehyde 59in 75 %
yield (Scheme 3).4%2.103 Geminal dibromocyclopropanes
60 bearing some functionalities react with lithium
zincates (RsZnLi) leading to cyclopropanic zinc car-
benoids 61 which undergo a 1,2-migration!% Jeading to
substituted mixed dialkylzincs 62 (eq 30).1%°

R

1©
Zn-R

R\ Br  RaZnli R1 (
—_—— u*t|—m
} ( -85°C >, 4,
H/ Br H QBr

60 61

62

This reaction pattern is quite general, and 1,1-
dibromoalkenes 63!1° as well as 1,1-dibromoalkanes
641112 yndergo a bromine—zinc exchange reaction with
the zincates RsZnLi, 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

R! Br  RyzZnlLi, THF
_— ———
> < 85°C
Br

+

R (o Li
R! (\Z(r?-R]

R? R (Br
63 65
0'C R! R g+ Rl R
e J—— — — (31 )1 10
R2 Zn-R R2 E
87
23
R\ o) Li
Br  RszZnLi, THF ( Zn-R
R1_< —i R1__.<
Br (Br
54 66
20°C R E7 R
— a~ — r—~< @
Zn-R E
68

R' = Oct, PhCH,CH,, THPO(CHy)4; E * = RCOCI, ArBr, alkenyi-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
338).112-114¢ Polyfluorinated copper reagents such as 72

LICH(CI)SiMePh  + BupZn ——»

69
?” SiMe,Ph
Bu- nDCH(SiMezPh) —_— )\ {33)""?
CI Bu ZnBu
cl
71
70
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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).11

CuBr, DMF
Cstchchcu
25°C 72

PhCdX + 2CF32ZnX

(34)115

Selective polymethylene insertions can also be per-
formed very efficiently. 49,101,103 Thysg, 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
Cu  COx-Bu
ICH;2nl excess R Br
_ — . g
R—C=C—Cu  ThF 60'Cto0'C
’3 74
l ICHZnl ICH,Znl H—/—(cozrsu
R—C=C—CH,Cu
R Cu
76 75a:R=Hex, 74%
T a0 75b:R = TMS, 70%
A 75¢ 1R = CHCH,CN, 50%
*=CH,
oV 7 ICH,Znl
ICH,Znl
R R Cu
+=CH, -— ) <
CuCH,
78 70

The first methylene insertion converts the alkynyl
copper 73 into a propargylic organometallic 76 which
isinequilibrium 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 ICH,Znl
furnishes the relatively reactive allylic reagent 80 which
readily inserts another molecule of ICH,Znl, 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
ICH,Znl 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. Inthe 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 areactive
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).101.103

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 ICH.ZnlI in the presence of an
aldehyde or a ketone provides functionalized dienols
of type 87 in fair to good yields (Scheme 6),103
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Scheme 5
THP-O ICH,Zn!
C=C~Cu(CN)Li ————=
A
81
Ph

PhCHO 83
R=H
\ﬂ/k % THP-O

A

HQ

84a:R=H;70%
84b:R = Pent; 58%

ICH,Zni PMe
Cyc|0pentan0ne H
60°C100°'C
MeO 63%

(35)109 .

JCEC—CU(CN)U
85 \\  (CH,znl MeQ OH
?-—cac—cwph

PhCHO
-60°Cto0°C
95%

Scheme 6

OMe 1) BuLi, THF, -30 °C OMe |CH,Znl, RCHO OMe
H&:o# e ewwatll 2 7 0L C= i
" 2) Culs2LiCl, -30 ‘C " Cu

86 '
m’“ RCHO °“°”=; i Mo _icHaznl ; S
87

HO H HO,
Me OMe OMe
Pl c-Hex
88% 57% 87%

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-
agents!®116 and should lead to useful applications in
synthesis.

HQ

D. Preparation of Functionallized Organozinc
Reagents Obtained from Reactive Organolithiums
by a Lithium-Zinc Transmetalation

Organolithium reagents are considered to be too
reactive to tolerate most functionalities.!8117:118 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,18117.118 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),1212 or
even in the case of aryl'?6 and acetylenic!2? lithiums, an
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ester, a nitro or a cyano group (eqgs 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.

Measn

MelLi, THF L
——————
)\/\ -78°C N
TOloZS
| Tol0,S o~ _Me MeLi, THF m
\/K ed T L|___ Me (37)'2°

MeQ Me -20°C

t-BuLi (2 equiv.) o (38)'218
Et,0,-100 'C
BulLi 39122b
-78°C

Li—C=C—COOEt

(36)""

H—C=C~—COOEt

123

78 C (40)

Thus, Sauvétre and Normant showed that, whereas
(1,2,2-trifluoroethenyl)lithium (88) is a very unstable
carbenoid (stable only at —100 °C), its addition to ZnX,
furnishes a very stable zinc reagent 89 which has
considerable synthetic utility (eq 41).89!2¢ Similarly,
2-hydropentafluoropropene can be converted to the
corresponding polyfluorinated organozine compound
90 (eq 42).58

Buli, THF-E%O (3:2) .
F,C=CFC [ FZC=CFL|]
-100°C 88
ZnX 89
—? ~ FC=CFZnX (41)
-100 °C 89: stable at 25 °C
>=CF2 ——— >=CF2
-78 °C Li
Znl F3G o
e 2 (42)%8
-78°C 1Zn

90

It is also possible to extend these reactions to the
preparation of alkenylzinc halides and arylzinc halide
(eq 43).12¢128 The reaction of alkenyl iodides of type

A% Buli (1.05 equiv) AN
| THF-Et,O-pentane (4:1:1) |
G -100 °C, 3 min G
91 92
FG = COOR, CN, C|, Ng, NO; Znl
p n
THF [
2l THE A (43)
-100 °C \
FG
93

91 with Buli in a Trapp mixture!?” at ca. -100 °C
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provides the corresponding functionalized lithium
derivatives 92. The iodine-lithium exchange is com-
plete within 3 min at -100 °C.128 After the addition of
Znl; (-100 °C), the zinc reagents 93 are obtained. They
can be handled at 25 °C 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 95122
furnishing the desired lithium compounds $6 and 97
which can subsequently be cleanly transmetalated to

the corresponding zinc (or copper) reagent (eqs 44 and
45).122i,j,125

AN, _Buli-100°C
N3 » | ———t——-
94 3 min, Trapp mixture
125
NS/\/\/\U S
96
NO,
@[ _ PALLTHE (45125
-100 C Li
97

E. Diverse Preparations of Organozinc Reagents

1. Via a Boron-Zinc Exchange Reaction

Organohoranes can be converted to diorganozincs
under appropriate conditions (eq 46).2 This reaction
has been used to prepare diallylzinc and dibenzylzinc
in excellent yields.1?13 The driving force of the
reaction is the formation of the very volatile BMe; (bp
-20 °C; eq 47). More recently, this transmetalation

3R',Zn + 2R%B == 3R%Zn +2R';B  (46)

3MeyZn + 2 (/\/)‘33 _—
~
(AP + 2MeB (a7

1) HBBr *Me,S s
A CH;Cr,25°C, 6h d
FE-RTN . o FeRTNs
T HSTN 98

Et,Zn (6 equiv.)ﬁ 7n
(Fa-r" ™) 8

hexane, 0 °C, 10 min

Et,BH
0t N —————+ Et,B-Dec
g9
EtaZn (6 equiv.)

(Dec)2Zn  (49)
hexane, 0 °C, 10 min

has been used to prepare bis(alkenyl)zincs for a highly
diastereo- and enantioselective preparation of trisub-
stituted allylic alcohols.!3! This very efficient and very
fast transmetalation proceeds in hexane and leads
within a few minutes at 0 °C to unexpectedly reactive
di(alkenyl)zincs.13!t A related transmetalation using
readily prepared functionalized 2-alkyl-1,3-dithia-2-
borolanes (98) and diethylzinc (hexane, 0 °C, 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
1864.13 Thisreaction allows the preparation of various
functionalized dialkylzincs (eq 50) and has found
applications in the preparation of optically active
secondary alcohols.®® The reaction is complete within

toluene
(FG-RxHg +2Zn

(FG-RpZn + Hg(0) (50)%°
110 °C, 3-5h >80%

a few hours at 110 °C in toluene. Catalysis by the
addition of ZnX, is also possible; in this case, the
transmetalation is complete in THF within 2 h at 60
°C. 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 Hg,Cl; in THF (-50 to 20 °C, 2 h; eq 52). Both

DMF/THF
FG-RCu(CN)Znl + (ICH;),Hg —_— (FG-RCHa),Hg  (51)%¢
100 101 ) (74-§8%) 102

(FG-R)Hg + 2 ZnX,

+ (52)%

HozClz 61 - Bov% Ho(0)

reactions proceed in good yields and represent very
convenient and general preparations of functionalized
diorganomercurials.®® The synthesis of functionalized
alkenylzinc halides such as 103 is also possible and can
be applied to a highly selective preparation of func-
tionalized (E)-olefins like 104 (eqs 53 and 54).50.126:134

FG-RZnl  14F 50°Cto20°C
+

pinacolborane
———eeee B
CHJCl5, 0°C, 8h

OKL 1) Hg(OAc),, THF, 26°C
2) ag. NH,CI

1
B~
Cl(CHz)s/\’ 0 3) Na,SnO,, aqbacetone
00

H
(CI(CHz)a/\); 9

1) GI(H)ZrCp,, CH,Cl . C-Hex
. ZnBr - T
CICHp) 2) c-HexCHO CHCHa)s

103 25°C, 12h 3 104

CI(CH;);C=CH

(c'(CHz)a/\zHg

(53)134

Zn, ZnBr,
—_ -
THF, 60°C, 5h

(54)125

A related transmetalation of bis(trifluoromethyl)-
mercury with dimethylzinc in pyridine produces the
complex of bis(trifluoromethyl)zine and pyridine in
82% yield.1%

I11. Reactlons of Functionalized Organozincs
Medlated by Copper(1) Salts
A. General

As mentioned in previous sections, organozinc halides
and even diorganozincs are relatively unreactive or-
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Scheme 7
0 FG-R 0O
PR 0
R “R-FG CUCN-2LICI AL
j w2 /\)LR‘ R? R
RCOC! /
_ RICHO H_OH
RI—C2C-RFG +————— | Fa-RGUONZI | ———— o X,
RI=-CZC-X !
R'—CEC-Y
NN R N0z FG-R

FG-R A R-FG . )ﬁzcu

FG-R

ar ANNO:

ganometallic reagents and their transmetalation tomore
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.!® It is possible to prepare
organocopper reagents derived from organozinc halides
and dialkylzincs.'3” The most efficient copper salts for
performing this transmetalation are the THF soluble,
CuCN-nLiX (X =Cl], Br, I; n = 1-2).22 Their reactions
with either FG-RZnX or (FG-R)3Zn at 0 °C for 5 min
furnish the corresponding copper reagents 1002 and
10548 (eqs 55 and 56).

THF
FGR + CUON " nLiXs—gm—= FG-RCU(CN)ZnX ' nLiX (5528
' 100

. THF
(FG-R)ZZH + CuCN nLIXW

FG-RCu(CN)Zn(FG-R) - nLiX  (56)*%

105
X=CiLBr,in=12

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 > 2) and that in the
complex 100 the cyanide ligand is still attached to the
copper center.13® These reagents should be considered
as being mixed clusters of copper and zinc. It wasnoted
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. Alsothesubstitution 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).1% The

EtOZC(CHz)GCU(CN)Zm /\/(CHz)QCOOET
ﬁAE, 85 °C, 6 days Hex
76%
o™ X! (57)
\ NOGHIIOUCNIZN S (CHCN

DME, 85 °C, 6 days
85%

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

B. Substitution Reactlons

1. Coupling with Reactive Halides

Metallic halides of the type MX, react differently
with zinc—copper reagents (Table 4). Thus, Me;SiCl
does not react with most zinc-copper compounds,
although the direct reaction of the zinc reagent 107
with Me3SiCl furnishes the silylated heterocycle 108 in
good yields (eq 58).14%0 However, RsSnCl 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 60).14!

Me\
Zn THF MessaCI
50°C 3h
78%
107 0
Me\N SiMe;
% | (58)140
-
Me
108
Me Me,
Me—\ 0\ Me ‘/o\
BCH,Znl + Me3SnCl —— BCH,SnMe;, (59468
Me—— / Me—/
O (o]
Me Me
87%
Me
\(5\ Zn,DMF  Me X Ph3SnCl
P/ zZni 7%
Me
M
5
P SnPhg

The reaction of organozinc halides or diorganozincs
with allylic halides in the presence of copper(l) salts
(catalytic or stoichiometric amounts) occurs with a very
high Sn2’ selectivity.27:28,3064142 In contrast, Ni(0)- or
Pd(0)-catalyzed reactions of organozincs with allylic
halides produce preferentially the Sn2 substitution
product (eq 61)27!42 and (eq 62).54¢ 3-Carbomethoxy-
2-propenyl bromide gives the Sy2’ product with com-
plete selectivity (eq 63),28143 whereas most allylic halides
(chlorides or bromides)27?8h:29.64 react with regioselec-
tivity (Sn2’/Sn2) of ca. 95-80/5-20 (Tables 5-7).

Knochel and Singer

R' R-M R R-M R R
B B ——_d
Rz)\/\n cat. Nifl) g2 )\/\cu cat, Cu(f) RX/

(61)

0°C, 1h
NN Ph gy s4a
NC Zni o2 (©2)
o
\\  Pd(PPh,), cat NG
45°C, 12h
Ph NX"Ng,
68%
j\/\ P CuCN cat
+
EtO Znl Br” 7" Co0Me " e oma
80%
COOMe
CH 28b
Pl
E100C (63)

Aromatic organozinc reagents generated electro-
chemically using a sacrificial zinc anode can be allylated
after transmetalation with CuCN-2LiCl in satisfactory
yields (eq 64).14 This allylation procedure can be
applied to a short preparation of isocarbacyclins (eq
65).14%5 The 1,3-dichloropropenes of type 109 (Y = SPh,
SePh) react with almost complete Sy2’ selectivity®? with
RCu(CN)Znl and give 1,3-disubstituted propenes 110
in excellent yields (eq 66 and Tables 5-7).11

cn—@—com
cm—@—com

(E0)(O)PO, (/
Pent
TBDMSOq/\;/ o

STeDMS

DMF, Zn electrode, 8"
Ni(bipyr)a(BF 4). cat.

Zang, NBU4BT
' 0
Me

63%

/\/C'
e i
CuCN-2LIiC!

