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1. Introduction

Organozinc compounds have been known for more than 150 years. (1, 2) With
the exception of zinc enolates (Reformatsky reagents) (3-6) and
iodomethylzinc derivatives (Simmons-Smith, (6-10) Furukawa, (11, 12) and
Sawada (13) reagents), their synthetic potential has only been recently
recognized. (14-19) This is certainly due to their low reactivity and to the
absence of general methods of preparation. Although the carbon-zinc bond in
diethylzinc has a dissociation energy of 34.5 kcal/mol, (20) it has, because of
the similar electronegativities of zinc and carbon, a highly covalent character
(ca. 85 %), (21) which is comparable to a carbon-tin bond. The carbon-zinc
bond is therefore inert to moderately polar electrophiles such as aldehydes,
ketones, esters, or nitriles. On the other hand, the presence of empty low-lying
p orbitals at the zinc center allows transmetallations with a number of transition
metal compm(es (Eq. 1). This is favored for both kinetic and thermodynamic
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reasons. (20) The availability of d orbitals at the metal center in these
compounds allows for new reaction pathways with electrophilic reagents that
were not available for the corresponding zinc reagents. This reactivity has
been exploited for the formation of new carbon-carbon bonds and efficient
cross-coupling reactions between organozinc derivatives and unsaturated
organic halides, as Negishi has demonstrated using catalytic amounts of
palladium(0) salts (Eq. 2). (22-28) Similar catalytic processes have been
reported with copper(l) and titanium(lVV) complexes, which can mediate
numerous reactions of organozinc reagents with organic electrophiles. (14)
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The scope and synthetic applications of zinc organometallics were greatly
extended when it was found that these species can accommodate a wide
range of functional groups. They are ideally suited for the construction of
polyfunctional organic molecules without the use of multiple protection and
deprotection steps. Although some functionalized organozinc compounds
bearing ester groups such as 1, (29) 2, (30-34) or 3 (30-34) had been reported,
it was only recently that systematic studies have shown the synthetic potential
of these reagents. (14-18) This chapter
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describes methods for the preparation of functionalized organozinc halides,
diorganozincs, and organozincates and their reactions with electrophilic
reagents in the presence of transition metal catalysts, as well as synthetic
applications demonstrating their synthetic utility for natural product synthesis.
Only the preparation and reactivity of zinc organometallics bearing relatively
reactive fuonal groups are covered. Thus, the chemistry of organozinc
compounds bearing an ether, acetal, ketal, trialkylsilyl, or polyfluoroalkyl group
is, in general, not covered.



2. Mechanism and Stereochemistry

Several methods are available for preparing alkylzinc organometallics. Thus,
alkylzinc halides are obtained either by transmetallations from other
organometallics, typically organolithium or magnesium derivatives, or by the
direct insertion of zinc metal into a carbon-halogen bond. Diorganozincs are
prepared by transmetallations, iodine-zinc exchange reactions, or boron-zinc
exchange reactions (Eg. 3).
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The mechanism of formation of zinc organometallics from the corresponding
alkyl iodides has not been studied in detail, and only partial information is
available. There is no general method for producing secondary alkylzinc
halides with a well-defined configuration starting from a chiral alkyl lodide. The
insertion of zinc dust into secondary alkyl iodides proceeds nonselectively,
certainly vigregg SET mechanism to afford a mixture of stereocisomers. Thus,
pure trans-ﬂcetamido-2-iodocyc|ohexane (4) affords, after zinc insertion,
transmetallation with CuCN- 2LiCl, and allylation, the allylated product 5 as a
1:1 mixture of diastereomers (Eq. 4). (35) Nevertheless, in the case of strained
and sterically
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hindered alkyl iodides such as 6, zinc insertion occurs with complete retention
of configuration. Interestingly, the zinc organometallic species formed is further
transmetallated with CUCN- 2LiCl with retention of configuration and is

qguenched with trimethyltin chloride with retention of configuration (Eqg. 5). (35)



Similarly, the organozinc reagent derived from [ -iodoester 7 reacts with an
acid chloride in the presence of catalytic amounts of (PhsP),PdClI, and
provides only products derived from the cis-zinc reagent 8 (Eqg. 6). (36-38)
Although the configurational
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stability of acyclic organozinc derivatives has not been investigated for
preparative applications, *H NMR studies have shown that secondary
dialkylzincs such as dineohexylzinc have high configurational stability, and the
activation gy for inversion has been estimated to be ~26 kcal/mol. (39) As
shown in Eg. 5, the transmetallation of a secondary organozinc lodide with
CUuCN- 2LiCl occurs with retention of configuration. Similarly it has been shown
that the transmetallation from zinc(ll) to palladium(ll)-species occurs with
retention of configuration. (40) At present, the data available indicate that
transmetallation of secondary organozinc reagents to at least organocoppers
or organopalladiums occurs with retention of configuration. Tentatively, this is
best explained by assuming a four-center mechanism (Eg. 1). No
comprehensive study is available showing that this stereoselectivity for
transmetallation is general. Interestingly, the preparation of chiral secondary
organozinc derivatives via a boron-zinc exchange reaction also occurs with
high retention of configuration, making this reaction the best suited for the
preparation of chiral secondary dialkylzincs.

Starting from 1,1-bimetallic reagents of magnesium and zinc of type 9, it is
possible to perform a selective deuterolysis of the reactive carbon-magnesium
bond followed by iodolysis of the organozinc intermediate 10 leading to the
product 11 as a 60:40 mixture of stereoisomers. Starting with a -deuterated
bimetallic compound 9 and performing a protonation with MeOH followed by



iodolysis furnishes the primary alkyl lodide 11 as a 34:66 mixture of
diastereoisomers, showing that some open-chain primary organozinc halides
can retain their configuration (Eq. 7). (41)
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The best and most general method for preparing configurationally stable
secondary diorganozincs involves a boron-zinc exchange reaction. (40, 42)
Thus, the hydroboration of phenylcyclopentene 12 with
monoisopinocampheylborane [(—)—-IpcBH,; 99% ee] (43) provides, after
recrystallization, the chiral borane 13 with 94% ee. Treatment of 13 with
diethylborapreto remove the Ipc group (50°, 16 hours) followed by the addition
of i-PraZn pLI:]/ides the configurationally stable mixed diorganozinc reagent 14,
which in the presence of CUCN- 2LiCl and allyl bromide furnishes the alkylated
product 15 (Eq. 8). (44)

@,,Ph (-)-IpcBH; Q‘Ph l. Et;BH, 50°, 16 h Q,Ph
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Interestingly, this reaction sequence can be extended to open-chain olefins.



The Z-styrene (Z-16) furnishes the anti product (anti-17) with high
diastereoselectivity (syn:anti = 8:92) under these conditions. The
enantioselectivity of the asymmetric hydroboration of these open-chain
organoboranes lies between 46 and 74% ee (Eq. 9). (44) Several other
electrophiles react with the intermediate zinc-copper reagents with retention of
configuration. (44a)
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It is also possible to perform stereoselective palladium(0)-catalyzed
cross-coupling reactions. Thus, the palladium(0)-catalyzed alkenylation of
1-methylindene (18) via the hydroboration—boron-zinc exchange sequence
provides trans-indane derivative 19 with 99:1 trans:cis selectivity (Eq. 10).
Similarly, the palladium(0) catalyzed acylation of styrene Z-16 furnishes the
anti-ketone 21 (anti:syn ratio = 90:10; 88% ee) via the zinc reagent anti-20 (Eq.
11).
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3. Scope and Limitations

3.1. Preparation Methods

3.2. Direct Insertion of Zinc Metal into Organic Halides

The insertion of zinc dust into organic halides is the most general method for
preparation of functionalized organozinc halides. The reaction is sensitive to
the reaction conditions (solvent, concentration, temperature), to the nature of
the organic halide, and to the method of zinc activation. Whereas several
solvent systems have been used in the past, (2) performing the reaction in
THF as first described by Gaudemar (45) is the most convenient. Thus, the
addition of a primary alkyl lodide as a 2.5-3.0 M solution in THF to zinc dust
previously activated by 1,2-dibromoethane and chlorotrimethylsilane (46, 47)
leads to rapid formation of the corresponding alkylzinc lodide (35-40°, 2
hours). Secondary alkyl iodides react even faster (room temperature, 1-2
hours) and provide the secondary alkylzinc iodides in high yields without the
formation of elimination products. Most importantly, this modified procedure of
Gaudemar (45) can be performed with a variety of polyfunctional iodides and
gives unique access to polyfunctional alkylzinc halides. Functional groups
such as ester, (47-74) ether, (50, 51, 66) acetate, (50-57, 59, 60, 63, 64, 68)
ketone, (47-49) cyano, (47-57, 63, 65-76) halide, (47, 48, 57, 64, 67, 73) N,
N-bis(trimethylsilyl)amino, (76) primary and secondary amino, (77) amide and
phthalimide, (35, 78-80) trialkoxysilyl, (81) sulfoxide, (82) sulfide, (83) sulfone,
(82, 83) thioester, (83) boronic ester, (61, 62, 64, 67, 84-86) enone, (54, 87-89)
and phosp - (53, 90) can be present during formation of the organozinc
reagent (Eq. 12). (14)

FG-RX + Zn :]1]_:- FG-RZnX (=85%)
5-45°

X =1Br;

FG = CO,R, enoate, CN, halide, (RC(O),N, (TMS);N, RNH, NH,, RCONH, (R0);S1,
(RO)-PO. RS, RSO, RSO, PhCOS

R = alkyl, aryl, benzyl, allyl

(12)

The presence of highly acidic protons of alcohols, phenols, some
N-heterocycles (imidazole, adenine, uracil), diamines (1,2-diaminobenzene) or
ethyl acetoacetate is very disadvantageous. (78) However, the preparation of
primary alkylzinc iodides tolerates the presence of a wide range of primary or
secondary amines. (78) Primary amines even enhance the rate of zinc



insertion into the alkyl lodide. Organozinc derivatives bearing relatively acidic
protons, such as (22-25), can be prepared under standard conditions. (35, 78),
(91-102) Functional groups like nitro or azide, which can readily accept an
electron from the zinc surface, inhibit organozinc formation.
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Whereas alkyl iodides in THF insert zinc dust between 20-40°, more reactive
benzylic or allylic halides react with zinc powder under even milder conditions.
(45) With these substrates, the formation of Wurtz-coupling products can be a
problem. However, zinc insertion usually leads to smaller amounts of reductive
coupling in these cases than does the corresponding insertion of magnesium
or lithium. Therefore, allylzinc halides are the reagents of choice for performing
nucleophilic allylation reactions. (45) The presence of electron-donating
substituents in the benzylic or allylic halide enhances the Wurtz-coupling
byproducts, and with benzylic bromide 26a only the homocoupling product 27
is obtained (THF, 0°). By using the corresponding phosphate 26b and
performing the reaction in dimethyltetrahydropyrimidinone (DMPU) in the
presence oftjl, the desired benzylic zinc reagent 28 is obtained without any
self-coupli yproduct (Eq. 13). (103) Similarly, allylic phosphates are
smoothly converted to the corresponding allylzinc reagents under these
conditions. These reagents in the polar solvent
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26b, X = OP(O)OEt),

DMPU react with allylic bromides from the most substituted end of the allylic
anion, leading to a branched product such as the trienic ester 29 (Eq. 14).
(103)
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Not only primary alkyl iodides can serve as substrates for the preparation of
alkylzinc derivatives, but also primary alkyl phosphates, mesylates, chlorides,
bromides, and tosylates likewise react with zinc dust in dimethylacetamide
(DMAC) or DMPU under mild conditions in the presence of lithium, sodium, or
cesium iodides and provide access to various functionalized zinc reagents (Eq.
15). (103) The preparation of alkylzinc iodides can also be performed in

ZoLil02ea) A ~_7nX
LiBr (0.1 eq), DMPU ' (15)

50° 12 h

mixtures of benzene and DMAC or hexamethylphosphoramide (HMPA) using
zinc-copper couple. (80, 104, 105) Polyfluorinated organozinc iodides have
also been prepared by the insertion of zinc metal in THF or dioxane (Eqg. 16).
(106-115)

C.Fdl Zn(Cu), dioxane CLFoZnl (T09%)
- C - H-_a'gln (&
o rt, 30 min o . (16)

A complex reaction occurs when difluorodihalomethanes such as CF,Cl; or
CBr;F, are subjected to zinc insertion in dimethylformamide (DMF), producing
a mixture of bis(trifluoromethyl)zinc and trifluoromethylzinc halide in excellent
yield (Eq. 17). (116, 117) The insertion of zinc dust into primary alkyl bromides
in

DMF, 1t
Zn + CF;X, ——» CFyZnX + (CFy),Zn  (80-95%) 17)

X=ClL Br
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THF is possible only if activated zinc is used. (46) lodinated nucleosides can
be converted to the corresponding zinc reagents under mild conditions using
either DMAC or THF as solvent depending on the solubility of the substrate.
After a palladium(0) catalyzed cross-coupling reaction with an aryl lodide,
arylated nucleosides are obtained in satisfactory yields (Eg. 18). (118, 119)
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An especially active zinc powder can be generated by reducing zinc chloride
with lithium naphthalenide in THF. This activated zinc reacts with alkyl
bromides (THF, room temperature) in a few hours and with aromatic bromides
in THF at reflux, affording alkylzinc and arylzinc bromides. This procedure
tolerates the presence of various functional groups (i.e. ester, nitrile, aromatic

ketone or hﬂ'je) (Eq. 19). (120-127)
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i Nap enide n* —— = FG-RZnX X=Cl, Br. 1 (19)
THF THEF, 25-60°

Secondary and tertiary alkyl bromides react even more readily, leading to the
desired zinc reagents under mild conditions. (128-131) Thus, remarkable
chemoselectivity is observed with a dibromoalkane such as 30 that bears both
a primary and a tertiary alkyl bromide function. Only zinc insertion into the
tertiary carbon-bromine bond is observed, which after transmetallation to an
intermediate copper species and Michael addition leads to product 31 in 65%
yield (Eq. 20). (132) Functionalized secondary zinc reagents are obtained from
secondary bromides in this way. (131)

(18)
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A related procedure based upon reaction of the graphite intercalation
compound CgK with a slurry of zinc chloride and silver acetate (10 mol %)
produces a zinc-silver couple deposited on graphite which reacts with aromatic
and heteroaromatic iodides at room temperature (Eq. 21). (133)
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Interestingly, secondary alkyl bromides have such high reactivity that a direct
insertion using moderately active zinc deposited on titanium dioxide is
sufficient to provide the corresponding secondary organozinc compound. (134)
In general, zinc insertion into an sp? C — | bond is far more difficult than into
an sp® C-| d and requires either the use of polar solvents (48, 135) or the
use of highly activated zinc. (136-142) A potentially promising preparation of
diarylzincs is the direct reaction of aryl bromides with lithium metal and zinc
chloride under sonication. (143-149) The resulting diarylzincs are quite
reactive and undergo Michael additions to enones in the presence of nickel(Il)
salts (Eq. 22). (143)

0 0

Br 1} ZnBrs, EO / ah | (22)
e - | | - (67%)
sonication, i, 0.5 h '\ ; Ni(acac)a (cat.)

The substituents attached to the aromatic ring or to the double bond of an



alkenyl lodide greatly influence the rate of insertion of zinc.
Electron-withdrawing substituents facilitate zinc insertion. Also, the presence
of a heteroatom (S, N, O) at the position y to the carbon-iodine bond has a
positive effect. Thus, 3-iodo-2-cyclohexenone is converted to the
corresponding zinc derivative 32 under mild conditions (THF, 25-50°, 0.5 hour;
>85 % vyield). (87, 88)
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Similarly, 2-bromotrifluoropropene reacts with the Zn(Ag) couple in the
presence of N,N,N ,N -tetramethylethylenediamine (TMEDA), leading to
the zinc reagent 33 in 93 % yield (THF, 60°, 9 hours). (150-154)
Electrochemical methods (155) using sacrificial zinc anodes in the presence of
nickel 2,2 -bipyridyl provide an excellent alternative to the preparation of
functionalized arylzinc halides (Eq. 23). (156-159) The method can be applied
to heterocyclic compounds like 2- and 3-chloropyridine or 2- and
3-bromothiophene. (159, 160)
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e (015 A), []Dv1F'.1ZnBr3 ~  FG-AZnX  (60-70%)
BuyNBr (cat.), Ni** (cat.) (23)

2.2"-bipyridine (cat.)

FG-ArX
X=ClBr

Zinc metal containing catalytic amounts of zinc formed by electroreduction of
ZnX, (X = Br, Cl) is very reactive toward a -bromoesters and allylic or benzylic
bromides. (161, 162)

3.3. Halide-Zinc Exchange

Diorganozincs are important reagents because they are more reactive than
organozinc halides, and they have been used extensively in asymmetric
synthesis. (14, 163) Until a few years ago, the preparation of diorganozincs
had been limited to nonfunctionalized reagents since they were obtained by
transmetallation of organolithiums or organomagnesium halides with zinc salts.
(2) An iodine-zinc exchange reaction is a practical way for preparing



polyfunctional diorganozincs (FG-R).Zn (Eq. 24). Diiodomethane reacts
readily with diethylzinc to provide ethyl(iodomethyl)zinc (34) and ethyl lodide
via an iodine-zinc exchange reaction (Eq. 25). (11, 12) Recently, it was found
that a wide range of polyfunctional primary alkyl iodides

1. Cu(D)X (0.3 mol %)

eat, 25-50°
FG-RCH,I + EisZn heat, 23 -~  (FGRCHy»Zn @Y
2. 50° 0.1 mm Hg
THE, —4(¥° ;
ICHyl + EtsZn  — = [CHsZnEt + CH;CHal (25)

34, (>90%)

undergo this exchange if treated neat with diethylzinc in the presence of a
catalytic amount of copper(l) lodide or copper(l) cyanide. (64, 164) In the
absence of copper salts, the reaction requires a large excess of diethylzinc
(3-5 equivalents) and longer reaction times. A possible mechanism for the
catalytic effect of the copper salt is given in Scheme 1. The reaction of
diethylzinc with copper(l) iodide generates ethylcopper, which decomposes at
50° to an ethyl radical and copper(0). A copper mirror is observed at the end of
the reaction. The ethyl radical undergoes radical substitution with the primary
alkyl iodide to provide the radical (R-), which adds to diethylzinc. A mixed
alkyl(ethyl)zinc and an ethyl radical are produced after fragmentation. The
ethyl radic itiates a new catalytic cycle. (164) This method provides general
access to functionalized dialkylzincs such as 35-37. Because of the higher
reactivity of dialkylzincs compared to alkylzinc halides, functional groups such
as ketones or terminal acetylenes are not tolerated in these reagents. Besides
copper(l) salts, a variety of transition metal salts catalyze the halide-zinc
exchange.

Scheme 1.
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Especially interesting is the palladium(ll)- or nickel(ll)-catalyzed exchange
reaction. In these cases, the product is not a dialkylzinc but rather an alkylzinc
iodide (Eq. 26). (165-166a) The mechanism almost certainly involves radical
intermediates. Treatment of the unsaturated iodide 38 with diethylzinc
produces tﬁyclopentylmethylzinc iodide 39, which can be subsequently
trapped witlTan electrophile (Eq. 27). (165-167)

Et27Zn, Cul (0.3 mol %)
50°,12h
n-CgH 7l (26)

A(dppf %
PdCl,(dppf), (1.5 mol %j_ n-CsH-Znl (75-80%)
Et;Zn, THF, 1t, 2 h

- {H-CHHH]EZH (809



Etf}1(?><:/"j PACl5(dppf) (cat.) _ EtO,C >Cl/‘zni
EtO-C I Et>Zn, THF, rt, 2 h FLO,C
38 39
(27)

|. CuCN<2LiCl iﬂt{]zﬂm (73%)
2. COsEt Et(),C CO,Et

Br

This radical cyclization leading to zinc organometallics can also be performed
with secondary alkyl iodides and proceeds with high stereoselectivity with the
appropriate substituents (Eq. 28). (166) The preparation of polycyclic
molecules via tandem cyclization is also possible. (168) Applications of the
method to the synthesis of (+)-methyl jasmonate, (169) (-)-methyl curcurbate,
(169) and (-)-methylenolactocin (170, 171) using a nickel-catalyzed
carbozincation have been reported.

OBn 1. Et:Zn, THF, OBn

= 100
— PdCl,(dppt) (cat.) _ s (71%)
I 2. CuCN#2LiCl — CO-FEt (28)
3 055 -
3. COsEt

D .

Finally, this method can be applied to the preparation of benzylic zinc reagents.
(165, 172) Mixed metal catalysis using manganese(ll) bromide and copper(l)
chloride allows bromine-zinc exchange to occur with functionalized primary
alkyl bromides in the polar solvent (173-175) DMPU under very mild conditions
(room temperature, 4-10 hours; Eq. 29). (176)

i} _ MnBr; (5 mol %) _ :
FG-RCH,Br + Et;Zn P FG-RCH.ZnBr + CH,=CH, + EtH
EG = ester, nitrile, chloride  CUC! (3 mol %) (>80%)
DMPU

The direct insertion of zinc metal into primary alkyl bromides does not proceed

(29)



in THF and is slow in DMPU. (103) Interestingly, the iodine-zinc exchange
reaction can be light-initiated. (177) A favorable equilibrium occurs in solution
at room temperature with only 1 equivalent of Et,Zn when a solution of the
alkyl iodide in CH,Cl; is irradiated at >280 nm, allowing a faster synthesis of
the dialkylzinc compared to the thermal copper-catalyzed reaction. The
halide-zinc exchange can be performed with i—Pr,Zn. This reagent needs to be
salt-free if configurationally well-defined reagents are to be prepared. (16-18)
However, if the configuration of the zinc organometallics is not relevant, then
the in situ generation of i-Pr,Zn from i-PrMgBr and ZnBr; (0.5 equivalent) is a
convenient method for preparing complex secondary diorganozincs (Eq. 30).
(178)

i-PrMegBr,
ZnBr; (0.5 eq)

g '
ether, rt, 1 h i-Prn 4<

-

(>60%) (30)

Mixed diorganozincs of the type RZnCH,SiMe3 allow selective transfer of the
group R. (179, 180) The Me3SiCH, group is too unreactive to be transferred
and plays the role of a dummy ligand. These mixed reagents avoid the waste
of a precio rganic group R in the reaction of diorganozincs with
electrophilds-fEq. 31). (180)

g gl TMSLi . _~__Zn_TMS
o THF,-78°  Cl 3
I & B
TMSCLTHENMB, o 6% D
ZCO,Bu,
~20°tort, 12 h

3.4. Transmetallation Reactions

3.4.1. Lithium-Zinc Exchange

Alkyllithiums are too reactive to tolerate most functionalities. (21, 181-183)
However, alkenyl- and aryllithiums are significantly less reactive than their
alkyl counterparts and therefore at very low temperatures tolerate the
presence of several functional groups (i.e., halide, (184-188) sulfone, (189)



epoxide, (190) ester, (191-202) or cyano (198) groups). (203-208) The stability
of these functionalized lithium derivatives can be greatly improved by
performing a transmetallation with zinc salts to give the corresponding aryl- or
alkenyl-zinc halide (Eq. 32). (209, 210) Whereas 1,2,2-trifluoroethenyllithium
(40) is a very unstable carbenoid

- X - Li - Znl
& BuLi _ @/ Znly,
S THFEGLO:CsHps (4:1:1) e THF, ~100° ;

i ' FG G (32
= o 3
FG = COsR, CN 100°, 3 min

Cl, N3, NO,

reagent, the addition of zinc(ll) salts leads to an organozinc reagent 41, which
is stable at room temperature and can be used for the formation of
carbon-carbon bonds with a large number of electrophiles (Eq. 33). (154,
211-215) Similarly,

THF:EtO (3:2) S ZnX, s
- o 3 4 A - =1 T'L
BuLi, —100° 2 o Jiooe 2= (33)

40 41

CF,=CFCl

the perfluorinated 2-propenyllithium 42 can be stabilized by transmetallation
with zinc iodide, leading to 43 (Eq. 34). (114, 151-153) This method allows the
preparation of functionalized organozinc reagents not available by other
methods.

| znly CF

CF;
—CF; — CF,

: 2 34

Li l?.n): (34

42 43

The presence of an azide function in an alkenyl iodide such as 44 completely
inhibits zinc insertion. However, treatment of 44 with butyllithium (216-220) at
low temperature followed by addition of a THF solution of zinc iodide leads to
the desired alkylzinc iodide 45, which can be further transmetallated with
CuCN- 2LiCl and added to ethyl propiolate (Eg. 35). (209)
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Direct lithiation of vinyl carbamate 46 with s-BuLi furnishes an alkenyllithium
which, after transmetallation with zinc bromide, leads to the functionalized
alkenylzinc 47, which can undergo a palladium(0) catalyzed reaction with an
aryl triflate (Eq. 36). (221) Interestingly, zinc enolates generated from the
corresponding lithium enolates undergo a smooth intramolecular
carbometallation to pyrrolidine derivatives (Eq. 37). (222-226) Similarly, amide,
ester or hydrazone zinc enolates are able to add to reactive double bonds,
even in an intermolecular fashion. (227, 228)

O OTf

0,CNEt,
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il | =

3.4.2. Magnesium-Zinc Exchange

Since the carbon-magnesium bond is more covalent than the carbon-lithium
bond, it is possible to prepare functionalized arylmagnesium halides using an
iodine-magnesium exchange reaction. (229) Thus, treatment of an aryl iodide
bearing an electron-withdrawing group with i—Pr,Mg or i-PrMgBr in THF at
—40° leads to a fast and quantitative iodine-magnesium exchange that affords
the corresponding magnesium reagent. After addition of a zinc(ll) salt, the
corresponding organozinc reagent undergoes nickel-catalyzed cross-coupling

(84%)

(36

(35)

)



with an alkyl iodide in the presence of p-trifluoromethylstyrene as promoter (Eq.
38). (230) The role of the promoter is believed to lower electron density at the
nickel center thereby facilitating reductive elimination to the cross-coupling
product.