1Zn(X)Cu _~_-COMe
X =Cl,Br,CN

COgMe

q/\/ e
TBOMSO Pent

OTBDMS
95%

Y
FG- HCu(CN)ZnX
| FG-R
%\(C \/Srf

Cl R!
109 :Y = SePh, SPh; Fl1

FG-RCU(CN)ZnX _ FG- n\g\rﬁ FG (ggp

110

In strong contrast to most functionalized copper—
zinc reagents ICH,Cu (100), an unstable copper car-
benoid which is generated in situ in the presence of an
allylic halide by the addition of ICH,ZnI¢ to Cul.2Lil,
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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 vield (%) ref(s)
CH,OPiv BusSnCl BusSnCH,0Piv 93 44
Me MezSnCl Me 87 46a
/O Me /O Me
CHz_B\ MeSSnCHz—B\
(0] Me o] Me
Me Me
CH,SCOPh BusSnCl BuzSnCH,SCOPh 64 60
(CH,)sS(0)Ph Me;SnCl Mo "sph 90 59,60
s I
CH,CH;P(0)(OEt), Bu3SnCl Q 81 61
Buasn/\/P(OEt)z
CH(Pr)CH,P(0)(OMe), Me;SnCl MesSnCH(Pr)CH,P(0)(OMe), 67 61
(CH,);COPh Bu;SnCl Bu3Sn(CH;)sCOPh 65 24b
CH, ; Bu;SnCl Bu°sn/\© 86 37
CN CN
CH, CO,Et Bu3SnCl CO,E 88 37
\©/ Buasn/\©/
o] Me;sSnCl 0 93 53
> dSnMeg
w LOE Me;SnCl MesSn,  COEt 95 53
H E/Z (0:100)
E/Z (11:89)
Me Me
Me e Me;SnCl Me 89 46b
M% Me o]
Me O_B/O y o~ sy
> — Me;Sn H
"‘\\‘ .
o o E/Z (82:18)
©;j Me;SnCl 0.0 69 53
o Z
SnMe,
Me,SIO  Ph Me;SnCl o Ph 65 49b
MeM(Csz MeMsz)ASnMea
H
MesSnCl Et0,C 74 49b

BO  Ph
X
XZnO)YK(CHZ),,M

CO,Et

CH3)4SnMe.
E10,C (CHa)g 3

Ph

reacts with very high Sn2 selectivity (eq 67 and Table
5).4 Thereaction of FG-RCu(CN)ZnI with propargylic

halides or tosylates provides allenes or dienes (Table
8).28b,65,80d

Me>__\_M‘>=/—B' ICH,Zni (3-4 equiv.)
Me CulvaLil, -25 'C to -20 °C
Me, Me,
>=\_)=/__\| (67)*
Me

90% (>90%SN2 selactivity)

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

conditions (23 °C, 2 h) with FG-RCu(CN)ZnX (100),
providing several types of functionalized iron dienes
112 (Table 9, eq 68).51.80f

MeO
E10,67 " cuCNjzni +
@tecors PFO

111

MeO. (68)51
_ CO,Et

Fe(CO)s

112
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Table 5. Products Obtained from the Reaction of Functionalized Aliphatic Organozinc-Copper Reagents with Allylic

Halides or Tosylates

Sn2'Sn2  yield
RCu(CN)ZnX (R) allylic electrophile product ratio (%) ref(s)
CH,CH,CO,Et allyl tosylate EtOZCW 89 28b
CH,CH,CO.Et 2-cyclohexenyl tosylate /\/@ 82 28b
Et0,C
CH,CH,CO,Et cinnamyl tosylate Ph 87:13 80  28b
E(OQCW
CH,CH,CO,Et cinnamyl bromide Ph 88:12 93 28b
W
EtO,C
CH,CH,CO.Et cinnamyl chloride CHs 87:13 99 28b
EtOZCW
CH,CH,CO,Et a-methallyl tosylate CHs 72:28 50 28b
W
EtO,C
CH,CH,CO;Et Bre_~\COMe COMe 1000 80  28b
Etozow
CH;CH,CO:Et Me.__Me Me.__Me 89 28b
OTs é\/\cozet
CHs CHa
CH,CH,COy-Pr cinnamyl chloride Ph 96:4 97 27
i~PrOZCW
CH,CH,COyi-Pr geranyl chloride Me, ,— 88:12 81 27
-PrOLC |
Me Me
CH,CH,CO,i-Pr 2-cyclohexzenyl bromide Q\/\ 93 27
CO,i-Pr
CH,CH,COxi-Pr B,_Q..,.ar Q:BFA 815 79 27
CO,i-Pr
CH,CH,CO,i-Pr Me N Me Me 100:0 72 27
AcO/\A/;r AcO/\)\/\(K/\
Me H CO,i-Pr
CH;CH,CO;i-Pr e~ oA~ cos Y
MGD Me]\;)
CH(CH3)CH;CO:Et  cinnamyl bromide Ph 86:14 85 29b
W
Et0,C
CHg
CH(CHyCH;COEt B~ C0:Me COMe 1000 79 29b
EtOZCW
CH,
CH,;CH(CH3)CO;Me  2-cyclohexenyl bromide CO,Me 59 27
(CH,);COEt crotyl tosylate Et0,C(CHa)a~ 78:22 68 29b
(CHy)3:CO.Et Me ~-OTs Me. M 73:27 95  29b
2)3COq j/\/ e e/

Me

Et0,C(CH)y
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Table 5. (Continued)

SN2/ SN2 yield

RCu(CN)ZnX (R) allylic electrophile product ratio (%) ref(s)
(CH2)sCO.Et Me~B - Me Me 8317 91 29b
T\:\/ EIOZC(CHZ):,N
(CH3)sCO.Et 3-chloro-1-butene Et%o/\/\/\.ﬁ“: 100:0 87 64
H
(CHg)3sCO.Et 1-chloro-2-butene Etogc/\/\(\ 96:4 83 64
CHg
(CHy)sCOzEt cinnamyl chloride £10,C SN 97:3 86 64
/\/\P:\
(CHz)sCOzEt Me Br 2 N 98:2 88 64
]:\/ EtOQC/\/M?(Me\
CH,CH.,CN cinnamyl bromide Ph 100:0 92 54a
NCW
CH,CH,CN 3-chloro-1-butene H 100:0 84 54a
Nc’\/\/\CH3

CH,;CH,CN 2-chloromethyl-1-propene =<___;jCN 83 b4a
CN

CH.,CH,CN COxt-Bu COxt-Bu 95 54a
2LIy )\/Br NCW 2

CH,CH.CN 2-(bromomethyl)hexene NCWBU 84 99
(CHz)sCN cinnamyl bromide NC/V\/\ 96:4 88 30
Ph
(CH,):CN 3-chloro-1-butene H 97:3 8 30
NC/\/\/\CH;;
(CH)¢CN 1-chloro-2-butene NC(CHIs~ s 97:3 91 64
\C(Ha\
(CH2)¢CN 3-chloro-2-butene NG(CHyls /\(CHg 97:3 87 64
H
(CHy)¢CN cinnamyl chloride Ph 98:2 88 64
NC(CHs”
(CH2)4COPh allyl chloride phCO(CHz)s/\ 70 24b
CH,CH(CH;)CN 2-(bromomethyl)hexene CH, 69 99
NC )\/\[( Bu
3 B
CHz—Ni > 2-(bromomethyl)hexene mN\/\W u | 76 99
- N Bi
CH2_"‘/'\__/\0 2-(bromomethyl)hexene O% \/\ﬂ/ u 68 99
CH;N(CH;)CH,Ph 2-(bromomethyl)hexene /\/lL 64 99
Ph N Bu
CHy
CHzSCmHzl Me . CHy 75 99
/l\/B' ‘ n-cmHms’\/J\
CH(CH3)SPh CO.t-Bu PhS  CO.t-Bu 87 59,60
Br Me
CH(SPh)CH,CN 2-(bromomethyl)hexene Bu SPh 75 60
)\)\/CN
CH(SPh)(CHj,),CO;Et CO4Et EtO,C  SPh 92 59,60

)\/Bf )\)\/\COZB
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Table 5. (Continued)
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Sn2/Sn2  yield

RCu(CN)ZnX (R) allylic electrophile product ratio (%) ref(s)
CH,SCOPh CO,Et o] 95 60
Br /U\ /\)Lcoaex
CH,SCOPh COat-Bu 0 89 60
Br Ph/u\s/\/U\COZI-Bu
CH,SCOPh 2-(bromomethyl)hexene 0 75 60
Ph)j\s/\/U\Bu
CH,SCOPh SO,t-Bu o} /\/U\ 70 60
B
' Ph/lLS SO.t-Bu
(CHy);SPh CO,t-Bu COt-Bu 87 59,60
Br /M
(CH2)3:8(0)Ph CO,Et CO,Et 76 59,60
Br Pns’\/\/l\
(CHy)380.Ph CO,Et CO,E 88 60
Br PhSOZM
SOxt-Bu CO,E t-BUO,S COLE! 9 60
H,C Br
(CH,);C=CH CO,E CO,Et 86 56
Br _C
HC?
CH, CO,Et CO,Et 95 56
N N
N H
H2CI," COZET COZEt 95 54b
O -
NC cisitrans (18 82)
HaC, CO,Et 86  54b
'O ar O’ COzEt
NC
cis:trans (14:86)
Hg CO,Et < ;igi\/\/; 80 50
Br
A
f—ne  CH—3
(CH;)s0Ac COE COE 88 48
B
' ACO(CH,)g
Me CO,Et CO,Et 90 463,48
o] Me
~H,C—B, i Br j: /\/K
0" e
/0 MheAe COut-Bu Etogc/\/\ﬂrCOOt'BU 86 46a
—H?—B\ I Br O’B~o
EtO,C(CH,)} © e MeHM
Me Mee
CH,I 2-(bromomethyhhexene ;i/\ 90 44
i
CH,l CO,E GOt 89 44
Br )\/\l
CH,I OPh OPh 95 44
Br 2/\1
CH,l ©/\| 96 44

~
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Sn2/Sn2 yield

RCu(CN)ZnX (R) allylic electrophile product ratio (%) ref(s)
CH.I OBr O/\l 79 4
CH;I geranyl bromide CH; CHs; 90 44

™ " |
HsC
CH.OPiv 2-(bromomethyl)hexene Bu 95 44
NOPN
CH,OPiv COut-Bu COat-Bu 94 44
Br NOPW
CH(OAc)CH(CHjy), CO,Et OAc COE 95 45
Br i-PrM
CH(OAc)CH,CH,SPh allyl bromide OAc 86 45
Phs/\)\/\
CH(OAc)C(Et);CH,CH,CN allyl bromide OAc 69 45
NC\/Y\/\
Et’ MEt
CH(OAc)(CH)34C0O;Me allyl bromide OAc 95 45
MeOZC(CHz)A)\/\
(CHj)sCO:Et SPh SPh >97:3 88 39
%K/m EO,C(CHy) A (CHo1:COZE!
cl E/Z(21:79)
(CHy);CN SPh SPh >97:3 85 39
%\,m NC(CHy)3a AN (CHa,CN
© E/2{8:92)
(CH2)¢0OAc SPh SPh >97:3 76 39
%\/C' ACO(CH)gn AN (CHy)s0A
cl E/Z(45:55)
(CH,).P(O)(OEt); SPh SPh >97:3 90 39
AN (E10}P(0)(CHo)a AN (CHa)P(OI(OED,
cl
E12(8:92)
SPh $Ph >97:
(CH,)sCOqEt %\(Cl E10,C(CH,), \)\K(CHz)sCOzEt 97:3 89 39
Cl  CH, CH,
E/Z(11:89)
CH,);CO.Et SePh SePh >97:3 89 39
(CH0: %\/C' E0,C(CHylsn AN (CHz1sCOLE
cl
E/Z (20:80)
(CH,):CN 1,3-dichloropropene NC(CHZ)S\/\(CHQ)@N >97:3 88 39
E/Z (87:13)
(CHy)¢OAC 1,3-dichloropropene AcO(CHg)G\/\(CHz)7 OAc >97:3 80 89
£/Z (70:30)
CH,).P(0)(OEt) 92 61
(CHy);P(O)(OEt), CozEtB r (EtO)ZP(O)WCOZEt
(CH,).P(O)(OEt, t-BuO;S 79 61
2)2P(0)(OEt), 2 . (EtO)ZP(O)W
SO,t-Bu
(CH,)¢Cl 1-chloro-2-butene CHs 98:2 94 64

Cl(CHa)g
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Table 5. (Continued)

SN2/ SN2 yield

RCu(CN)ZnX (R) allylic electrophile product ratio (%) ref(s)
' CO,Et | 3 d6b
‘(CHz)a\(k B/O Me )\/ Br u: O\P)\K(CHz)g/
¢ Me 0 H CO,Et
H O—TMG Me Me
Me
< Hex 74 101

t'BUOzC
\—>_<ex )\/BF Mcoz“au
o t-BuO,C Me,Sj 70 101
\—>_<iM93 )\/ Br MCOZY-BU

~ I'BUOQC NC 50 80d
L>_<_\CN )\/Br %cozt-eu
i

|
i—CszNHBoc A~ P i 65 80d
HY "COzBu €0,Bu
%-CHZVNHBOC B Nu~g y NHBoc 48 80d
", r H
n’ “co,Bu /Br\/l/\c/ozau
~CH,_NHBoc 7 'NHBoc 48 80d
; >/' Ph/\/\CI H
H® COBu Ph CO,Bu
§-CH2>(NHBoc oY QNN 55  80d
H “C0O,Bu cl CO,Bu
Me Me 56  80d
$-CH,_NHBoc
OTs NHBoc
HXCOZBU A~ M
CO.Bu
§—0HEXNHBoc MeO;C A BF ~ NHBoe 51  80d
H® COBu MeO,C  CO,Bu
CH,— CO,E Gt 62 49b
1ZnO )\/
Br c-Hex
c-Hex )\/\H;;\(:Oza
H
Me;Si0 CO,E! % 70 49b
@\jCHZ- ) é\/(;\
CO,Et
o. O 81  49b
O\r‘f+ /\/Br NGO,
CHy— Z
Ph Ph
120 CO,Et OH COE 68 49
Meozc/\/\/k/\/CHz' Z\/Br Meozc/\/\/k/M
1ZnO CO,Et oH 67  49b
)\/\/\ Br Ph
Ph CH,~ Lo.en
OSiMe; Bu o 59 49

oL e Iy

(CHz)g~ (CHy); COEt

- - ~

o\N;o /\/Br NO, 64 49b
! CH,—

P o 74 4%
&
Y
TBDMSO 75 49b

OTBDMS

Br
(EtO,C),CH j/>j
CO,Et Ph v

m
[o]
@]
3

\2
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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)
[ COt-Bu COA-Bu | 95 36
-CH2© Br )\/\Ej
-CH, OCH;, CO,t-Bu CO,t-Bu 98 36
\CE Br OCH,
OAc
OAc
-CH, CN CO4t-Bu CO,t-Bu 97 37
\©/ Br )\/UCN
Ci Py Cl 96 37
e 0
cl o]
-CH, CO,E! Me CHj 87 37
\©/ Br )\/\©/002Et
OAc P OAc 82 317
gave
OAc OAc
~CH(CH,),CN COEt EtO,C CN 92 37,54b
Ph Br
N(SiMej), P N(SiMey), 86 55
-CH2© /\/\@
N(SiMes), CO,t-Bu COxt-Bu  N(SiMey), 84 55
-CH, \@ Br )\/\@
N(SiMe,), OCH,0CHg CH,OCH, o N(SiMes), 81 65
ek ) j ¥ )\/\G
N(SiMe,) CH,0Ph OPh . 93 55
-CHa t * : Br ;\/6"‘433)2
OAc CO,-Bu +BuQ,C  OAc 91 45
CH \© Br )\/K@
OAc CO.t-Bu t+BuQ,C  OAc 89 45
c#:@,o;\c Br )\/\©/0Ac
one CO,t-Bu +BU0,C  OAc ‘ ¢ 46
& ’ C
Bu 96 99
-CHz’Q Br Bu /s )
Me 93 99
Br J
CHg (/s \; ) CHy . \
Bu 74 99
'CHz’Q Br Bu / o \
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FG-RCu(CN)ZnX (FG-R) allylic halide product yield (%) ref(s)
Br CO,Et COEt Br 86 76
'CH2\© Br
CO,E CO,E 82 76

-CH, \CEMe
OAc

L
OAc

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
0 CO,Et o] ) 83 53
Br
0 5 0
%
0 CO,Et 0 71 53
o Br B0 (0
%
X AN CO,Et EtO,C 81 125a
Br )\/\/\/\m
e CO,Et CO,Et o] 59 46b
H“/\/\/L O Me Br
B\O Me
eMe COLE
Me Me CO,Et O CO.Et 69 46b
Me 8r
Me% P Pent
0-B Bu
"x’\ “H
CN OCH,OCH; CN 72 35
5 |
CHyOCH,0
s CN OCH,OCH, CN 91 35
\©/ ! CH;,OCbm
P CO,Et OCH,0CH3 CO,Et 72 35
\©/ ' CH;OCH,0
~ 1-chloro-2-butene CHs 80:20 86 64
L S
CO,Et
CO,Et
,a‘\@\ 3-chloro-1-butene H 100:0 93 64
X
CO,Et
i CO.t-8u \/\@\ 83 35
Br
t-BuO,C .
E)\C" 2 cl
Os__Ph CO,t-Bu Oy Ph 83 35
p Br
t-BuO,C
Oy C-Hex COut-Bu Oy -C-Hex 72 35
- Br
f'BUOzC
NO, CO,t-Bu NO, 79 125
- Br
I-BUOQC
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Table 7 (Continued)
FG-RCu(CN)ZnX (FG-R)

allylic halide product Sn2'/Sn2 yield (%) ref

H”\©\ allyl chloride \/\©\ 41 144

CO,Me CO;Me

,r"\ : \/\@\ 63 144
COMe COMe

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

allyl chloride

FG-RCu(CN)ZnX (FG-R) propargylic electrophile product yield (%) ref
(CH,);CO.Et HC=CCH,0Ts =,=(_\_ COE 28b
CH,
R
)\WR
(CHp);CN CICH,C=CCH,Cl R = (CHp);CN 84 65
(CH,)3;CO.Et CICH,C=CCH,Cl R = (CH);CO:Et 95 65
(CH,)$Cl1 CICHC=CCH,C1 R = (CH,)¢Cl 92 65
CH;-CgH¢-p-CN TsOCH,;C=CCH,0Ts R = CHy-C¢H,-p-CN 93 65
C¢H,-p-COMe TsOCH,C=CCH,0Ts R = C¢H,-p-COMe 93 65
CeH(-p-CN TsOCH,C=CCH,0Ts R = C¢H;-p-CN 97 65
-.H‘/\./NHBOC HC=CCH,Br _/\__,NHBoc 55 80d
¢o,Bn T CoBn

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

FG-R2Cu(CN)ZnX (FG-R3 cationic complex product yield (%) ref
o) L
R *r|l=<a<co>3 BF, R! \ R?
Fe(CO)3
(CH,).CN R! = H; R? = (CHy),CN 84 5la
(CH;)sCN R! = H; R? = (CH,);CN 90 5la
(CH)3;COzEt R! = H; R? = (CH,);CO.Et 97 5la
(CHz)aCN Rl= Me; Rt= (CHz)sCN 75 5la
R’ R!
.

(CO)Fe PFy (COFe
(CHz)zCN Rl = H; Rz = (CHz)zCN 78 5la
(CH)sCN R! = H; R? = (CHp)sCN 76 5la
(CH)sCO,Et R! = H; R? = (CH,);CO;Et 83 5la
(CH,)OAc R! = H; R? = (CH;)(0OAc 60 5la
(CHQ)sCOzEt« Ri= OMe; R2= (CHz)sCOzEt 76 5la

Me

Me R
Me>_|ﬁ\—ﬂ‘ W + F R?
+F9(CO)4 Me R Me R’
A . B AB

(CH2)3COqEt R! = H; R? = (CH;);CO:Et 57:.0 51b
(CHj)OAc R! = H; R? = (CH),0Ac 68:0 51b
(CHy)sCN R! = H; R? = (CH)sCN 65:0 51b
(CH,),CN R! = H; R? = (CH,),CN 45:0 51b
(CH,)3CO.Et R! = Me; R? = (CH,)3sCO.Et 28:23 51b
(CH3)(OAc R! = Me; R? = (CH),0OAc 15:43 51b
(CHQ)zCN Rl = Me; R2 = (CHz)zCN 20:36 51b

"

N CpCOMO”
Mo(CO),Cp PFg

(CH2)(CO:Et R? = (CHy)«COEt 90 5lc
(CH5)3sCOEt R? = (CH,);COEt 90 51c
(CH,),COEt R2? = (CH;);CO:Et 33 5lc
(CH).CN R? = (CH).CN 58 5lc
(CHy)sCN R2 = (CHp)sCN 41 5lc
(CH2)(OAc R2 = (CH)(OAc 51 51c
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Table 9 (Continued)

Knochel and Singer

FG-R?Cu(CN)ZnX (FG-R?» cationic complex product vield (%) ref
(CHy),0COPh R? = (CH),0COPh 57 5ic
CHa_NHBoc Z _NHBoc 68 80f

&0,8n (°°)3F°©/\/éozsn
(CO)FE PRy
CHa_NHBoc Me Me - NHBoc 59 80f
(COlFE PFy
CH,«_ NHBoc Me Me Me 57 80f
éo Bn /@/\/NHB“
2 > CO)sFe=
(CO)FS PFy COFESS  Con
CHy«_NHBoc MeO Z NHBoc 64 80f
2 > MeO 2
(CO)sFE PRy
CHy_ NHBoC MeO,C _-NHBoc 52 80f
£0,8n (CO)Fe Lz Zo.n
CO)Fe PRy
(COIFe PPy MeO,C
CHz_NHBoc MeO,C Mse Z NHBoc 31 80f
¢o8n (CORFe 0,80
(CONFe BF So,Me
2. Coupling with Alkynyl, Alkenyl, and Alkyl Halides COqEt -30°C, 1h
ping yny 4 % PRS0, S EOCT NcueNzn o]
Organocopper reagents are well known to undergo CO,Et 80%
coupling reactions with alkenyl halides.!3¢ The copper CO,Et
reagents derived from organozinc halides, RCu(CN)- COEt (1)
Znl, react only under harsh conditions with alkenyl 2 )
halides!®® (several days, reflux in DME); however, the CO,Et

reactions produce functionalized olefins in a stereo-
controlled fashion (eqs 57 and 69).

DME, 85 °C
/=\ + (EtO)2P(O)(CH2)2Cu(CN)ZnBr —85>

Hex | 6 days
E/Z :17/83

/=\__ IO (69)'
Hex

82%, E/Z:17/83

The presence of an electron-withdrawing substituent
at the 8-position considerably facilitates the substitu-
tion reaction since an addition—-elimination mechanism
can take place. Variousreagents of type 113 react with
zinc—copper organometallics in high yields (eq 70 and
Table 10).

E E
FG-RCU(CN)ZnX  + /=/ _ /=/ (70)
X FG-R

113
E=NOz, CO2R, COR

The reaction can be used to prepare a variety of
B-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 (E)-2-(ethylsul-
fonyl)-1-nitroethylene provides the pure (E)-acetoxy

nitro olefin 114 in good yields (eq 72).4%®> 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

Cu(CN)ZnBr o
o NO PivO -78°C
ES0,7 > ¢+ /\/\OrAc 74%
PIVO(CH,) N0,
zsw (72)45b
OAc
114
(TMS);N
(TMS),N o
@Acmcwmr * d——> O ‘
' 98% O
(73)55
Cu(CN)ZnBr Q ’
. QL—CL
NO
2 | NO; (74y125
70%
cl o] o] c-Hex
J:L c-HexCu(CN)Znl j:( E10,G(CH2)sCu(CN)Zn]
—_— -
o o) o o]
1158

c-Hex
Etcoz/vﬂ (75)14

(o] (¢}
116
74%
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Table 10. Reaction of Alkenyl Halides and Related Compounds with Zinc—Copper Organometallics Leading to
Functionalized Olefins

FG-RCu(CN)Znl alkenyl iodide product yield (%) ref(s)
R/\/Hex
(CH)sCN (E)-octenyl iodide R = (CHy)3:CN (100% E) 85 139
(CHy)sCO:Et (E)-octenyl iodide = (CH3)3CO;Et (100% E) 76 139
(CH,);P(0O)(OEt).; (E/Z)-1-octenyl iodide = (CH,).P(0)(OEt); 82 139
E/Z(17:83) E/Z(17:83) 97 44
CH,0OPiv o 0 97 44
d, dCHZOPiv
(CHj2)3CO.Et CO,Et EtO,C(CHa)a . CO,Et 90 43
Phso/_< CO,Et CO,Et
(CHy)s0Ac CO,Et AcO(CHz)s  COE! 88 43
Phso/_< CORE CO,Et
(CH);CN CO.E NC(CHa)s  CO.Et 83 43
Phso/_< co, \_<coza
(CHy)Cl CO,Et C'(CH2)4\_<COzEt 84 43
PhSO/_< CO,Et COEt
(CH,)sSPh CO,Et PhS(CHy);  CO,E! 74 43
Phso/—< CO,E \_<coza
SiMe,Ph OzFt PhMe,Si,  CO.Et 40 43
Phso/_< CO,E \_<C02Et
(CHy)eOAc CO;,Et ACO(CHz)s\_< OEt 88 43
Phso/—< CO,Et COEt
(CHy)3CO.Et COqi-Pr EtO,C(CHa)3  COui-Pr 82 43
PhSO/_< CO,i-Pr \_<COZI'PF
(CH2)3;CO.Et CO,c-Hex EtO,C(CH,)3 COze-Hex 74 43
PhS0O4 o CO,c-Hex \—<COZC-Hex
CH.CH,P(0)(OEt); 3-iodo-2-cyclohexenone 0 86 61
o}
CH(Pr)CH;P(0)(OMe), 3-iodo-2-cyclohexenone 0 95 61
Pr O
CH(Pr)SPh 3-iodo-2-cyclohexenone o 88 59,60
Pr
CH(SPh)CH,CN 3-iodo-2-cyclohexenone o 86 59,60
o Uy
SPh
(CHy)sSPh 3-iodo-2-cyclohexenone Q 85 59,60
@\/\/SP"
SOxt-Bu 3-iodo-2-cyclohexenone 0 93 60
(CHp)z

{

SO,t-Bu
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Table 10 (Continued)

Knochel and Singer

FG-RCu(CN)Znl alkenyl iodide product yield (%) ref(s)
(CH,)sCO:Me 3-iodo-2-cyclohexenone o] 86 76
d(cHg)scOZMe
Me 3-iodo-2-cyclohexenone 0 85 76
/(\/K/CHz
|
Me” “Me N Me
Me Me
CH(OAc)CH(CHay), 8-iodo-2-cyclohexenone 0 95 45
Me
Me
OAc
(CHy);—C=C—H 3-iodo-2-cyclohexenone 0 88 56
_H
ij\/\/cec
] 3-iodo-2-cyclohexenone 0 85 37
CH2\© I | O
CH2\©/CN 3-iodo-2-cyclohexenone o) CN 84 36,37
CH—CH,CN 3-iodo-2-cyclohexenone o 89 54b
Ph f
Ph
NC
(CH,)(Cl 3-iodo-2-cyclohexenone 0 84 38,48
@\/\/\m
(CH,);0Ac 3-iodo-2-cyclohexenone 0 79 38
@\/\/OAG
(CHj)sCN 3-iodo-2-cyclohexenone o] 89 38
@\/\/CN
N(SiMes)s 3-iodo-2-cyclohexenone N(SiMes); 97 55
CH2\©
o}
0. 0 3-iodo-2-cyclohexenone 0.0 70 53
ey
L
"H@/CN 3-iodo-2-cyclohexenone o] 64 35
‘ O CN
o] 3-iodo-2-cyclohexenone 71 35

2
/)

(_)=°
Q
(/8
)
>
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Table 10 (Continued)
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FG-RCu(CN)Znl alkenyl iodide product yield (%) ref(s)
NO, 3-iodo-2-cyclohexenone o] 70 125a
/ ¥+
CH(OAc)-CH(CHy), e Me 4 45b
2 Me)\(\/ NO,
OAc
CH(OAc)Pent N0z AcO 80 45b
EtSO.
’ Pem)\/\ NO,
CH(OAc)(CH2)3OPiv PNSO; A NO; Piv OM NO, T4 45b
AcO
0 3-iodo-2-cyclohexenone 0 _/@ 72 45b
N—CH, ©:(\(N 0
o] o]
CH, o] 0 o 0 79 146
X H Q - O
! Cl Cl
(CH,)s0Ac O, o} ) 89 146
01: icu AcO(CHy)s ’ ‘ (CHz)s0AC
(CH;);COzEt o} (o] Oj i 83 146
cl o EtO,C(CH,)4 (CH7)3CO,EL
(CHsCN 0j i0 0 83 146
cl cl NC(CHZ){\ i(CH;)gCN
(CH2)3COPh 0:\ io 0, O 72 146
cl Cl PhOC(CHz); :(CHz)acOPh
(CH)3COzEt oj io o] 74 146
Cl c-Hex E'OzC(CHQ)ﬁ c-Hex
(CH;)s0Ac 0j iO Oj iO 67 146
cl c-Hex AcO(CHg) c-Hex
(CHz)sCN 0j i0 (o] 65 146
Cl c-Hex NC(CHp)4 ‘c-Hex
(CH),Cl Oj io j iO 57 146
Cl c-Hex CHCH,)4 c-Hex .
(CH2)3CCO.Et Oj j0 0 81 146
Ci t-Bu EtO,C(CHy)4
(CHp)sCN Oj io 0 77 146
Cl t-Bu NC(CHz)a; :
OSiMeg 3-iodo-2-cyclohexenone 64 49b
(CH2)s
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Table 11. Functionalized Alkynes Obtained by the Reaction of Zinc—Copper Organometallics with 1-Haloalkynes

FG-RCu(CN)ZnX (FG-R) alkynyl halide product yield (%) ref(s)
CH,OPiv 1-bromooctyne PivOCH,;C=CHex 72 44
(CH)3sCO:Et BrC=CCH,0THP Et0;C(CH);C=CCH,;0THP 74 147e
(CHy):CO,Et 1-bromooctyne EtO,C(CHj)sC=CHex 78 41
(CH);CO:Et 1-bromo-2-phenylacetylene Et0.C(CH;);C=CPh 71 41
(CHy)sCO.Et _ _@ T4 41
Br-C=C EtOZC(CHz)g—CEC—O
(CH);CN 1-bromooctyne HexC=C(CH,);CN 81 41
(CHp)sCN ~ _@ - 79 41
Br—C=C NC(CH,);~CZC
(CH,);CH(OPiv)CH;, 1-iodooctyne CH;CH(OPiv)(CHj);C=CHex 75 41
(CH,),Cl 81 41
Br—CEC—@ cucmh—czc—@
(CHg);C=CPent BrC=CPh PentC=C(CH,);C=CPh 73 41
CH.CH;P(0)(OEt), 1-bromooctyne (Et0),P(O)CH,CH:C=CHex 89 61
CH,SPh 1-bromooctyne PhSCH,C=CHex 70 59,60
(CH=CH)Hex-(E) 1-iodohexyne (E)-BuC=CCH=CHHex 77 50
(100% E)
CHOAc 1-bromooctyne AcO 86 45
?—CEC—Hex
(CHy);C=CH 1-iodohexyne BuC=C(CH,);C=CH 60 56
CH:OPiv 1-iodohexyne BuC=CCH;OPiv 74 45
(H)C=C(H)(CH,)3;0Piv-(E) 1-iodohexyne (E)-BuC=CCH=CH(CH,);0Piv 66 125a
-~ 0 1-iodohexyne PentCOC=CBu 86 46b
Bu(H)C=C—g]
o]
-~ 0 1-iodohexyne ClI(CH,),COC=CBu 87 46b
CI{CH)a(H)C=C~E}
o]
0 1-iodohexyne 0 92 53
¥ % Cs,
C\Bu
(H)C=(H)CO.Et 1-iodohexyne % 81 53
& co.Et

CHgC (CHs)gCHzCECMe O’Ph
“0-CzC—I

(CH,);CO:Et O,Ph
“0-c=C—

CH,C(CHy);CH,C=CMe Hex

C=C—I
CH

O/Ph 61 148
O/Ph 56 148

Hex 56 148

10). A selective double addition-elimination on 3,4-
dichlorocyclobutene-1,2-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.#” Similarly, it was found that the
functionalized copper—zinc reagents FG-RCu(CN)ZnX
(100) undergo a smooth coupling reaction with 1-iodo
or 1-bromoalkynes. This provides an excellentsynthesis
of functionalized alkynes (Table 11) and has been used

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

Ph o o
O’ 20/1 . EOCT"cuenzn C to -55°C, 1h
"'IO/C 56%

Ph
g (:,”/C/\/\CozEt (76)'*
Ilo/

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

DMPU#

(FG-R);Cu(MgX)-Me;Zn (FG-R) alkyl halide product yield (%)
AcO (CHz)s Octl ACO(CHz) ucHs 80
AcO(CHy)s Et0,C(CH,)sl AcO(CH,)sCO-Et T4
AcO(CHy)s NC(CH,)sl AcO(CHy)sCN 81
Et02C(CH2)3 OCtI EtOQC(CHz)loCHa 72
EtO,C(CH,)s I(CH,)3C=CH Ce. 71
AcO(CHy)4 [ OAc 8

PN/GZZ N02
Ph
AcO(CH), SO,CF, PhCH,—N(CH);0Ac 87
PhCHZN(CH,)q! SO,CF,
PhCH;N(SO.CF3)(CHy)s NC(CHy);sl PhCH;N(SO,CF;)(CH,)CN 77
NC(CH,)s PhCH;Br NC(CHy);Ph 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 (0 °C, 2 h).14? 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.

Me,Cu(CN)(MgCl),

|
(AOCHzn + 7 Y NO.