O 1
COEC | iprMgBr COLEL [”“‘NJ\/ 0 ’O
I ~ ~40°,0.5h @/‘{“B" - ) (T29%)
2. ZnBr; Ni(acac)> (10 mol %), (38)

THF, NMP, —20°, 4 h CO,Et

This iodine-magnesium exchange can be extended to the preparation of
polyfunctional pyridylmagnesium derivatives. (230a-231) Also, some alkenyl
iodides bearing a coordinating heteroatom in close proximity to the
carbon-iodine bond undergo a smooth iodine-magnesium exchange leading to
polyfunctional alkenylmagnesium compounds with retention of the double
bond configuration. (232)

3.4.3. Borinc Exchange

Triorganoboranes readily undergo transmetallation reactions with dialkylzincs
(Eqg. 39). (2) The driving force for the reaction is formation of volatile boranes
such as trimethylborane (R* = CHs). The reaction has

3RZn + 2R*%3B =—= 3R%Zn + 2R.B (39)

proven to be very useful for the preparation of allyl or benzylzinc reagents as
well as chiral secondary zinc reagents. (233-235), (40), (44) The
transmetallation of alkenylboranes proceeds under especially mild conditions,
leading to mixed alkenyl(alkyl)zincs in almost quantitative yield. (236, 237)
Interestingly, the alkenyl moiety attached to zinc is more reactive than the alkyl
group and is selectively transfered to an organic electrophile. Functionalized
alkenylzinc derivatives are available by this method. (238) Similarly,
functionalized trialkylboranes are transmetallated to dialkylzincs (Eq. 40). (239,
240)
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The use of diethylborane in hydroborations (241) leads to the desired boranes
in excellent yields and avoids the use of a large excess of diethylzinc for
transmetallation (Eq. 40). This hydroboration reagent can be conveniently
prepared by mixing the borane-methyl sulfide complex and triethylborane in
the appropriate stoichiometry (1:2). The regioselectivity of hydroboration is
often excellent. (241) The procedure allows for the preparation of zinc
organometallics not available from the corresponding organic halides. Thus,
stilbene is cleanly converted to the secondary benzylic zinc reagent 48, which
after transmetallation with copper cyanide-lithium chloride complex adds
smoothly to diethyl benzylidenemalonate (Eq. 41). (240) The mild conditions
required for performing the boron-zinc exchange make this method one of the
simplest, most general, and highest yielding syntheses of polyfunctional
diorganozincs.

Ph
pr X~ Fh EuBH LN . CuCN2LiCl _ P,/\)\/Cﬂztﬂ
| >kt Zn, neat, | [ ] 2 Ph ™ [
i, 3 d \ Ph/> SOk Ph  COFt

® COE (82%%)

This procedure has great synthetic potential and is the most general and
versatile method for preparation of functionalized diorganozincs. Remarkably,
substrates bearing acidic hydrogens, like primary nitroalkanes or
alkylidenemalonates, are readily hydroborated and undergo smooth
boron-zinc exchange. After a copper catalyzed allylation, the expected
allylated products are obtained in high yields (Eq. 42). (242) The boron-zinc
exchange proceeds under significantly milder conditions (0° instead of 50°) for
primary alkyl derivatives, and requires only a few minutes compared to the
several hours that are necessary in the iodine-zinc exchange. Nevertheless,

(40)

(41)



the boron-zinc exchange reaction using Et,Zn has some drawbacks and does
not proceed rapidly with hindered secondary

. Et,BH, Et,0

%ﬁ&(}g 2. EtaZn, neat, (° . C\/\/ (83%) 42
3. CuCNe2LiCl e (42)

4, Z~_Br (xs)

alkyldiethylboranes. Also, a 1:1 mixture of diastereomeric zinc reagents is
obtained with diastereomerically pure alkylboranes. As described above, these
problems can be solved by using i—Pr,Zn instead of Et,Zn, thereby allowing
the synthesis of secondary dialkylzincs. (40, 44)

3.4.4. Mercury-Zinc Exchange

Owing to the weak carbon-mercury bond, organomercurials readily undergo
reductive transmetallation with zinc metal. (243) This method can be applied to
functionalized organomercurials [(FG—R),Hg] leading to a range of
functionalized dialkylzincs (FG = ester, nitrile, chloride). (67) The
transmetallation rate can be enhanced by zinc salts. In such a case, the
reaction is complete within a few hours at 60°, whereas a temperature of 110°
is required in the absence of ZnX,. (67) Polyfunctional (E)-alkenylzinc halides
with high stereoisomeric purity can be prepared (Eq. 43). (67) The required
diorganomercurials

"(_‘E\/\R,}H il Cl ZnB
[ g K = P— i T e
; THF, 60°, 5 h Xy BT (43)

are obtained by various methods such as (1) the reaction of functionalized
alkylzinc halides with mercury(l) chloride (67) (Eq. 44), (2) the substitution
reaction between bis(iodomethyl)mercury and copper-zinc organometallics
(FG-RCu(CN)Znl, Eq. 45), (67) or (3) the transmetallation of alkenylboronic
esters

Hg,Cly, THF

2 FG-RZal ~  (FG-R);Hg + 27ZnX, + Hg(0)
: _50 to —20° ’ (44)
(61-89%)
g . DMF, THF - |
FG-RCu(CN)Znl + (ICH,),Hg ~ (FGRCH,,Hg  (74-98%) (45)

—60°, 15 h



obtained by the hydroboration of alkynes with pinacolborane. (67, 244)
Polyfluorinated zinc reagents can be prepared by the transmetallation of
bis(trifluoromethyl)mercury with dimethylzinc in pyridine. (245, 246)

3.4.5. Zirconium-Zinc Exchange

Transition alkenyl organometallics such as alkenylzirconium 49 undergo a
smooth transmetallation to the corresponding alkenylzinc compound 50 by the
treatment with Me,Zn at —65°. The reaction is complete within a few minutes
and a smooth reaction with aldehydes furnishes the corresponding allylic
alcohols. The starting alkenylzirconium reagents are readily prepared from
alkynes by hydrozirconation with Cp,Zr(H)CI (Eq. 46). (247)

0 0
FP:?I'{H yCl1 /\/\)k [\-IL’EZH
f}/\A{JB“ CH,Cls, 1t CpaZr(H)C1™ =% OBn  _45°
49
(46)
O OH
/\/\/u\ n-CsH{CHO Bn (72%9)
MeZn™ OBn —es n-c_qH”)\”/’V\,( Obn
50 8]

3.5. Insertim Reactions Using ICH2ZnX

Zinc carbenoids such as (iodomethyl)zinc iodide (248, 249) have been used
principally for cyclopropanation reactions. (7-12, 250-265) However, these
reagents have recently been used for the homologation of organocopper
derivatives to provide new zinc-copper species (Eq. 47). (266-271)

FG-R
FG-RCu + ICHyZnl —— | —~ / cyznrr| —=  FG-RCHyCuZnl; (47)
I-H,C™

The scope of the reaction is relatively broad. Copper enolates of nitriles,
ketones, or aldehydes can be used, thus providing a route to homoenolates
(Eq. 48). (65, 266, 270) Especially interesting are alkenyl- and alkynylcopper
reagents
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51 and 52, which after methylene homologation afford highly reactive allylic
and propargylic copper-zinc compounds 53 and 54. By performing the reaction
with iodomethylzinc iodide in the presence of a carbonyl compound, the
resulting organometallics 53 and 54 are trapped by this electrophile (Egs. 49
and 50). (266-271) Several polyfunctional allylic zinc reagents such as (55-57)
can be generated in situ by this method. (270) The addition of functionalized
copper-zinc compounds to acetylenic compounds produces functionalized
alkenylcoppers, which after homologation with ICH,Znl lead to allylic
zinc-copper compounds 57. These are efficiently trapped with carbonyl
compounds to produce a-methylene- y -butyrolactones with excellent
stereoselectivity (Eq. 51). (270, 271)
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=—CO:Et — — ; : (51)
2. ICH,»Znl, PhCOMe | diastereoisomer
An intramolecular version of this process allows the construction of bicyclic y
-butyrolactones 58 (Eq. 52). (270, 271) Intramolecular trapping of methylene
homologated alkenylcoppers provides new cyclization products (Eg. 53). (270)
0 Ph R
T 0O %
M~ cucNznl + R—=—co,gr _(CH2Zn_ o B (6%
Ph CO-Ft (83%)  (52)
R
58

8] O 0 ﬁ,
1. DBU, Cul Y { .-
' . . ~ - (65%) (53)
QVE 2. (ICH1)»Zn %Cu-énlg %

Higher homologs of ICH,ZnX can also be used for homologation reactions. For
example, the addition of lithium carbenoid 59 to dibutylzinc furnishes an
intermediate zincate 60, which after 1,2-migration gives the zinc-silicon
1,1-bimetallic compound 61 (Eq. 54). (272, 273)

Bu-n

/]Ll (n-Bu)rZn 5 ,?fn_ ) _SiMe,Ph jLMe;Ph
- -Bu -
Li SiMe;Ph R ‘j/l\u Li' n-Bu” “ZnBu-n (54)
0 61
60

Zincates undergo the halide-zinc exchange reaction with various



1,1-dibromides to form zinc carbenoids, which undergo 1,2-migration (274-282)
to give mixed dialkylzincs. (283-288) Only a few functional groups are tolerated
under these reaction conditions. A related 1,2-migration delivers allenylzinc
derivatives starting from propargylic mesylates. The trapping of allenylzincs
with aldehydes provides homopropargylic alcohols with high
diastereoselectivity (Eq. 55). (288)

Bu Bu
1e0 J 1-BuZnli. MeO J—ZnCl MeO Y
-85 10 0° IME i-PrCHO —OMe .
OMs 2 ZnCly o -
HO

diastereoselectivity 98:2

Polymethylene homologations are generally performed in the presence of an
excess of ICH,ZnX. After the first methylene homologation of an alkynylcopper,
zinc-copper species are produced with reactivities different from the starting
organometallics, so that very clean polymethylene homologation reactions can
be achieved. Thus, treatment of an alkynylcopper 62 with an excess of
(iodomethyl)zinc iodide produces the dienylcopper 63, which can be trapped
by tert-but -(bromomethyl)acrylate to form unsaturated ester 64 (Scheme
2). (268) Theirst step is a methylene insertion leading to propargylzinc-copper
intermediate 65, which is in equilibrium with the allenylcopper 66. The reaction
of 66 with another equivalent of iodomethylzinc iodide produces
allylcopper-zinc reagent 67 that is in equilibrium with the dienyl organometallic
68.

Scheme 2.
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Further reaction of 68 with iodomethylzinc iodide leads to the reactive allylic
reagent 69, which readily inserts a new methylene unit to give the unsaturated
alkylcopper-zinc species 63, which, under mild reaction conditions (—80 to 0°)
does not undergo further insertion reactions and can be trapped by an allylic
bromide. The copper-zinc species 63 is especially unreactive. This is
explained e presence of large amounts of zinc salts, which form mixed
zinc-coppe sters in which the organic moiety has a high probability of being
attached to zinc. The degree of polymethylene homologation also depends on
the reactivity of the electrophile added. Thus, the metallated propargylic ether
70 reacts with benzaldehyde after a single methylene homologation. However,
in the presence of the less reactive cyclopentanone, three methylene
homologations occur first to generate a very reactive allylzinc-copper reagent,
which is subsequently trapped by the ketone (Eq. 56). (270) Polyfluorinated
zinc-copper reagents can be prepared by double insertion of difluoromethylene
units brought about by reaction of a phenylcadmium halide with a
trifluoromethylzinc derivative in the presence of CuBr (Eq. 57). (289)
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Recently, the Simmons-Smith reagent ICH,Znl has found renewed interest for
the conversion of 3 -keto esters to y -keto esters (290) or for stereoselective
cyclopropanation of allylic alcohols. (291-291a) In the presence of the chiral
dioxaborolane ligand 71, chiral polycyclopropane compounds 72 have been
prepared with high enantiomeric excess (Eq. 58). (292, 293) Substituted zinc
carbenoids like (CH3CHI)2Zn

D Zn(CHaI),

Me;NOC, CONMe,

— _ (58)
U.B,O 71 72 (98%) ee =99%

i:’ill

effect diastereoselective and enantioselective cyclopropanations of allylic
alcohols under these reaction conditions. (294) An elegant epoxide synthesis
starting from an aldehyde and using an intermediate zinc carbenoid has been
reported (Eq. 59). (295)
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3.6. Fragmentation of Homoallylic Zinc Alcoholates

Substituted or functionalized allylic zinc reagents are difficult to prepare by
direct zinc metal insertion because of extensive formation of
Wurtz-homocoupling products. This problem has been solved by performing a
fragmentation of zinc homoallylic alcoholates. Thus, conversion of alcohols
73a-b to the corresponding zinc alcoholates leads to a fragmentation reaction
with formation of a polyfunctional allylic zinc reagent that adds to
benzaldehyde leading to the alcohols 74a-b (Eq. 60). (296, 297) Remarkably,
this reaction is highly diastereoselective.

— M} | n-BuLi, THF, —78° /UM
-Bu-- 4R - L+ R
1 3 i 4
+-Bu V4 2. PhCHO, KHCI_ Ph Vo4 (60)
73a R = CO5E —78%tort, 3 h 74a (60%)
73b R = CN 74b (56%)

Thus, ketorgw is converted to an allylic zinc alcoholate by the addition of
n-BuLi followed by zinc chloride in the presence of an aldehyde, leading to the
homoallylic alcohol 76 in 76% yield as one diastereocisomer (syn:anti > 2:98,
Eq. 61). (297, 298) The generation of highly substituted allylic zinc reagents
has also been exploited in intramolecular ene reactions (Eq. 62). (299)

. n-BuLi, THF, oH
0°. 5 min _ o GeHym - (76%) (61)
2. C¢HyCHOQ, ZnCl5, 58 syn:anti <2:98

~78%tort. 2 h 76
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3.7. Reactivity of Functionalized Organozincs

3.8. Uncatalyzed Reactions

Diorganozincs and organozinc halides display only moderate reactivity toward
most organic electrophiles. However, several powerful electrophilic reagents
react directly with zinc organometallics. Thus, the bromination or iodination of
zinc derivatives proceeds in excellent yield. (2) Direct oxidation of organozinc
reagents with oxygen allows efficient access to hydroperoxides. (2) Whereas
most organometallic reagents (RM) react rapidly with oxygen, the resulting
metal hydroperoxides (ROOM) are often reactive enough to oxidize the
starting or metallic species, leading to a mixture of metal hydroperoxide
and alkoxi OM). The moderate reactivity of zinc organometallics (300, 301)
allows the preparation of hydroperoxides with good selectivity (Table I). The
use of perfluorinated solvents leads to excellent results in these reactions,
owing to the exceptionally high solubility of oxygen in these media. With
perfluorohexane (302) as solvent, functionalized hydroperoxides can be
obtained with excellent selectivity. (303-303a) Functionalized organozincs
prepared by hydrozincation, carbozincation, or by boron-zinc exchange can be
oxidized directly in a selective manner to the corresponding functionalized
alcohols or hydroperoxides, depending on the reaction conditions.
Pseudohalogens such as tosyl cyanide also react with a range of
polyfunctional aryl-, alkenyl-, alkynyl-, and alkylzinc halides to provide the
corresponding nitriles (Eq. 63 and Table I). (304) An interesting regioselectivity
is observed with

Zn, THF ; 7
g gl SR e S SO HE
(EtO);Si (EtO);Si . 3h

- N
thU};SimC

(62)

(63)

(67%)



benzylic organometallics. Whereas the reaction of tosyl cyanide with
benzylzinc bromide selectively provides 2-methylbenzonitrile (76%) via an
allylic rearrangement, reaction of the corresponding copper-zinc reagent leads
to benzyl cyanide (80%; Eq. 64). (304) Diorganozincs rapidly react with
chromium(0) pentacarbonyl- THF complex to give an intermediate
organochromium(0) salt, (305-307) which under

 TsCN 5 @[ (16%)
ZnBr CN
[y
1. CI_I(_".N'ELiC| _ CN {8{}%}
2. TsCN

one atmosphere of carbon monoxide undergoes an insertion reaction
producing an acylmetallate that can be trapped with the Meerwein reagent to
furnish functionalized Fischer-carbene 77 (Eq. 65). (308) Interestingly,
immonium salt 78 reacts with organozinc derivatives leading to diallylamines of
type 79, which can be readily deprotected (Eg. 66). (309)

. OMe
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The relatively polar chlorodiorganophosphines react with organozinc halides
and diorganozincs to furnish polyfunctional phosphines in high yield. (310) The
preparation of chiral phosphines is possible starting from terpenes. The
hydroboration of B -pinene with BH3-Me,S gives tris(myrtanyl)borane, which
after a boron-zinc exchange with Et,Zn gives bis(myrtanyl)zinc in quantitative
yield. Its reaction with chlorophosphines provides chiral phosphines of



potential interest as ligands for catalytic asymmetric reactions (Eq. 67). (311)
The preparation of
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polyfunctional chlorophosphines 81 can be achieved by the reaction of
EtoNPCI; with organozinc compounds. After protection with BHs, the
corresponding aminophosphine-borane complexes 80 are obtained.
Treatment with HCI in ether provides the borane-protected chlorophosphine 81
(Eq. 68). (312)
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The reactivity of organozinc compounds can be increased by using polar
solvents. Thus, in DMF functionalized diarylzincs 82 add to the reactive Schiff
base 83 leading to the amino acid derivative 84 (Eq. 69). (313) Similarly, in
NMP-THF
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mixtures and in the presence of TMSCI, diorganozincs efficiently add to
enones, unsaturated nitriles, and nitroolefins to afford the desired Michael
adducts. (314-314a)

3.9. Reactions Mediated by Copper(l) Salts

For most synthetic applications of organozincs, transmetallation to a more
reactive organometallic species is required. Of special interest for synthetic
applications is the transmetallation of organozinc reagents to the mixed
copper-zinc reagents tentatively represented as RCu(CN)ZnX. These reagents
are obtained by treating either an organozinc halide or a diorganozinc with the
THF-soluble complex of copper(l) cyanide and lithium chloride ( CuCN- 2LIiCl).
(47) The resulting copper species display a similar, but somewhat reduced,
reactivity compared with organocopper compounds prepared from magnesium
or lithium organometallics. (315-318) Only the opening of epoxides cannot be
performed with copper-zinc reagents. All other reactions that lithium and
magnesium cuprates normally undergo can be performed with zinc-copper
organometallics. The structure of these mixed zinc-copper reagents is not
known, butf=XAFS spectroscopy indicates that the cyanide ligand is
coordinate the copper center. (319) They display high thermal stability and
can be heated in solvents such as 1,2-dimethoxyethane or DMPU at 60-85°
for several hours without appreciable decomposition. (14)

3.9.1. Substitution Reactions

Normally, zinc- or zinc-copper organometallics do not react with organosilicon
halides such as TMSCI efficiently. However under certain conditions, the
reaction proceeds, as in the case of the zincated uracil derivative 85, which
gives the corresponding silylated heterocycle 86 at 50° (Eq. 70). (320)
Triorganotin halides react more readily, and a stannylated phosphabenzene
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{])\N S0°. 4 h U)\N

Me 85 Me 86

(69)



has been obtained by the direct reaction of triphenylchlorostannane with the
heteroaromatic zinc derivative 87 (Eq. 71). (321) The copper-zinc reagents 88
are stannylated much more readily and afford polyfunctional stannanes in
excellent yields (Eq. 72; Table I1). (90)
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™ Cu(CN)ZnBr GO ~gmm, ©'® (72

THF, rt, 1 h
88

Allylation of copper-zinc organometallics with allylic chlorides, bromides, or
phosphates proceeds under mild conditions and usually in excellent yield. The
substitution reactions show a very high Sy2  selectivity (120, 139-141,
322-324) (Eqg. 73 and Tables IlI-V). (141)
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In the presence of chiral ferrocenylamine 89 or related amines, an
enantioselective substitution reaction can be performed with an
enantioselectivity up to 98% ee (Eq. 74). (325-325a) In contrast, in the
presence of nickel(0) or palladium(0) complexes, the Sy2 substitution product
is preferentially obtained. (75, 324)
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Similarly, the in situ-generated copper carbenoid iodomethylcopper reacts with
geranyl bromide with high Sy2 selectivity (Eq. 75). (58) The allylation
procedure can be applied to the preparation of isocarbocyclins. (324) The
reaction of copper-zinc reagents with propargylic halides or tosylates provides
allenes (Table VI). (94, 141)

ICH,Znl

—RBr NI 2
_ L CuCN=2LiCl _ . — j{ (90%:)
; -25 to —20° (75)

>90% SN2 selectivity

[]

A range of cationic unsaturated metal complexes such as pentadienyliron and
pentadienylmolybdenum complexes readily add functionalized zinc-copper
reagents to afford the corresponding cyclohexadienyl metal complexes (Table
VII). (68-73) This reaction can be used for the construction of fused bicyclic
ring systems (Eq. 76). (73)

Alkylation of tropylium ion chromium carbonyl complex 90 with a functionalized
alkylzinc iodide furnishes chromium complex 91, which is a key intermediate in
a cedrene synthesis (Eq. 77). (326)



Et0-C .H,CLI{ CN)Znl
4

- =
, Q THF, 11, 4 h LN S 252
(CO)CY BF, (CO)Cr’ BF.

90
I. LDA. CO, THF, HMPA, (76)
2% 1n

2. Mel,CO, .2 h

CO,Et CO-Et

(74%)
(77)

l. CuCNe2LiCl

Znl * @ )

(CONCr gy BF, (CONCr™

91

The cross-coupling reaction with unactivated alkynyl, alkenyl or alkyl iodides
occurs under well-defined experimental conditions (Table VIII). Thus, the
highly reactive alkynyl iodides and bromides react with copper-zinc
organomet s at —60° to provide polyfunctional alkynes (55) (Table IX and
Eq. 78). (327) Performing this coupling at higher temperatures with
1-iodoalkynes leads to the formation of

THF, -80to -55° 1 h

Ph
EtO,C Cu(CN)Znl o+ -

0

(78)

Ph
U %\/\(:{ »EL (56%)

0

copper acetylides as byproducts (iodine-copper exchange reaction). (55)
Cross-coupling with alkenyl iodides occurs readily if the alkenyl halide bears
an electron-withdrawing substituent (such as nitro, ester, or keto) in the
position. In these cases, the substitution reaction certainly occurs via an
addition-elimination mechanism. Thus, the addition of zinc-copper reagents to
diethyl [(phenylsulfonyl)methylene]malonate (92) gives B -substituted



alkylidenemalonates 93 (Eq. 79). (57, 328) These products do not react with
the excess zinc-copper organometallics under the mild reaction conditions
used. (57, 328)

EtO,C COsE
EtO,C COsEr o Brg | o
g2 (90%)

EO,C 4 Cu(CN)Znl  + \[ >
5 so.py  —B0to-55° (79)

" EtO,C

92 93

Similarly, the addition of a -alkoxyalkyl zinc-copper derivatives to
(E)-2-(ethylsulfonyl)-1-nitroethylene (94) provides a simple access to trans- y
-acetoxynitroalkenes 95 (Eq. 80). (60) A range of other polyfunctional pure
(E)-nitroalkenes can be prepared by this method. (63, 74) The addition of 8
-iodoenones proceeds particularly well and furnishes substituted enones
(Table VIII). (209)

O

Cl

T

~78"
OAc OAc (80)

94 95

[]

Squaric acid derivatives, which are of interest for pharmaceutical applications
and for the preparation of new materials, can be obtained by a double
addition-elimination of zinc-copper compounds to
3,4-dichlorocyclobutene-1,2-dione (96). If the first organometallic is sufficiently
bulky, a selective addition of two different zinc-copper reagents can be
performed (Eq. 81). (329)

0 O O E0,C{CuCN)Znl 0. 0
j;/( CeHy 1 Cu(CN)Znl "k

Cl CqHyy Cl C,H 11 }";CO'_&EE (81)

96 (74%)



The coupling reaction with unactivated alkenyl iodides requires harsh reaction
conditions. (330) However, the cross-coupling reaction occurs with retention of
configuration of the alkenyl moiety and allows the preparation of polyfunctional
alkenes (Table X). (330) Alkylation reactions with primary alkyl halides and
benzylic halides proceed well with diorganozincs treated with one equivalent of
a magnesium dimethylcyanocuprate [ Me,Cu(CN)(MgCl),] in DMPU. The
alkylation tolerates a range of functionalities (ester, cyanide, halide,
nitroalkane), and transfer of the methyl group is not observed under these
reaction conditions (Eg. 82). (331)

AcO | OAc
\”\fﬂ\? A Me>Cu(CN)(MgCl), |/\/\/
/1 = -
" DMPU, 0°,2 h
sy T NO, TYTNO, (82)
Ph Ph
(83%)

Recently, a promising nickel-catalyzed cross-coupling reaction between
dialkylzincs and primary alkyl halides was reported. (332, 333) In the presence
of m-trifluoromethylstyrene as promoter, dialkylzincs undergo a smooth
cross-coupjrmy reaction with functionalized primary alkyl iodides. (332) This
cross-coup allows the coupling of functionalized arylzincs with
functionalized primary alkyl iodides, leading to polyfunctional aromatic
compounds (Eq. 83). (230) The scope of the reaction appears to be broad.