DMPU
Ph 0°C, 2 h
118
~.<\/\/OAC
(77)149
NO,
Ph
83%
Et0,C(CHp)a)nZ I(CHp)—C=C—H Me.Cu(CN)MaCh.
i n -c=C- >~
(EtO, 2)3 + 2)a OMPU
119 0°C, 2 h
“'/.\/\C\
\\C\ (78)149
COEt H
67%
(NC(CH,)g)Zn + PhCH,Br Me,Cu(CN)(MgCl)
DMPU
0°C,2h
Ph(CH,);CN (79)'%®

93%

3. Coupling with Acid Chiorides

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 0 °C (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.4

0
¢ 1 ) CuCN-2LiCI ¢ Ph (g0
2) PhCOCI
0°C,2h o o
o]
80%

0

O)bACu(CN)ZnBr

PhCOCI, -20°C, 12 h

—

o}

Ph (81 )37
(o]

90%
(Et0)2(0)P -~ PentCOCI (E10),(O)P. Pent
Cu(CN)ZnBr —o"c—» \/Y

(o)
IZn—-@—ZnI

84% (82)%
Ac—O—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

1) CuCN-2LiBr
—
2) MeCOCI
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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) RCOCI (R) product yield (%) ref(s)
PivOCH, Ph j’\ 81 44,45
Ph” “CH,OPiv
PivOCH, 90 44 45
7\ 7\ ’
(v on
(o]
PivOCH, c-Hex PivOCH;COc-Hex 66 44,45
PivOCH, CI(CHy); CI(CHy);COCH,OPiv 42 44,45
“ Ph OAc 82 45
MeYCH(OCOCHs) Meﬁph
Me Ms O
Ph A ~_ O Ph G 93 45
W CH, Me Wo\)Lph
(0]
EtO,CCH,CH, Ph [o} 76 27a
Ph)J\/\COQEt
Et02CCHch2 Ph(CHz)z o 89 27a
Ph/\)J\/\COZEt
PrCH(SPh) Ph o) 93 59,60
)\,spn
Ph
Pr
NCCH.CH(SPh) Ph 0 79 59,60
SPh
Pn)KE
CN
PhCOSCH; Ph o] 85 60
Ph)LS/\n’ Ph
(o]
PhS(CH,)s Ph PhS Ph 87 59,60
/\/\g
NC(CHy): Ph o) 83 54a
Ph)j\/\CN
NC(CH,), C1(CHy)s 0 77 54a
CI(CHz)a)K/\CN
NC(CHj): c-Hex 0 79 54a
c-Hex)k/\CN
Ph
Et02C(CH2)3 Ph EtOzCW 87 29
o]
Me Ph w 93 29
p::i\,())\/\(;H2 PivO Ph
NC(CHy)s Ph NC(CH;);COPh 93 29
Me, Ph HeptCOPh 74 46a
Mejio\
B-CH
M&e O Hex
0 Ph o] 74 57
©:‘<(N(CH2)3 @N(GHZ)SCOM
(o] (o]
HC=C—(CHy); Ph o) e 68 56
HCEC—(CHg)s c-Hex [0} /’C,H 67 56
c-Hex’u\/\/c
(Et0)2(0)P(CHby); Ph PhCO(CH;):P(0)(OEt), 96 61
(EtO)z(O)P(CHg)z c-Hex C-HexCO(CHz)zp(O)(OEt)z 86 61
(Et0)2(0)P(CH,), Pent PentCO(CH_2).P(O)(OEt), 84 61

AcO(CHy)s Ph OhCO(CHy)s0Ac 87 48
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Table 13 (Continued)
FG-RCu(CN)ZnX (FG-R) RCOCI (R) product yield (%) ref(s)

O,CN Ph WCN 89 54b
“ud COPh

cis/trans (1:4)
CN 67 54b

CN Ph
>‘O:i t-Bu"" " COPh

cis/trans (<1:>99)

UCN Ph ¢ 68 54b
wf "“COPh

cis/trans (<1:>99)

QQ

z

9

PrCH(CH.CN) Ph 0 81 54b
Ph)H/\CN
Pr
PhCH(CH:CN) Ph CN 82 54b
Ph/[fo
Ph
cu ClcocoCl H 77 49
ZnX @:o
E'
o Ph 0 90 36,37
: J'§ : _CH, o]
Ph
PhCH(CHjy) c-Hex PhCH(CH3)COc-Hex 93 36,37
Ph Ph oN 83 37
CH(CH,).CN
2)2 Ph/;;Ph
o]
cl c-Hex c 92 36
©:CH2 i A _c-Hex
Cl C|o
(TMS),N Ph 94 55
@CHZ l
N” Ph
H
(TMS)oN Ph Br. 75 55
N~ Ph
H
Br
(TMS)N 78 55
CH, Q\ |
N o
H o4
(TMS)N CI(CHy)s C[j\/\/ 80 55
CH, N cl
H
(TMS)N ClI(CHy); e 73 55
o Cliow
|
o N cl
H
(TMS):N CICH, T, 76 55
@/CHZ \©/ O '
N O Cl
H
(TMS)N 53 55

Iz
\

Cl
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Table 13 (Continued)

Knochel and Singer

FG-RCu(CN)ZnX (FG-R) RCOCI (R) product yield (%) ref(s)
CH, Cl,C CCly 82 70b
Ph O 82 125
O oy
Ph
NO, Ph NO, 75 125
[ I y EI _Ph
o)
MeOzc—©—§ CFy* MeOQC—O—COCFg 52 144
MeO § CFy MeO—@—COCFa 82 144
NC-@—% CFy® NC—O—COCF:, 50 144
NC(CHy)¢ Ph NC(CH_g)¢COPh 94 64
Cl(CHy)e Ph PhCO(CH;)¢Cl 85 64
EtO,C(CHy)s Bu Et0,C(CH,);COBu 91 64
EtO.C(CHy)s Ph EtO.C(CH;)sCOPh 95 64
Bu 83 64
Etozc—O—i Etozc—Q—COBu
Et020—©—§ Ph Etogc—®—coph 88 64
C|—©-—§ Bu m—@—cosu % 64
Et0,G, Ph EtO:C 83 64
; )-com
COEt Ph COEL 92 64
O Ceor
CO,Et Bu CO,Et 94 64
O Crom
NC—@—% Ph NC—@-COPh & 84
NC—@—% Bu NC—@—COBu n 64
CN Ph CN 98 64
- Coreom
CN Bu CN 97 64
O e
CHaco—O—g Bu c»-t,co—@—cosu 80 64
; D % CH;, AC_@_ Ac 76 64
o Ph o] 80 29
5 5
o W(r O)H/\Fﬁ
) 6!
NO, Ph 75 125a
M,

¢ (CF3C0),0 was used.
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counterparts,'3!? add to a-amino aldehydes in accept-
able yields,!® 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).151-188 TFor example, the
functionalized 2-carboethoxyallylzinc bromide 120 re-
acts well with aldehydes, ketones or imines195:156 (eq 85

H

OH
BOCNH + A 700 ether - THF BOCNH
Y O 30°Co oG 2oC \/'\/
R R
ca. 60%
(34)150
o] Ph /N COQMG

0 FNCHO  COEt H jF>/h
e
25°C )\,ZnBr
Ph 120
Ph'[N—ﬁo (85)105.158

Ph” > CO,Me

and Table 14) leading to a-methylene-+-butyrolactones
or a-methylene-y-butyrolactams.1%6

Thezincreagent 120is prepared in high yield (>90%)
from the corresponding bromide in THF if the reaction
temperature is maintained between 17 and 20 °C during
the addition and if zinc having a granulometry of 30
mesh is used (Table 14).1% The allylic zinc compound
121 formally allows (3 + 2) cyclization reactions to be
performed,'s” and its addition to aldehydes or imines
furnishes, after a Pd(0)-catalyzed ring closure, 3-me-
thylenetetrahydrofurans and 3-methylenepyrrolidines
(eq 86).157

3 1

R1
R 4 R
R 1) o}
H N’ 1) RS(H)C-:NR‘ =<:ZnBr R2>= R2 o
B S G D —
2) Pd(0) OCH,Ph 2) Pd(0)
121

(86)157

In the presence of Lewis acids such as Ti(Oi-
Pr),Cl,_,,158159 Me;SiCl, or BF3-OEt,,* 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-OEt; (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 Asis the case for organotitanium reagents,62-163
the organometallics FG-RCu(CN)Znl add, in the pres-
ence of BF3OEt,, with good diastereoselectivity to
a-chiral aldehydes (eq 88).40 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).16!

The direct addition of organozinc halides to aromatic
aldehydes is possible in the presence of BF3OEt;, but
the use of the corresponding copper compounds is
mandatory for other classes of aldehydes (Table 15).
Interestingly, it was found that functionalized (bro-

Chemical Reviews, 1993, Vol. 93, No. 6 2147

momethyl)oxazoles of type 126 can be readily converted
to the corresponding zinc reagents 127 and be added
under very mild reaction conditions (0 °C, 2 h) to
aldehydes and ketones in the absence of copper salts
(eq 90).1%¢ This high reactivity can be explained by the

BF3'OEt, OH
(2 equiv.) PivO S
. -78°C to -30°C
Ph
PVMO Mo chyznt  -30°C, 4 h Me
(1,2-add.) 123
89%
1 23 (87)40
Ph
H Me;SiCl
PhMo (2 equiv.) CH,CHO
—_— - .
-78°C to 25°C PVO” e
(1,4-add.) 124
i 92%
o) lo] BFaOEtg
(2 equiv.)
Ph H + Ph/\)J\o —_—
-78°C to -30°C
Me ZRCN)ICU~_~  -30°C. 4 h
o]
Ph/\)\o
HOI\) (88)40
Ph Me
73% (d.r. = 85:15)
o}
AcO N H EtO,C(CH,);Cu(CN)Znl
BFg'OEtz, '78°C, 8h
AcO Me
125 OH

AcO 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).? In contrast, a benzylic zinc halide requires
the transmetalation to the copper reagent 128 to add
to aldehydes (eq 91).

0
EtO,C
E10,C EtO,C é =
I\ 70, THF, 0°C 7—\0 NP
N

Nj(o ch oY N o

Br BrZn

126 127
90%

(90)164
BF3- OEt,

E .
10:C CUCN)ZNCI , ppopo (2 Sauiv)
-78°C to -20°C

-20°C, 12h
128

EtO,C Ph
(91 )37
OH

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-RMs¢
M = Cu(CN)Znl carbonyl compound product yield (%) ref

0 PhCHO OH 96 100
Q
\/ga)a—<o ) Co> (cuz)(luph

0 OH 71 100
PhMSQSi\)k/M é PhMeZSi\/L/D

PhCHO OH 90 100
EtzN\/tL,M E‘zN\)]\/kph

NC(CHy),C(Et),CHO OH 75 100

Et” Et
j\\JV ° OH 58 101a
" A f‘\{}
Pent”™ "OTHP Pent”” “~OTHP
(o} OH 70 101a
” O
OTHP OTHP
THPOCH,C=CCH,M PhCHO THPOCH,C=CCH,CH(OH)Ph 80 101a
OMe PhCHO OMe 95 101a
[T e LFey,
CM S
Me PhCHO Me 46 101b
TBDPSO/\)\C\\\C " TBDPSO/\/kC\\ oH
~ -c Ph
TBOPSO” "Cg Q TBDPSO™ """C. OH 64 101b
e M S
~ Ph)j\SiMeg c\)\SiMe3
/_<M b PhCOMe OH 37 151¢
Me
4 | 7 Ph
F8(CO)s Fe(COl
M MeCOMe OH 20 151c
Me
/) /ﬁ,@f
Fe(CO)y F8(CO)s
64 151¢

b Mej/\CHO (CO)GFW
Me A Me
Fe(CO)3

OCH,Ph PhCHO B"O;\)O\H 95 157¢
Ph

(0] 92 157¢
o
OCH,Ph PhCOMe BnO. o
2/ )\/kme
Ph

BnO. 100 157¢

4

100 157¢

=

O

98 157¢

{j
0] BnO. OH
" 0
L Ph\?N‘Me ;\)N\HMS 90 157¢
M Ph
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Table 14 (Continued)

FG-RM¢
M = Cu(CN)Znl carbonyl compound product yield (%) ref
OCH,Ph Me BnO 91 157¢
NHBu
Lo e A
Me
CO,Et PhCHO Iﬁ 88 105b
M
Ph—N\g” =0
COEt ¢ PhCHO Ph_o 33 105b
COEt < PhCHO M}_{t 87 105b
%\/M Ph—Ng”~0
Me
COptBu © PhCHO Miz_ﬁ 89 105b
%\/M Ph—Ng” 0
Ms
CO,Et c¢-HexCHO Bu 76 106
Bu c-Hex o) (o]
cis/trans (80:20)
CO,Et PhCHO PhH 78 106
H M
7
CH,Ph Ph™0" 0
cisftrans (92:8)
CO,Et PhCHO NC(CHa)s 75 106
HUAUM
NC(CHa)s P00
cis/trans (90:10)
CO,Et PhCHO Bu\c\ 76 106
Hw/\/M \\C\}ﬁ
BUCEC(CH,) P00
cis/trans (95:5)
CO,Et PhCHO Et0,C 85 106
$aA o=t
Ph™ g0

(CH,)aCO,EL
cisftrans (95:5)

CO,Et o} Et0,C 68 106
H # M
0 (o]

}

(CH,)sCOE!
GOEt PhCOMe o 82 106
H\(K,M M.,
pif 07 °
(CH2)4CI .
cisftrans (100:0)
CO,Et 0 E10,C 86 106
Etozc\(K,M NG E10,C i
H! 0

(CHZ)4COE

PH
cisftrans (85:15)
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Table 14 (Continued)

Knochel and Singer

FG-RM®

M = Cu(CN)Znl carbonyl compound product yield (%) ref
CO,Et c-HexCHO EtO,C 93 106
-H
(CHy)sCN e o
cis/trans (95:5)
CO,Et PhCHO Bu 60 106
BN it
c-Hex Ph (o) o
cisftrans (75:25)
CO,Et PhCHO Bu 67 106
Bu Ph o (o}
cis/trans (98:2)
CO5Et PhCHO By 78 106
Bu M Phes
Ph Ph=o” 0
cisfrans (60:40)
COEt PhCHO Bu 85 106
cis/trans (98:2)
OfBu © Ph N oH tBuO,C  Ph Ph 85 156a
M 1:\ )\/\N/\
H
coptBu © Ph 2N OH tBuOC  Ph Me 77 156a
)\/M \M:\ NN/\/OH
H
-HexCHO 78 7
Me ¢ ” Me 8
Mew 2 | Mc-Hex
Me Me” N OH
(dr =9:1)
Me PhCHO I 95 76
| Me
Me._~ MPI«
Me Me N OH
(dr=4:1)
Me PentCOSiMe; Me I Me 78 155
M°w)/HI/M Me” N K
Me
COMe ° PhVNYCO'zMe 70 156b
ZnBr Ph
Ph N ¢}
Pn’l\cozm
COEt ¢ Ph\éN\ﬁcozEf 85 156b
ZnBr pH
Ph N (o]
Ph’kCOZEt
CO,Et ¢ Ph2N<_-CO,Et 78 156b
L in
e PR\ 0
Me” “CO,Et
COEt ¢ t-aquYcozez 75 156b
ZnBr Ph
t-Bu N (0]

Ph’kCOZEt

® Prepared by the methylene homologation of the corresponding alkenylcopper (or alkynylcopper) using iodomethylzinc iodide.

b Prepared by metalation. ¢ Prepared by direct zinc insertion.
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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-RMs carbonyl compound product yield (%) ref(s)
PivOCH,M PhCHO pvo Ny 89 44,45b
%
PivOCHM HexCHO PO Hex 73 44,45b
.
PhSCH:M PhCHO PhSCH;CH(OH)Ph 71 59,60
EtO,C(CHy):M PhCHO o] 95 158
oé
Ph
EtOQC(C]'Iz)zM BUCHO e 100 158
o
Bu
EtO,C(CH,)sM PhCHO G oH 78 158
Y=Y,
on Ph
Et0,C(CHp) M PhCHO OH 80 158
EtOzcw Ph
EtO,C(CHy)sM PhCHO EtO. 20/\/\/\rph 95 158

158

t-Bu

OH
EtO0,C(CHj) M 0 0 88
e
t-Bu
Et0,C(CHg):M 1(CH,),COPh N\/£ 95 158
[e]
|

(o} OH
PhCO(CH,)sM PhCHO DS 76 158
PhCO(CHy)eM BuCHO )OK/\/\/\/BU 75 158

Ph L
Moo PhCHO 9 94 158
M A
Ph Me
cisftrans {>99:1)

M
N oot PhaP~co 2 95 158
M /—;ﬁ
4 Me
Ph

cis/trans (83:17)

Et0,C(CH):M PhCHO 95 160

40 160

Et0,;C(CHy)sM CHO E0,C OH 97 160
@/OM" OMe

Et0,C(CHy)sM t-BuCHO EtO,C

o]
$
Ph
/\/\rOH
t-Bu
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Table 15 (Continued)
FG-RM¢ carbonyl compound product yield (%) ref(s)

Et0,C(CHp)sM CHO OH 88 160
3 O e

F

EtO,C(CHp)sM Ph \/\CHO OH 68 160
Aot
Ph
Et0,C(CHy) M PentCHO OH 22 160
EtOQC/\/\)\ Pent
EtO,C(CH) M PhCHO OH 80 160
EtOch\ Ph
M°\|/\ PhCHO OH Me 70 160
CO,E
M Ph)\)\COZEt
Et0;C(CHj):M Q OH 32 159
H)krN\n/Ot-Bu B°°NH\£)\/\C02E1
Bu O Bu
. PhCHO o 96 61
(E1O)oP o~y (EtO)zPWPh
OH
€O HexCHO £0) 'GD? y 88 61
tO),l \/\M 2 [-}4
\/\orH
Q Me PhCHO Q Me 81 61
MeO)P K, (MeO)QB\)\rPh
OH
HCEC—~~n PhCHO Ph NNy 75 56
OH .
9 o OH Q 65 57
©::§N\/\M Ph/\)LH ©/\)\/\N>\):©
o 0
PivOY\/\ PhCHO PivO. Ph 80 40
M
v M ¢
PivO CHO 84 40
M
Me OH
PivO HexCHO PivO. Hex 77 40
M
AcO(CHy)sM )C\HO Me 77 40
Ph” “CH, Aco’\/ﬁ)\ Ph
OH
(R* AYR"S* = 83:17)
AcO(CHy)sM HexCHO ACO Hex 91 40
T
0
PhCHO o 93 40
Ph/\)LO/\/\M Ph/\)Lo/\/\rPh
OH
o
2 b o 79 40

o
Ph/\)Lo/\/\M Ph/\)LH Ph/\)LO/\/\(\/Ph
OH
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FG-RM¢ carbonyl compound product yield (%) ref(s)
0 CHO 0 Me 73 40
Ph/VLO/\/\M Ph*CHs Ph/\)Lo/\/YLPh
OH
(R",AYIA"S" = 85:15)
NC(CH;)sM PhCHO NG Ph 85 40
/\/\orH
o PhCHO 9 89 40
e Oy
Y % OH
Et0,C(CH)sM PhCHO 0 72 40
2
Ph
Me\ -0, H P OH 93 46a
Mei JBCH M OH
ve” " OO OO
EtO,C(CH 9 EtO,C(CHzle - P1 80 161
2C(CHg)sM /\)L j/\/
Ph H OH
o)
Et0,C(CHy)sM OH 55 161
0,
Ac I\)(H ACOIV\(CHz)eCOzEt
AcO™ “Pent AcO” ~Pent
CoFsM Me 0-Tol-CH(OH)CyFs 85 176
Cr(COY
i-CeF:M Me CFa 100 176
<—§7 o-ToICH(OH)CF,
@ CHO CF,
Cr{CO),
CeFisM Me 0-TolCH(OH)C¢F;3 80 176
Cr(CO),
M PhCHO 0 76 46b
BU})\B‘,O Me Pent Ph
H O~f Me OH
Mo Me
M BuCHO o 74 46b
au\)\q,o Ve Pem)‘\,Bu
H O~Z< Me OH
Mo Me
M ¢-HexCHO 0 87 46b
Bu%\a,o Me Pent ¢c-Hex
R O Me OH
Mo Me
BuC=C(CH;) M PhCHO BuC=C(CH;),CH(OH)Ph 64 49b
o OH >60 150
A znc) BooNH. _J ~

BocNH\_)LH

A

oy

(dr=8:1)
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Table 15 (Continued)
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FG-RM® carbonyl compound product yield (%) ref(s)
o] OH >60 150
A el BocNH BoeNH. X~
Me Me
Me \bll:
(dr=8:1)
C(\M PhCHO mph 93 36,37
| | OH
M PhCHO Ph 94 36,37
oY
CN N
MeoD/\M PhCHO MeO. Ph 85 36,37
AcO Acom
9 PhCHO o] 97 37
EtO M O Ph
OH
o] o) b
E0 _g_\ PhCHO . 92 164
N O N:— o)
ZnBr PentJ
OH
0 EtO,C b
£ «—\ PhCHO 2 >=\ 96 164
= N O
N O
Y Tth
ZnBr OH
o] o) E10,C, g7 164
E10 -
" —ﬁ___\ N N}\—\o
N, O
T ({\/Ph
ZnBr OH
o} Me O EtO,C 620 164
EtO —
_gr—\ M b?\_\o
N O
\[ ~Me
ZnBr OH Me
o) Mo A A H EtO.C.
Ay — o 164
= N O
"y° \R/\/\/
t N Me
ZnBr OH
o) E10,C, 62b 164
Eto—g_\ TeoMsO A~ Y=
= N
ZnBr
OH  Noreoms
o] EtO,C 39t 164
Et0 Me \(\)L —
_g=\ Me h?\—\o
N O Me \g/\)m\e
M
ZnBr Me ®
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FG-RM¢ carbonyl compound product yield (%) ref(s)
o] o] EtO,C, 49 164
E10 -
<=\ d N\ ©
¢ |7
2ZnBr OH
ot PhCOMe Et°z°>_\ 47b 164
4§=\ N\ °
o]
3 jC
ZnBr OH
0 o} E10,C,
93b 164
EtO —
Jg=\ Pn/\)LMe ,?_\o
N
e \g/\/
\[ ~Ph
Zngr Mo
0 o} Et0,C.
90b 164
Et0 =
. & by
C (o
ZnBr OH
ol Ay o 52t 164
Ne O
\[ Me =
ZnBr OH
©:M @ MeO,C, 500 170
4
o)\oez
M
@ N CoMe 576 170
COoMe 0% okt
o S N ) 56° 167
\Y
- ~
M 0~ “OEt
oL . oot
M cr IN%
o ox
G O Onp =
M o 3N
OJ\OEt
M S N\ N 50° 169
© o N7 =
o)\oez
CN
M N Me Me 46t 169
© o ,N/ N ) ON

Q
8)L
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Table 15 (Continued)
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FG-RM¢ carbonyl compound product yield (%) ref(s)
M F F 60% 169
® 7\
or N? N CN
N 0% okt
M P Br 440 169
| 7\
o j\ N CN
N 0% OEt
M N ~CO:E CO;Me 45% 169
o)\oa
CN
M Me ' N CO,Me CO.Ms 43 169
N 0% ~oEt Me
M l t NN COMe 57t 169
o N =
O)\OEt
COMe
M | Mo Me 46 169
© or j: N'_\ CO,Me
COMe 0% “OEt
M ~F F 38t 169
Cl” IN N COzMe
CO,Me O)\OEt
M mCN CN 29b 169
© o j: N/_\ CO,Me
Soue 0% NOEt
M i N MeO,C, 500 169
. P 4 \
Clhow &'y OO
0% OEt
M N -OMe OMe 41b 169
| 7
C[cogm o IN? N_\
o)\oa MeO,C
Br Mo  Me 61% 168
M o IN? N\ / Br
o)\oa
Br N -CO:Me COMe 39b 168
@/M or I+N/ N\ / Br
oJ\oa
Br @,cu CN 66° 168
CL/M o I+N/ N\ / Br

Q
>_
2
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Table 15 (Continued)

FG-RM* carbonyl compound product yield (%) ref(s)
Cl(CHg)‘an | N ‘ = 7 172
X +N? N
]
CO,Ph CosPh
EtO0,C(CH;).Znl @ O\/\ g7t 172
X. +"|‘ r:l COQEt
CO,Ph CO,Ph
Et0;C(CHg)eZnl S @W 82% 172
D hf/ N CO,Et
CO,Ph CO,Ph
x x> b
LOJ\O/\/\ZnI L (j\/\,OH 64 172
K o N
COzPh CO,Ph
CI(CH2)4ZIII | = Cl 70t 171
- o~
¢ +Néo Ph L)+ (j\/\/\
2 N y o
CO,Ph CO,Ph
68:32
Cl(CH2)4ZnI t-Bu t-Bu 81% 171
l > ﬁ\/\/\
or IN? N cl
CO,Ph CO,Ph
EtO;C(CH;);Znl t-Bu t-Bu 46° 171
x x
I |
cr IN? N CO,E
CO,Ph CO,Ph
EtO;,C(CH3)3Znl t-Bu t-Bu 35b 171
EX x
l E‘j\/\/
o *'f/ N CO.Et
CO,Ph CO,Ph
CI(CHj)4Znl Ph Ph 57b 171
> g
fj b\/\/\
cr 3N N cl
CO,Ph COzPh
Et0,C(CH,);Znl Ph Ph o 66° 17
» O
or 3N? N CO,Et
CO,Ph CO,Ph
Et0;C(CHj)sZnl Fh Ph 47 171
@ fﬁ\/\/
cr +h|l/ '}J CO,Et
CO,Ph CO.Ph
CI(CH2)4ZHI cl Cl 66° 171
I P fﬁ\/\/\
cr IN% N cl
CO,Ph COyPh
NG NN e ¢-HexCHO NG /\/\/\rc-Hex 71% 126a
OH
AN 0 7% 125a
NC Mobr A~ 0P NN R
H OH

4 M = Cu(CN)ZnX. ® Prepared in the absence of Lewis acid.
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Nonactivated imines do not react with organozinc
reagents; however, the addition of some dialkylzincs to
a-diimines proceeds quantitatively.'®> The addition of
dialkylzincs to N-diphenylphosphinoylimines 129 in the
presence of a catalytic or a stoichiometric amount of
chiral 8-amino alcohols provides chiral amines of type
130 with excellent enantioselectivity (75-98% ee; eq
92).16&

Ph\¢N\p:r:’r;1 Bu,Zn Ph N“pp 1) HyO*
o) 0 Y B e
O Bu O
129 N OH  56% (87% ee)
Me Ph
(1.0 equiv.) Ph._NH,
\r (92)156&
Bu
130
Cl
0 cl
ol =
A X I
PhO' Cl |
' N — — N7 —_— J\ Ci
Znl
NZ G ® 0% oPh
07 “OPh
66%
93)171
>
L,
ct- N+ + CN ——
0% OEt Cu(CN)ZnBr OEt
131 40% overall
yield.
(94)137
COEMG COM
e
! N CO,Me 2
c- NF . S, decalin
)\ heat
07 OBt cucNznl | 7z
131 fl‘J > '
CO,Et N
(95)170

Pyridinium salts 131617l or unsaturated pipe-
ridines!” 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 (%)-dihydropinidine 133 (eq
96).172 A new synthesis of chiral amino acids using the

OMe
OMe 1) MeMgCli
N 2) PhOCOCI | n-Przni
l ~ 3) H30+ Me' N BF3 ° oEfz
N 4) NaBH, / CeCly CO,Ph 90%
5) t-BuOK cis : trans 4:1
132
S
1)Hy/Pd/C (96)'72
Me r;l Pr 2) HO', A Me' r;J Pr
CO,Ph H

133

addition of dialkylzincs to chiral oxazolidines has been

Knochel and Singer

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 perfluoroalkylzine
iodides to chiral arene~chromium complexes 134 has
been exploited to prepare (perfluoroalkyl)arylcarbinols
135 in 30-66% ee (eq 97).176

F c CF;
‘-CHO . _Zn/DMF _ ‘»CH (OH)-CF
ultrasound ch
&r(CO)s &HCO),
134 135
Y o G-TOM'CH(OHCF(CFs), (97)'78

The low reactivity of organozinc compounds in
addition reactions makes these organometallics ideal
reagents for catalyzed reactions, and anumber of highly
efficient catalytic systems have been developed for
performing selective additions of diethylzinc to alde-
hydes.309293 Recently, the reaction has been extended
to functionalized diorganozincs using a chiral titanium
catalyst (see section V).48

2. 1,4-Additions to a,3-Unsaturated Carbony!
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)Znl react under the
appropriate reaction conditions with several types of
a,3-unsaturated carbonyl compounds. The use of a
soluble copper salt was found to be mandatory.?? The
addition of CuCN (1 equiv), which is insoluble in THF,
to butylzinc iodide in the presence or absence of
Me;SiCll77-1%0 Jeads only to low yields of 3-butyleyclo-
hexanone (10-23%; eq 98 and Table 16), whereas the
use of the THF soluble copper salt CuCN-2LiX, in the
presence of MesSiCl, provides the desired Michael
adduct in 97% isolated yield!?®

"CuX" , THF Q
29
Buznl cyclohexenone (98)
n MegSiCl
-78°C to 25°C Bu

CuX =CuCN; n=0:10%
CuX=CuCN;n=2:23%
CuX = CuCN2LICl;n=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 8-monosubstituted enones in the
presence of MegSiCl (2 equiv; eqs 99-101 and Table

1) MegSiCl (2 equiv.)
-78°C 10 25°C, 12 h

o
% +  NCTT"cueN)znl 5 2q NA.C

o}

(99)29
CN

81%
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Table 16. Michael Additions of Functionalized Zinc-Copper Reagents to Enones and Related Carbonyl Compounds

a,B-unsaturated

FG-RM* carbonyl compound product yield (%) ref(s)
NCCH.CH:M o] Ph O 95 54a,99
Me/u\/\Ph NC/\)\/U\Me
NCCH,CH:M o] o} 65 5da
NC/\ﬁ
NCCH,CH:M o] 0 86 54a
@ é\)CN
PivOCH,M Q 0 59 44,45b
@ é\/OPiv
PhSCH(Pr)M o 0 78 59,60
@ @/Sph
Pr
PhS(CH,)sM 0 0 84 59,60
@ é\/\/sph
PhS(CH;)sM 0 PhS Me 81 60
Mo Ph O
Me o Ph 67 46a
Me o}
i JBCHM Mo P D(M"
MbeAe ° OH
Mhelle o 0 o] Me pe 74 46a
i BCH(Hex)M 0)$<Me
Me o] 8 Me
Me ~0
Hex
Me o Me Me 57 46a
Me 0,
i ,BCH{Hex)M H/U\/\Ph Me>2\(|) Ph O
Me-7~0 Me™\,.B
Me H
Hex
(1 diastereomer)
Me, 0 Me Me 79 46a
Me 0,
i JBCH(Hex)M Me/lk/\ph :Aﬂe o Ph O
M U
helle ° o-8 Ms
Hex
(1 diastereomer)
Ml;le o ph X\ CO2E! Mo Me 95 46a
i BCH(Hex)M CO,E Me O Ph
Me=7~0 Me™\o-B COREt
Hex CO,Et
(1 diastereomer)
Mbe/le o Pem/\/602E( Me Me 86 468.
i JBCH(Hex)M COEt Mol ™Q  Fent
Me7~0 Me™\,-8 CORE!
Hex COgEt
{mixture of diastereomers)
0 0 Q 71 61
(EtO)zP\/\M (EtO)ZP\/\Uo
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Table 16 (Continued)
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a,8-unsaturated

FG-RM# carbonyl compound product vield (%) ref(s)
o] (o] o 88 61
(0P~ NN (E1O),P 0
Ph  Me
( /\iZn Q OSiMe; 93 27a
iPrO,C Lj
CO,iPr
o OSiMe; 76 27a
z
(Etozc’\i' n f
CO,E
Me 0 OSiMey 91 27a,28b
<Meozc)\22” @ Me
COQMG
o OSiMeg 78 27a
z
(Etozc/\)z' "
" CO,E
Me Me
(dr = 72:28)
0o OSiMe, 92 27a
z
(EtOZC/\i' " f
Me Me COzE‘
Zn AP Me3Sio CO,Et 75 27a
EtO,C
( ? /\>2' /\hz Me X
E/Z(24:76)
Me 85-95 27a
(«'Prozc/\}z'zn o M = Me>=
R = Me;Sn, Ac, MOM
(dr=1:1)
o] OSiM
(Etozc/\}zn Vo iMeq 75 27a
2 H | H™ ™ Me
Me Me CO,Et
Zn EtC=CCOMe Et Me 73 27a
(Etozc/\% t=< '
0SiMe,
CO,Et
(NC(CHjy)s)2Zn 0 0 83 48
@ é\/\/CN
M 0 0 84 54b
AN é
Pr
CN
Pr
(dr = 67:33)
M o Pr 83 54b
Me)k/\Ph o

Fr)\/CN

;

Ph Me

{dr = 76:24)
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Table 16 (Continued)

a,f-unsaturated

FG-RMs carbonyl compound product yield (%) ref(s)
O,CN )OK/\ Ph O 76 54b
Z
g Me Ph Cf\)LMe
CN
O,CN 0 0 62 54b
(dr =83:17)
t-Bu M o] Ph O 86 54b
U:,CN Me)]\/\Ph "B”UMMe
“CN
Me o] Me Ph O 92 40

PivOJ\/\/M HJK/\Pn Pivo)\/\)\)LH
it . Me 9% 56
‘C’/C/\/W

Ph H Ph O

PN
Et0,C(CHz)sM 0 9 95 (55,64) 29 (64,28b)
@ é\/\/coza
(I:M Q o 74 49
o @

(then allyl bromide) F
(dr = 80:20)
Me 0 9 94 29
Pivo)\/\/M i‘) wiv
Me
é é\/\/CN
NG 0 0 81 29
O QU
NG )Ok/\ Nc/\/Y\rrMe 99 29
Me” P pn Ph O
Me OFEt o (o] 78 28b
Y
OE
Me O
M 0 Me 76 28b
—
Me)\/\’(o\/\OMe /\n]: MGMO\/\OMe
o] o] o]
Me 0 o] 70 28b
e O QL
CN



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

Table 16 (Continued)
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a,B-unsaturated