CO-Ft 1. i-PrMgBr, THF, CO,E!1

—40°,0.5h FiC (leq) SPh
® 2. ZnBry, THE ©\ | ] G 3
. LB, 1 oy
ZN ’ ZnBr  FHS ' CO,Et
Ni(acac}), (10 mol %)

~15°, 2 ek

The substitution of ferrocenyl acetates with various alkylzinc halides or



allylzinc bromides in the presence of BF3-OEt, proceeds with high retention of
configuration, furnishing polyfunctional ferrocenes in optically pure or highly
enriched form. These compounds can be readily converted into useful chiral
ligands for asymmetric catalysis (Eq. 84). (334-336)

OAc R
@/J\ RZnX. BF3*OEt,, THF, @/\

|I:i2 - Fe (61-96%) (84)
@( ~T8% to I, 1.5 h @( 94—98{} e
A R
98% e 0N

The uncatalyzed reaction of acid chlorides with organozincs is sluggish and
inefficient. In the presence of catalytic (10 mol %) or stoichiometric amounts of
copper cyanide-lithium halide complex in THF (=20 to 0°, 6-12 hours), a clean
reaction occurs to produce ketones in excellent yields (Table XI). The acylation
reaction can be applied to dizinc organometallics (Eq. 85). (120)

Znl o
,@EI . CuCN<2LICl _ 6% (g5
IZn 2. MeCOCI

Especially interesting is the benzoylation of the 1,3-dizincapropane 98
obtained by boron-zinc exchange from the 1,3-diborane 97 (Eq. 86). (337, 338)
Allylic

] (9]
Et:Zn m 1. CuCN«2LiCl )J\/\/[L (40%
= /n  Zn Ph Pl )

BEt; BEt,  0°0.5h u 2. PhCOCI !
97

(86)

98

zinc reagents react readily with acid chlorides and anhydrides; however, a
double addition of the allylic moiety usually occurs, (45, 339) leading to tertiary



alcohols. The double addition can be avoided by using a nitrile as the acylating
agent under Barbier conditions (340-343) (Eq. 87). (341)

1. Zn, n-C;H,sCN, o
| J\/BI_ THF. 4550° )|VIL _‘ (82 (87)
T™S 2. HCI (dilute) Ll b

3.9.2. Addition Reactions

Allylic, and to some extent propargylic, organozinc reagents add to aldehydes
and ketones (Table XII). (344, 345) Thus, 2-carbethoxyallylzinc bromide (99),
(346, 347) which is readily prepared by reaction of ethyl a
-(bromomethyl)acrylate (348, 349) with zinc powder (30 mesh) in THF (17-20°,
0.5 hour), reacts with a variety of aldehydes and imines to provide a direct
entry to a -methylene- y -butyrolactones and lactams. (346) Chiral lactams can
be prepared by using amino acid derived imines (350, 351) (Eq. 88). (351)

Unsymmetrically substituted
CO;k THF Ph'(_i{}

PE’\.{’NTCG\?“‘{“ + )\/?.nﬂr . jJ\

PD 99 Ph CO-Me

(B0%) (88)

allylic zinc reagents react with carbonyl compounds at the more substituted
end of the allylic system. (344, 345, 347) The use of allylic zinc reagents
functionalized in position 2 allows for the preparation of various carbo- and
heterocycles (352-359) (Eqg. 89). (355)

OB "
/J//\/“ . i I.THF,, 12h by (83%)
ZnBr Fh’fﬁ\“ 2. Pd(PPhs)y (cat.) O (89)

657 16 h

The addition of propargylic zinc derivatives to aldehydes or ketones often
provides a mixture of homopropargylic and allenic alcohols. (360-364) With



silylated propargylic zinc reagents 100, only anti-homopropargylic alcohols are
obtained (Eq. 90). (365) Interestingly, alkenylzinc halides seem to possess
high reactivity, and a direct addition of ethenylzinc chloride to a protected a
-aminoaldehyde has been reported. (366)

OH

_ T™MS THE _ TMS
r.'—Pl'\/ + nPCHO —mMmMm p )\/ (90%)
n-Pr ,

~74% to rt .
ZnCl Pr-n

100

(90)

Alkylzinc derivatives do not easily add to aldehydes or ketones. (2) However,
in the presence of Lewis acids like titanium alkoxides, (135, 367) TMSCI, (368)
or BF3-OEt,, (54) the reaction occurs smoothly (Table XlIl and Eq. 91). (368)

OH

PhMe, DMAC I
) = EE()aCW Ph (80%) (91)

TMSCL 1. 18 h

Znl

By using emr TMSCI or BF3-OEty, it is possible to direct the reaction with a,
B -unsatur aldehydes toward either the 1,4- or the 1,2-adduct. Thus the
treatment of cinnamaldehyde with the functionalized zinc-copper reagent 101
in the presence of BF3-OEt, produces only the allylic alcohol 102. Conversely,
performing the same reaction in the presence of TMSCI produces only the
Michael adduct 103 (Eq. 92). (54)

BF1+OFEt Pw(}\/
7810 30° 4 h o Ph
PivO CHO
S Cu(CN)Znl P OH
102 (89%)
PivO (92)
101 TMSCI b
~78% to rt CHO

Ph
103 (929



Whereas unsaturated aldehydes react directly with alkylzinc halides in the
presence of BF3-OEty, the less reactive aliphatic aldehydes require
transmetallation to the corresponding zinc-copper species. In a noncomplexing
solvent such as CH,Cly, alkylzinc iodides react directly with polyfunctional
aldehydes leading to alcohols with excellent diastereoselectivity in the
“‘matched” case (EQ. 93). (369)

1. l?.n/j—\

0.0

25

2, BF_;"DE[Q. CH;C[E

TBDPSO
O

A7 ]
H"HOH O
(53%:) x

diastereoselectivity = 95:5
CHO
TBDPSOY . maiched
Oy (93)

H H

1. BFy*OFEts, CH-Cls

- TBDPSO

0.0 (51%)
D x diastereoselectivity = 73:27

mismatched

Like organotitanium reagents, (370) the addition of functionalized zinc-copper
reagents to a -chiral aldehydes proceeds with good Cram selectivity. (54)
Polyoxygenated metabolites of unsaturated fatty acids have been prepared by
the addition of functionalized zinc-copper reagents in the presence of BF;-OEt;
(Eq. 94). (371)

AcO,  OAc AcO,  OAc
n-CsHyj +  EtO,C  Cu(CN)Znl Ruicd o N8 n-CsH (55%)
Y =t gesn o OHL
CHO .- OH
EtO,C

L

Functionalized 2-bromomethyloxazoles insert zinc under the conditions typical
for benzylic halides (THF, 0°), and the resulting zinc reagents react with



aldehydes and ketones in the absence of a Lewis acid to provide a range of
polyfunctional oxazoles in excellent yields (Eq. 95). (372)

EiO5C
= THF

N
CHO \E \ (A
NTO + th’%\,f o 2h | (}wph (97%) (95)

HO

ZnBr

Dialkylzincs undergo formal substitution with 4-acetoxy-6-alkyl-1,3-dioxanes
104 in the presence of trimethylsilyl triflate (TMSOTHT), leading to the
corresponding trans-4,6-dialkyl-1,3-dioxanes 105 with excellent
diastereoselectivity (Eq. 96). (373, 374)

H—C.ﬁHHY\rﬂﬂﬂc EiO?Cf\F’"\KH n-CgHy 5
EtO,C ™

0.0 - 0. _0 o {(T7%)
T TMSOTE, CHoCl, T CO,E (96)
Bu-r ”?EI:. I i.t Bu-t
104 105, one diastereoisomer

[]

With Barbier conditions and sonication, polyfluorinated alkyl iodides can be
added to chiral aryl aldehyde-chromium complexes, leading to perfluoroalkyl
arylcarbinols in 30-66% ee after removal of the tricarbonylchromium moiety.
(374a)

Since the direct addition of dialkylzincs to aldehydes is rather slow, use of a
chiral catalyst in many cases allows the preparation of chiral secondary
alcohols. This strategy has been widely developed with mostly diethylzinc or
higher dialkylzincs. (163, 375, 376) An important extension in which a chiral
titanium catalyst is used allows the catalytic enantioselective addition of
functionalized dialkylzincs to aldehydes. This type of reaction is discussed in
detall later.

Ketones, except for some aryl ketones, do not add alkylzinc derivatives even in
the presence of a Lewis acid catalyst. Similarly, nonactivated imines do not
react with alkylzinc compounds. However, 1,2-diimines add dialkylzincs to give



alkylated amine derivatives. This allows the preparation of fused heterocycles.
(377-379) Activated imines bearing an electron-withdrawing group at nitrogen
are more reactive, and N-diphenylphosphinoylimines add dialkylzincs in the
presence of a chiral § -amino alcohol providing, after acidic hydrolysis, chiral
amines with excellent enantioselectivity (75-98% ee). (339, 380, 381) The in
situ activation of imines by formation of an acyliminium salt has been used to
activate pyridines and related heterocycles (382-386) (Eq. 97 (382)).
Organozinc derivatives have also been added

Cl Tl ] Cl Cl
: Cl Znl
PhO,CCI b,
[ - o 4 F (66%)
- " 97)
N N cr n
| 07 "OPh |

to iminium ions generated from a -aminothioethers, (387-390) cyclic y
-alkoxyenamines, (391) or a -cyanodihydropyridines. (392) Dialkylzincs add to
imines in the presence of titanium tetrachloride in satisfactory yields. (393)

One of the most important synthetic properties of classical organocopper
reagents is their ability to undergo 1,4-addition reactions with high
regioselectivity. (315-320, 394, 395) In the same manner, copper-zinc
organometallics prepared by the reaction of an organozinc halide or a
diorganozinc with the THF-soluble complex copper cyanide-lithium chloride
(47) react B -monosubstituted enones in the presence of TMSCI (396-407)
to furnish t ichael adducts in excellent yields (Eq. 98). (47) The addition to
B -disubstituted enones under these conditions does not

0 0
| | TMSCI, THF Q1%
+ NC_~_-Cu(CN)Znl - (817%) (98)
78 tort, 12 h CN

proceed well. However, by performing the reaction in HMPA, addition to
B-disubstituted enones or to methyl acrylate occurs with satisfactory yields (Eq.
99). (142)

0
HMPA

+  Et0,C. Cu(CN)Z =z = sk
B N T COaFx

(77%) (99)



A Lewis-acid activation with BF3-OEt; allows the addition of functionalized
zinc-copper reagents to B -disubstituted enones. (52) Interestingly, trialkylsilyl
triflates promote the conjugate addition of alkynylzinc compounds to a, 3
-unsaturated enones, affording acetylenic silyl enol esters (Eq. 100). (408)
Polyfunctional

OTBDMS

TBDMSOTf (100
+  TMS—==—ZnBr — (70%) (100)
Et,O, THF, -40 x

T™MS

alkenylzincates can be generated in situ from alkenylzirconium derivatives and
added to enones in excellent overall yields (Eq. 101). (409) Intramolecular
Michael additions have also been described, (65, 270) some under Barbier
conditions

. Cp2Zr(H)CI

) 0O
2. MeLi, MesZnLi
/\/f;} MesCu(CN)Li- (cat.) .. (101)
TIPSO - (85%)
3. cyclopentenone OTIPS

H

o I i 5 0
Uj e m S (102
!

H

(Eq. 102). (89) Mechanistic studies of intramolecular addition reactions
performed under Barbier conditions show that a small part of the cyclization
product is formed through a radical mechanism, whereas the predominant
reaction pathway proceeds via an organometallic intermediate. (89) Arylzinc
halides generated by electrochemical reduction from the corresponding
aromatic chloride or bromide using a sacrificial zinc electrode, after
transmetallation with the copper bromidemethyl sulfide complex, undergo
Michael additions with enones (Eq. 103). (156) The conjugate addition of
functionalized zinc-copper reagents has been successfully applied to the
synthesis of prostaglandins and related molecules (Eq. 104). (410-412)



O 8]

/©/U\ Zn anode, e~, DMF /@J\
cl Hl(hlp}-l‘)g{ﬂﬁ;)g (cat.) ClZn

O

(103)
CuBreSMea, DIV.IFL (54%)
cyclohexenone
0
OTBDMS
1. TMSCI, THF
0 X"CH;-n +  PivO~ Cu(CN)Znl -
2. HCI, MeOH, THF
OTBDMS ,
OPiv (104)
0
83%)
= : CSH]]-H ! 2
OTBDMS OTBDMS
Remarkably, in the presence of catalyst 106 and Cu(OTf), (2 mol%), it is
possible to add polyfunctional diorganozincs to cyclic enones to form the
1,4-addition products with very high enantioselectivities (Eq. 105). (413, 414)
PIVO A~~~
0 PivO 0
) :
Cu(OTf)2 (2 mol %) N (87%) 93% ee
. (105)
h OPiv

0.
- | o
{:},F N).a (4 mol %)
Ph



Nickel(ll) salts catalyze the 1,4-addition of diorganozincs to enones. (415)
However, the scope of the reaction is narrow compared to the corresponding
copper(l) mediated reactions. In the presence of chiral ligands, both the
nickel(Il)- (416-427) and copper(l)- (428, 429) catalyzed reactions lead to
optically active conjugate addition products. (416-429) The addition to a , 3
-unsaturated esters is difficult. However, zinc-copper organometallics readily
add to alkylidenemalonates (59, 60, 210) or related doubly activated Michael
acceptors (59, 60) in high yields (Eg. 106). (210)

C[,HH

" WY {:{.—.}2 E_(-i ]
q . ~Cu(CN)Znl _: THF. 1t X . CO;EtL
: | - * CsHyy  COqEt - - ,..-“‘L\:j" CO-Ft (106)
1-BuC0O; -BuCO4 2

(79%)

Nitroolefins undergo conjugate addition of a number of nucleophiles to give
functionalized nitroalkanes, which are important intermediates and can be
readily converted to amines by reduction or to carbonyl compounds by a Nef
reaction. (430-434) The addition of organometallic nucleophiles to nitroolefins
is less straigtjforward and often requires carefully chosen reaction conditions
in order to id multiple additions of the metallic nitronate to the remaining
nitroolefin. (435-437) Thus, addition of lithium or magnesium cuprates to
nitrostyrene does not occur cleanly. (438-440) In contrast, copper reagents
derived from functionalized organozinc halides (56, 63, 74) or diorganozincs
(64) add to nitroolefins in high yields. Nitroolefins with a leaving group in the 3
-position, such as 1-acetoxy-2-nitro-2-propene (107), are especially reactive,
and polyfunctional 2-nitroalkenes can be prepared by this method (Eq. 107).
(56, 74) A similar high reactivity is observed

NO,
iy —_— THF EtO-C
OAc + Et0,C. . Cu(CN)Znl - :
™ ~55°, 10 min NO, (107)

107 (92%)

with (2-phenylsulfonyl)nitroethylene (108) and related molecules. They react
with zinc-copper reagents at —60° providing pure (E)-nitroolefins via an
addition-elimination mechanism (Eq. 108). (63, 74) The addition to



T TR THF T TR
+ MOy e (92%)
Cu(CN)Znl PhO,S ™ -60°, 0.5 h o -NO; (108)

108

2,2-bis(methylthio)-1-nitroethylene (109) gives B -disubstituted nitroolefins, (74)
which are not readily prepared by a nitroaldol reaction since the reaction of
nitroalkanes with ketones is reversible. By using a dimetallic zinc-copper
species, exo-(methylene)cycloalkanes are obtained (Eq. 109). (74) An
alternative preparation of

SMe

Cu(CN)Znl o THF (7/4\
' ¥ NO, . e :
CCquN}an Mes)%/ —30°,0.5h NO;  (85%) (109)

109

B -disubstituted nitroolefins can be performed by adding zinc-copper reagents
to nitroolefins and quenching the resulting zinc nitronates with phenylselenyl
bromide. The resulting nitroselenides can be oxidized with hydrogen peroxide
to afford E/Z mixtures of 3 -disubstituted nitroalkenes (Table XVI and Eq. 110).
(441)

. THE, 0°
. . I 2. PhSeBr, 0° CO-Et
wNE +  Ei.C Cu(CN)Znl - = <
Ph™ S Lyt LHOM A (85%) (110)

NO, 6% 7

Aliphatic nitroolefins with no additional activating groups react with zinc-copper
organometallics at —20°, whereas nitrostyrene derivatives or functionalized
nitroolefins require several hours at 0° for complete addition. (56, 74) The
intermediate zinc nitronates can be directly submitted to an oxidative Nef
reaction with ozone to afford polyfunctional ketones in good overall yields (Eq.
111). (74)



0 COMe
1.0° 1h .
X COMe  + Et0,C._ Cu(CN)Znl _ - (&%)
G 2. 03, CH,Cly, i (111)
~78°,3 h '

3. Meo5, 78" to

NO,

The syn addition of zinc-copper organometallics to acetylenic esters is an
excellent method for the preparation of a, B -unsaturated esters of defined
stereochemistry (Table XVII). Thus, the addition of polyfunctional zinc-copper
reagents to ethyl propiolate at —60 to —50° produces the syn addition product
after a low temperature protonation. By allowing the reaction mixture to warm
up in the presence of excess TMSCI, an equilibration occurs leading to a
C-silylated unsaturated ester (Eg. 112). (55) Dimethyl acetylenedicarboxylate
(78, 140) and propiolamide (110) react in a similar way. The acidic hydrogens
of the amido group do not interfere with the addition reaction (Eq. 113). (78)

[ "‘}’-’ 1
60", 14h [\/\CO_«.EI (95%)
1005 E

CO,Ft

=—C0,kt
FtO,C "N)Znl R
8 U4 i CO,Ex (112)

o
TMSCI T™S (91%)

THF = “CONH vl
EtO,C Cu(CN)Znl + ==—CONH, - (\/\ 2 (53%) (113)
Vg -30to 0% 2h CO-Et 100% E
: 110 OB

With other acetylenic esters bearing alkyl substituents in the 8 position, the
addition occurs less readily and requires increasing the temperature to —30° or
—20°, which leads to partial isomerization of the intermediate alkenyl
organometallic and to a mixture of (E) and (2)- a, B -unsaturated esters. (55)
The addition of bis-(2-carbethoxyethyl)zinc to acetylenic esters in the presence



of copper(l) bromide-methyl sulfide complex and in a solvent mixture
containing HMPA produces 2-carboalkoxycyclopentenone derivatives.
(442-444) This efficient formal [3 + 2] cycloaddition has been used to prepare
a precursor of (+)-bilobalide (Eq. 114). (444)

EtO:C CuBreMe,S

oY ol HMPA, Et,0, THF

~Bu. O, H (114)

[\ OTMS

MeO-C

The addition of organometallics to unactivated alkynes and alkenes represents
a unique method for stereospecifically preparing (E)- or (Z)-trisubstituted
alkenes, (445, 446) although only a few types of zinc derivatives are reactive
enough to add to alkynes. Thus, allylic zinc halides add to a range of alkynes.
(445, 446) The intramolecular addition of the functionalized allylic zinc bromide
111 to a triple bond produces the bicyclic diene 112 after a
palladium(0)-catalyzed allylation (Eq. 115). (447) The addition of allylic zinc
halides to ]m'methylsilylalkynes, (448, 449)

OMe

Thio TMS
. THF ZznBr  Pd(PPhy), (cat.) 84%) (115
rt,2 h ] rt, 3.5 h ]
111 T™S OMe 112

a, B -unsaturated acetals, (450) and cyclopropenes (451) has been reported.
Alkylzinc derivatives do not add readily to unactivated alkenes. (445) However,
dialkylzincs and alkylzinc halides can be added to terminal alkynes with
moderate regioselectivity and to internal alkynes in the presence of
diiodozirconocene. (452) The addition of di-tert-butylzinc to terminal alkenes
(453-456) and phenylacetylene (454) occurs under harsh conditions.

Alkynes or functionalized allylic zinc reagents have been added to
alkenylmagnesium derivatives, (457-466) and this reaction has been applied to



the preparation of aldol products obtained after oxidation of the intermediate a
-trialkylstannylalkylzinc halides with oxygen (Eq. 116). (467)

CqH3-n | CeHyz-n Il CgHy3-n

1. THF, 35° ! . 0,
- + %,Mgﬂr - ZnBr £ CHO
EtQ)--ZnBr : 2. Me;SnCl - -15%, 6 h L
f OEt SnMe; OFt

40 to 0° rergdi 15
EZ = 1288 svianti = 12:88

(116)

The intramolecular carbozincation of some primary and secondary
unsaturated iodides has been performed by generating the zinc reagent using
Rieke-zinc (5, 127-132) or diethylzinc, (64) leading to functionalized
cyclopentane derivatives with modest diastereoselectivity. (468, 469) In
contrast, performing the carbozincation with diethylzinc in the presence of a
catalytic amount of a palladium(ll) or nickel(ll) (165-168) complex leads to
cyclopentylmethyl derivatives with high diastereoselectivity, allowing
stereochemical control of three adjacent chiral centers (Eq. 28). (166)

The reaction proceeds via a radical mechanism: the palladium(0) or nickel(0)
complex converts the alkyl iodide to an alkyl radical which undergoes ring
closure, leading to a cyclopentylmethyl radical. It is trapped by a palladium(l)
or nickel(l) halide, leading to a cyclopentylmethyl palladium (or nickel)(Il)
halide, whim,lndergoes transmetallation with diethylzinc to give a
cyclopentylsdthylzinc derivative. The reaction can be applied to a variety of
substrates (Table XVIII) and provides a new highly diastereoselective
preparation of fused bicyclic tetrahydrofuran derivatives (Eq. 117). (470)

|. Et,Zn, THF, S H

<—£ Ni(acac), (2 mol %) F-»Z/Ph (62%)
oT~F . CuCN#2LiCl o—1-d ©O (117)

. PhCOCI H
diastereoselectivity >98:2

b3

e

Organozinc derivatives treated with lithium dimethylcyanocuprate add to
1-alkylthioalkynes (syn addition), leading to tri- or tetrasubstituted olefins after
trapping the intermediate alkenylcopper with an electrophile (Eqg. 118). (471)



1. Me>Cu(CN)Lia
Da _':' |'I J'T—RLI SM{:} .

NC. ,Cu(CN)Znl + n-Bu———SMe Ak - = (60%)  (118)
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Unactivated alkynes do not add primary zinc-copper organometallics under
these conditions. However, the addition of secondary zinc-copper compounds
proceeds easily (Eqg. 119). (471) An intramolecular carbometallation is more
facile and allows

I. Me;Cu(CN)Li; ElO,C l

vZ,) —45% 3 h . / (66%) (119)

2.1
CsHy-n B n-CsHy,

EtO,C

the preparation of polyfunctional exo-alkylidenecyclopentanones (Eq. 120).
(471) Interestingly, zinc malonates and related compounds are sufficiently
reactive to add to alkynes, leading to B , y -unsaturated malonates (Eq. 121).

(472)
|. Me;Cu(CN)Li;
O s 5
E ul i, 1.5h . CO:Et  (60%) (120)
o\ 2. COsE o Bun

)\/Br D\/J

Bu-#n

X.?,nlir 4 s CH-(OMe)-» - QfBu—n (50%) (121)

Et0,C~ ~CO,Et 42° 4 h EtO-C” ~“COsEL

3.10. Reactions Catalyzed by palladium(0) or Nickel(0) Complexes
Organozincs undergo a variety of cross-coupling reactions with alkenyl or aryl
halides in the presence of catalytic amounts of palladium(0) complexes (20-26)
or nickel salts. (473, 474) These coupling reactions have found numerous
applications owing to the broad functional group tolerance and the wide range
of unsaturated substrates that can be used(Tables XIX and XX). These



cross-coupling reactions can be performed with a range of polyfunctional
organozinc halides (475-491) bearing a silylated acetylene, (477) alkenylsilane,
(479) allylsilane, (488) 1-alkoxyacetylene, (480) polythiophene, (481)
substituted aromatic (123, 482, 489) and heterocyclic rings, (483-487) ester,
(27, 120, 159, 209, 490) nitrile, (120, 209) ketone, (138) protected ketone, (483)
protected a -aminoester, (91, 92, 98, 102) stannane, (491) or boronic ester.
(62, 84-86) The coupling of homoenolates with aromatic or alkenyl halides in
the presence of catalytic amounts of nickel or palladium(ll) complexes
provides a range of y -unsaturated esters, with
bis(tris-o-tolylphosphine)palladium dichloride being an exceptionally efficient
catalyst in these reactions (Eq. 122). (27) Various polyfunctional biphenyl
derivatives can be prepared using the cross-coupling between an arylzinc
halide and an aryl iodide (Eq. 123). (120) The use of alkenyl (138) or aryl (489)
triflates instead of

EtO-C o
T M THF, 1
* n

B C(:]'-El
Br FI(}*}CN PACI[Pitol-a)4]4 (cat.)

-~ (122)

(49%)

COsEt XN papphy, A mol %)
. [ . EtO,C CN
| < 40°, 1 h (123)

I

\

(82%)

the corresponding iodides or bromides can be advantageous. New a -amino
acids in optically pure form have been prepared by the palladium-catalyzed
coupling of unsaturated halides and a zinc reagent derived from serine (91, 92,
98-100, 102), or glutamic acid (97, 101) (Eq. 124). (98) Starting from the
corresponding alkyl iodides derived from protected glutamic and aspartic acids,
B - and y -amino acids have also been prepared by using the intermediate zinc
reagents, which were coupled with aromatic iodides in the presence of a
palladium catalyst. (99), (a)

|‘x PACLy[P(tol-0)3]4 (cat.) |ﬁ CO5Bn (59%)

rs NHBoc
. -
|.;.,ﬂ/\\‘r/ = ~ A (1
- ' n L“-\ -
NAF;]- L— CgHg, DMAC, 40°, 1 h N/\/LNIH'( :




The coupling of alkynylzinc halides or fluorinated alkenylzinc halides with
fluorinated alkenyl iodides allows the preparation of a range of fluorinated
dienes or enynes. (150, 154, 211-215) Coupling reactions between
polyfunctional alkenyl halides and (dialkylboryl)methylzinc iodide 113 provide
allylic boronates, which are versatile precursors for cyclization reactions (84-86)
(Eqg. 125). (86) In some cases, reduction (172, 492-494) or a halide-zinc
exchange (165) is observed instead of the expected coupling reaction.

| /f
l£n— HO
B-0 0 X Pd(dba),, PhyAs | - aom
”?6( 70°, 3 h ;
EtO,C CO-Ft
113

Acylation of organozincs with acid chlorides is efficiently catalyzed by
palladium(0) complexes. (25, 26, 105, 120) Many functional groups are
tolerated in this reaction. Thus, the coupling of 3-carbethoxypropylzinc iodide
(114) with an unsaturated acid chloride provides a useful access to
polyfunctioﬂenones (105, 495) (Eq. 126). (495) Acylation of a serine- (91, 93,
98) or glut acid- (97) derived zinc species

Pd(PPhy)4 (cat.)

b OEOCo  Znl - | (88%)
Z>coci Y CgHg. DMAC AN cot

114 0]

catalyzed by palladium(0) provides chiral y -keto a -amino acid derivatives in
good to excellent yield. The acylation of zinc reagents with phenyl
chloroformate or the direct treatment of an organozinc reagent with carbon
monoxide under sonication in the presence of catalytic
bis(triphenylphosphine)palladium(0) dichloride provides products 115,
corresponding formally to the double acylation by phosgene (Eq. 127). (95) In
a related reaction, organozinc halides are treated with carbon monoxide and
an allylic benzoate in the presence of a catalytic amount of a palladium(0)
complex to provide d-ketoesters (Eq. 128). (496)

(125)

(126)
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. ) Pd(PPh)y (cat.) O
~~_O0:CPh + Elflgﬁwznl N _ G
| ~ CO. PhMe. 128)
DMAC, 40°, 24 h
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The reaction of syn- or anti-3-iodo-2-methylbutanamide 116 with zinc powder
furnishes the same reagent 117. Acylation of 117 with benzoyl chloride in the
presence of a palladium(0) catalyst gives the C2-C3-syn product 118 (Eq. 129).