FG-RM¢ carbonyl compound product yield (%) ref(s)
CN o o 54 28b
Me M
Me Me_ Me
?"”XCN
Me” "Me Me”™ "Me
o) 0 62 28b
Me w/\ CN
M @
CN
Me
lo] o} 70 28b
NCTNTM
CN
Me Me
CN 95 28b
NN TS 2 /\/C/
Me” X CHO
NCT M Z CoMe Cc\one 59 28b
CN
o Q 0 71 28b
“~5 e :
’N—j 0
Cbz ,N‘—/
Cbz
Q A" o o 70 28b
M \/\HL o} o H w o
N—-/ N _/
Cbz’ cod
0,7 M 2 Q 7 28b
MQQ\ Me 7@\/\/&
Mo Mo W i OEt
E10,67 N Me CN Me ki 28b
o Y %o]/\/ 4(>/\/C02Et
o) CN
B0, "M Q E10.C o 94 28b
H J\/\ Ph \/j\)L
Ph H
B0, "M Me” XX CHO \/(::002& 73 28b
OHC o
0 0 86 185
MeO,C” """
o \/\/\/COzMe
- Pent Z Pent
&TBS &res
o] 0 o)
MeO,C AN 88 185
r o
1856 OMe el
MeO.C” """ 0 0 83 185
L \M/COQMG
TBS O o Pent L . Pent
ores oTes
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a,B-unsaturated

FG-RM¢ carbonyl compound product yield (%) ref(s)
M802CC-=-C(CH2)3M o] o ’C,COZMe 75 185
1856 W & Pent % aPem
oTes oTBS
MeQ,CC=C(CH,);:M o &/\/\/ /C,Cone 95 185
% c’/
1850 OMe TBSC
2 9 75 185
o fyrrnson
MeO,C”X""M ., )
TBSO  OMe T8SO
MeQ,C(CHy)sM o @ 78 186
& ﬁ.-m\/\/\/COEMe
(‘(\é C\\\
)—Pent >—Pent
T8S0 880
CE\M o] 93 36,37
[ ij f
o)
2 0 9 95 36,37
O O SRSAS
o}
NN T GOaE! 80 125b
CO,Et cho;a
Ph
NN o-Hex” Ny OO QOB 71 125b
CO,Et CI/\/\(kCOZ,Et
c-Hex
NG pr Xy COE! COREt 82 125b
COLE NC/\/\H\COZEt
Ph
PVOTNTNA Py OO COE 76 125b
CO,Et PivOWCOZEt
Ph
M CO,Et Ph 90 125b
Ph” X2
CO,E:
NC/©/ COEt m 5
NG CO,Et
M CO,Et c-Hex 92 125b
c-Hex” ™
NG /© CO,E! /@)YCOEEt
NG CO,Et
M PR CO,Et Ph 85 125b
O Lokt CO4Et
t-BuO,C z CO,Et
t-BUOgC G
M c-Hex”™X CO,Et ¢-Hex 79 125b

1-BuO,C
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a,B-unsaturated

FG-RM® carbonyl compound product yield (%) ref(s)
Me CN Me Ph 89 45
PR CN
Mo OAc CN Me'
M OAc CN
Me CO,Et Me Ph 86 45
Ph”
Me)\/oAc /\cg)zst Ms/\/k(COZE’
M OAc CO,Et
CN o} CN 61 35
@\ Me)l\/\Ph
M Me
Ph O
0 o 44 144
o & Sq
COZMG
0 0 52 144
o - %
CFy
0 9 54 144
MeCO M ?
Me
o]
NC—Q—M 0 &\@ 35 144
CN
Meo‘Q’M Of &\@ 54 144
OMe
M o) 0
76 46b
Bu 0. _Me
\%\B\ Me
H o] Pent
Me Me
0
Me M o] Ph O
73 46b
H (e} Me o]
Me Me
M (o] o] 66 216
Me\/kSnBua @ é\r
Et
SnBuy
M 38 216

Z
¢
w
=]
o
&
O
=z
[3)

s M = Cu(CN)ZnX.

Et

é}o

MeSnBu3
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AN Ph CH ; .
’C,,,c CuCN)Znl \Ar 3 Me,SiCl (2 equiv.)
H o} -70°C to 20°C, 8 h
95%
Ph
c(\/i (100)°
n (';H3 (o]
¢
H
1) Zn, ZnBr H
(H°"\/‘Z‘Hg XA cu(cN)zner
30°C, 15 min
THF
2) CuCN-2LiCI
(o]

@ . MegSiCl
o]
- 101)8°
70°C1020°C,8h é\/\ tion)
Hex
58% (>98% E)

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

o}
Zn \/\ek o]
N—
cbz’

fo) CuCN (0.35 equiv.)

HMPA (1.5 equiv.)

0°C, 15h

(1 02)23!:

71%

CuCN (0.35 equiv.)
————n R
HMPA (1.5 equiv.)

0°C, 16 h
NC.
103)%¢
Meo:Q (109

59%

iZn”N"NeN + P C0oMe

to extend the scope of the reaction is to use a Lewis acid
or MesSiX180 to activate the unsaturated carbonyl
moiety. The reaction of 8-disubstituted enones with
various functionalized zinc—copper reagents occurs well
under these conditions (eqs 104 and 105 and Table 17).%8
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.® 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).1% Dialkylzincs like 138 can be used advan-
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Q BF 5 OEt,
Cu(CN)2n| ——————»
d* N 20l oG, 22

c-Hex 0°C,6h
o]
(104)%
wC-Hex
81% cl
FaB\O §m ~BF,
o) C
1Zn(CN)Cu(CH,)sCN
—
BF5OEt,
OAc (3 equiv.)
OAc
136
’ NP O OH
I
1) MeONa / MeOH
(105)%8
2) SIOZ
OAc
78%
137

79%
tageously in Michael additions, and their transmeta-

lation with CuCN-2LiCl affords a copper species which
reactsreadily with enones (eq 107).% Itshould be noted

\ P 2n anode, @ O
° DMF, Ni(Bipyr)g(BF Cizn < > ¢
CH, , Ni(Bipyr)a(BF4)> CH,

0

CuBrsMe,

0O
Q
o

54%

(106)144

(N c/\/z. Zn CuCN(')ZLlCI

0
138 CN

83%

1) MegSiCI
dt\/ C/CU‘CN)Z"' -78°C to 25°C
P 2 INFCLOC
TBSO" ent
oTBS
o)
MCO?M" (108)'85
TBS0" - Pent
OTBS
140

86%

that unfunctionalized dialkylzincs (EtyZn) can also be
added enantioselectively in a 1,4-fashion to chalcone in
the presence of Ni(II) salts and chiral ligands!81182 or



2168 Chemical Reviews, 1993, Vol. 93, No. 6

Knochel and Singer

Table 17. Michael Additions of Functionalized Zinc—Copper Reagents to 8-Disubstituted Enones in the Presence of

BF;-OEt;
a,B-unsaturated
FG-RM¢ carbonyl compound product vield (%) ref
PivOCH:M o] 0 71 44
¢! Om
Me Me
CI(CHp) M O Me OMe_ Me 94 38
o joali
Me' Me'
CI(CH2)4M (0] (@] 81 38
d d/\/\/CI
c-Hex
¢-Hex
CI(CHpM o) o] 88 38
d d/\/\/CI
Me Me
0 o} 0 98 38
Q) Qe
0._.0
Me Mo j
S
Ph
ACO(CHz)sM o O 87 38
[ l E J’ ~" "OAc
Me Me
EtO,C(CH,):M O Me Ome. Me 94 38
b/\ m
Me
Me Me CO,Et
(o] [o] Me OMG Me 84 38
ph/\/LO(CHZ)aM b/\Ma M/Y\/Ph
Me Me 0
EtO,C(CHy)sM 0 Ome, Me 88 38
P N
Me)j\ Me
Me Me
0 0 Ph 88 38
o™ SAocHgau Mo |
(CHa)a Me | Me
Me” "Me (e}
OPiv o W 88 38
Me M Me I Me OPiv
Me” ~Me
OPiv 0 O e opw 86 38
Me
Et0,C(CHp)sM o Q 74 64
Cl(CHpeM 0 Me © i 64
Me Me Cl(CHz)s)\)LMe
68 64

EtOZC—O—M

sM = Cu(CN)Znl.

O
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by using a chiral copper(I) catalyst.!183.18¢ The Michael
addition of functionalized zinc—copper organometallics
has been extensively applied to the synthesis of
prostacyclins, prostaglandins, and related molecules,1851%
Thus, the a-methylenecyclopentanone 139 reacts in
excellent yields with various types of polyfunctional
reagents (FG-R)Cu(CN)Znl providing the desired
prostaglandin 140 (eq 108).

3. Michael Additions to Nitro 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.!8?
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,18.18
In strong contrast, copper reagents derived from
organozinc compounds add cleanly and in high yields
to various types of nitro olefins.424752 The reaction
proceeds at —20 °C for aliphatic nitro olefins, whereas
conjugated aromatic nitro olefins, such as nitrostyrene,
react only at 0 °C (eq 109 and Table 18). Unsaturated
nitro compounds bearing a leaving group in the 8-po-
sition,® such as 2-nitro-1-acetoxy-2-propene, (141),
react under milder conditions (-55 °C, 10 min) and
provide new nitro olefins which are susceptible to
addition of a second different nucleophile (multicou-
pling reagent)!% (eq 110). The intermediate nitronates

-78°C 10 -20°C, 2 h
NCTNcucNiznl + IS —F
NC/\/\(\NOZ o
T (109)
94%
NO -55°C, 10 mi
2 v EOCTNNcueNyzn 2 10 min
OAc THF
141 NO,

M (1 9 0)42.52
EtO.C

92%

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

Et0,C_~_-Cu(CN)Znl 106G, 41
. 2) Oy, CH,Cl,
NO, -78°C, 3 h

3) Me,S, -78°C to 25°C
/k/\cone ) Me,

Me

(o)

111)%2
EtOZC/\/\HK/\COZMe mn

Me
87%

interesting addition—elimination reaction of 100 to nitro
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olefins bearing a leaving group in the 8-position (SR or
SO:R) produces pure (E)-nitro olefins.4752 Thereaction
has been applied to the preparation of the nitro triene
142 which undergoes a highly stereoselective Diels—
Alder reaction on silica gel'®! leading to the nitro
compound 143 (eq 112)4762182 The addition of RCu-
(CN)Znl to 2,2-bis(methylthio)-1-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

CH
/ L]
S + phsoy oNO: 00

(CHa)sCu(CN)ZnI

SvOz hexane N

25°C an (112)52
85%
MeS
MBS/K,NO2 +1ZnoN)ou” N N\ACUCNZnI
144 .
THF 3
30°C, 4 O/\Noz (113)%2
' 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.1981% Ag 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 °C, 2 h)
leading to the alkenyl zinc 147. Treatment of 147 with
a catalytic amount of Pd(PPh;), (5 mol %) provides
the bicyclic diene 148 in 84% GC yield (eq 114 and

Me;Si
_—
OMe 25°C. 2 h BrZn
Me3Si—C=C PN 2B THE
8 - MeO
146 147
25°C,3.5h (1 14)195
Pd(PPhy), cat.
CH,
148
84%

Table 19).19 Several classes of mixed zinc—copper
organometallics are able to add to activated and
some nonactivated alkynes. Ethyl propiolate reacts at
-60 to 50 °C with FG-RCu(CN)Znl and provides the
syn-addition product 149 with high stereoselectivity.
By performing the reaction at higher temperature and
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Table 18. Preparation of Polyfunctional Nitroalkanes by the Addition of Polyfunctional Zinc-Copper Reagents to

Nitro Olefins

FG-RMs¢ nitro olefin product yield (%) ref(s)
OAc - ANO, Me Ph NG 72 45
Me M Me)\/K/ 2
Me OAc
OA Ph 68 45b
¢ ph-NO: Hex \H\/NOZ
Hex M
OAc
Phs” "M ph” X -NO: /C/ SPh 83 60
Ph
Q o\ N0z /CP(O)(ost)z 81 61
(EORP A~y Ph NO,
Ph
0 Me 91 61
] N0,
MeORP N, Ph OZN\/S/\P(O)(OMG)Z
Me
ACO(CH2)5M Ph/\/No2 ACO/\/\/\(\Noz 82 48
Ph
E1020/\/\M Ph/\/ NO, EtchW NO, 90 42’52’56
Ph
- 77 42,52
CzCc-P ’
pent—csc—"~M N0 J:/To C-Pent
Ph 2
NG o - NO: NCW\NOz 84 42,52
Ph
0 U NO. Pr 80 61
] pr 2
(EORP_~,, OO~ N2
E10,67 "M N0 E10,07" o, 94 42,52
Pr
AcO(CHpeM L ANO, /\/\/\/Lno 76 42,52
AcQ 2
NCT S pr N0, NCTTN NG, 94 42,52
Pr
C|/\/\/M Pr/\/NOZ Pr 90 42,52
C|/\/\)\/N02
M o NO: NO; 81 42,52
7\ 7\ Pr
S S
CO,Me
- 2 Pr/\/Noz ; \COzN::r 75 42,562
0”7 ~CHM o NO,
E0L M OAc \/\/T
AcO(CH,)eM NO, NO, 88 42,52
P ACO(CH,);
0,07 "M NO, NO, 72 42,52
OAc
o =~
E10,67~"M Pr__ NO, 0 82> 42,52
H  CH, E!Ozc/v\)LMs
Pr
NG Pr.__ NO; 0 76b 42,52
H: CHs NCW“"
Pr
AcO(CH,)eM Pr,_ NO: Pr 716 42,52
H: :CHs AcO(CH)” M
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Table 18 Preparation of Polyfunctional Nitroalkanes by the Addition of Polyfunctional Zinc—Copper Reagents to

Nitro Olefins
FG-RMs nitro olefin product yield (%) ref(s)
o] Pr. NO, 0 70° 61
Hi
EtO),P. = EtO),(O)P.
(Et0)z ~ M HHEt (Et0)y \/\)LEt
Pr
0 85% 52
EfOZC/\/\M Pr, _ NOQ
KR Etozc/\/\(lLEt
Pr
o} b
B0, "M NO, 87 52
/K/\COZMe Etozc/\/\)\/\cozm
CHq Me
NO 0 b
NG H\z/\ /\/\H‘\/\ 74 52
Z CO,Me NC CO,Me
CHq Me
AcO(CHpeM NO, o 756 52
%\/\cozm‘ MeOzC/\{b
CH, AcO
o NO, Me 78b 52
I ‘ COMe
EORP~,, %\/\cozm (EtO)z(O)P/\)\[(\’
1% 69° 46b
M 0 pr N0z
_%—B\ Pent
Bu 0 Ph
" 85 76
Ph
NO.
0,07 M ph”-NO: e~ N,
ph” - NO:

M
Znl

«M = Cu(CN)Znl. ¢ Yield after oxidative Nef reaction.

WNOZ 74 49b
ol

in the presence of an excess of MesSiCl, an (E)-a-
silylated acrylic ester of type 150 is obtained (eq 115).4

HC=C-CO,Et H

-78°C, 1-14 h EtOszCOzEt
149

95% (100% E)
EtO,C” "Cu(CN)znI (1154

\ HCEC-CO,E /\/\)C\OzEt

Ma;SICl (4 equiv)  E10,C Z NsiMe,
22°C, 18 h 150

91% (100% E)

Dimethyl acetylenedicarboxylate (151)225% and pro-
piolamide (152)% react in satisfactory yield with FG-

MeQO,C-C=C-CO,Me

o 151
(0.7 equiv.)
N)Znl
PhCHzNH’u\/\/C“(C 20 -60°C, 2 h
o
PhCHNH
2 (116)%8
£ Co,Me
MeO,C

71% (100% 2)

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

H-C=C-CONH,
152
e} (0.7 equiv.)

o OJI\NCu(CN)zm 0 0C 2T

E10,07 "N NcoN, (117)%
53% (100% 2)

esters the addition proceeds only at -30 to -20 °C
resulting in a partial isomerization of the intermediate
alkenylcopper leading to a mixture of (E)- and (Z)-
acrylicesters 153 (eq 118).4! Ifthe addition is performed

Hex—C=C—-CO,Me + NC(CH,)3Cu(CN)Znl ———=

Hex 002M9
2={ (118)*1
NC(CH,) 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).19

The zinc—copper reagents FG-RCu(CN)ZnlI (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)
e~ HC=CCO;Et Ny COE! 97:3 83 41
H
NN HC=CCO,Et NC N SiMe; >99:1 84e 41
CO,Et
E0,C7 "M HC=CCO,Et E10,C. A CO:E! >99:1 99 41,76
EfOZC/\/\M HC—=‘0002Et EtO,C g SiMeg >99:1 91s 41
CO,Et
oM HC=CCO,Et CO,E >99:1 85¢ 41
. CIVMSiMeg
NG HexC=CCO;Me H mixture 82 41,48
Nc/\/\}cozm
Hex
OPiv HexC=CCO;Me OPiv Hex mixture 77 41
Me M MSMCOZMG
H
OPiv HexC=CCO;Me OPiv Hex OPiv Hex mixture 73¢ 41
)\/\,M SiMe
Me Me % COMe + Me)\/\)\( 3
)\/\/\H/ COMe
o 2278
v MeC=CCO;Me OPiv Me OPWv Me mixture 782 41
Me)\/\,M o MCOZMQ . Me/k/\/grsma
H COMe
12:88
AcO(CHp)eM MeC=CCO,Me Me N mixture 760 41
AcO(CHz)G)\{COZMe * AcO(CHz)s)\r SiMes
H COMe
17:83
Me HC=CCO,Et Me COLE >06:4 91 45
Me/KrOAC Me/W ?
M OAc H
Me Me0,CC=CCO,Me Me CO;Me >97:3 93 45
OAc A A coMe
Me' Me
M
OAc Me0,CC=CCO;Me O OAc >98:2 il 45b
O M 7 COMe
! CO,Me
0 HC=CCO:Et % 98:2 69 45b
@NCHQM NN o,k
% o)
PhS(CH,)sM Et0;CC=CCOEt Pns ™" COf! 100:0 87 60
PhS(CHz)sM HC%COzEt phs/\/\/\coza 100:0 95 60
Q HC=CCO,Et Q 100:0 85 61
(EtO)ZP\/\M (Eto)ZPMCOZEt
¥ Me0,CC=CCO;Me o 100:0 91 61
EtO),P.
(EtO)P_~, (EtO),P. A~co,Me
CO,Me
HC=CCOEt >95.5:0.5 92 56

: :N:l M

H

o COE
©: jl
N

H
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Table 19 (Continued)

Chemical Reviews, 1993, Vol. 93, No. 6 2171

FG-RM alkyne product E/Z ratio yield (%)  ref(s)
o MeO,CC=CCO,Me 0 COMe 100:0 T 56
H~m _COMe
Bnr]l Bnr;l
H H
E10,C7 M HC=CCONH_, E10,67 " Cconn, 100:0 53 56
me Me HC=CCO,Et Me_Me 100:0 72 46b
Me >2\ Q Me>2\ 0
Me O—B\(\/\/M Me O’BMCOZB
! I
me Me HC=CCO;Et o 100:0 91 46b
Me>2\9 H PN s
Me O‘B%a
M )
<0:©/\M HC=CCO,Et <o]|/\j/\/\coza 100:0 84 76
0 0~
= SiM
(o™~ EtC=CCOMe Etozccmcriz): =(° iMe, 3 27a
2
Et Me
(aozc’\/}:" Me0;CC=CCO,Me MeOzC]v\ 92:8 63 27a,196
MGOEC COzE‘
OAc HC=CCO,Et OAc 95:5 79 37
SO J
CO,Et
OAc OAc
E10,0°7 "M PhC=CCO,Et o 70 28b
EtOZC/\/\%COZEt
Ph
PvO” NN HC=CCO,Et PvO” TN NN C0,E >08:2 68 125a
NN HC=CCO,Et SN C0,E >098:2 70 126a
NN HC=CCO,Et Ny NN co,k >98:2 81 125a
(TMS),N HC=CCO;Et (TMS)N 97:3 85 55
M ©/\/\coza
RO (o]
Zn CSC-CO4Et 0,E
(\aozc/\/)2 cont 2 COREt
Pent
RO
R = MOM 71 196
R=Ac 50 196
"o o 70 196
Z
(Efozc/\)' " )—C=C-COpEt CORE!
2 iPr Me
RO Me
R = MOM 72 196
R =Ac 49 196
R =TMS,H 70 196
HO 0 65 196

Zn
(Etozc/\f)
2

Ph\_)—CEC—COzEt
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Table 19 (Continued)

FG-RM alkyne E/Z ratio  yield (%) ref(s)
<Et020/\%22” 302'5’
8 t-Bu
RO : o
65 196
82 196
CO.E 83 196
(EtOZC/\izn & t
'(3' T-B\:J
HO =\
—~—
CO,E! 65 1
(EtOQC/\}:n : 2 96
E;I
HO =\
Sy
(Ezogc ,\%2 Zn BuC=CCO;Me 65 196
Ph=C=C—~ -~ 55b 198
EtOZC/\/\M BUCECSMQ
95:5 92 106
95:5 70¢ 106
95:5 75¢ 106
= <l d
EO.CT" M HC=CH 1:99 26 106
Pent
EIOQC/\/\rM HC=CH 1:99 664 106
Pent
BuC=CSM 99:1 60 106
NCTNTM 4 €
BuC=CSMe 99:1 66 106
C|/\/\/M u
Cu(CN)LiZnMe, 99:1 60 106
QC;C,BU
L p
P .
<§/Cu(SCN)LanMeE Pr 74:26 83/ 106
~-SiM
czC~>Nes %Snmg

SiMes

¢ Reaction performed in the presence of excess TMSCI. b Addition of Cp;TiCl,. * The reaction mixture was trapped with allyl
bromide. ¢ The reaction mixture was trapped with iodine. ¢ The reaction mixture was trapped with ethyl a-(bromomethyl)acrylate.
f The reaction mixture was trapped with MesSnClL.
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GOEt  o,et . 9
é - 2 Cu(*1) cat., HMPA CO,Et
A
MOMO™ Pent n Pent
154 MOMO
155
71%
OSiM93
OEt (1 1 9)1 96

of an alkylzinc iodide with Me,;Cu(CN)Li; provides a
copper reagent, tentatively represented as FG-
RCu(CN)Li-MeyZn-Lil, which adds smoothly to alkynyl
thioethers (25 °C, 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).1% The addition of these copper

NC(CHz)s H
>=< 1 20)106
Bu SMe

60%

1) Me,Cu(CN)Li
2) Bu—C=C-SMe , 0°C,3h
3) H,0

NC(CH2)32n|

derivatives to acetylene itself proceeds well if secondary
alkylcopper reagents are used; with primary organozinc-
copper reagents only low yields are obtained (eq 121).1%

Pent 1) Me,Cu(CN)Li,

E10,C(CH,)sCHZnl 2) H-C=C—H,-45°C,3h
3) Iz

,Pent 211108
Et0,C(CHz)s—CH | {(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).1% The addition of

Znl EtO,C
_c’BY 1) Me,Cu(CN)Liy, 25°C, 1.5 h
cZ N
g COF! oo
O O )\/Br \ h BU
156
60%

(122)108
NG

1) EtZn, PdCly{dppf) cat.

/ 2) CuCN2LICI —~
| g GO
Br

NC
%&\)\\coza (123)197

functionalized organozincs to alkenes is difficult to
realize; however, in the presence of catalytic amounts
of PdCl:(dppf), an intramolecular addition occurs
providing a new stereoselective route to polyfunctional
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Scheme 8

R~ R%Pszl——————» R7ZPdL

tEtZZn

H
PdL, 7 LPdEt, + Rk\zm
H
CH4CHa
+
H2C=CH2

cyclopentanes (eq 123 and Table 20).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 Functionallzed Organozincs
Catalyzed by Palladlum(0) Complexes

A. Cross-Coupling Reactions with Alkenyl and
Aryl Halides

Organozinc halides readily undergo transmetalation
reactions with palladium(II) salts® (or nickel(II) salts).1%®
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.2® In 1977,
Negishi showed that organozinc halides react with
alkenyl iodides in the presence of catalytic amounts of
Pd(PPhj)201-202 (eqs 124 and 125). The reaction has

Me;Si—CEC—(CHa)pZnCl  + |—© 5% Pd(PPha)s

M@ SI—CS=C—(CHy);—Ph  (124)20%0
83%
Me
Me Me | Me Pd(PPhg), cat.
SV R cm—csc-ﬁ\1 —_—
Me OSiMeg
Me OH
Me
x
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\o/\o
5% NiL, or PdL,
cozrst)2 . [ n
Z“'e\/ ©/ THF, 0 10 20°C
157
Me.
%00
CO,Et
(126)%7
73%
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Table 20. Intramolecular Carbozincation of Alkenes Catalyzed by PdCly(dppf)!¥

iodide intermediate zinc derivative electrophile product yield (%)
Z CO,Et 80
2Znl 2
Q/ Q/\ Br Q/\)Lcant
!
Ph Ph CO,Et Ph 73
f
Ph Ph I, eh 90
g o= o
[
Ph Ph o Ph 80
& O/\an d 'Q/\(:/rO
& |
Ph Ph HC=CCO;Et Ph 64
Z : : CO,Et
& o e
|
Ph Bh PhCOCI P 76
P : : Ph
Znl
g o Y
[
78
Znl Pha A~ 0, NO,
B < ; Bu
v Bu Ph
|
p-NCCeH, P-NC-CeH, CO,E pNC-CgH, 83
e T e
I 62
p-PivOCgH, p-PIvOCgH, CO,Et p-PlVOCsH4
(
wide range of ester or ketone substituted organozinc 5 moi% Pd(PPhg),
compounds (Table 21 and eq 127). Interestingly, _O_Z”B' * |-©—cozst THF >

Oy OMe NCCOzEt (129)%

Etogc/\/\an + | 2 mol% ClPd(P(o-Tol)), 82%
PhH, DMA, 60°C, 1 h

Pd(PPha),
COzMG /ﬁ + Phl 25°C
CO.Et  (127)242 (130203
100% | N
P~
alkenyl triflates such as 158 can also be used under the Me™ "N” “Me
same reaction conditions (eq 128).% The use of
o . o Men ‘Me 1 mol% Pd(dba),
U 4 mol% Pd(PPhg), 4 mol% PPh
o e PPhy
Ph)j\/\/zn' * ﬁ)/w 40°C, 1 h \Ph/u\/\)l\au 45°C, 24 h
158 67% o)

(1 28)24b MQ\NJLN,MB
functionalized aromatic zinc halides allows easy access NS0 (a1
to polyfunctional aromatic and heteroaromatic com- N
pounds (eqs 129-131).642039 The remarkable aspect P
of this cross-coupling reaction is its high functional Ct N

group tolerance.?4 Hence, a wide range of amino acids 73%
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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)
,ZH/\é/NHBoc Ar /\{NHBoc
COzBn CO,Bn
Ar=Ph 55 80,81
Ar = l-naphthyl 64 80,81

PhI |
| Ar = 2-AcOCgH, 13 80,81
CL
! Ar = 2-MeOCqH, 50 80,81
C[OMe
' Ar = AcOCgH, 53 80,81
AT
| Ar = 4-BrC¢H, 67 80,81
ST
10

(2]

! Ar = 4-FC¢H, 36 80,81

/@/' Ar = 4-MeCgH, 50 80,81
Me

/@/' Ar = 4-NO,CcH, 61 80,81
O,N

PhCO(CH_;)sZnl Phl PhCO(CH;);Ph 99 24b
PhCO(CH;)3Znl oTf 67 24b
Bu Bu (CHz)chPh
PhCO(CHz)eZnl oTf 74 24b
Bu Bu” (CH,)sCOPh
PhCO(CH;)3Znl N~y gy~ X (CH2)sCOPN 77 24b
. Znl NZ . e Me o 71 46b
T e
BT\ Mo 0.0
H 0o Me \B/
Me Me Bu\/\/\“ex
Moo\ -0, Ve e e, M2 me 86 46a
I ,BCH,Znl O&Me Me Me
M& t O\ /o

%\/B‘O

|
Bu
Br
Et0:C(CHy)sZnBr /©/ EtOzC(CHz)s—Q—COMe 86 64

MeCO
B
EtO,C(CH;)3ZnBr O/ r ElOgC(CHg)g—Q—CN 93 64
NC
Et0;C(CH;)3ZnBr /©/ Br EtOQC(CHz)s—Q—NOZ 20 64
O,N

EtOgC—-@—ZnI /@/B' Et0,C O O N 80 64
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t-Bu (CH2)3C02Et

FG-RZnX organic halide product yield (%) ref(s)
Etozc—Q—Znsr D’ ! EtozccozEt 94 64
EtO,C
EtO,C, Br EtO,C 82 64
95 64
NC—@—ZnBr /@’ B NCCN
NC
] 82 64
NC—@—ZnBr /@’ NCCOgEt
E10,C
EtO,C Bi 93 64
Q- T
CN CN CO,E
R
/ ZnBr R
QJ e W
COLEt
CO,Et
R=H 95 64
R =Me 93 64
EtO;C(CHjz)2Znl Phl EtO;C(CHj);:Ph 90 24a,27a
Et02C(CH2)3ZnI Phl Et02C(CH2)3Ph 90 24a
EtO,C(CHj)2Znl | MeQ 90 24a
C[OMQ Etozc(CHz)z‘O
Et0.C(CHy)3Znl | MeQ, 95 24a
CEOMQ Etozc(CHz)S@
EtOgC(CH2)2ZnI O ! EtOzC(CHz)z—Q—OMe 96 24a
MeO
Et0,C(CHy)sZnl O,l E00(CHIs—(_)—Ome 75 24a
MeO
Et0,C(CHy)sZnl l £O:Me 95 24a
Et0,C(CHy)sZnl I £OzMe 100 24a
EtO;C(CHj3)sZnl /@I Br—@-(CHz)zcert 67 248
Br
EtO,C(CHy)sZnl T 75 24a
’ )\Bu BUL(CHz)acozEt
I
EtO;C(CHy)sZnl /@/ EtOgC(CHg)g—QBr 78 24a
Br
EtOZC(CH2)2an /©/I Et02C(CH2)QONOZ 80 24a
ON
EtO,C(CHy)sZnl 74 24a
t-Bu— >—-0Tf t-Bu-—O—(CHZ)ZCOZEt
Et02C(CH2)3ZnI : ) : ) 87 24a
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FG-RZnX organic halide product yield (%) ref(s)
EtO,C(CHj)sZnl Me Me Me Me 83 24a
Mo~ M8 Me Mo Ve Me
oTf oTf (CH2)3COEt (CH2)sCO,Et
o1 91
Et0,C(CHy)sZnI PhaN, P (GH,COLE! 79 24a
EtO,C(CHy)sZnl Bu N, BUSN (CH,1C0,E 71 24a
Et0,C(CHy)sZnl Bu ! Bu,__/(CH21sCO-E 89 24a
cl iPr Me
Znl ; 42 201c
\/\M:\ n MQM MelPr Z o
Me | Me N
|
(EtO,CCH;CH3)sZn C[ Cf\/002Et 83 278
Br Br
(MeO;CCH(Me)CHj)2Zn Phl Me 79 27a
Ph COzMe
(EtO;CCH,CHy);Zn °>_@_Br COEt 49 27a
Me MGY©/\/
0
(EtO,CCH:CH,)2Zn Me0” 0 0™ 0oMe 73 27a
©/| ©/\/coza
Me Me
(i-PrO,CCH;CHy)2Zn O/Oﬂ O/\/COziPr 55 27a
(Et0,CCH,CH;),;Zn O,Br O/\,COzE' 79 27a
(MeQ;CCH(Me)CHy)Zn Br CO,Me 85 27a
Me
(EtO,CCH:CHy)2Zn 85 27a
Br COEt
(iPrO.CCH,CH,)2Zn Me Me 76 27a
Br \©\'r\/COZiPr
(iPrO;CCH,CHy)sZn P B oSN COZPT 76 27a
(iPrQ,CCH;CHy)eZn B By S COZPY 90 27a
(iPrO;CCH;CHy)sZn " B 76 27a
Y r WCOgiPr
(EtO;CCH.CH3)2Zn Me” X Br Me” X CO,Et 87 27a
SiMeg SiMe,
o} o] o] 97 53
@\ |%N,M9 o
|
znl hll’go n-Me
Me l ’go
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FG-RZnX organic halide product yield (%) ref(s)
o Phl ] 71 53b
d\zm dph
1% |/\/H°" o 73 53b
d Zni @\/\Hex
0 | Hex o 82 53b
Me@\ Meﬁ\/\
Z
Me Znl Me Hex
o] ! o]
)\(CO@ 93 53b
H CO,Et
Me H Me P
Mo Znt Mé
E/Z (5:95)
0.0 | Hex 0.0 71 53b
P Z
ZnCl ™
Hex
1Zn N Hex CO,Et 81 53b
\Hf\coza X Hox o
E:Z(]l :89) 100°/D 22~4E
CO,Et o] o 87 53b
|Zn\/1-\.H I\[lLN,Me MeN)j/\
N,&O o)\r?; CO,Et
Me Me
100% 2
CO,Et (0] 0] 88 53b
N \/J’hH Q\/\
Me Me /
Me? i | wd CO,Et
E/Z (88:12)
CO,Et | EtO,C  Hex 87 53b
|Zn\/J-\.‘H Hox /\rH AN 50, Tol
SO,Tol
E/Z (4:96)
o H o 55 53b
| A Hex
Pent/u\}\ZnCI PemWHex
100% E.E
Hex Hex
- Hex 40 53b
En)\/SOgTol N Hex/\)\/so"’ml
can be prepared by the palladium(0)-catalyzed cross-
. . o . x NHBo .
coupling reaction of the 8-aminozinc reagent 159 with | 1 - iz N e (0 TollgP);PdC cat.
aromatic or heteroaromatics (eq 132).898! The choice N= Br CO,Bn 35 to 40°C, 30 min
of the catalyst is important for many of these reactions 159

and [(0-Tol)sP};PdCl; has been found to be the most
effective in many cases.2#8081 A variety of fluorinated

olefins and dienes have been obtained by this meth-
0d.87:89,124

N . NHBoc
| H (132)%
= N COZBI’I
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B. Acylation Reactions