(497)
0 1 O—=7nl 0
_ : Zn L pncoc | | Ph
i-ProN =  i-PpN : = i-PrN (129)
Pd(0) 5
116 117 118 (90%), 99% syn

Functionalized heterocyclic zinc reagents are useful building blocks that
readily react in Pd-catalyzed cross couplings (Eq. 130). (498) A selective
cross-coupling reaction of (Z)-2,3-dibromopropenoate 119 with organozinc
compounds allows the preparation of highly functionalized enoates 120 (Eq.
131). (499) Alkenylzinc
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reagents obtained by a titanium(IV)-catalyzed hydrozincation undergo
palladium catalyzed cross-couplings with aryl or alkenyl iodides. (500)
Bis(iodozinc)ethane undergoes two sequential couplings with electrophiles
with succee palladium catalysis and copper catalysis with excellent overall
yields (Eqg. 132). (501)

[Zn
rH )) (66%)

(132)

3.11. Reactions Catalyzed by Titanium(lV) Complexes

Oguni (502-504) has shown that chiral aminoalcohols catalyze the addition of
diethylzinc to aldehydes. (163, 375, 376) Yoshioka and Ohno, (505-507) as
well as Seebach, (508-514) have found that a chiral titanium catalyst leads to a
very fast addition reaction, allowing extension of the addition reactions to other



diorganozincs (Table XXI). Thus, the transmetallation of alkylmagnesium
halides with zinc chloride in ether followed by the addition of 1,4-dioxane
constitutes a convenient method for preparing higher salt-free dialkylzincs.
(512) A few functionalized dialkylzincs have been prepared in this way and
added to aldehydes with good enantioselectivity using 2,2-dimethyl-a, o, a’, a

-tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL) (121) as the chiral ligand
attached to titanium (Eq. 133). (512) Of special interest is

I AT
c;IXOI_l ONHSD:CF;
><U ~. OH -
T

A .

/< NHS0,CF;
A A 122
TADDOL: 121a. Ar=Ph

121b, Ar = 2-naphthyl

OH
: h 121 | ol G :
(OO 4 prcHo P PneER) /UVUVM/L P (68%)
* 0/ Et,0, Ti(OPr-i), o 84% ce  (133)
—78 to =30° 15-20 h

the addition of dialkyzincs to a , B -acetylenic aldehydes in the presence of

TADDOL (Ar = 2—naphthyl), since it provides functionalized propargylic

alcohols in @h optical purity (511, 514) (Eqg. 134). (514)

OH
CHO 121b (10 mol %) )
L ™% -
% * rM?ﬂ . i ":j/ \ 42 [78?} (134)
Ph ' : Et,0, Ti(OPr-i)4 Ph 96% ee

—25°,20h

The iodine-zinc (64) and the boron-zinc exchange exchange reactions (239,
240, 515) are general methods for preparing polyfunctional dialkylzincs. Zinc
reagents obtained by both methods are suitable for performing catalytic
asymmetric additions to aldehydes in the presence of
trans-(1R,2R)-bis(trifluoromethanesulfonamido)cyclohexane (122); (505-507)
(8 mol %) and titanium tetraisopropoxide (2 equivalents). The addition to
aliphatic or aromatic aldehydes proceeds with good enantioselectivity. (64)
Unsaturated aldehydes add under especially mild conditions. The presence of



an a substituent in the aldehyde is important for obtaining high
enantioselectivities. (164) Thus, the addition of bis(5-acetoxypentyl)zinc to
(E)-2-hexenal produces the allylic alcohol 123a (R = H) with 83% ee, whereas
by using (2)-2-bromo-2-hexenal the alcohol 123b is obtained with 94% ee (Eq.
135). (164) Interestingly, replacing titanium(IV) isopropoxide with a more

OH

. 1 i
- 2o S N 122 (8 mol %) : OAC
”_PI -‘_\i + zn — — . - ”“'PIW
R Ac(}\/\/\/ Ti(OPr-i)4, PhMe, R (135)
-20°, 10 h R ™

123a H (75%) 83%
123b  Br (95%) 94%

bulky titanium alkoxide such as titanium(1V) tert-butoxide leads to higher
enantioselectivity. (516) This enantioselective preparation of allylic alcohols
has been applied to the prostaglandin side chain. (517-522) The addition of a
dialkylzinc to the y -alkoxyaldehyde 124 (523) followed by simple functional
group interconversions and addition of the same dialkylzinc reagent in the
presence of 122 leads to C,-symmetrical 1,4-diols with excellent
diastereoselectivity (Eq. 136). (164, 524) A similar approach has been used to
prepare a Cz-symmetrical triol. (525)

|:| . [PivO(CHy)3],Zn. 122 (cat.)
2. TBDPSC] OH
3

. AcOH. H,0. THF _—
2 | OPiy
TIPSO” ~F “CHO - - ?n-{}m/[\ﬁf " 3e)
. NMO, Pr;NRuO, 3

124 : aEe OH
2 . [PivO(CH3)3]:Zn, 122 (cat.) ez o
6. BusNF. 55°. 12-21 h (20%) over 6 steps
RS >97:3 diastercoselectivity

Lh Ia

Aldol adducts can also be obtained by the catalytic enantioselective addition of
functionalized dialkylzincs to 3-triisopropylsilylpropionaldehyde followed by a
protection-deprotection and oxidation sequence, with an excellent
stereoselectivity. (526) The method can be used to prepare lipoic acid (125) in
91% ee (Eq. 137). (527, 528) Further applications to the synthesis of chiral
polyoxygenated molecules (527, 529, 368) and to the natural product
(=)-mucocin (530) have been reported. Epoxides are versatile chiral building
blocks, and the asymmetric synthesis of this class of compounds is of special



importance. (531) The addition of dialkylzincs to a -alkoxyaldehydes provides
a general approach to monoprotected 1,2-diols, which can be converted to
epoxides (Eq. 138). (532) The absolute configuration of

. [PivO(CH3)s]5Zn, 122 (cat.)
Ti(OPr-i)4, -20° 12 h

2. TIPSCI, imidazole, THF
CHO -
[IPSO”

. MeLi HO,C
4. Dess-Martin oxidation (137)

. KMnOy. -BuOH, NaHCO;

e L\H 125, lipoic acid
(45%%) - 5 steps; 91% ee

TIPSO  OTIPS

fd

N

(M;COH

. [PivO(CH-)s]-Zn, 122 (cat.)

Ti(OPr-i)4, ~20°, 12 h 0 _
TIPSO” “CHO - A opy 08%)
2. BuyNF, THF s 93% ee (138)

3. NaH, THF, DMF
N-tosylimidazole

the catalysfuged. (524) Interestingly, the configuration on the newly formed
chiral center of the alcohol does not depend on the configuration of a chiral
center already present in the molecule. Thus, by treating the y -alkoxyaldehyde
126 with bis(3-pivaloyloxypropyl)zinc in the presence of 122 (8 mol %), the
Co-symmetrical diol is obtained (diastereoselectivity > 97:3). On the other hand
by performing the asymmetric addition in the presence of catalyst 122 with the
opposite configuration (e.g. ent-122), only the meso-diol is produced (512, 514,
524, 532) (diastereoselectivity > 97:3; Eq. 139). (524)

all the opticaév active products can be predicted knowing the configuration of



[H\D{CH:}'{]:?H
Ti(OPr-i)4. ent-122 {Cal.}*

OTBDPS

PivO QT?T." . s
—— ] A diastersoselectivity
OHC }
e (139)
OTBDPS HO PivO
126 [PivO(CH3)3]2Zn

Ti(OPr-i)4, 122 (cat.) L;}'TBL)P*}
OPiv
=973 diastereoselectivity

Most of the asymmetric syntheses shown are performed using dialkylzincs
prepared via an iodine-zinc exchange. However, the boron-zinc exchange
constitutes an outstanding method for the preparation of a range of
functionalized zinc reagents. Diorganozincs prepared in this way can be added
with high enantioselectivity to aldehydes. (240, 515) An elegant synthesis of
(R)-(-)-muscone has been reported using the intramolecular enantioselective
addition of an alkenylzinc to an aldehyde in the presence of chiral
aminoalcohol 127 (Eq. 140). (533)

[]

H(O
| | 1. (C¢Hy1)2aBH, CeHyg 0
70 (4)- %y, E
CHO 2. EtyZn. (+)-DAIB (1 mol %). EtyN _ (12%)
3. NH, (I 02% ee

1) (140)

&"-’“
NMe;

127 (+)-DAIB

3.12. Reactions Catalyzed by Cobalt(ll), Iron(lll), or Manganese(ll)
Complexes

The reaction of transition metal salts with organolithiums or Grignard reagents
often leads to sensitive transition metal organometallics that decompose
readily if a B -hydrogen atom is present in the alkyl chain. Consequently, such



transmetallations have found only a few applications in organic synthesis. (534)
Organozinc reagents are far less prone to transfer several organic groups to
the transition metal and therefore lead to alkyl transition metal complexes
displaying good or acceptable thermal stabilities. Thus, the reaction of cobalt(ll)
bromide with dialkylzincs in THF:NMP furnishes blue solutions of organocobalt
intermediates that have a half-life of ca. 40 minutes at —10°. Similarly, from
iron(l11) chloride, a gray solution of an organoiron intermediate with a half-life of
2.5 hours at —10° is obtained. The new organocobalt(ll) species undergo
smooth carbonylations at room temperature to afford symmetrical ketones in
satisfactory yields (Eq. 141). (535)

1l CoBr,, CO, THE/NMP (3/2)
s - =0 (63%) (141)
~._~£nl ., 3h -

Cobalt(ll) bromide also catalyzes the acylation of diorganozincs, affording
unsymmetrical ketones. (536) Allylic chlorides react with zinc organometallics
in the presence of cobalt(ll) bromide (Eq. 142). (536)

“x‘ {.F]’—(:_-?,H] |;IEZ[1 e
31, % . e
| Cl CoBr> (10 mol %), CqHyyn SO/ 7
THF.-10°, 1 h

In the presence of cobalt salts alkenyl iodides undergo a smooth
cross-coupling reaction with organozinc derivatives with retention of the double
bond geometry (Eq. 143). (537)

s Cla o~ Ciw 17%)
ey e g £ - o
S Colacac), (cat.) x ~090 pe (143)

THF, NMP, 55°, 14 h



Although organozinc reagents do not undergo transmetallations with
manganese(ll) salts, the use of the mixed copper—manganese system formed
from copper(l) chloride and manganese(ll) bromide allows cyclization
reactions with good to excellent stereoselectivities (Eq. 144). (538, 539)

O Et;Zn, MnBr; (cat.) OH

Br CuCl (cat.), DMPU CD o 144
60°, 0.5 h

3.13. Barbier Reactions

Barbier reactions (540) are performed under conditions in which the organic
halide, the organic electrophile, and zinc dust are mixed without the
preformation of an organozinc species. These reactions have found increasing
applications in organic synthesis. The nature of the reactive intermediate is not
clear. (541) The formation of a zinc organometallic reagent is unlikely, since
many of these reactions are performed in water. (148, 542-544) The formation
of a free radical, which in many cases is a reasonable reactive intermediate,
has not been proven in the addition of an allylic bromide to an aldehyde in the
presence of zinc using aqueous ammonium chloride and THF as solvent.
Interestingly, a range of unprotected hydroxyaldehydes can be used in this
reaction. (148, 542, 543) Functionalized allylic halides have been used. (545)
Short Synthﬁs of ipsdienol and ipsenol have been performed using a Barbier

reaction (EQ.145). (546) The use of a Michael acceptor instead
Br 5 o - OH
% 7n, THFE ;
| + NPcHO = AN A A (145
Br_ =~ Br [ heat, 2 h (145)

ipsdienol (68%)

of an aldehyde as the electrophile allows an efficient three-component reaction
(147, 547-553) (Eq. 146). (547) Functionalized halides bearing a hydroxy
function can be used if the reaction is performed in aqueous medium (Eq. 147).
(147) A zinc-promoted Barbier-reaction between
2-bromo-3,3,3-trifluoropropene and aldehydes allows the preparation of
fluorinated allylic alcohols. (553)

Q L Zn. MeCN N
ZNeN 4+ )J\ ¥ /k — - )\)><iili-l (98%) (146)
heat
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The zinc coupling of allyl bromides with allyl bromides and
chlorotributyl-stannane or dichlorodibutylstannane allows for the preparation of
allylstannanes in aqueous medium. (554) Unsymmetrical ketones can be
prepared by palladium coupling between acid chlorides and alkyl iodides in the
presence of a zinc-copper couple. (136) A new five-membered ring annulation
of unsaturated ketones, ketonitriles, ketoximes, or keto aldehydes is mediated
by zinc powder in the presence of TMSCI and 2,6-lutidine in THF. (555)

3.14. Comparison with Other Methods

The formation of new carbon-carbon bonds is a major synthetic goal in organic
chemistry. Polar main-group organometallics of lithium, magnesium, and to
some extent boron and aluminum, have shown their great utility for this
purpose. (21) They possess high reactivity toward many organic electrophiles
and often furnish high yields of products. In recent years, it has become
increasingly important to control the regio- and stereochemistry of new
carbon-carbon bond formation and, owing to the increasing complexity of
target molecules, the chemoselectivity of reactions of organometallic reagents
has becomp=gn important issue. Organomagnesium halides and organolithium
compound re often too reactive because of the polar nature of the
carbon-metal bond, and display low chemo- and stereoselectivities. In contrast,
transition metal organometallics of titanium, (370, 556, 557) copper, (315-320,
394) manganese, (557-562) and palladium (24, 563) are very selective
reagents and have a broad range of synthetic applications. Unfortunately,
although transition metal organometallics tolerate many organic functionalities,
they were originally prepared from the corresponding highly reactive
organolithiums or Grignard reagents, and thus very few functionalities could be
present in these reactive intermediates. Consequently they were used only to
transfer simple organic fragments. This limitation has been solved by using
organozinc chemistry. (14) The low polarity of the carbon-zinc bond allows the
preparation of organozinc compounds bearing a range of functional groups.
Owing to the presence of two vacant p orbitals at the zinc center with the
appropriate energy for interacting efficiently with the orbitals of many metal
salts, a wide range of transmetallation reactions with transition metal halides
can be performed. Their subsequent transmetallation with transition metal
salts allows one to prepare reactive and functionalized transition metal
organometallic intermediates in situ and therefore facilitates the rapid



synthesis of highly functionalized molecules. (14) Alternative methods for the
preparation of the same polyfunctional compounds often require several
protection-deprotection steps or several functional group interconversions. The
use of highly functionalized nucleophilic organic moieties in the synthesis of
complex molecules certainly constitutes one of the major advantages of
organozinc chemistry.

The preparation of organozinc derivatives has been greatly improved over
recent years. (2) Whereas the direct insertion of zinc into organic halides (45)
allows the most general access to polyfunctional organozinc halides, (47) the
preparation of functionalized diorganozincs is best performed by using an
iodine-zinc (64) or boron-zinc exchange. (237, 239, 240) The latter utilizes
milder conditions. (237, 240) Treatment of organozinc halides with the copper
cyanide-lithium chloride complex (47) leads to copper-zinc species which are
significantly less reactive than the corresponding copper derivatives prepared
from lithium or magnesium organometallics, but which undergo the same
reactions, usually in excellent yield. (14, 65, 120) Whereas conjugate additions
to enones (47) or nitroolefins, (74) carbometallations, (471) additions to
aldehydes, (54) and coupling reactions with alkyl iodides (329) are best
performed with the stoichiometrically prepared zinc-copper species, other
reactions such as allylations (47) or acylations (47) can be efficiently
performed by using catalytic amounts of the copper cyanide-lithium chloride
complex (10 mol %). The simple and general approach to polyfunctional
diorganozincs is proving to be extremely useful for catalytic asymmetric
additions to aldehydes in the presence of chiral catalysts 121, 122 and 127.
The use of=gyganozincs in many transition metal catalyzed reactions often
gives bett sults than that using other main group organo-metallics. The
moderate reactivity of zinc organometallics is sufficient to form the reactive
transition metal intermediates but avoids the formation of various transition
metalate species, which undergo side-reactions like homocouplings or fast 3
-hydride eliminations. Several methods are now available for preparing
configurationally stable secondary alkylzinc reagents in high optical purity.



4. Experimental Conditions

The nature of zinc (dust, foil, shots) is important for the success of the
formation of an organozinc halide by oxidative addition. Usually, the use of
zinc dust (-325 mesh) from Aldrich or Riedel de Haen gives the best results
(see list of suppliers). Procedures for activation may involve chiefly removal of
inert oxide by washing several times with 5% hydrochloric acid and washing in
turn with water, methanol, ether, and drying. (564) The preparation of
functionalized alkylzinc halides is best performed by adding a THF solution of
an alkyl iodide to zinc dust (2—3 equivalents) which has been successively
activated with 1,2-dibromoethane (3—-5 mol %) and TMSCI (1 mol %). (47) Itis
important to add the alkyl iodide as a concentrated solution (2.5-3 M) in THF in
order to obtain a rapid zinc insertion. (79) Under these conditions, primary alkyl
iodides undergo zinc insertion between 30 and 40°, whereas secondary alkyl
iodides react more readily (15° to room temperature). Organozinc halide
formation is usually complete after a few hours. The organometallic solution is
diluted with THF (to a 1.5-1.0 M solution), and the excess zinc dust is allowed
to settle. The clear, colorless supernatant liquid can be transferred with a
syringe or cannula to a separate flask and used for further applications.

The titration of organozinc halides can be conveniently performed by GC
analysis. This also constitutes the best method for following formation of the
zinc species. Thus, an internal standard (dodecane or other inert alkane) is
added to the alkyl iodide before the addition to the zinc slurry in THF. The ratio
between th 0 compounds is determined by GC analysis. (79) At the end of
the reactiortj\c/) more alkyl iodide should be present. A small reaction aliquot is
then treated with a THF solution of iodine and the new ratio between the
reformed alkyl iodide and the internal standard is determined, allowing a
precise evaluation of the yield of the organozinc reagent. Determination of the
volume of the organozinc solution using a separatory funnel allows calculation
of the concentration of the zinc reagent. THF solutions of organozinc halides
are not pyrophoric, but are rapidly decomposed by air or by humidity.

Benzylic zinc halides have to be prepared at 0° and the benzylic halide has to
be added as a 1 M THF solution in order to avoid the formation of
Wurtz-coupling byproducts. (50, 51, 53) If electron-rich benzylic systems have
to be converted to the corresponding zinc reagents, the best method consists
of preparing the corresponding phosphates, which insert zinc in DMPU without
the formation of homocoupling byproducts. (103)

Whereas zinc dust gives the best results in all the above reactions, the
preparation of allylic zinc reagents gives better yields if cut zinc foil (45) or
granular zinc (30 mesh) (79) is used. Recently, a new fragmentation reaction



of homoallylic alcohols has allowed the preparation of highly substituted and
functionalized allylic zinc reagents. (296-298) Similarly, only mediocre results
are obtained if (iodomethyl)zinc iodide is prepared using zinc dust, but cut zinc
foil gives excellent yields. (270) Aryl and alkenyl zinc halides cannot be
prepared in THF with zinc dust; their synthesis requires the use of highly
reactive zinc prepared by the reduction of zinc chloride with lithium
naphthalenide. (120) This procedure even allows the use of aryl bromides as
precursors. An alternative method consists of using zinc on graphite, (133)
prepared by the reduction of zinc chloride with potassium-graphite in the
presence of silver acetate. This second type of activated zinc is not as active
as Rieke zinc and always requires the use of an aryl iodide. If the aromatic ring
or alkenyl iodide bears an electron-withdrawing group, the direct insertion of
zinc dust in DMAC (48) or even THF usually works very well. (88)

Since the insertion of metallic zinc into a carbon-halide bond proceeds via a
radical mechanism, the configuration of an alkenyl iodide is lost. This
isomerization can be avoided by performing an iodine-lithium exchange
reaction at low temperature, in which the double bond geometry is retained,
(=100 to —90°) followed by transmetallation to the corresponding alkenyl zinc
derivative using zinc iodide. (209)

When using diethylzinc (or diisopropylzinc) for either iodine-zinc (64) or
boron-zinc exchanges, (238-240) it is important to maintain strictly the
absence of moisture and air, because of the high reactivity of these reagents
with water and oxygen. Special care has to be taken during subsequent
removal of excess diethylzinc. Diethylzinc is a highly flammable liquid and
mixtures ofleiethylzinc and liquid oxygen are explosive (the condensation of
oxygen into a trap containing diethylzinc must be strictly avoided). However,
dilution of diethylzinc with acetone, toluene, or THF (~1 M solution) affords a
solution that does not burn spontaneously in air.

List of suppliers :
Sigma-Aldrich Chemical Co. Ltd.
USA : PO Box 355, Milwaukee, W1 53201. Tel. 0414-2733850

UK : The Old Brickyard, New Road, Gillingham, Dorset SP8 4JL. Tel.
0800-717181.

Germany : Sigma-Aldrich Chemie GmbH, Grinwalder Weg 30, D-82091
Deisenhofen. Tel. 0800-5155 000.

France : L'Isle D'abeau Chesnes, BP 701, 38297 Saint-Quentin Fallavier
Cedex. Tel. 0800 211408.

Japan : Sigma-Aldrich Japan K. K., 1-1-7 Higashi Nihonbashi, Chuo-Ku
Tokyo 103-0012. Tel. 81—5821-3111.

Riedel de Haen.



Germany : Wunstorfer Strasse 40, Postfach, D-30926 Seelze. Tel.
05137-9990.



5. Experimental Procedures
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5.1.1. 10-Nitro-9-phenyldecyl Acetate (Coupling of a Copper-Zinc
Reagent with a Primary Alkyl lodide) (331)

To 4-iodobutyl acetate (2.42 g, 10 mmol) and copper(l) cyanide (5 mg) was
added diethylzinc (2.0 mL, 20 mmol), and the reaction mixture was stirred at
50° for 5 hours. The excess diethylzinc and newly formed ethyl iodide were
removed under vacuum (0.1 mm Hg, 50°, 1.5 hours), and THF (5 mL) was
added with stirring. The suspension was allowed to settle, and the supernatant
liquid was transferred to a THF solution of Me;CuCN(MgCl), (5 mmol, 1 M
solution) at —50°. The resulting solution was warmed to 0° and then cooled to
—78°, and U (5 mL) was added, followed by
6-iodo-1-nikal?2-phenylhexane (1.0 g, 3 mmol). The reaction mixture was
allowed to warm to 0°, stirred for 2 hours, poured into a saturated aqueous
ammonium chloride solution (50 mL) and extracted with ether (3 x 20 L). The
combined organic phases were washed with brine, dried over magnesium
sulfate, and filtered. The crude residue was purified by flash chromatography
(ether:hexanes 1:4) yielding the desired product as a clear oil (0.80 g, 83 %
yield). IR (neat): 1735, 1551, 1241 cm™; *H NMR ( CDCl3) 8 : 7.33-7.11 (m, 5
H), 4.50 (dd, J =7.1, 45 Hz, 2 H), 3.99 (t,J = 6.7 Hz, 2 H) 3.47-3.33 (m, 1 H),
1.98 (s, 3 H), 1.68-1.49 (m, 4 H), 1.31 1.10 (m, 10 H). Anal. Calcd. for
C18H2704: C, 67.26; H, 8.47. N, 4.36. Found: C, 67.05; H, 8.67; N, 4.09.
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5.1.2. 3-(4-Pentynyl)-2-cyclohexenone (Coupling of a Zinc-Copper
Reagent with an Activated Alkenyl lodide) (78)

To a suspension of zinc dust (325 mesh, 3.27 g, 50 mmol) in THF (4 mL)
activated as described above with 1,2-dibromoethane and TMSCI was added
a THF solution (8 mL) of 4-pentynyl iodide (4.46 g, 23 mmol). The temperature
was maintained below 40° during the addition. The reaction was complete
after 0.5-1 hour of stirring at room temperature as indicated by GLC analysis
of hydrolyzed reaction aliquots. After the addition of THF (10 mL), the excess
zinc was allowed to settle, affording a colorless solution of 4-pentynylzinc
iodide. One-half of this solution was transferred via syringe to a THF solution
(20 mL) of copper(l) cyanide (900 mg, 10 mmol) and lithium chloride (840 mg,
20 mmol) at —20°. A dark red solution of the copper-zinc reagent formed
immediately. The reaction mixture was cooled to —60° after 5 minutes, and
3-iodo-2-cyclohexenone (1.55 g, 7 mmol) was added. The reaction mixture
was stirred one hour at —30°, slowly warmed to 0° (1-2 hours), and worked up
by pouring frtp a saturated aqueous ammonium chloride solution (50 mL) and
extracting ether (3 x 30 mL). The combined organic phases were washed
with brine (2 x 20 mL), dried over magnesium sulfate, filtered, and
concentrated. The crude residue was purified by flash chromatography
(dichloromethane:ether:hexane = 10:1:80) affording the desired product (1.0 g,
88% yield). IR (neat): 2115, 1672, 1623 cm™; *"H NMR ( CDCls) & : 5.87 (s, 1
H), 2.35-2.17 (m, 8 H), 2.01-1.89 (m, 3 H), 1.76-1.66 (m, 2 H). Exact mass
calcd. for C11H140 : 162.1045, obsd. 162.1031.
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5.1.3. Ethyl 3-(4-Oxo0-2-phenylpentyl)benzoate (Preparation of a Benzylic
Zinc Reagent from a Benzylic Bromide and Conjugate Addition of the
Corresponding Zinc-Copper Reagent to an Enone) (51)

To a suspension of zinc dust (325 mesh, 0.67 g, 10.5 mmol) in dry THF was
added dropwise at 5° (ice bath) a THF (7 mL) solution of 3-(carbethoxy)benzyl
bromide (1.69 g, 7 mmol; one drop each 5-10 seconds). The reaction mixture
was stirred at 5° for two hours. The reaction mixture was allowed to stand for
two hours in order to let the excess zinc settle. The supernatant solution of
benzylic zinc reagent was transferred via syringe at —20° to a THF solution

(5 mL) of copper cyanide (0.63 g, 7 mmol) and lithium chloride (0.60 g,

14 mmol). After being stirred 5 minutes, the reaction mixture was cooled to
—70°, and a solution of trans-4-phenyl-3-buten-2-one (0.88 g, 6 mmol) and
TMSCI (1. , 15 mmol) in THF (3 mL) was added over 5 minutes. The
reaction mi¥tdre was allowed to warm slowly to —5°, poured into an aqueous
saturated solution of ammonium chloride (10 mL), and was stirred for 10
minutes. The mixture was diluted with ether (50 mL), the aqueous phase was
further extracted with ether (2 x 20 mL), and the combined organic phases
were washed with an aqueous saturated ammonium chloride solution

(2 x 20 mL), brine (20 mL), and dried over magnesium sulfate. The crude
residue obtained after evaporation of the solvents was purified by flash
chromatography (ether:hexane = 1:4), affording the desired product as a clear
oil (1.71 g, 92% yield). IR (neat): 1719 cm™; *H NMR ( CDCl3) & : 7.87 (m, 2 H),
7.26-7.06 (m, 7 H), 4.33(q, 2 H, J =7.1 Hz), 3.46 (quint, 1 H, J = 8 Hz),
2.97-2.75 (m, 4 H), 2.01 (s, 3 H), 1.37 (t, 3H,J = 7.1 Hz). Exact mass calcd.
for C20H2303: 3111647, obsd. 311.1654.
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5.1.4. Ethyl (E)-4-[3,4-(Methylenedioxy)phenyl]but-2-enoate (Preparation
of a Benzylic Zinc Reagent from a Benzylic Phosphate and Addition of
the Corresponding Zinc-Copper Reagent to ethyl Propiolate) (103)

Diethyl 3,4-(methylenedioxy)benzyl phosphate (1.44, g, 5 mmol) and lithium
iodide (0.13 g, 1 mmol) were added to a zinc dust suspension (300 mesh,
0.98 g, 15 mmol) in DMAC (4 mL) previously activated with 1,2-dibromoethane
(4 mol%) and TMSCI (1 mol%). After 12 hours of stirring at 50°, formation of
the zinc reagent was complete as shown by GLC analysis of hydrolyzed
reaction aliquots. The reaction mixture was diluted with THF (5 mL) and was
allowed to stand for 2 hours in order to let the excess zinc settle. The
supernatant solution of benzylic zinc reagent was transferred via syringe at
—20° to a THF solution (5 mL) of copper cyanide (0.45 g, 5 mmol) and lithium
chloride (0.43 g 10 mmol). After stirring for 5 minutes, ethyl propiolate (0.39 g,
4 mmol) was added and the reaction mixture was warmed to 0°, stirred for 5
minutes, and poured into a saturated aqueous solution of ammonium chloride
(50 mL). Affemsuccessive extractions with ether (3 x 50 mL), the combined
organic lay&d were washed with brine (2 x 20 mL), and dried over magnesium
sulfate. The crude residue obtained after evaporation was purified by flash
chromatography (hexane:ether 19:1), affording the pure (E)-ester (790 mg,
84% yield, >98% pure by GLC analysis). IR (neat): 1715, 1654 cm™*; '"H NMR
(CDCl3) 6:7.04 (dt, 1 H,J =16.4,6.5Hz2),6.75(d,1H,J =7.7 Hz), 6.63 (m, 2
H),5.94 (s, 2 H),5.78 (dt, 1 H,J = 15.5, 1.6 Hz), 4.17 (q, 2 H,J = 7.1 Hz), 3.42
(dd,2H,J=6.7,1.6 Hz), 1.27 (t, 3 H,J = 7.1 Hz). Exact mass calcd. for
C13H1404: 2340892, obsd. 234.0887.