Although several types of organometallics can be
acylated with acid chlorides, organomanganese(II)
halides are the reagents of choice for performing such
reactions.?®> However, the palladium-catalyzed acy-
lation reaction?® 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 1332%6 and 134,%08! Table
22). Interestingly, the direct acylation of organozinc
halides with carbon monoxide and an allylic benzoate
in the presence of 5 mol % of Pd(PPh;)4provides é-keto
esters, 160, in high yields (eq 135).2¢7

Me

): + 20" Co,Et ———»':,ml’, :°"z:: ‘)\n/\/\cozEt
cocl (PPhg), cat. - S
87 - 88% .
(133)2%8
Zn /\E/NHBoc . %cn PdCl,(PPhy), cat.
éOan fe)
1\
o . NHBoc ( 1 34)50
O CO.Bn
90%

luene / DMA
AT 7 OCOPh CO, tol

o]

WJ\/\,cozﬁt (135)27

160
100%

V. Asymmelric Addition of Functionalized
Organozincs to Aldehydes Catalyzed by Chiral
Titanlum(1V) 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.25-84¢ In the presence of
a chiral titanium catalyst, dialkylzincs add with high
enantioselectivity to aldehydes.30:929348.208208 For ex-
ample, some functionalized dialkylzincs, obtained from
the corresponding dialkylmagnesium derivatives,?® add
to benzaldehyde with excellent enantioselectivity in the
presence of catalytic amounts of TADDOL (161, «,a,

o}
1) TADDOL (0.1 equiv.), Et,0 OH
" ADC (0.1eq .) o 1 (136)2%°
2) Ti(O-iPr)4 (1.2 equiv.) Ph R-FG

3) (FG-R),Zn (= 1.2equiv.)

-78°C to -30°C
15-20 h
Ph_ Ph
Me_ O OH j’:/\(o OH
Me" 0, _oH o O\J Ph)\(CHz)s/ovo\
Ph Ph
161: TADDOL 10%; 84% ee 68%; 84% ee

Chemical Reviews, 1993, Vol. 93, No. 6 2179

o o/ -tetraaryl-1,3-dioxolane-4,5-dimethanol) (eq 136).2%

The iodine—zinc exchange reaction allows the prep-
aration of a wide range of functionalized dialkylzincs.4®
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-1(R),2(R)-bis(trifluo-
romethanesulfonamido)cyclohexane?%® (8 mol %) and
Ti(0i-Pr)4 (2 equiv).*8 The reaction can be extended
to a,f-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).210

H Ti(O-iPr), (1 iv.
LY+ coiorgazn OIS

ol N
O Ti(Oi-Pr);
o’
T (8 mol%)
LTk
&n (137)
83%; 97% 80
o}

TIO-Pr)q (1 equiv.)
p,/\HLH + (ACO(CHa)g)p2Zn = -

R N
U >Ti(0i-Pr)2
-

T¢ (8 moi%)

OH

P,/\(k/\/\/o'“’ (138)2"°

R

R=H:75%; 83% ee
R = 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 Thisreactionalso
allows an enantioselective synthesis of protected 1,4-
diols of type 164 (eq 140)2Y using the y-oxygenated
a,B-unsaturated aldehyde 163.2%3 Finally, the addition

Q Pent,Zn, Ti{O-iPr), OH

auasn/\/u\H Tt Bugsn/\/LPem

N
U S0P, 88%, 92% oo
o

Tf (8 mol%)
_I2_> /\)O\H (139)2"!
_ ether 17 Pent
162
98%
(iPr)5SiO
Ti(O-iPr), (1 equiv.)

V\n/"' + (AcO(CHa)g)aZn =
o] N
\
163 O:N /Ti(Oi-Pr)z

Tf (8 mol%)
OH
210
TIPSO\/W/\/OAC (140)
164

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

Organozincs
FG-RZnl acid chloride product yield (%) ref(s)
EtO,C(CHj3)2Znl EtCOC1 0 84 22
Et ’k/\coza
Et0,C(CH3),Znl HeptCOCl o 100 22
Hept )J\/\COZEt
Et0,C(CHy),Znl PhCOC! Q 100 22,27
Ph)J\/\COZEt
0
EtO,C(CHy)2Znl Me O‘QCOC| MeO 94 22
< > ~"C0,E
Et0,C(CH,);Znl CI—@—COCI o o} 100 29
< > " CO,Et
Et0;C(CHy):Znl OMe OMe 81 22
O O
cocl
o}
EtO;C(CHy);Znl 0 0 92 22
Ph/\)\m Ph/\/k/\coza
Et02C(CH2) 2ZnI COCi CHS 90 22
CHs A{\/COZE
o}
EtO;C(CHy)sZnl HeptCOC1 o 94 22
Hept MCOzEl
Et02C(CHy)sZnl MeO.C(CH,),COClI 0 90 22
A A COsE
MSOZC
Et02c (CH2)3ZnI M802C (CH2)7COCI MeO,C 89 22
E10,C
o}
EtO;C(CHy)sZnl Et0,C(CH,)sCOCl Et0,C 72 22
EtO.C
o}
0 PhCOCl o 53 24b
/lk/\ M Ph
Et Znt Et
o}
o HeptCOC! o 62 24b
A~ )J\/\r(Hem
Et znl Et
o}
G HeptCOCI o 9 80 24b
ph/tk/\/zn' Ph/U\/\)LHept
% o} o) 90 24b
NN MeO—@-com .
OMe
0 o] o] 85 24b
#ooa IS
Me)j\/\/ Znl Me Z
o o}
PhCOCl 76 24b
Ph)k/\/\ znt Ph)j\/\/Y Ph
o
o EtCOCl 0 77 24b
Ph)Wan EtM Ph
o]
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Table 22 (Continued)

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

o} MeCOCI o 74 24b
Et /lw Znl Me )‘\M( Et
(o]

jk/\/\/ EtCOC1 M 85 24b
Ph znl Ph Bt
9 EtCOCl Q 63 24b
Ph)k/\/\/ Znl Ph )I\/VY Et
(o]

j\/\/\/\ EtCOC1 Q : 91 24b
Ph Zni Ph)k/\/\/}( t
o)
Me

EtO,;C(CH,)3Znl Me 88 206
)\com )Y\/\COZEt
o)
Me PhCOC1 M 93 27a
MeO,C Zn MeO,C Ph
2
! Zn Me ~ O Me
iPro c’\} cocl 81 27a
( 2 2 WM:\ iPrOZC/\)J\/kMe
(ao C/\%Zn 0 /\)‘L/\ 89 27a
2 2 ph/\)\m EtO,C Ph
o

(i-Pr020(0H2)2)2Zn t-BuCOCl /\)j\ 50 27a
iPrOC t-Bu
o PhCOCl 0 72 53b
Me Me
sz Ph
Me Me o
IZn/\&/NHBOC PhCOCl Ph\(\:/NHBOC 70 80,81
£0,8n 0 CoBn
izne Ny NHBoc I N a 90 80,81
CO,Bn o 0 NHBoc
° 0 cozan
1z NHBoc MeCOC1 Me \[(\/ NHBoc 80 80,81
CO,Bn 0 CopBn
1zn” - NHBoc EtCOC1 Et\r(\/NHBoc 83 80,81
¢0Bn O CO.Bn
-~ NHBoc Me, Me NHBoc 76 80,81
U )—CH;coci Y'Y ’
CO.Bn Me Me O CO,Bn
lz,,/\i/NHBOc t-BuCH,COCl t-au/\(\/ NHBoc 84 80,81
CO.Bn 0 €0Bn
Izn/\:/NHBOC PhCHzCOCl Ph/ﬁ(\/NHBOC 41 80,81
€0,Bn O €OBn
NHBoc 0 O COuBn 72 80,81
IZn/\:/ 2 s
¢0,Bn Ph/\/U\CI PR NHBoc
1Zn” N NHBoc MeO @—COCI MeO 43 80,81
éOZBn NHBoc
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FG-RZnl acid chloride product yield (%) ref(s)
|2n/\{NHB°° Aco—O—coél Aoo 63 80,81
€0,Bn NHBoc
0 OB
iz~ 8o CICH,COCI ¢ NHBoc 39 80,81
€0,Bn O COzBn
izn” ™~ NHBoC AcOCH,COCI ACO _-NHBoc 64 80,81
COzBn 0 CozBn
izn” ™~y NHB0C 0 0 53 80,81
CO,Bn N— N - NHBoc
cocl O CO.Bn
o} o}
IZn/\i/NHBOC [e] 61 80e
048n E:O)H(C' E10 - NriBoc
o] O CO.Bn
CO.Bn BnO,C CO,Bn
1z 02 CICOOPh 2 V\n/\/ 2 41 80e
0
1zn” ™\ NHBoc CICO.Et Et0 _NHBoc 10 80e
COzBn 0 CouBn
izn” ™y NHBoe i-PrCH,0COCl QO  CO.Bn 10 80e
COzBn Mej/\oMNHBoc
Me
1zn - NHBoc PhOCOCI BocNH NHBoc 45 80e
¢0,8n BiO,C O €0.Bn
EtO,C(CHg)sZnl Me _A~_-CCOPh 0 0 87 207
Me\NK/\)J\
OFEt
OCOPh 0 o}
Et0,C(CH;)sZnl /\( Me \NK/\/L 859 207
Me . OFEt
Et0,C(CHy)sZnl Me Me O 850 2
O:C(CHa)sZn A OCOPh Ao 07
Me OCOPh 0
Et0,C(CHpsZnl >~ o I oo t0o- 207
Me
Et0;C(CHy)3Znl OCOPh o] 100° 207
i o /Me><Me Me%\McozE‘
Me
EtO,C(CH,)sZnl Me. A ~_-OCOPh Me\/\ﬂ/\/COzEt 35¢ 207
o
EtO;C(CHy),Znl e OCOPh 0 440 207
/M?<M° Me%\/lk/\COZEt
Me
EtO,C(CHg)sZnl ~-OC0Ph o 980 207
/\)K/\/COZEt
Et0,C(CHg)3Znl Ph \/\/OCOPh 207

¢ Reaction performed under a CO atmosphere.

Q 780
Ph o~ A~ CO:E
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Table 23. Enantioselective Addition of Functionalized Dialkylzinc Reagents to Aldehydes in the Presence of Catalytic
Amounts of 1(R),2(R)-Bis(trifluoromethanesulfonamido)cyclohexane

enantiomeric
(FG-R);Zn (FG-R) aldehyde product excess (% ee) yield (%) ref
ACO(CH2)5 PhCHO Aco/\/\/\r Ph 93 79 48
OH
AcO(CHy); PentCHO A co/\/\/\r Pent 97 62 48
OH
ACO(CHz)s c-HexCHO Aco/\/\/\rc-Hex 97 83 48
OH
CI(CH,), PhCHO Cl \/\/\( Ph 93 95 48
OH
CI(CHa) @i YO/OKH/\/\ 97 95 48
H cl
CHs CHs
AcO(CHy)4 PhCHO Aco\/\/\r"h 92 72 48
OH
AcO(CHy)s PhCHO AcO/\/\rPh 86 75 48
OH
PivO(CHy)s PhCHO pivo/\/\rP“ 92 90 48
OH
Et0,C(CHy);s PhCHO EtOgC/\/\r Ph 60 75 48
OH
AcO(CHy)s o OH 98 70 48
H )k(\ Me Me/\(k/\/\/o‘\c
Me Me
AcO(CHy), o oH 93 85 211
H JK/\SnBu3 BuSSn/\)\/\/\OAC
AcO(CHy); o OH 92 81 211
H JK‘/\sn Bug Buasn/\/k/\/\/OAc
CI(CH,), 0 OH 95 79 211
HJk/\SnBua BUSSn/\/k/\/\CI
AcO(CHy)s Q oH 91 5 211
HJK/\SnBua Bugsn/\/k/\/\/o"\c
CICHy), 2 OH 95 69 211
HJK/\SnBug suSSn/\)\/\/\m
PivO(CHy)s o OH 90 67 211
H JJ\/\SnBua Bussn/\)\/\/opiv
PivO(CHy)s 0 OH 92 90 210
Hk/\,onps TIPSO A A~ 0PV
AcO(CHy)s Q OH 5 83 210
H )K/\ Pr Pr/\)\/\/\/OAC
AcO(CHy)s 9 OH 80 78 210
H)k/\cogst EtOZCWOAC
Me Me
PhCH(TH)N(CHy)s o OH T 86 56 210
H JH/\ Pr Pr /\)\/\/ N ~ Ph
Br Br
AcO(CHy)s OH 94 95 210

2:0

A pr Pr/\(k/\/\/OAc

[+2]
=
s}
=
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enantiomeric

(FG-R);Zn (FG-R) aldehyde product excess (% ee) yield (%) ref
CI(CHy), o] OH 95 68 210
H)H/\Pr Pr/\H\/\/\CI
Br Br
PivO(CHy)s o] OH 95 68 210
H )H/\ Pr Pr/\/k/\/ OPv
Br Br
AcO(CHy)s 0 Me Me OH 68 68 210
HMMe Me)\('\/\/\/ Ohe
Br Br
AcO(CHy)s 0 OH 80 77 210
H)H/\Me Me/\(k/\/\/o'“
Br Br }
PhCH(TH)N(CHy)s o] OH i 82 62 210
Hk/\SnBus BuSSn/\/K/\/ NAPh
[ |
AcO(CHy)s O OH 96 70 210
HJK/\SiMegPh PhMe,Si Ao
CI(CH,), 0 OH 96 70 214
HJK/\SiMezPh PhMe,Si /\/k/\/\CI
AcO(CHy)s o OH 91 71 214

HJ\/\OSi(iPr)

3

PivO(CHy)s Q o ' 91 72 214
HJK/\OSi(iPr)s TIPSO/\/k/\/\/OPW

AcO(CHy), )OK/\ OH 99 62 214
H OSi(iPH; TIPSO/\)\/\/\OAC

PivO(CHy)s o OH 40 55 214
H’U\/\osuipr)3 TIPSO/\/k/\/OPW

CI(CHy)¢ 0 OH 66 59 214
HJK/\OSi(iPr)g TIPSO/\)\/\/\/\CI

(ACO(CHala)pZn  PRCH; O OH

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

Ti(O-iPr)4 (1 equiv.) o

TIPSO H
SN+ (ACO(CHR)s)aZn =

o N
N
165 O:N/Tl(OhPr)z
Tt (8 mol%)
TIPSO  OH 1) 1-BuPhoSiCI :
OAc 2) CF,COLH O OSiPhy(t-Bu)
—_—
5 3) PCC H (CH.)sOAC
71%, 91%ee 166
70%
(141)2"*

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).21425 Functionalized mixed
alkenyl(alkyl)zincs can be readily prepared from the
corresponding boranes.!3* Their addition to aldehydes

Lf Et OAc
U >T|(0iPr)2 71% : syn : anti
“N (9:91)
PRCHO O T (8 moi%)
Et H anti-167
PhCH,O OH
(ACO(CHa)4)oZn 2
T Et OAc
~“N\_r oiP 72% : syn : anti
v HOIPr) (86 : 14)
T (8 moi%) syn-167
(142)214

in the presence of a chiral catalyst proceeds with high
enantioselectivity.!®'t 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 (R)-(—)-muscone (eq 143).2!7 Clearly, this
approach will allow the preparation of a wide range of
chiral polyfunctionalized building blocks with a high
enantioselectivity.
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0 HOS
H 1) HB(c-Hex),, hexane, 0°C -
c 2) add 1% (+)-DAIB in Et,Zn
m

3) ag. NH,CI
75%
(CHz)rz
92% ee

—— —= (R)-(-)-Muscone  (143)2'7

MezN
HO,

Me
(+)-DAIB

VI. Concluslons 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:2LiX% or palladium(II)
complexes? 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.
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