Zn, THF, 25°, 4 h
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5.1.5. lodomethylzinc lodide (Methylene Homologation Reagent) (270)
To a suspension of cut zinc foil (ca. 1 x 3 x 0.5 mm) in THF (4 mL) was added
1,2-dibromoethane (200 mg, 1 mmol), and the reaction mixture was heated to



reflux for one minute. The mixture was cooled to room temperature, TMSCI
(0.1 mL, 0.8 mmol) was added, and the activated zinc was stirred for 5 minutes.
A THF solution (15 mL) of diodomethane (13.4 g, 50 mmol) was added via an
addition funnel at room temperature within 15 minutes. After 4 hours at this
temperature, the reagent was ready to use. A yield of ~85% by GLC analysis
of an iodolyzed reaction aliquot and a concentration of ~1.4 M was

determined.
3. J']'—':_:,H] |CH(}
Ph 1. Mg, THFE, 35°, 1h Ph —50 to =30° OH Ph
Br 2. Cul*2LiCl, THE. -50" Cu(I)MgBr 4, ICH:Znl n-CsHy,

—20°, 15 min (92%)

5.1.6. 2-Phenyl-1-nonen-4-ol (Methylene Homologation of an
Alkenylcopper with (lodomethyl)zinc lodide and Trapping with an
Aldehyde) (270)

To a solution of copper(l) iodide (1.15 g, 6 mmol) and lithium iodide (1.33 g,
10 mmol) in THF (25 mL) was added a THF solution of
1-phenylvinylmagnesium bromide (11 mL, 6 mmol) at —-50°. The reaction
mixture was warmed to room temperature, leading to an orange suspension,
which was led to —50°. A solution of hexanal (400 mg, 4 mmol) in THF

(2 mL) wasladded, and the reaction mixture was warmed to —30°. A solution of
(iodomethyl)zinc iodide (10 mmol) prepared as described above was added,
and the reaction mixture was warmed to —20°, stirred for 15 minutes at this
temperature, poured into a saturated aqueous solution of ammonium chloride
(100 mL), and extracted with ether (3 x 50 mL). The combined organic phases
were washed with water (2 x 30 mL), brine (2 x 20 mL), dried over magnesium
sulfate, and concentrated. The crude residue was purified by flash
chromatography (hexanes:ether 19:1), affording the pure allylic alcohol

(825 mg, 3.70 mmol, 92% yield). IR (neat): 3410 cm™. *H NMR ( CDCl3) & :
7.4-7.25(m,5H), 5.4 (s, 1 H),5.15 (s, 1 H), 3.7-3.6 (m, 1 H), 2.8 (dd, 1 H,
J=14.2,3.8Hz),2.5(dd, 1 H,J =14.2,9 Hz), 1.65 (s, 1 H), 1.5-1.4 (m, 2 H),
1.3-1.2 (m, 5 H), 0.9-0.8 (m, 3 H). Exact. mass calcd. for C15H2,0 : 218.1670,
obsd. 218.1674.



1. Zn, THF, 40°, 1.5 h

NG - NC~"zal
2. CuCNe2LiCl, THF, —10°, 5 min -CN
3. 00t =407, 4 h 54
+ =—CO,Et - _x - e
4. PhCHO, =70° 9 0 Ph

Lh

. ICH-Znl, =207, 15 min

5.1.7. 4-(3-Cyanopropyl)-4,5-dihydro-3-methylene-5-phenyl-2-(3H)-furan
(One-Pot Preparation of an a -Methylene- y -butyrolactone Using
Methylene Homologation of an Alkenylcopper Bearing an ester Function)
(270)

To a suspension of zinc dust (325 mesh, 1.3 g, 20 mmol) pretreated with
1,2-dibromoethane (0.3 g, 1.5 mmol) and TMSCI (0.1 mL) was added
4-iodobutyronitrile (1.38 g, 7.1 mmol) in THF (4 mL). An exothermic reaction
occurred, and the mixture was stirred 1.5 hours at 40°. THF (4 mL) was added,
and the reaction mixture was allowed to stand for 2 hours. The supernatant
solution was added via syringe to a solution of copper(l) cyanide (635 mg,

7.1 mmol) and lithium chloride (600 mg, 14 mmol) in THF (8 mL) at —10°. After
5 minutes, the reaction mixture was cooled to —60°, and ethyl propiolate

(588 mg, 6 mmol) was added. After 4 hours of stirring between —60 and —40°,
a solution enzaldehyde (530 mg, 6 mmol) in THF (2 mL) was added,
followed b;]:jreshly prepared solution of (iodomethyl)zinc iodide (ca. 16 mmol)
in THF (10 mL). The reaction mixture was warmed to 0°, stirred for 30 minutes
at this temperature, poured into a saturated agueous ammonium chloride
solution (100 mL), and extracted with ether (3 x 50 mL). The combined organic
phases were washed with brine (2 x 20 mL), dried over magnesium sulfate,
and concentrated. The residue was purified by flash chromatography
(hexane:ethyl acetate 7:3), affording the lactone as a clear oil (cis : trans
mixture (90:10); 900 mg, 75% vyield). IR (neat): 1750, 1662 cm™. *"H NMR
(CDCl3) 6:7.43-7.1 (m, 5 H), 6.38 (d, 1 H,J = 2.3 Hz), 5.67 (d, 1 H,
J=2.1Hz),558(d,1H,J=7.2Hz), 3.35-3.32 (m, 1 H), 2.41-2.3 (m, 1 H),
2.15(,2H,J=6.8HHz),1.75-1.5 (m, 1 H), 1.5-1.2 (m, 2 H), 1.2-1.05 (m, 1 H).
Exact mass calcd for C15H150,N : 241.1102, obsd. 241.1085.
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5.1.8. (E)-6-Chloro-2-hexenenitrile (Preparation of an Alkenylzinc lodide
via an lodine-Lithium Exchange Followed by Transmetallation with Zinc
lodide and Cyanation) (304)

A three-necked flask was charged with (E)-5-chloro-1-iodo-1-pentene (1.38 g,
6.0 mmol) in THF (5 mL) and cooled to —100° (liquid nitrogen/ether bath), and
n-butyllithium (6.3 mmol, 1.6 M in hexane) was added over four minutes. The
resulting colorless solution was stirred for three minutes at —100°, and a THF
solution (5 mL) of zinc iodide (1.91 g, 6.0 mmol) was added. The mixture was
warmed to 0° for two minutes and cooled back to —78°. p-Toluenesulfonyl
cyanide (0.90 g, 5 mmol) in THF (5 mL) was added, and the reaction mixture
was warmed to room temperature and stirred for three hours. The reaction
mixture was poured into a saturated aqueous solution of ammonium chloride
(10 mL) and extracted with ether (3 x 30 mL), washed with saturated aqueous
ammonium chloride (2 x 20 mL), brine (20 mL), and dried over magnesium
sulfate. The crude residue obtained after evaporation of the solvents was
purified by flash chromatography (hexane:ether 10:1), affording the pure (E)-
a, B -unsaturated nitrile (466 mg, 72% yield) as a clear oil. IR (film): 2230,
1630 cm—l;zm NMR ( CDCls) & : 6.64 (dt, J = 8.2, 16.4 Hz, 1 H), 5.35 (d,
J=16.3 HZ=#H), 3.48 (t,J = 6.4 Hz, 2 H), 2.39-2.31 (m, 2 H), 1.91-1.82 (m, 2
H); Anal. Calcd. for CsHgCIN : C, 55.61; H, 6.22; N, 10.80. Found: C, 55.73; H,
6.19; N, 10.52.
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5.1.9. Benzyl
2(S)-[(tert-Butoxycarbonyl)amino]-5-carbethoxy-4-pentynoate (Coupling
of a Zinc-Copper Reagent with a 1-Bromoalkyne) (100)

A suspension of zinc (300 mg, 4.5 mmol) in dry THF (0.34 mL) and
1,2-dibromoethane (19.4 yL, 0.225 mmol) was heated under nitrogen to 60°
for 3 minutes. After cooling the mixture to 35°, TMSCI (6 pL, 0.046 mmol) was
added, and the mixture was stirred vigorously for 0.5 hour (alternatively, the
reaction mixture was placed in an ultrasonic bath and sonicated for 0.5 hour).
The reaction mixture was warmed to 35° and benzyl
2(R)-[(tert-butoxycarbonyl)amino]-3-iodopropionate (400 mg, 0.99 mmol) in
THF (1.5 mL) was slowly added, and the mixture was stirred for 15-40 minutes
until no starting material remained (as judged by TLC). The solution of zinc
reagent was cooled to —10°, and a solution prepared from copper cyanide

(67 mg, 0.75 mmol) and lithium chloride (64 mg, 1.5 mmol) in THF (1.5 mL)
was added. The mixture was stirred at 0° for 10 minutes and then cooled to
—78°, and ethyl bromopropiolate (177 mg, 1.0 mmol) in THF (2 mL) was added.
After 3 hours at this temperature, the reaction mixture was diluted with ethyl
acetate (50 mL) and washed with aqueous hydrochloric acid (20 mL; 0.1 M)
and water (30 x 20 mL), followed by drying over sodium sulfate. Concentration
under reduced pressure gave a crude product, which was purified by flash
chromatography over silica gel (hexanes-ethyl acetate gradient) to afford the
pure product (138 mg, 0.37 mmol, 49% yield); [ a ]*°>5 + 11.1°(c 1.06,
dichloromethane); IR (film) 2241, 1743 cm™; *"H NMR ( CCly) 5 7.35 (s, 5 H),
5.39 (bd, 1 H),5.23(d, 1 H,J=12.1 Hz),5.21 (d, 1 H, J = 12.1 Hz), 4.56 (m, 1
H),4.20(q,2H,J=7.1Hz),2.90(d, 2H,J =5.0 Hz), 1.44 (s, 9 H), 1.30 (t, 3 H,

Jz?iHa[]
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5.1.10. (E)-3-Acetoxy-1-nitro-1-octene (Preparation of an a
-Acyloxyalkylzinc Bromide and Conjugate Addition-Elimination of the
Corresponding Zinc-Copper Compound to 2-(Ethylsulfonyl)nitroethylene)
(74)

To a suspension of zinc dust (0. 98 g, 15 mmol) previously activated with
1,2-dibromoethane (0.1 mL) and TMSCI (0.05 mL) in a mixture of THF (3.5 mL)



and DMSO (1 mL) was slowly added 1-bromohexyl acetate (1.12 g, 5 mmol) at
room temperature. The addition was exothermic and the temperature reached
40°. GLC analysis of a hydrolyzed reaction aliguot showed complete formation
of the zinc reagent. THF (5 mL) was added and the mixture was allowed to
stand while excess zinc settled. The resulting clear solution was slowly added
to a solution of copper(l) cyanide (0.4 g, 4.5 mmol) and lithium chloride (0.38 g,
9 mmol) in THF (2 mL) at —40°, and warmed to 0° for 5 minutes. It was then
cooled to —78°, and 2-(ethylsulfonyl)nitroethylene (0.58 g, 3.5 mmol) in THF

(5 mL) was slowly added. The reaction mixture was stirred at —60° for 30
minutes, poured into a saturated aqueous solution of ammonium chloride

(50 mL) and extracted with ether (3 x 25 mL). The combined organic layers
were washed with brine (2 x 20 mL), dried over magnesium sulfate, filtered,
and concentrated. The residual oil was purified by flash chromatography
(hexane:ether 97:3) to afford the pure (E)-nitroolefin (0.52 g, 80% yield). IR
(neat): 1658, 1513, 1354 cm™. *H NMR ( CDCls) 5 : 7.15 (dd, 1 H, J = 5.0,
13.3 Hz), 7.04 (d, 1 H, J = 13.4 Hz), 5.50 (m, 1 H), 2.11 (s, 3 H), 1.72 (m, 2 H),
1.30 (m, 6 H), 0.88 (t, 3 H, J = 6.7 Hz). Exact mass calcd. for C1oH17NO4NH,"
233.1501, obsd. 233.1497.
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5.1.11. 3-(3-Cyanopropyl)cyclohexanone (Preparation of a Dialkylzinc
from a Functionalized Alkyl lodide via an lodine-Zinc Exchange and
Conjugate Addition to an Enone) (64)

A Schlenk flask equipped with a septum cap and an argon outlet was charged
with 4-iodobutyronitrile (1.20 g, 6 mmol) and diethylzinc (3.0 mL, 30 mmol).
The reaction mixture was warmed to 50-55° and stirred for 12 hours at this
temperature. GLC analysis of a hydrolyzed aliquot indicated completion of the
reaction. The ethyl iodide formed and excess diethylzinc were removed under
vacuum (50°, 2 hours; ~0.1 mm Hg). The resulting oily bis(3-cyanopropyl)zinc
was dissolved in THF (3 mL) and added to a THF solution (6 mL) of copper(l)
cyanide (270 mg, 3 mmol) and lithium chloride (255 mg, 6 mmol, dried 2 hours
at 150° under 0.1 mm Hg) at —20°. The resulting light green solution was
cooled to —78°, and TMSCI (0.8 g, 7 mmol) and 2-cyclohexenone (335 mg,
3.5 mmol) were successively added. The mixture was slowly warmed to —10°



overnight, poured into saturated agueous ammonium chloride (25 mL), stirred
for 5 minutes at room temperature, and extracted with ether (3 x 25 mL). The
combined organic phases were washed with brine (2 x 10 mL), dried over
magnesium sulfate, and concentrated. The crude residue was purified by flash
chromatography (30% ethyl acetate in hexane) affording the pure product as a
colorless oil (483 mg, 83% vyield). IR (neat): 2245, 1708 cm™; *H NMR ( CDCls)
0 2.48-2.22 (m, 5 H), 2.12-1.98 (m, 2 H), 1.96-1.88 (m, 1 H), 1.86-1.75 (m, 1
H), 1.74-1.6 (m, 3 H), 1.59-1.29 (m, 3 H). Exact mass calcd. for C;oH1sNO :
165.1153, obsd. 165.1140.
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5.1.12. 1-Cyclopentyl-3,3-dimethyl-2-butanone (Intramolecular Conjugate
Addition) (89)

A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet,

10 mL pressure-equalizing addition funnel, and rubber septum was charged
with lithium (32 mg, 4.61 mmol), naphthalene (615 mg, 4.80 mmol) and THF
(3 mL). After 2.5 hours, a solution of zinc chloride (327 mg, 2.40 mmol) in THF
(5 mL) was added over 15 minutes to the blue-green solution of lithium
naphthalenidq. A dark gray suspension of active zinc metal formed
immediatelﬁo this mixture was added a solution of
(E)-2,2-dimethyl-9-iodo-4-nonen-3-one (294 mg, 1.0 mmol) in THF (4 mL).
After one hour, the reaction mixture was quenched with an aqueous 1 N HCI
solution (10 mL) and diluted with diethyl ether (10 mL). The aqueous layer was
separated and washed with diethyl ether (3 x 20 mL), and the combined
organic layers were washed with aqueous saturated sodium sulfite (20 mL),
brine (20 mL), dried over magnesium sulfate, filtered, and concentrated.
Column chromatography on silica gel (elution with 0-50 %
dichloromethane-hexane) provided the desired product as a colorless oil

(101 mg, 60% yield). IR (film): 1704 cm™; *H NMR ( CDCls) & : 2.48 (d,
J=7Hz,2H),232-2.16 (m, 1 H), 1.85-1.74 (m, 2 H), 1.63-1.46 (m, 4 H),
1.09 (s, 9 H), 1.07-0.94 (m, 2 H).

5.1.13. 3-(1-Propyl-2-nitroethyl)-2-cyclohexen-1-one (Zinc Insertion into
an Activated lodoalkene and Conjugate Addition of the Corresponding
Zinc-Copper Reagent to a Nitroolefin) (88)

To zinc dust was added a solution of 1,2-dibromethane (200 mg, 1 mmol) in
THF (3 mL). The zinc suspension was heated to ebullition with a heat gun,
allowed to cool, and heated again. This process

(\/A/l-‘-u-! Zn*, THF _ MHEH L miiwr y
1 (00%)
—_ 0 r, 1 h —\ 0 - 0
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was repeated three times. TMSCI (0.15 mL, ~1.2 mmol) was added and after
10 minutes of stirring, a solution of 3-iodo-2-cyclohexen-1-one (2.22 g,

10 mmol) in THF (3 mL) was added dropwise over 15-20 minutes. During the
addition, the reaction temperature reached 55°. The reaction mixture was
stirred 1 hour at room temperature, THF (8 mL) was added, and the mixture
was allowed to stand for 1-2 hours, leading to a colorless solution of the zinc
reagent. GLC analysis of an aliquot indicated complete conversion of the
alkenyl iodide to the zinc organometallic as well as formation of less then 8%
of dimer. The solution of zinc reagent was transferred via cannula or syringe to
a THF solution (10 mL) of copper(l) cyanide (900 mg, 10 mmol) and lithium
chloride (850 mg, 20 mmol) at —30°. After 5 minutes of stirring, the reaction
mixture was cooled to —60°, and 1-nitro-1-pentene (804 mg, 7 mmol) was
added, and the mixture was allowed to warm to 0° within 3 hours. The mixture
was coole —70° and a solution of acetic acid (1 mL) in THF (3 mL) was
slowly added: The mixture was poured into a saturated aqueous ammonium
chloride solution (50 mL) and extracted with ether (3 x 30 mL). The combined
organic phases were washed with brine (2 x 25 mL), dried over magnesium
sulfate, filtered, and concentrated. Flash chromatographic purification of the
residue using ethyl acetate:hexane (1:5) as solvent afforded the desired
product (1.13 g, 71% vyield) as a colorless oil. IR (neat) 1706, 1668 cm™; *H
NMR ( CDClI3) 6 5.87 (s, 1 H), 4.43 (d, 2 H, J = 6.7 Hz), 3.04 (quintet, 1 H,
J=6.9Hz),2.37( 2H,J=6.4Hz),2.28(t, 2 H,J = 6.2 Hz), 2.00 (quintet, 2 H,
J=6.0Hz), 1.48 (m, 2 H), 1.28 (m, 2 H), 0.91 (t, 3 H, J = 7.1 Hz). Exact mass
calcd. for C11H17NO3: 211.1208, obsd. 211.1207.
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5.1.14. 2-Carbethoxy-3-(1-trimethylsilyloxy-4-methyl-4-penten-1-yl)-2-cycl
open-ten-1-one (Addition of a Zinc Homoenolate to an Acetylenic ester: A
Formal [3 + 2] Cycloaddition) (443)

To a solution of [(1-ethoxycyclopropyl)oxy]trimethylsilane (4.8 mL, 24 mmol) in
diethyl ether (18 mL) was added a diethyl ether solution of zinc chloride (18 mL,
18 mmol) at room temperature. The mixture was sonicated for 40 minutes and
was stirred at room temperature for an additional 10 minutes. The
heterogeneous mixture was cooled to 0°, and copper(l) bromide-dimethyl
sulfide complex (308 mg, 1.5 mmol) and ethyl
4-hydroxy-7-methyl-oct-7-en-2-ynoate (980 mg, 5 mmol) in THF (18 mL) and
hexamethylphosphoramide (HMPA, 4.2 mL, 24 mmol) were successively
added. The mixture was stirred for 5 minutes at 0°, and then for 4 hours at
room temperature. The reaction mixture was quenched with saturated
aqueous afmonium chloride solution (25 mL), and the organic layer was
washed witk-Half-saturated ammonium hydroxide solution until no blue color
appeared in the wash. The resulting organic layer was washed with water

(2 x 25 mL) and brine (20 mL), dried over magnesium sulfate, and
concentrated. The crude residue was purified by chromatography (10% ethyl
acetate-hexanes) to give the trimethylsilyl-protected hydroxycyclopentenone
(1.27 g, 86% yield). '"H NMR ( CDCls) & 5.14 (dd, J = 9.5, 5.7 Hz, 1 H), 4.68 (bd,
J=13.3Hz, 2 H), 4.27(q,J = 7.6 Hz, 2 H), 2.72 (dt, J = 20.8, 5.7 Hz, 2 H),
2.43 (t,J =5.7 Hz, 2 H), 2.2-1.56 (m, 4 H), 1.68 (bs, 3 H), 1.31 (t,J =7.6 Hz, 3
H), 0.08 (s, 9 H).
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5.1.15. 1-Butyl-1-(3-nitro-2-phenylpropyl)cyclopentane
(Palladium-Catalyzed Diethylzinc-Mediated Cyclization of a 5-Hexenyl
lodide Followed by Trapping the Cyclized Zinc-Copper Reagent with a
Nitroolefin) (165)

A THF solution (5 mL) of
dichloro-[1,1¢-bis(diphenylphosphino)ferrocene]palladium(ll) [ PdClx(dppf)]
(70 mg, 2 mol %) in THF (5 mL) was cooled to —78°. 5-Butyl-1-iodo-5-hexene
(2.33 g, 5 mmol) and diethylzinc (1.0 mL, 1.23 g, 10 mmol) were added. The
mixture was warmed to room temperature and stirred for 4 hours. The solvent
and excess diethylzinc were evaporated (0.1 mm Hg, room temperature, 1
hour). After addition of THF (5 mL) and cooling to —40°, a solution of copper(l)
cyanide (450 mg, 5 mmol) and lithium chloride (430 mg, 10 mmol) in THF

(5 mL) was added and the reaction mixture was warmed to 0° (5 minutes) and
cooled back to —78°. B -Nitrostyrene (1.12 g, 7.5 mmol) in THF (3 mL) was
added and reaction mixture was slowly warmed to 0° and stirred for 2
hours. The ke#&ction mixture was poured into a solution of saturated aqueous
ammonium chloride (50 mL) and extracted with ether (3 x 30 mL). The
combined organic phases were washed with brine (2 x 20 mL), dried over
magnesium sulfate, and concentrated. The crude residue was purified by flash
chromatrography (ether:hexanes 1:9) to yield the desired product as a clear oil
(1.16 g, 81% yield). IR (neat) 1555, 1385 cm™. *H NMR ( CDCl3) & : 7.39-7.20
(m,5H),4.73(d, 2H,J =9.7 Hz), 4.66-4.51 (m, 2 H), 3.48 (9, 1 H, J = 7.6 Hz),
2.00-1.93 (m, 4 H), 1.77-1.69 (m, 2 H), 1.47-1.17 (m, 8 H), 0.92 (t, 3 H,

J = 6.0 Hz). Anal. Calcd. for C1gH27NO2: C, 74.70; H, 9.40; N, 4.84. Found: C,
74.86; H, 9.65; N, 4.70.

(B1%)
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5.1.16. trans-4,5-Dihydro-4-(3-carbethoxy-3-butenyl)-5-isopropyl-2-(3H)-f
uranone (Nickel(ll)-Catalyzed Diethylzinc-Mediated Cyclization of an
Allylic lodoacetal Followed by Trapping the Cyclized Zinc-Copper
Reagent with an Allylic Bromide) (470)

To a suspension of nickel(ll) bis(acetylacetonate) (60 mg, 0.25 mmol), lithium
iodide (160 mg, 1.25 mmol), and
1-bromo-2-ethoxy-4-isopropyl-3-oxa-5-hexene (1.25 g, 5.0 mmol) in THF

(5 mL) was added diethylzinc (1.0 mL, 10 mmol). The reaction mixture was
warmed to room temperature within an hour, leading to a black solution. The
cyclization reaction was completed by heating the mixture at 40° for 12 hours.
A THF solution (15 mL) of copper(l) cyanide (1.33 g, 15 mmol) and lithium
chloride (1.26 g, 30 mmol) was added at —60°. The reaction mixture was
stirred for inutes at 0°, ethyl (2-bromomethyl)acrylate (2.95 g, 15 mmol)
was added 78°, and the reaction mixture was warmed to room temperature.
After 5 minutes it was poured into a saturated aqueous ammonium chloride
solution (50 mL) and extracted with ether (3 x 100 mL). The combined organic
phases were washed with brine (2 x 20 mL), dried over magnesium sulfate,
and concentrated to afford the crude THF derivative, which was converted
directly to the lactone in the following way.

A solution of m-chloroperbenzoic acid (1.64 g, 9.6 mmol, purity 50%) in
dichloromethane (10 mL) was dried with magnesium sulfate (~2 g). To this
filtered solution were added successively at room temperature boron trifluoride
etherate (0.2 mL, 1.58 mmol) and the previously obtained crude oil dissolved
in dichloromethane (2—3 mL). After one hour of stirring, the mixture was diluted
with ether (30 mL) and washed successively with a saturated aqueous solution
of sodium thiosulfate (2 x 20 mL), a saturated aqueous solution of potasium
carbonate (10 mL), and brine (2 x 20 mL). The organic layer was dried over
magnesium sulfate, filtered, and concentrated. The crude product was purified
by chromatography (hexanes:ether 4:1) to afford the trans- y -butyrolactone
(0.63 g, 50% overall yield). IR (neat) 1790, 1750 cm™. *H NMR ( CDCl3) 5 6.10



(s,1H),548(s,1H),4.13(q,2H,J=7.1Hz),3.89(dd, 1 H,J =5.4 Hz), 2.62
(dd,1H,J=19.8,11.2 Hz),2.20 (m, 4 H), 1.76 (m, 1 H), 1.6 (m, 1 H), 1.47 (m,
1H),1.24(t 3H,J=1.7Hz),0.90 (t, 6 H,J = 7.5 Hz). Anal. Calcd. for
C14sH2204: C, 66.40; H, 8.66. Found: C, 66.16; H, 8.92.
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5.1.17. Isopropyl (4R*,55*)-5-(Benzyloxy)-4-ethenyl-6-methylheptanoate
(Sn2*-Allylation of a Zinc Homoenolate Prepared from a
Cyclopropylacetal) (323)

To freshly fused zinc chloride (40.9 mg, 0.3 mmol) was added
1-isopropoxy-1-(trimethylsiloxy)cyclopropane (119 mg, 0.6 mmol) in ether

(3 mL). After 3 hours at room temperature, copper(l) bromide-dimethyl sulfide
complex (5 pmol, 1 mg) and 4-benzyloxy-5-methyl-2-hexenyl chloride

(47.7 mg, 0.20 mmol) in DMF (2 mL) were added. The reaction was stirred for
15 hours a m temperature, and potassium fluoride (100 mg) in water

(20 pL) wa ded. After stirring for one hour, the mixture was filtered through
a short column of silica gel with ether to give the desired ester as an oll

(48.2 mg, 73 % yield). IR (neat) 1735 cm™; 'H NMR ( CDCls) & 7.49-7.20 (m,
5H), 5.76 (ddd, J = 10.1, 10.1, 17.1 Hz, 1 H), 5.17-4.91 (m, 3 H), 4.60 (s, 2 H),
3.01(dd,J =2.5,6.3 Hz, 1 H), 2.41-2.06 (m, 3 H), 1.94-1.66 (m, 3 H), 1.23 (d,
J=6.3Hz, 6 H),1.00 (d,J =6.3 Hz, 3H), 0.90 (d, J = 6.3 Hz, 3 H). Anal.
Calcd. for CyoH3003: C, 75.43; H, 9.50. Found: C, 75.51; H, 9.56.
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5.1.18. Ethyl 4-(4-Cyanophenyl)benzoate (Palladium-Catalyzed
Cross-Coupling with an Arylzinc lodide Prepared Using Rieke Zinc) (120)
Two 50-mL two-necked flasks, A and B, were equipped with rubber septa,
condensers trapped with argon inlets, and magnetic stir bars. Flask A was
charged with freshly cut lithium (213 mg, 30.6 mmol) and naphthalene (3.99 g,
31.2 mmol). Flask B was charged with anhydrous zinc chloride (2.09 g,

15.4 mmol). Both of these operations were performed in a argon atmosphere
drybox. The flasks were then transferred to the manifold system and the argon
inlet fitted. Freshly distilled THF (15 mL) was added to both flasks. The lithium
was consumed in about 2 hours, leading to a dark green solution. The zinc
chloride solution was transferred dropwise to flask A over 15 minutes. (The
active zinc was typically used at this point, but it could be washed with fresh
solvent if naphthalene presents a problem with product isolation.) ethyl
4-iodobenzoate (1.93 g, 7.0 mmol) was added to the active zinc (~15.4 mmol)
at room temperature. The reaction mixture was stirred for 3 hours, then the
solution was allowed to stand while excess zinc settled from the dark brown
organozinc iodide solution. The supernatant solution was then ready for further
transformations. Thus (4-carbethoxyphenyl)zinc iodide (2.16 mmol in THF
(~10 mL) was transferred via cannula to a THF solution of Pd(PPhs)4 (127 mg,
0.11 mmol) and 4-bromobenzonitrile (400 mg, 2.19 mmol) at room
temperature. After 3 hours of stirring, the reaction mixture was poured into a
saturated aqueous ammonium chloride solution (10 mL) and extracted with
diethyl eth x 10 mL). The combined organic layers were dried over
calcium chlprife. The resultant crude product was purified by flash
chromatography on silica gel using a gradient elution (hexanes to remove
napthalene first, then hexanes-ethyl acetate) to give pure ethyl
4-(4-cyanophenyl)benzoate (433 mg, 1.73 mmol, 80 % yield) as a crystalline
solid, mp 114-115°. IR ( CCly) 2231, 1722, 1608 cm™; *H NMR ( CDCls) &
8.21-7.60(m, 8 H),4.42(q,J =7.1Hz),2H),1.42 (t,J = 7.1 Hz, 3 H); Anal.
Calcd. for C1sH13NO2: C, 76.48; H, 5.21; N, 5.57. Found: C, 76.25; H, 5.17; N,
5.31.
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5.1.19. Ethyl 5-Oxo0-6-methyl-6-heptenoate (palladium(0)-Catalyzed
Acylation of an Alkylzinc lodide Prepared in DMAC and Benzene) (496)
To a 300-mL four-necked flask flushed with nitrogen and containing a
zinc-copper couple (5.6 g, 85.5 mmol) in dry benzene (20 mL) were added
ethyl 4-iodobutyrate (13.8 g, 57 mmol) in DMAC (9 mL) and benzene (70 mL)
within 3 minutes at room temperature. The mixture was stirred for one hour at
room temperature and was then heated at gentle reflux in an oil bath for 4.5
hours. After the reaction mixture was cooled to 60°, a solution of Pd(PPh3),4
(0.58 g, 0.5 mmol) in benzene (15 mL) was added over one minute. A solution
of methacryloyl chloride (5.23 g, 50 mmol) in benzene (10 mL) was added over
5 minutes and stirring was continued for one hour. The reaction mixture was
filtered though a Celite pad, and the filtrate was washed successively with
aqueous 1 N ammonium chloride (50 mL), aqueous saturated sodium
hydrogen carbonate (10 mL), and saturated aqueous sodium chloride (50 mL).
The aqueous phases were extracted with diethyl ether (100 mL). The
combined organic extracts were dried over magnesium sulfate and the
solvents were removed to yield a deep brown oil. This product was purified by
chromatography on silica gel using a hexane-diethyl ether gradient followed by
a Kugelrohr distillation in the presence of hydroquinone (10 mg) to give the
pure product as a colorless liquid (8.0-8.1 g, 87-88%), bp 185° (20 mm). IR
(film) 1730, 1680 cm™; *H NMR ( CDCl3) 8 5.96 (s, 1 H), 5.77 (brs, 1 H), 4.13
(9,2H,J=7.1Hz),2.76 (t, 2H,J =7.1 Hz), 2.35 (t, 2 H, J = 6.8 Hz),
1.75-2.11 (m, 5H), 1.25 (t, 3 H, J =7.1 Hz).
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5.1.20. (6S)-(+)-6-Hydroxy-7-triisopropylsilyloxyheptyl Pivalate
(Enantioselective Addition of a Functionalized Dialkylzinc to an a
-Alkoxyaldehyde Affording a Protected 1,2-Diol) (532)



To 5-iodopentyl pivalate (7.40 g, 24 mmol), were added copper(l) iodide (ca.
14 mg, 0.3 mmol %) and diethylzinc (3.6 mL, 36 mmol). The reaction mixture
was warmed to 55° and stirred for 12 hours. The flask was connected to a
vacuum (0.1 mm Hg), and the resulting ethyl iodide and excess diethylzinc
were distilled (ca. 4 hours). The resulting dialkylzinc was dissolved in toluene
(8 mL). A second flask charged with (1R,
2R)-1,2-bis(trifluoromethanesulfonamido)cyclohexane (121 mg, 0.3 mmol) and
Ti(OPr—i)4 (2.4 mL, 8 mmol) in toluene (2 mL) was heated to 50° for 0.5 hour
and then cooled to —40°. The toluene solution of the zinc reagent was added,
followed by 2-triiso-propylsilyloxyethanal (0.86 g, 4 mmol). The reaction
mixture was warmed to —20°, was stirred at this temperature overnight, and
then poured into a saturated aqueous ammonium chloride solution (50 mL)
and extracted with ether (3 x 40 mL). The combined organic phases were
washed with brine (2 x 20 mL), dried over magnesium sulfate, and
concentrated. The residue was purified by flash chromatography
(hexane:ether 4:1) affording the desired alcohol as a clear oil (1.17 g, 75%
yield, 93% ee); [ a ]*p = +0.64° (c 4.71, benzene). IR (neat) 1635 cm ™. *H
NMR ( CDCls3) 6 4.04 (t, J = 6.6 Hz, 2 H), 3.72-3.65 (m, 2 H), 3.50-3.44 (m, 1
H), 2.56 (bs, 1 H), 1.68-1.61 (m, 3 H), 1.48-1.37 (m, 6 H), 1.18 (s, 9 H),
1.14-1.02 (m, 21 H). Anal. Calcd. for C;1H4404Si C, 64.91; H, 11.41. Found: C,
64.95; H, 11.60.
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5.1.21. 1-(2-Hydroxy)phenyl-3-buten-1-ol (Barbier Reaction Performed in
Agqueous Medium) (148)

A mixture of 2-hydroxybenzaldehyde (244 mg, 2 mmol), allyl bromide (492 mg,
4 mmol), zinc powder (260 mg, 4 mmol) in THF (1 mL), and saturated aqueous
ammonium chloride (3 mL) was stirred at room temperature. An exothermic
reaction proceeded, and the reaction was complete within 20 minutes. The
reaction mixture was extracted with ether (3 x 25 mL), and the combined
organic phases were washed with brine (10 mL), dried over magnesium
sulfate, and purified by flash chromatography (hexane-ether). The product was
the pure benzylic alcohol (330 mg, 75% vyield). IR (neat) 3350, 1640 cm™; *H
NMR ( CDCls) 6 8.0 (brs, 1 H), 7.3-6.7 (m, 4 H), 6.1-5.6 (m, 1 H), 5.3-5.0 (m,
2H), 4.8 (t, 1 H), 2.6 (t, 2 H).
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5.1.22. N-Benzyl-6-(4-carbethoxyphenyl)purine (Palladium-Catalyzed
Cross-Coupling Reaction of a Heteroaromatic Zinc Compound with a
Functionalized Aryl lodide) (118)

To a suspension of zinc dust (0.85 g, 13 mmol) in THF pretreated with
1,2-dibromoethane (0.15 g, 0.8 mmol) and TMSCI (0.1 g, 0.92 mmol) was
added a solution of N-benzyl-6-iodopurine (0.75 g, 2.2 mmol) in THF (3 mL).
The suspension was stirred for 4 hours at room temperature. Meanwhile, a
two-necked flask equipped with an argon inlet was charged with palladium
bis(dibenzyﬁneacetone) (15 mg, 0.026 mmol, 10 mol %),
tri(2-furyl)pkeSphine (28 mg, 0.12 mmol, 5 mol %) and THF (2 mL). The
solution was stirred until the red color disappeared (~ 10 minutes), indicating
formation of the catalyst. A solution of ethyl 4-iodobenzoate (0.95 g, 3.4 mmol)
in THF (2 mL) was added to the catalyst, followed by the red solution of the
zinc compound. The reaction mixture was heated to 70° and stirred for 5 hours.
The mixture was cooled to room temperature, quenched with a saturated
agueous ammonium chloride solution, and extracted with dichloromethane.
The combined organic extracts were washed with brine, dried over magnesium
sulfate, and concentrated at reduced pressure to give a solid. The crude
residue was purified by chromatography (hexane/ether 5/1 to 1/1) to afford the
desired product (0.54 g, 70 %). IR (neat) 2972, 1708, 1584, 1561, 1294, 1107,
775, 726 cm™. *H NMR ( CDCls) 5 8.90 (s, 1 H), 8.70 (d, J = 8.2 Hz, 2 H), 8.01
(d,J=8.4Hz, 2H),7.94 (s,1H),7.18 (s, 5H), 5.40 (s, 2 H), 4.22 (q,
J=7.2Hz, 2H),1.24 (t,J = 7.2 Hz, 3 H). Anal. Calcd for C1,H2sBr : C, 70.38;
H, 5.06; N, 15.63; Found: C, 70.18; H, 5.13; N, 15.70.
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5.1.23. (1S,2R)-1-(o-Methoxyphenyl)-2-(1-oxopentyl)cyclopentane
(Palladium-Catalyzed Stereoselective Acylation of a Chiral Secondary
Diorganozinc) (40)

A Schlenk flask was charged with (—)-monoisopinocampheylborane (3.1 mL,
2.5 mmol, 0.8 M) in ether, cooled to —35°, and
1-(o-methoxyphenyl)cyclopentene (435 mg, 2.5 mmol) in ether (1 mL) was
added. The reaction mixture was stirred at —35° for 48 hours, and the solvents
were then carefully evaporated under reduced pressure. Diethylborane

(2.1 mL of a 7.3 M solution in dimethyl sulfide, 15 mmol) was added, and the
resulting solution was stirred at 50° for 16 hours. The solvents were
evaporated under reduced pressure (25°, 2 hours). Diisopropylzinc (2.5 mL of
a 0.3 M solptipn in ether, 7.5 mmol) was added over 10 minutes, and the
reaction mi¥dre was stirred at 25° for 5 hours. The volatiles were evaporated
under reduced pressure (0 to 25°, 30 minutes), and the resulting gray residue
was dissolved in dioxane (5 mL). The mixture was filtered under inert gas and
cooled to 0°. A previously prepared mixture of palladium
bis(dibenzylidene)acetone (20 mg, 2 mol %), tri(o-tolyl)phosphine (30 mg,

4 mol %), and pentanoyl chloride (905 mg,7.5 mmol) in dioxane (3 mL) was
added. The reaction mixture was allowed to warm slowly to 25°. After 12 hours
the reaction mixture was quenched with an agueous ammonia solution and
stirred for 15 minutes. Then aqueous 2 M hydrochloric acid was added and the
mixture was extracted with ether. After drying over magnesium sulfate and
evaporating the solvents, the crude residue was purified by chromatography
(hexane:ether, 49:1), affording 375 mg of pure product (58% yield based on
the starting alkene). The syn:anti ratio (dr = 1:99) and the enantioselectivity
(er = 90.5:9.5) were determined by capillary GLC analysis on a chiral
cyclodextrin column (CP-Chirasil-Dex CB-Chrompack). IR (neat) 2956, 2870,
1708, 1492, 1463, 1243, 1030, 753 cm™. *H NMR ( CDCls) & 7.12-7.06 (m, 4
H), 3.70 (s, 3 H), 3.53-3.44 (q, J = 8.0 Hz, 1 H), 3.04-2.95 (q, J = 8.0 Hz, 1 H),
2.22-2.16 (td, J = 7.5, 3.5 Hz, 2 H), 2.04-1.64 (m, 6 H), 1.42-1.33 (quint,



J=7.5Hz, 2 H), 1.19-1.05 (sext, J = 7.5 Hz, 2 H). Exact mass calcd. for
C17H2402: 260.1776, obsd. 260.1774.

5.1.24. Ethyl (E)-13-Pivalyloxy-2-tridecenoate (Nickel(ll)-Catalyzed
Cross-Coupling of a Functionalized Dialkylzinc with a Functionalized
Alkyl lodide) (333)

A two-necked flask equipped with an argon inlet was charged with 6-iodohexyl
pivalate (3.75 g, 12 mmol), copper(l) iodide (4 mg, 0.02 mmol), and diethylzinc
(2.3 mL, 13 mmol). The reaction mixture was heated at 50° and
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stirred for 8 hours. The ethyl iodide formed and excess diethylzinc were
removed under vacuum (50°, 2 hours, ~0.1 mm Hg). The resulting oily
bis(6-pivaloxyhexyl)zinc was dissolved in THF (4 mL) at room temperature.
Meanwhile a three-necked flask equipped with an argon inlet was charged with
nickel(ll) bis(acetylacetonate) (116 mg, 0.45 mmol, 8 mol%), NMP (1.5 mL),

and THF (ZIjnL).

(E)-Ethyl 7-iodo-2-heptenoate (1.69 g, 6 mmol) was added to the catalyst
solution at —78°. The solution of bis(6-pivaloxyhexyl)zinc was slowly added at
—78°. The resulting mixture was allowed to warm to —35° and stirred for 15
hours. The reaction was carefully quenched with a saturated aqueous
ammonium chloride solution and was extracted extracted with ether. The
combined organic layers were washed with brine, dried over magnesium
sulfate, and evaporated under vacuum. The crude residue was purified by
flash chromatography (hexane:ether = 19:1 to 5:9) to afford the desired
product (1.49 g, 73 %). IR (neat) 2935, 1730, 1465, 1160 cm™; *H NMR
(CDCl3) 6 6.93-6.83 (m, 1 H), 5.73 (d,J=15.7Hz, 1 H),4.09(q; J = 7.1 Hz, 2
H), 3.96 (t, J = 6.6 Hz, 2 H), 2.11 (t, J = 7.1 Hz, 2 H), 1.56-1.49 (m, 2 H),
1.39-1.35 (m, 2 H), 1.28-1.17 (m, 15 H), 1.11 (s, 9 H). Anal. Calcd. for
CyoH3sNO4: C, 70.54; H, 10.65. Found: C, 70.48; H, 10.61.
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5.1.25. Ethyl [3-(p-Cyanophenyl)propionate [Nickel(ll)-Catalyzed
Cross-Coupling of a Polyfunctional Arylzinc Derivative with a Primary
Alkyl lodide] (230)

A three-necked flask equipped with a thermometer, a gas inlet, and an addition
funnel was charged with 4-bromobenzonitrile (2.27 g, 12.5 mmol) in THF

(20 mL). The reaction mixture was cooled to —100°, and n-butyllithium (8.7 mL,
12.9 mmol, 1.6 M in hexane) was added over 5 minutes. A precipitate formed
immediately and the reaction mixture was stirred for 20 minutes at this
temperature. A THF solution of zinc bromide (6.25 mL, 2.81 g, 12.5 mmol) was
slowly added and the mixture was allowed to warm to room temperature and
was concentrated by evaporation of the solvents under vacuum. The resulting
~1.2 M solution was transferred at —78° to a two-necked flask equipped with
an argon inlet and a septum and containing ethyl 3-iodopropionate (1.14 g,

5 mmol), 44rjuoromethylistyrene (0.75 mL, 5 mmol, 1 equivalent), nickel(ll)
bis(acetyla nate) (128 mg, 0.5 mmol, 10 mol %) in THF (1.7 mL), and NMP
(0.8 mL). The reaction mixture was allowed to warm to —15° and stirred for 5
hours. The reaction mixture was quenched with a saturated agqueous
ammonium chloride solution and extracted with ether. The combined organics
were dried over magnesium sulfate and evaporated under vacuum. The crude
residue was purified by flash chromatography (hexane-ether) to afford the
desired product (0.762 g, 75% yield) as a colorless oil. IR (neat) 3061, 3026,
2980, 2936, 2228, 1733, 1513, 1246, 1175, 1034 cm . '"H NMR ( CDCls) &
7.58 (d,J=8.3Hz, 2H),7.32(d,J =8.3Hz,2H),4.12(q,J =7.1 Hz, 2 H),

3.01(t,J=7.5Hz, 2 H), 2.64 (t, J = 7.5 Hz, 2 H), 1.22 (t, J = 7.1 Hz, 3 H). Anal.

Calcd. for C12H13NO»: C, 70.92; N, 6.89; H, 6.45. Found: C, 70.75; N, 7.08; H,
6.57.
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5.1.26. (3R,4R)-3-Methyl-4-phenyl-1-trimethylsilylpentyne
[copper(l)-Catalyzed Stereoselective Alkynylation of a Chiral Secondary
Diorganozinc] (44)

A one-necked Schlenk flask was charged with
(-)-monoisopinocampheylborane (4.3 mL, 3 mmol, 0.7 M in ether), cooled to
—35°, and (2)-2-phenyl-2-butene (396 mg, 3 mmol) in ether (1 mL) was added.
The reaction mixture was stirred at —35° for 48 hours, and the solvents were
carefully evaporated under reduced pressure. Diethylborane (2.5 mL of a

7.3 M solution in dimethyl sulfide, 18 mmol) was added, and the resulting
solution was stirred at 50° for 16 hours. The solvents were evaporated under
reduced pressure (room temperature, 2 hours). Diisopropylzinc (1.8 mL of a

5 M solution in ether, 9 mmol) was added over 10 minutes, and the reaction
mixture was stirred for 5 hours at room temperature. The volatiles were
evaporated under reduced pressure (0 to 25°, 30 minutes), and the resulting
gray residuggas dissolved in THF (5 mL). A 1 M THF solution of copper(l)
cyanide (2 g, 2.4 mmol) and lithium chloride (204 mg, 4.8 mmol) was
added at —78°. The reaction mixture was stirred at —78° for 10 minutes, and
2-bromo-1-trimethylsilylacetylene (1.59 g, 9 mmol) was added. The reaction
mixture was stirred 1 hour at —78°, and the cooling bath was removed, allowing
the reaction to rise to room temperature. The reaction mixture was quenched
with a saturated agueous ammonium chloride solution and extracted with ether.
After drying over magnesium sulfate and evaporating the solvents, the crude
residue was purified by chromatography (silica, hexane), affording 283 mg of
pure (3R,4R)-3-methyl-4-phenyl-1-trimethylsilylpentyne (41 % yield based on
the starting alkene). The syn:anti ratio and the enantioselectivity were
determined by capillary GLC analysis on a chiral 8 -cyclodextrin column
(CP-Chirasil-Dex CB, Chrompax). IR (neat) 2166, 1454, 1249, 842, 760 cm™.
'H NMR ( CDCl3) 5 7.19-7.05 (m, 5 H), 2.61-2.45 (m, 2 H), 1.28 (d, J = 6.5 Hz,
3 H), 0.0 (s, 9 H). Anal. Calcd. for C15H2,Si : C, 78.19; H, 9.62, Found: C, 77.81;
H, 9.58.
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5.1.27. 3-Myrtanylcyclopentanone (Conjugate Addition of Dimyrtanylzinc
to an Enone in N-Methylpyrrolidinone) (314)

A two-necked flask equipped with an argon inlet was charged with (1S)-(-)- B
-pinene (13.6 g, 100 mmol) and cooled to —10°. Borane-methyl sulfide
complex (2.28 g, 30 mmol) was added to form a thick precipitate (10 minutes),
which was dissolved in ether (15 mL). The resulting solution was stirred at 0°
for 2 hours, and warmed to room temperature for a further 8 hours. The solvent
and excess (1S)-(-)- B -pinene were removed under reduced pressure

(0.1 mm Hg, room temperature, 1 hour) to give tri(cis-myrtanylborane) (12.5 g,
99%). The resulting white solid was dissolved in hexane (12 mL) before
cooling to 0°. Diethylzinc (6 mL, 60 mmol) was added, and the resulting
mixture was stirred at 0° for 30 minutes. The solvent and the excess
diethylzinc were removed under reduced pressure (0.1 mm Hg, room
temperature, 1 hour). The reaction with diethylzinc was repeated a second
time befor ating at 40° for 4 hours under reduced pressure (0.1 mm Hg) to
ensure re | of all excess diethylzinc. The resulting oily dimyrtanylzinc was
allowed to cool to room temperature. Meanwhile a three-necked flask
equipped with an argon inlet was charged with 2-cyclopenten-1-one (0.41 g,

5 mmol), THF (2 mL) and N-methylpyrrolidinone (3 mL). This solution was
cooled to —30°, and TMSCI (0.54 g, 5 mmol) and dimyrtanylzinc (1.7 g, 5 mmol)
were added. The resulting mixture was stirred at —30° for 3 hours, diluted with
THF (30 mL), and poured into aqueous 10 % hydrochloric acid (10 mL). The
mixture was stirred for 15 minutes and extracted with ether. The combined
organics were washed with brine, dried over magnesium sulfate, and
concentrated under reduced pressure. The crude residue was purified by flash
chromatography (hexane:ether, 19:1) to afford the desired product (0.87 g,
79% of a 1:1 mixture of diastereomers); IR (neat) 2907, 1744, 1468, 1404,
1159 cm™. *H NMR ( CDCls) 8 2.28-1.74 (m, 12 H), 1.49-1.32 (m, 4 H), 1.11 (s,
5 H), 0.94 (s, 3 H). Anal. Calcd. for C15H240 : C, 81.76; H, 10.97, Found: C,
81.92; H, 10.94.
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5.1.28. (S)-4-Hydroxy-4-phenylbutyl Pivalate (Enantioselective Addition
of a Mixed Diorganozinc to Benzaldehyde) (565)

To 3-iodopropyl pivalate (1.49 g, 5.5 mmol) and copper(l) iodide (57 mg,

0.3 mmol) was added diethylzinc (3.6 mL, 36 mmoL). The reaction mixture
was warmed to 55° and stirred for 12 hours. The flask was connected to
vacuum (0.1 mm Hg), and ethyl iodide and excess diethylzinc were distilled off
(50°, 4 hours). The resulting oily bis(3-pivaloyloxypropyl)zinc was dissolved in
ether at room temperature (1.5 mL), and bis(trimethylsilyl)zinc (0.57 g,

2.4 mmol) was added. Meanwhile a three-necked flask was charged under
argon with (1R,2R)-1,2-bis(trifluoromethanesulfonamido)cyclohexane (61 mg,
0.18 mmol), Ti(OPr—i), (0.36 mL, 1.2 mmol) and ether (3 mL). This catalyst
solution was cooled to —20°, and the
(3-pivaloyloxypropyl)(trimethylsilylmethyl)zinc solution was slowly added. After
10 minutesﬁnzaldehyde (0.21 g, 2 mmol) was added, and the reaction
mixture wa$-stirred at —20° for 26 hours. The reaction mixture was quenched
with a saturated agueous ammonium chloride solution and extracted with ether.
The combined organics were washed with brine and dried over magnesium
sulfate. The solvents were evaporated under reduced pressure and the crude
residue was purified by chromatography (hexane:ether, 4:1) to afford the
product (81% vyield; 96% ee). The enantiomeric excess was determined by
chiral HPLC analysis: Chiracel OD, hepane:2-propanol, 90:10; flow 0.6 mL/min;
12.6 minutes (major isomer) and 15.3 minutes (minor isomer). [ a *°p = —20.3°
(c 2.87, benzene). IR (neat) 3540, 2970, 2930, 1720, 1480 cm™. *H NMR
(CDCl3) 6 7.36-7.28 (m, 5 H), 4.72-4.70 (m, 1 H), 4.10-4.06 (t,J = 6.0 Hz, 2 H),
1.86-1.31 (m, 5 H), 1.20 (s, 3 H).
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5.1.29. Bis(2-Furyl) Ketone [Cobalt(ll)-Mediated Carbonylation of
2-Furylzinc Bromide] (536)

A three-necked flask was charged with furan (1.7 g, 25 mmol) and THF (10 mL)
and was cooled to 0°. A solution of n-butyllithium (12.5 mL, 20 mmol, 1.6 M in
hexane) was added dropwise over 5 minutes. The solution was stirred for 30
minutes at room temperature. A solution of zinc bromide (4.5 g, 20 mmoL) in
ether (15 mL) was added at —80°. The reaction mixture was allowed to warm to
0°. Meanwhile a second three-necked flask was charged with cobalt(Il)
bromide (4.38 g, 20 mmol), THF (5 mL), and NMP (15 mL). The solution was
cooled to 0° and carbon monoxide was bubbled through using a pipette. The
solution of 2-furylzinc bromide was added dropwise at 0°. The reaction mixture
was stirred at this temperature for 3 hours. The carbon monoxide stream was
stopped, and stirring was continued for an additional 2 hours. The mixture was
poured into hexane (200 mL) and stirred for 2 hours to decompose the
intermediate cobalt-carbonyl complexes. The reaction was quenched with a
saturated ous ammonium chloride solution, and extracted with ether. The
combined nics were washed with brine, dried over magnesium sulfate,
and the solvents were evaporated under reduced pressure. The crude residue
was purified by flash chromatography (hexane:ether = 19:1) to afford 1.26 g of
the desired product (78% vyield); IR (neat) 1632, 1572, 1468, 1396, 1312, 1032,
839 cm™. *H NMR ( CDCl3s) & 7.53 (s, 2 H), 7.35 (d, J = 4.0 Hz, 2 H), 6.41 (m, 2
H). Anal. Calcd. for CgHsO3: C, 66.66; H, 3.72; Found: C, 66.53; H, 3.75.

OH | [ COE . n-BuLi, THF ~ZnCl

-Bu—]
i-Bu

(:0 -Et

2. 7ZnCl, N~

©/CHO 3.-78%°tort, 3 h OH

T C0,E
| (60%)



5.1.30. Ethyl (8-Hydroxy-8-phenyl-6-methylene)octanoate (Addition of a
Masked Functionalized Allylzinc Reagent to Benzaldehyde) (296)

A two-necked flask equipped with an argon inlet was charged with ethyl
(8-tert-butyl-9,9-dimethyl-8-hydroxy-6-methylene)decanoate (0.26 g,

0.83 mmol) and THF (4 mL). The solution was cooled to -78° and
n-butyllithium (9.52 mL, 0.79 mmol, 1.5 M hexane) was added slowly. After 15
minutes a solution of zinc chloride (110 mg, 0.79 mmol) in THF (2 mL) was
added followed by benzaldehyde (84 mg, 0.79 mmol). The mixture was stirred
for 1 hour at —78° and slowly warmed to room temperature over 3 hours. The
reaction was quenched with a saturated aqueous ammonium chloride solution
and the mixture was extracted with ether. The combined organics were
washed successively with water and brine, dried over magnesium sulfate, and
evaporated under reduced pressure. The crude residue was purified by flash
chromatogaphy (pentane:ether, 80:20 to 60:40) to afford 130 mg of a colorless
oil (60 % yield). "H NMR ( CDCls) & 7.30-7.18 (m, 5 H), 4.83 (m, 2 H), 4.70 (dd,
J=5.2Hz 83Hz 1H).4.20(q,J =7.1Hz, 2 H), 2.34 (m, 2 H), 2.21 (t,
J=7.5Hz, 2H),2.18 (s, 1 H), 2.00 (t, J = 7.5 Hz, 2 H), 1.60-1.36 (m, 4 H),
1.19 (t,J = 7.1 Hz, 3 H). Anal. Calcd. for C,7H,403: C, 73.88; H, 8.75; Found: C,
73.66; H, 8.71.
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5.1.31. 1-(Phenylcarbonylmethyl)spiro[4,5]dec-6-ene (Zinc-Ene
Cyclization from a Masked Cyclic Allylzinc Reagent) (299)

A two-necked flask equipped with an argon inlet was charged with
3-(4-pentenyl)-3-(2,2-dimethylpropionyl)cyclohexene (0.24 g, 1.02 mmol) and
THF (4 mL). The solution was cooled to 0°, and a solution of n-butyllithium
(0.68 mL, 1.025 mmol, 1.5 M in hexane) was added. After 5 minutes the
orange mixture was cooled to —78°, and a THF (2 mL) solution of zinc(ll)
chloride (0.14 g, 1.02 mmol) was added. The reaction mixture was slowly



warmed to room temperature over 3 hours. A THF (2 mL) solution of copper(l)
cyanide (90 mg, 1.02 mmol) and lithium chloride (90 mg, 2.04 mmol) was
added at 0°. After stirring the resulting yellow mixture for 5 minutes, benzoyl
chloride (0.15 g, 1.08 mmol) was added. The reaction mixture was stirred for 2
hours at 0° and quenched with a saturated aqueous ammonium chloride
solution. The mixture was diluted with ether and the white precipitate was
removed by filtration. The aqueous layer was extracted with ether. The
combined organics were washed with brine, dried over magnesium sulfate,
and concentrated under reduced pressure. The crude residue was purified by
flash chromatography (pentane:ether, 98:2) to afford a colorless oil. The pure
product was obtained by crystallization from pentane (0.2 g, 60% yield). IR
(neat) 2930, 1677, 1446, 981, 784, 684, 569 cm™. *H NMR ( CDCls) d 7.87 (d,
J=7.0Hz, 2 H), 7.47-7.19 (m, 3 H), 5.63 (dt, J =10.2, 3.6 Hz, 1 H), 5.49 (d,
J=10.2 Hz, 1 H), 2.97 (dd, J = 16.2, 3.3 Hz, 1 H), 2.66 (dd, J = 16.2, 10.4 Hz,
1 H), 2.12-2.02 (m, 1 H), 1.96-1.30 (m, 13 H). Anal. Calcd. for C;5H,,0 : C,
84.99; H, 8.72; Found: C, 84.75; H, 8.63.



6. Tabular Survey

The tables include examples of functionalized organozincs reactivity collected
during the last 20 years up to the end of December, 1999.

Yields are given in parentheses in the product column of the tables.

In all tables except Table XVIII, the first column has a header that represents a
zinc reagent. The structures in this column contain a bond with a wavy line
drawn through it. This symbol denotes the point of attachment of the zinc
reagent that is indicated in the column header. There are four headers for the
zinc reagent (FG = functional group):

FG-RZnX (Tables I, XIX, XX)
FG-RCuU(CN)ZnX (Tables 1I-VII, IX, XI, and XV)
FG-RML, (Tables VII, X, XII-XIV, XVII)
(FG-R)2Zn (Table XXI)

Abbreviations:
C4H3S 2-thienyl
Ci0H7-1 1-naphthyl
Bn benzyl
Boc tert-butoxycarbonyl

D Bz benzoyl
DMAC N,N-dimethylacetamide
DME 1,2-dimethoxyethane
DMF N,N-dimethylformanide
DMPU N,Ng¢-dimethylpropyleneurea
HMPA hexamethylphosphortriamide
LDA lithium diisopropylamide
Ms mesyl
NMP  N-methylpyrrolidinone
Nf perfluorobutyl (nonaflate)
Piv pivaloyl
TBDMS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl
THP  tetrahydropyranyl
TIPS  triisopropylsilyl



TMEDA N,N,N¢,N¢-tetramethylethylenediamine
TMS  trimethylsilyl

TMSCI trimethylsilyl chloride

Tol tolyl

Ts tosyl
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TABLE I. HYDROPEROXIDES AND NITRILES FROM FUNCTIONALIZED ZINC-COPPER REAGENTS?

FG-RZnX Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
c A. Reactions of Functionalized Zinc-Copper Reagents with Oxygen
6
Br 03, CeFg, THE, =60°, 1 b Br 61 303
‘71»/\/\/\/ 20 676 \/\/\/\OOH b
G PV 05, C¢Fg, THF. -60°, 1 h PIVO. o~ (58) 303
%7 OOH
Cis e _OTIPS 03, CoFe, THF, -60°, 1 h TIPSO~~~ (62) 303
X OOH
B. Reactions of Functionalized Zinc-Copper Reagents with Tosyl Cyanide
Cs
ql °3 cl
/\/\ TSCN, THF, 010 259, 3 h /\/\ @D 304
% CN
TSCN, THF, 010 25°, 4 h (72) 304
RN TN N
Ce cl ql
/©/ TSCN, THE, 010 25°, 3 h \©\ (81) 304
k% CN
C
7 A~ TSCN, THF, 0t0 25%, 1 h NN (83) 304
% OAc AcO CN
Cg . A
2 SIOED3 TSCN, THF, 0t0 25°, 3 h (BOBS _~ (67 304
5@ TSCN. THF, 0t0 25°, 3 h ©E\>—CN (69) 304
S S
ﬂn‘% TSCN, THF, 010 25°. 3 h /Y (69) 304
vl o0
NTNeN NCT XN N
¥ N CN
| TSCN, THF, 010 25%, 3 h /@ 6N 304
Pz
< NC
Cio
571/\Ej\ TSCN, THF, 0 t0 25°, 3 h /@( s) 304
COsEL Et0,C CN
Cn P
KN N o NN N~
i B 0 TSCN, THF, 010 25°, 3 h NC = B 0 0) 304
) o)
Cis '
g‘(/\/© TSCN, THE, 010 25°, 3 h @CN (76) 304
N N
/ \
Ts Ts
Ph Ph
v / NC
}:<] TsCN, THF, CgHy4. —85°, 15 h _ (73)  EzZ=12.1 566
n-Bu n-Bu

@ Unless otherwise indicated, the organozinc reagents were prepared by insertion of zinc metal into an organic halide.

% The organozine reagent was prepared by a transmetallation reaction.
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TABLE 1l. FUNCTIONALIZED STANNANES FROM FUNCTIONALIZED ZINC-COPPER REAGENTS¢

FG-RCu(CN)ZnX Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
“ H o o. M
o N Me;SnCL THF, 0%, 1 h N SnMe 63) 33
\_< ! _/
-0 o/
Cs
W COsEL MesSn CO-Et
— Me;SnClL THF, MesS, 30 t0 0°, 3 h N— (99) E:Z=0:100 87
H H
C o
' Me3SnClL. THF. MesS, ~78 0 0", 1 h h (93) 38. 87
f}" SnMe;
0 0
‘zi /1\/ SnMej
Me3SnCl, THF, 25°, 12 h ; i (56) 5672
o
% opiv BusSnCl, THF, 40 10 25°, 0.5 b Buysn OPiv 93) 58
Y P(O)OE), BusSnCl THF, ~78 10 -30°. 1 h s PONOED: 81 90
C al a
K%
g BuiSnCl THE. 5°. | h BusSn f oS (84 51
cl o~
N a PhsiSn
. ;
¥ W Ph.SnCL, THE W a7 321
P\/\ P. \/\
-CH(Pr)CH,P(OXOMe); Me;SaCL THF. ~78 t¢ —-30". 4 h Me3SrCH(PICH-P(O)XOMe), 67 90
o/ 0
/ Me3SnCl, THF, =25 t0 25°, 0.5 h B (87) 61
/B ‘ N
et o) Me;Sn O
Cg CN CN
7’1/\©/ Bu;SuCl THF, 5°, 2 h 3“35“/\©/ (86) 51
f\/s\[rp h BusSnCl, THE, ~70 to 20", & h B“ﬁs“\/s\mph (64) 83
o o}
NHCO,Et NHCO,Et
. J‘\ Me3SnCl. THE, 0, 1 h MesSn 67 35
r(é Pr-i b Pr-i
Gy
o__0 0__0
MeSnCl, THE, Me,S, ~70 10 0°, 1 h (69) 88
= =
bk SnMe;y
Ph Ph
H{\/\ﬁ/ Me3SnCl, THF, -20 to 25°, 0.5 h Megsn/\/\ﬁ/ (90) 82,83
o}
i{ SnMe; Me;Sn
NHA: NHAc NHAc
LB/ ¢ Me;SnCl, THF, DMSO, 0%, 1 h + ;b/ (64) 85:15 35
1 It
¢ NHA
L\b/ ¢ Me;SnCt, THF, DMSO, 0°, 1 h I+ 10 298 a2 35
Cio
Ph Ph
3"/\/\[]/ Me;SnCl, CgHg, THF, 25°, 2 h Me;Sn/\/\n/ (65) 138

(0]

(o}
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TABLE II. FUNCTIONALIZED STANNANES FROM FUNCTIONALIZED ZINC-COPPER REAGENTS (Continued)®

FG-RCu(CN)YZnX Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
:ZS_' CO,Et /\/\/COZEK
BusSnCl, THE. ~70 to 25°, 2 h BusSn ] (88) 51
L
Cy
NHBoc NHBoc
fé Me;Sn
Me3SnCl, THF, DMSO, 0°. 1 h (76) dr=1:1 35
Cn
%0 %0
O—B Bu Me;SnCl, THF, -78 t0 25°, 2 h O—B /Bu (89) E:Z=82:18 62
o, Me;Sn
Cia
NHBoc NHBoc
# Me3SnCl, THF, 0, 1 b MesSn 2) 35
Bn Bn
Cy7
Ph  OTMS ™SO Ph
L Me;SnCl, THF. 78 10 25%, 1 h I A~ (74) 66
;7‘ SnMesz
C
1 Ph OE Ph
P Me3SnCl, THF, —78 10 25°, 1 h BO:C (65) 66
% 0ZnX SnMe;
CO,Et CO,Et

9 Unless otherwise indicated, the organozinc reagents were prepared by insertion of zinc metal into an organic halide. Transmetallation to the corresponding copper

compound was not required.

® The organozinc reagent was prepared by halide-zinc exchange.
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TABLE III. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES?

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
C, Br
%N ©/ THF, 150 25", 12 h ©/\[ (96) 58
CO,Et ?OQE[
THF, -15t025°. 12h (89) 58
)\/ Br AN
Bu Bu
/J\/Br THF, -151025°, 12 h /J'\A (90) 58
I
Br
THF, -15t025°, 12 h 1 (79) 58
h
_OPh _OP
| THF, —151025°, 12k | ©5) 58
A _Br ’ : A~ R4
T TN TN ~1
| .
. S THF, -15 10 25°, 12 h S S 1 o0 58
Br
Cs
Cl CN
SN THF, 0°, 2.5 h 83) 75
cl CN
° 9
/\/\Cl THF,0°,2.5h WCN (84) 75
Bu Bu
)v Br THF, 40 10 0" MCN (84) 266"
Ph
THF, 0°,2.5h V\/ 92 75
NC = 92)

P X" gy
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TABLE IIl. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)”

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs
(FG-R)
CO,Bu-s CO,Bu-¢
Br THF, 0", 2.5 h ON 9 75
N CO,Et COEt N
o I\ 1 . THF, 6010 0% 1 h | 2 ©1n 119
TN o s~
. AcOy_ O AcO,_ .O. AN
S~ 1. BF3+OEt, Ultrasound C e ap=91 568
AcO" 2.CHCL, 25°%, 10min - pp” F
OAc
Cy H l;
S _CN /i\\\/\a THF, 22510 0%, 3 h A AN I+ (85 47
L =97:3
NN N
// f CivN pe s
Ph
- : NC\/\)\/
P X" g THF, -25t0 0", 3 h = 1+ (88) 47
~ . X P LI =96:4
Ph/\/ NN
o xXx""a THF, 25°, 14 h NCW I ) 53
4 LI = 87:13
NC
4
NC =
SPh SPh
(85 E:Z=892 53
(K/Cl THF, 25°, 15 h NC MCN
Ci
AcO, O, AcO, O
| 1. BE3*OEt,, ultrasound U\/\CN (63), o:p =51 568
O™ 2.CHCL, 25, 10min - 5 oy N
OAc
CO,Et CO,E!
/‘\/ Br = M ) 176¢
NC
Bu
;z CN Bu THF, —40 to 0° NC (69) 266"
/\r /I.\/ Br
N CO,Et COEt N
#3 /J’VB THE, 6010 0°, 1 h M_§ (68) 119
T
}LL N N
Me Me
o 0
HN ( COEt NH
# Y Br THF, -30 t0 25°, 24 h 4 i (82) 35
CO,Et
0
§—NH Ph
Ph - o
B THF, -30 10 25°, 12h o'\)\}\/ (79 35
CO,Et
B NHAc Br THF, 4010 0°, 1.5 h AcNH (82) 35
CO,Et
O i
cl THF,-78%, 4 h 98 569
BN Q( a WOH %)
THF, -78°, 4 h /\/\D 82 569
H Cl on @
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TABLE 1lI. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)®

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
OH
{/\o THF, -78%,4 h (40) + 569
\ b
cl
OTMS o
(40)
a
o
Sy COLE §
Y B THF, 78 t0 25°, 12 h ©n 570
S r S COEt
CO,E
S\H\/
Br” N NCoLE THE, 7810 25° 12 h @ ‘ (35) 570
S
Cs
COzEr .
1{\/\\\ Ca THF, —78 to 25 y COE:  (86) 78
/A,{\/COZEI _AN_OTs THF, DMAC, 60°, 3 h BOC . 69 141
OTs E10,C .
©/ THF. DMAC, 60°, | h \/\O (82) 141
1 2 o 2
SNGENG THF, DMAC, 60°, 1 h EtOZCMR I+ 141
Rl
E'OZC\/\/\/RI 11
R
R! R? 1+ Ll
Me OTs (50) 7228
Ph OTs (80) 87:13
Ph I (99)  87:13
Ph Br  (93) 8812
Bra . COMe THF, DMAC, 60°, 1 h EtOzcm (80) 141
CO,Me
i-Pr- OTs i-Pr: CO,Et
(;l THF, DMAC, 60°. 1 h \in (89) 141
Br CO,Me
ii/\}/COZMe ©/ DMF, E;,0, 25°, 16 h m (59) 140¢
COMe
N
N NcoMe j— cuct, 25° 571
Q\%\/CSHH

OTBDMS ~ OTBDMS
X
OAc
OP(S)(OMe),
OP(S)(OE!):
OP(O)(OEY),

/ .
Q)\/\/CSHII

OTBDMS OTBDMS

Sn2': Si2
97:3 (68)
96:4 ©n
98:2 (90)
99:1 95)



TABLE ITl. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)*
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FG-R(CFLéClg)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
X
[ MeOCTY |
/\, I\/\
O CuCl, 25° f—
7\ — S
W\/CSHH M/CsHll
OTBDMS  OTBDMS OTeDMS  OTBDMS
b'd o A ]
X ONZL I ONZ
OP(S}OEt), 88:12 84)
OP(O)(OEt), 87:13 (86)
OP(0)(OMe), 86:14 (96)
OP(O)(OEt), 84:16 (95)
/T Bu Bo
—N 0 | THF, 4010 0°, 12 h I o (68) 2660
7/ /\/Br > B /\/u 1G5) 2566
P L/ /‘\/\N/\/
Et Et
y CN AN THF, —78 to 0° L N 6 180°
“i ~ /\/\/\,n
Cor X r
- iv THF, -40 10 25°,0.5h 95) 58
Br
~ T S 0biy
COyBu-r CO,Bu-t
THF, 4060 25°, 05 h

IS
<
I
s

o

o)

<
)
¢
-
wn
&

AcO, O. AcO, 0.
~ .
Y ﬁ 1. BF3#QEt,, ultrasonnd Y T’HJ\OP“’ (29), :B =4:1 568
J\) | | s
A0 2.CHCL.25°,10min  p 7 N
OAc
/\/ Br MCOzPr-I
?i/\/cozpr-i L J DMF, Ei,0,25° 1 h [’ J (93) 1407
~

.Br Br
A P . 'y . g
.in k /k I+ 40
- ; (79

JRU— T { \
B ~7 T SCOPri LA
B LI =85:15
r\/\
NP "
AN
TN CO,Pr-i
Ph
P AN t
Cl =~ “Ph DMF, Et;0, 25°, 1 h i-PrOzC\/\/\/ I+ I+11(97) 140¢
LI =964

I DMF, E1,0,25°, 1h O A . 140

E i~ ] i-Pr0O,C ~

//—\ ' //——\ /COzPr-i -
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TABLE III. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)”

FG-RCuW(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
?Bll OBn
cl ) 4
M CuBreSMe,, THF, \/K/\ (73) 323
i ~701025° 1 h | : )
\/COZPr-:
THF, 0°, 0.5 h EtO CM [+ 1+IE(83) 368
"N c0.E (S RN ? Z
H LI = 96:4
EQCM I
o NF THF. 0°, 0.5 h I 87 120
. A THF, 0°, 1 h Boe_~ X 2 1+ 1+0EH) 120
T
LI = 98:2
EtOQCM I
' THF, DMAC, 60°, 1 h I+ R [+1 LI 141
RN - DMAG. 0% R[0T IO
Br ©n 8317
TsO (95 7327
Ph
O~ Ph THF,0°. 1 h EtOZC\/\)\/ I+ I+IE86) 120
LI =937
E©O. C\/\/\/\ I
2 Zph
SPh SPh
al THF, 25°, 18 h = 88) 53
= EcoszcozEl (88)
3 E:Z=219
cl
?Ph
250 89) 5
%\/Cl THF, 25°, 12 h ( 3
a |
SePh SePh
al THF. 25°,7h 2 89 53
= EtO,C = co.E
3 E:Z=20:80
Cl
AcO, O AcO OW
Y | 1. BF3¢OEt,, ultrasound (/' COzEt 87 568
Ao N 2.CHCl, 25%, 10min — pc ocf=5:1
OAc
CO4Et CO,Et
2 5 THF, -40 to 0° ? an 176¢,
' EtO,C 567
PN —) B0~~~ (14 176
BN o THF, -78% 4 h
/ CN » =78, NC (78) 569
OH
]
771Jvcozlgt Br/\/\ Ph THF, DMAC, 25°,12h EtOZC\/]\‘A\ I+ I+1H(85) 141
’ EH = 86:14
Ph
EtOZC\/’\//\/ Ph 1T
B > CoMe THF,DMAC, 25°, 12h  EiO:C ~ @ 141
CO;Me
|
PN THF, -78 10 0° BOC A~y D 178¢
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OAc
o ‘/K] P Py THF, 78 0 0°, 0.5 h \T J AL 09 59, 60
e \(\’)/A\Cl Cl/\///\ THF, 0°,05h /W\Cl i+ i+10K(94) 120
|V LI = 98:2
SN N O
\ /g
/ B Bu Bu
- CN ] - THF, 4010 0°, 12 h | ] 266°
7 \__/ vy /\/\N/\/
SO NO. B NG THF, -801025°,2h ANy (82) 240¢242¢
- o r NO ’
UL T e
COQ,FEt CN.Er
COsE COE
2~ POOXOE); /L Br THF,-781025°%, 4 h B rovorn. 02 90
- = N T TNV,
$02Bu-f S SO;Bu-t
A THE, 780 25% 4 A ~_POXORy, ¥ %0
$en " P(OXOE,
/\/Cl THF, -78 10 0°, 6 1 Phs——&\ (90) E:Z=892 53
1 P(O)OEY)
& N (OEL);
;:é\,/\ ~
| CO,Et [ COEl \
He /‘\/Br THF. 7810 0° 2 h ( (56) 338¢
o A~
LL: ~ \ /2 g
i i
s CO,Et N L
Y NMe [ G THF, -60 0 0°, 1 h W NMe 71y 119
KN n e El0,C kN &o
Me Me
A CO,Et ~_#CN
T/ B cis:trans = 14:86 - THF, -78 0 0°, L h ( \f I (86) cis:trans = 14:86 76
P R H
ne” T NC0,E
C; 5 PN THF, 0°.0.5h = A\/(Aj\/CN I+ I+H@H 120
ERviRs a” Y ¢ LI =97:3
H
e
AN ey 1
\ /3
~ J\ THF, 0°, 0.5 h 1+11(87), LI = 3:97 120
~ \CI
A N THF, 0°,05h o SANCON T 148D 120
Cl ~ ¥n kd } TN/
L LH =98:2
-
g‘\
i & e VI |
COLEt COLEL
1{\6’)/0;\6 /,[\/ Br THF, 78 t0-10°, 124 | oAc (B8 64
2 v/ w
CO,Bt CO,Et /
' THF, -78 to 107, (50) 61

o o
o A
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TABLE 1II. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)®

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
%/\Aw/ﬁ CO,E THE. 7810 0°. 1 (EOQE[
! HF, -78 to 0°, 1 (76) 567¢
B /‘\/\/
K/O /‘\/ T /\N/\\l
L_o
COZEt CO,Et
OTMS THF, 781025, 3 h M (66) 567°
E Br
& - /\/ CHO
H E:Z=87:13
; CO,Et CN
Q cis:trans = 18:82 )v Br THF, -78 10 0°, 1 h )J\ (95) cis:trans = 18:82 76
NC A CO,EL
Cg
SPh CO;Bu-r SPh  CO,Bu-r
’{k Br THF, 7810 0% 0.5 h @ 82,83
2 AR, THF, -7810 25°, 14 h Wﬂf\/\@/\ 53
””m/\ff\om X" AcO ; S , oac
(80) E:Z=70:30
s
SPh 20Ac
y Cl THF, 25°, 15 h PhS—\ (76) E:Z=170:30 53
OAc
Cl v
NHCO,Et Bu Bu
:
# Br THF,-78t0 0°, 6 h /H/\A (70) 35
NHCO,Et
CO,Et *O5Et
/J,vBr THF, 3010 25%,6 b )Y\/l\ (74) 35
NHCO,Et
SO,Bu-1 CO,Et SO,Bu-t  COEt
/iv THF, -78 10 0°, 0.5 h (90 83
;i Br
0 R 0 R
> R _
PPN )\/Br THF, -7810 0°, 1 h Ns )J\Ph Bu s 83
4 ™87 Sph CO,E 95)
COBu-t  (89)
SOBu-t  (70)
NBoc o —NBoc 72
P THF, -78 0 25°. 2 h ) (58 5
W F/J
74
Cy
SPh Bu Bu SPh
%)VCN Br THF, -78100° 05 h MCN (75) 83
R? R
TN g Br THF, 7810 0°, X h M o
R! R? X (h)
SPh  COBut 05  (87) 82,83
S(O)Ph COsEt 1 (76) 82,83
SOPh COEt 05  (88) 83
Bu
2 Be jU\/B THF, 40 t0 0°, 1 h N NS 266
! T -
Me III
Me
. N COBu-r THF, ~60 10 0°,2 h cN (50 2700
‘ Br 4
+-BuQ,C
OAc OAc
- °,0.5h 0 95 59, 60
g CO,Me P THF, =78 to 0°, P 4c Me  (95)
4
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TABLE ITI. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)”

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
Bu
5 Bu
NHAc )VBr THF, DMSO, C¢H 4, NHAc + NHAc 35
0°.05h Bu
I I
1+11(68) LII=97:3
HL‘ Bu
NHAc¢ %Br THF, DMSO, C¢H 4, I+ (71 L =70:30 35
0°.05h
T™MS CO-But TMS
“a% }J‘ 5 THF, ~60 t0 0°, 2 h W (70) 2700
i /
+Bu0,C
CO,Et CO,Et
B~ NHCOPh /J‘\/ B THF, 60 t0 0°, 12 h )\/\/NH coPh (87 35
- T
CO,Et
= CO,Et
)v THF, -60 10 0°, 1 h 57 119
~ Br =
N Cl
NS
N cl
: CO,Et
) ~ ? THF, -60 10 0°, 0.5 h =~ (74) 119
N /j‘\/ Br EtO,C N
N N
CO5Ft
= 2 THF. 40 10 25° EOC 70) 119
X )v Br >
N N
OTMS 0
CO,Et
};B THF, 78 10 25°, 3 h E‘;zc\/ij (83) 573¢
iy
CO,Et CO,Et
*{\/\‘/\ /l\z/ . THF, ~78 10 25%, 3 h : (70) 573¢
T
OTMS i
mixture of regioisomers le)
Cio
- CO,E
t
4 2 THF, =70 to -20°, 1 h A\ COEL (95 78
}\/ Br
N N
H H
j‘i CO,Et /\/Bl‘ THF, -801025°,2h N\/\(COZE[ (85) 240, 242
CO,Et CO,Et
e s
Br THF, -78 0 25% 2 h é5) 572
\O‘IBOC N \/\Q‘JBOC
;\/L - ~Br THF, -78 t0 25° \/\/L py  (69) symanii=19:81 42
o
_ RS
% COMe A~ DME, =55 to 0 MeOzC/Y\/\ 82) 574
NHBoc NHBoc
;M CO,Et CO,Et
Hg B THF, 6010 0°, 1h (80) 67°
T
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TABLE HI. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)®

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
COEt CO,Er .
Ny Ph B THF, -78 10 0°, 1 h o (74) 567
Me Me
i{\/\N/Bn B THF, -60100°, 12 h NN I 567¢
T Tf
Cn
0 o
Ci THF, 25°, 24 h 70 138
OAc OAc
o~ Br THF. -7810.0°, 0.5 h M/\ (86) 59, 60
?iJ\/\SPh = = SPh
OAc OAc
Br THF, 78 t0 0°, 0.5 h (69) 59, 60
‘}LLJ>(\/CN N /\)Y\/CN
Et Et Et Et
1 1
/v\)\ FOE F Ca
T _ 2
‘ii ?/0 Br H A 1|3 lo} (83) 6.
o) EtO,C o}
0Znl COEt OH
CO,Er
% 5 THF, -78 t0 25°, 0.5 h (62) 66
.
Oznl CO,Et CO,Et OH
% coM Br THF, -78 t0 25°, 0.5 h (68) 66
A A LMe Z CO,Me
3 3
| THF, DMPU 5 266"
/\/Br ’ ’ CioHy-n 7
~40t00°, 12 h s
OMe
X
P THF, 78 to 25° : 47 42
' syn:anti = 24:76
OMe
AN
B THF, -78 t0 25° e ) @ I
2~ svmanti=81:19
3 COMe L DMF, -55 10 0° MeO;C. N 8D 574
NHBoc NHBoc
C
2 SPh CO,Et EtO;C  SPh
B THF, -78 10 0°, 0.5 h 92 82,83
%J\/\cozsz ’ © coE %P
OZnl CO,Et CO,Et OH
B THF, -78 to 0°, 0.5 h (67) 66
XY Ph / Ph
4 4
CgHys-n CO,Bu- CeH,3-n
" 2Bu-t THF, 60 10 0°, 2 h as 2707
7 N\ Br 7\
-BuO,C
- NHBoe A~ THF, 2510 0° 3 h AN NHBoe ) 9
H 'COBu &0 But
_AN_OTs THF, -25 10 0°, 3 h I (56) 94
NHB
a > py THF, =250 0°, 3 h o : C usy o4
Ph  CO,Bu
CI/Y\ THF. -25100°. 3 h NHBoc  (55) 94
&4 Cl/\/\/\/
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TABLE IIl. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)®

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
B THF, -25100°, 3 h NHBoc (48 94
B N 7 o NHBoe (49
€O,Bu-r
Br
Cis
ey /O -0 N
B A~ [ B N @6 575
PH 0 o Ph
; S ° /\/\/\)Ph\/
N B THF, ~78 10 25°, 0.5 h _ NO;  (64) 66
Ph  OZnl
0w COBu-t o,
B B THF, 0°,0.5h B CO,Bu-z  (83) 61
T
(0] ( CO,Et / o CO,Et
3 3
# OTMS COE o
3 THF. ~78 0 25°,0.5 h 3 (10) 66
Br CO,Et
™S s ™S
ﬁ/ Br” > CoLE THF, -78 10 25°, 12 h d COEL (53 570¢
S k/s
X
COEt COE!
A OSiPE)3 2 THF, -78 t0 25°, 3 h 2 an 573¢
?LLL' X Br M
CHO
Cus NHBoc CO;Me CO,Me
“{\< THF,-25100° 3 h ©0) 94
H 'Bn Br /l\/\‘/NHBoc
Bn
COE CO,Et
by
P . THF, -30 10 25°, 6 h /)\/\r NHBoc  (90) 35
T
Bn
g\QWOTIPS B THF, 0°, L h \/\QNOTIPS 7 240°
242¢
™S COLE 1. THF, 0°, 0.5 h COBL OTMS (g 576¢
Y OFiv )\/Br 2. NH(CI M%OPW
3 3
Cis
¢ OTMS Bu o)
5 THF, -78 10 25°,0.5h 5 (59) 66
Br Bu
COEt CO,Et
: THF, -78 to 0° ? (62) 567
g{\/\ NPh, )\/Br
NPh,
0
— THF, -78°, 4 h TIPSO,C. (CHa)s, OH 87) 569
?Li/\(CHz)/\COZTIPs Q(- ~ Sy
|
Qo THF, -78°, 4 h TIPSOZC\/\/Q on @0 569
Cs CO;,Bn CO,Bn
‘ Br THF, -30°, 3h ' 42 97
%" NHBoc PN A NEBoce
CO3Bn
Ph a THF, -30°, 3 h : (62) 97
\/\/ /\{\/\NHBOC
Ph
Ci7 H
PN THF, 78 10 25°,0.5 h (74) 66
Y OTMS x ©
OTMS CO,Et L. THF, 0°, 0.5 b COaEt OTMS 62) 576¢
2 0Si(Pr-i); Br 2. NH,C1 0Si(Pr-i);
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TABLE II1. REACTIONS OF ALIPHATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)”

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
Ph Ph
'f\@ﬂf’h P THF, -90 10 25°, 1 h \/\Q-'P“ (61) dr>97 577¢
Cig o o
\ . \ \
— 57
B PN - D an 5
o] ==—CgH;7-n o =——CsH7-n
Cio
' CO,Et CO,Et
N OPiv 2 THF, =78 10 0°, 1 h 2 ) 567¢
3 Br /\HOPW
Bn N
Cas Bn 7
TBDMSO
5 EtO_ _OZnl Ei0,C_ _COsE!
/\/Br THF, -78 t0 25°,0.5 h | (75) 66
CO,E Ph
Ph TBDMSO
Cyy . .
(58) 180°

/\/Br THF, -78 to 0°

=

@ Unless otherwise indicated, the organozinc reagents were prepared by insertion of zinc metal into an organic halide.

® The organozinc Teagent was prepared by an insertion reaction using ICH,Znl.

© The organozinc reagent was prepared by halide-zinc exchange.

4 The organozinc reagent was prepared by ultrasonic irradiation of an ether solution of (ethoxycyclopropyloxy)trimethylsilane and zinc chloride.

¢ The organozinc reagent was prepared by a transmetallation reaction.
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TABLE IV. REACTIONS OF BENZYLIC ORGANOZINC-COPPER REAGENTS WITH ALLYLIC HALIDES“

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
& Bu X
N THF, 4010 0°, 12 h 74 2667
) S [y oo
X X S (96)
G c ci
e A X
Br THF, -20°, L h i (95) 51
fal Cl
CO,Et
x COEt X
)\/ THF, -20°, 12 h | (86) 103
Br /
Br Br
CO,Bu-7
K COyBu-r A
Yj@ }; THF, 78 10 -20°, 12 h /J\/t@ &) %
Br -
I I
Cs
CO,Bu-
X N COyBu-1 CN
/]\/ THF, =78 t0 0° o7 51
Br
Cy
RN
%4 THF, -40t0 0°, 12 h 2 | (93) 266°
e S Br s >
OAc COsBu-t 1-BuO,C OAc
THF, —78 10 20°, 0.5 h N on 59, 60
X pn )\/Br Ph
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TABLE [V. REACTIONS OF BENZYLIC ORGANOZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Conzinued)®

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
(L
. OP(O)(OED, Z>coMe
/\©\ THF, -78 to —20° 578
CO,Me R R
OTBDMS OTBDMS
R
WCSHII’” 92)
TBDMSO
W\!/ Pr-n (88)
TBDMSO  *
.. ,OH
M Pr-n (88)
Cio
CO,E! E0,C ¢ “CN
;,.rr CN )\/B THF, DMSO, )\)\ 92) 51,76
T
\F/\/ ~78100° Ph
Ph
P CO,EL CO,Et
/\©/ /]\/ THF, <7010 0°, 2 b @7 51
Br
CO-Et
% OMe CO.Et OMe
U )V B THF, -20°, 12 h (82) 103
OAc OAc
COzBu-+
CO,Bu-1 OMe
/]‘v 5 THF, 70 10 ~20°, 12 h (98) 50
T
~
0A
Cn c
OAc t+-BuO,C OAc
% OAc COBu- OAc
% THF, -15°, 2 h (89) 59, 60
}\/ Br
Cis
OAc CO,Bu-t +-BuO,C OAc
2 THF, -10°, 2 h an 59,60
7’1 )\/ Br
=
R R
ii R H (86)
:\D )\/Br THF, ~78100°, 1 h oMOM @81 77
(TMS)y (TMS), CH,0Ph  (93)
CO,Bu-1 84
Cys 2 (84)
OAc OAc
% Br THF, -78 10 0°, 3 h Z (82) 51
/\/ y Pl
OAc OAc

9 Unless otherwise indicated, the organozinc reagents were prepared by insertion of zinc metal into an organic halide.

b The organozinc reagent was prepared by an insertion reaction using ICH,Znl.
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TABLE V. REACTIONS OF ALKENYL OR AROMATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
Cs
Br Br
/@ )\/B THF, 60 0 0°, L h w an 579
L r )
r‘,w’
Br Br —
7\ THF, 60 to 0°, 1 h s 2 579%
s _ Br NS
Cs
CO,Lt COEt ,
771/\/\/\ )\/B THF,-78 to 0°, 1 h (81) 209
Cl T e a
Ce
> CO,Bu-t
R | S )\Z/B THF, DMF, (83) 48
g o +Bu0,C
A al ~78100% 1 h U0 al
N ;g R R
©\ /J'\/B THF. -60 10 0°. 1 h m H () 5790
T
Br R )
NO; NO,
& COsBu-t
)v B THF, -78 0 0°, 1 h (79) 2097
r +-BuO,C
e 0 COEt 0
THE, 60 t0 0°, 1 h (83) 87,88
Br Et0,C
0 0
> COsE
//|‘\/B THF, 600 0°,2h (72) 567
= g Et0,C
C; CN CN
MOMO.
P OMOM
¥ l A /"v' THF, DMF, \H/\© a2 48
= _78100° 1 h
N
N CN OMOM MOMO C \
; /‘Vl THF, DMF. ()] 48
_78100° 1h
Cs \; S R
P THF, TMEDA \/\©\ COMe  (63) 156°
N R COMe @D
l COMe
o OP(O)OE®), ‘
5 \©\ THE, DMF, 30° 578
CO;Me R R .
OTBDMS OTBDMS
R
WCSHII'n 92)
TBDMSO
P ®8)
TBDMSO
. ,OH
M/ Pron 8%
# = g
\©\ B THF, -60 to 0° 60) 579
NMe, NMe,
Co
CO,EL
~ COzEl OMOM ~ 2
; I THF, DMF, (72) 48
78100% Lh MOMO
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TABLE V. REACTIONS OF ALKENYL OR AROMATIC ZINC-COPPER REAGENTS WITH ALLYLIC HALIDES (Continued)®

FG-RCu(CN)ZnX Substrate Conditions Produci(s) and Yield(s) (%) Refs.
(FG-R)
(o] (o]
| (0] COsEt Et0,C (U\ (8]
H
;e’ c X
THF, 0°,0.5h 1(93) 120
/v
COyEt CO,Et
A
\/\/Cl THF, 0°,0.5h + I (86), 80:20 120
CO,Et
Cu e COEt COEt  COE
73/\/\%]3/0 )\/B 1. THF, -78 t0 0°,0.5 h 59 62
IS r 2. H,0,, NaOAc 0
6]
Ci2
%/O CO,Et (o] CO,Et
O—B Bu-n /],\2/ B 1. THF, -78 t0 0°,0.5 h /\/M (69) 62
\/ —/ r
o, 2. H,0,, NaOAc
Cis
O, R (o] R
5 R X
réj CO,Bu-¢ AN h M AC
Br THF, X, 7810 0° 1 h | Ph DMAC (83) 48
= 1-BuO,C & CgH, DME  (72)

4 Unless otherwise indicated, the organozinc reagents were prepared by insertion of zinc metal into an organic halide.
% The organozine reagent was prepared by a transmetallation reaction.

¢ The organozinc reagent was prepared by Nakamura's method (ref. 140).
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TABLE VI REACTIONS OF PROPARGYLIC HALIDES/TOSYLATES WITH ORGANOZINC-COPPER REAGENTS®

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
Cy
— CN
ST— N\ THF, 0t0 25°, 1.5 h 84 122
NN a a ¢ o~ P
H H
N =, N
\/40 = THF, 0°, 1 h \'W\]&O ®7 35
—O0 OMs [¢]
Cs
— COqEt
/ST — N\ THF, -78 1025 1 h 2 95 122
EN"cosm a a 0 com
o cl
ol VAN THF,-781025% 1 h 92) 122
§ ci cl
Ql
C;
{é\@\ TN THF, -78 1025° 1 h Q Q 97 122
TsO OTs
CN
NC CN
Cg
# ST\ THF,0t025% 1.5h ©3) 122
TsO OTs
COMe
MeOC COMe
x5 ST\ THF, 0t0 25°, 1.5k NC O O CN (93) 122
TsO OTs
CN
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TABLE VI. REACTIONS OF PROPARGYLIC HALIDES/TOSYLATES WITH ORGANOZINC-COPPER REAGENTS (Continued)’
FG-RCW{CN)ZnX Subsiraie Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
iﬂcozﬂ _ T‘HCOZEI
8 P TN THF, 0°, 1 h _. (84) 35
K OMs P N
=
\r /Y
C “
° ii/\/\/OPiv = THF, ~60 v -10°, 12 h \\W\/Oﬁv (68) 567"
% Br
C13 ~.
NN OSiPrD = THF, ~78 t0-30°, 7h \Mosmpm); (68) 573°
OTs >
Cis NHBoc R
2~ NHBoc = THF, 0°, 3 h e Br (5% 94
- R —.—  COoBn  OTs (69 100
COan
NHBoc
—_— THF, 0°,3 h / (65) 100
OTs == CO,Bn
\
R NHBoc R
:—__< THF, 0°, 3 h /_( Me (81) 100
OTs /;';' \COZBH CsHyp-n (51
c 24
' g~ NHRoc _ P NHBoc
I = THF, ~30°, 3 h P ™~ 36) 97,
COBn a C0Bn 580

¢ Unless otherwise indicated, the organozinc reagents were prepared by insertion of zinc metal into an organic halide.
® The organozinc reagent was prepared by a transmetallation reaction.

¢ The organozinc reagent was prepared by Nakamura's method (ref. 140).



TABLE VII. REACTIONS OF CATIONIC METAL COMPLEXES WITH ORGANOZINC-COPPER REAGENTS (Continued)®

GZs

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
B. Cationic Iron Complexes
O
1 2
W//T\/R YYR I+ NRZ 1§
+
Fe(CO), R! R!
S R dem o
AAA‘\Q,CN H THF,0°,3h (45) 100:0 69
/2
;\e/CN H THF, 0%, 3 h (65) 100:0 69
3
éf CO,Et H THF, 0%, 3 h 57 100:0 69
/3
?)%)/OAC H THF,0°,3h (68) 100:0 69
\ /4
r;(\@,CN Me THF, -10°,3h (56) 1:1.8 69
2
ff\e/COZEt Me THF,0°, 3 h (630 1.2:1 69
3
r(?\Q/OAC Me THF, -10°,3 h (58) 1:2.9 69
4
I
R! + - R! ‘ R?
Fe(CO); BF,
R? R Fe(CO)3
;\Q/CN H THF, 5t023°,2h (84) 68
L

;\e/CN H THF, 5t023°,2h (90) 68
3



TABLE VII. REACTIONS OF CATIONIC METAL COMPLEXES WITH ORGANOZINC-COPPER REAGENTS (Continued)®

9¢S

128

FG-R&u{CN)ZnX Subsirate Conditions Produci(s) and Yield(s) (%) Refs.
(FG-R)
B. Cationic Iron Complexes
0
~. R! . N R2 . I
NN /Y L+ N2 10
* | | b1
Fe(CO)4 R R
R? R’ T+H LI
ef\e,CN H THF, 0°,3 h (45) 100:0 69
/)
;\L‘A,CN H THF,0°, 3 h (65) 100:0 69
\/3
S COE H THF, 0°,3 h 7 100:0 69
3
S} OAc H THF, 0°,3 h (68) 100:0 69
4
"} CN Me THF, -10°,3 h (56 118 69
RV
;\é%cozsx Me THF, 0°, 3 h 51 1.2:1 69
3
’;‘\e,mc Me THF, -10°, 3 h (58) 1:29 69
4
R Kcoys B,
" " «(CO BFs Fe(CO)
;\e,CN H THF, 5t023°,2 h (84) 68
2
;’\Q/CN H THF, 5t023% 2h (90) 68
3
£ _COEt H =) (69) 581
) COE H THF, 51023%,2h (95) 72
v
7} COEL H THF, 510 23°,2h @7 68
v
+#__OPiv H (—) (88) 581
) CN Me THF, 51023°, 2 h (75) 68
Vs
<) COsEL Me THF, 5t023°,2h (82) 72
v
<[} COEt Me THF, 51023°,2h 82) 7
v
h® L
|+ - R
Fe(CO); PFg Fe(CO)3
R
<4\ COEt THF. 51023°, 2 h (99 72
)
<) COsEL THF, 5t023°,2h (83) 72
ﬁg (CO)sF
LN
NHBoc + - THE. MeCN, -20°, 16 h NHBoc (59 96
N @-/—Fe(CO)3 PFs i H
€0,Bn *CO,Bn

X NHBoc
THF, MeCN, —20°, 16 h [h.- (57) 96
\©/+ _ ‘ <CO)3Q%\
"~ X Bn
Fe(CO)3 PF €O,
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TABLE VII. REACTIONS OF CATIONIC METAL COMPLEXES WITH ORGANOZINC-COPPER REAGENTS (Continued)*

FG-RCu(CN)ZnX Substrate

Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
Fe(CO); PFg MeOzc\/\/\ NHB
) -Fe(CO); PFs THF, MeCN, ~20°, 16 h - g B sy %
AN {CONFe U < R
SN (CHY),C0:Me *CO3Bn
COMe (CO)3Fe.
@ THF, MeCN, -20°, 16 b [\ y NHBoc ) 96
L+ - MeO,C~ ™7 ™7 "CO,Bn
Fe(CO); PFy
R! RL
v+ - l,' RZ
Fe(CO)3 PFs (CO)sFe¢
RZ Rl
SLCN H THF, 510 23°,2h (78) 68
2
~&/).CN H THF, 5023 2h 75) 68
3
L C0E H THF, §1023%, 2k 83 72
2
W) COE H THF, 510 23°,2h 3) 68
v
\;ﬁ,OAC H THF, 51023° 2 h (60) 68
4
- NHBoc H THE, MeCN, —20°, 16 h (68) %
CO,Bn
?‘@/CN OMe THF, 25°,2h (70) 72
3
}gﬁcoza OMe THF, 510 25% 2h (76) 68
3
SO NHBoc OMe THF, MeCN, ~20°, 16 h D 96
€OsB
25N R
+ - A
Fe(CO);BF, Fe(CO);
R
f; CN THF, 25°,2h (50) gl
v
\;{e/cozgl THF, 25°,2h (65) 71
2
Me
}va\/COZEl THF, 25°,2 h 93) 71
C. Cationic Molybdenum Complexes
A
= + _ > R
Mo(CO),Cp PFg Cp(CORMJ
R
\f; CN THF, 0°,5h A1) 70
v
g CN THF, 0°,5 h (58) 70
V]
}f CO,EL THF, 0°,5 h (33) 70
Ve
) COsE THF,0°,5h (90) 70
Vs
THE, 0°,5h (90) 70

; CO,Et
v



0€S

TABLE VII. REACTIONS OF CATIONIC METAL COMPLEXES WITH ORGANOZINC-COPPER REAGENTS (Continued)®

FG-RCu(CN)ZnX Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
\ff@/OAc THF, 0°,5 h 1) 70
4
\r:‘e/om THF, 0°,5 h (57 70
4
D. Cationic Manganese Complexes
R
) @}
PF4(CO)sMi (CO);Mr
R
\;‘%)/COZMe Et,0,-5%2h (50) 582
/2
\?A’e/CN Et,0, 5% 2h (69) 582
3
}e‘e,CN Et,0, -5%, 2 h (63) 582
/4
# \/\/COZEI Et,0,-5%2h (58 582
\r;%a/COZEt Et,0,-5° 2 h (69) 582
3
Ef,0, -5%,2h (67) 582

) COsE
v

“ The organozinc reagents were generated by direct insertion of zinc metal into organic halides.
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TABLE VIII. REACTIONS OF ALKENYL/AROMATIC HALIDES AND SULFONES WITH ZINC-COPPER REAGENTS?

FG-RML, Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
c A. Reactions with organozinc cuprates (ML, = Cu(CN)ZnX)
-3
[0} Cl o} CN R
SN ] ] THF, ~78 t0 0°, X h jj(v (CH2:CN 2 329
o R o R Bu-t
CeHyy
I ? THF, -30°, 2 h NP CN (89) 52
e OH
EtO,C EtO,C
>:\ THF, -78 to —30°, 2 h >__:\_/CN (83) 57,
EtO,C SO,Ph EtO,C 328
MenthO,C MenthO,C
>:\ THF, -30°, 2 h >:\_/CN 67 328
MenthO,C SO,Ph MenthO,C
Cs
N CN I | o ci 7 330
o~ v/\egc NMP, 60° 12h NCW an
I CN ., 60°, CN 7] 330
W NMP, 60°, 12 h NC M (82)
3 3 3
I NMP, 60°, 12 h 72 330
O Bun NCWBH 2
EtO,C EtO,C
SN NMP, 60°, 12 h ) SN ) 330
1
\/\) NC /(W
O, Cl 0 a
fv@\/CI ;j( THF. 7810 0° L h 3 &) 329
2
[¢] CeHy o CeHyy



2€es

€€9

TABLE VIII. REACTIONS OF ALKENYL/AROMATIC HALIDES AND SULFONES WITH ZINC-COPPER REAGENTS (Continued)*

FG-RML, Substrate Conditions Product(s) and Yield(s) (%) Refs.
(FG-R)
I o) L al
7 =
U THF, -30°. 2 b Y\m (84) 52,640
EtO,C EtO,C
- THF,-78 10-30°,2 h __ CN (84) 57,
EtO,C SO,Ph EtO,C A 328
Cs
I o) O
N U THF, —60 to =30°, 1 h M (88) 78
% S~
I ¢) o
o AcO =
THF, -30°,3 h (79 52
e T Y
EtO;C, Et0,C,
_ THF, -30°, 2 h __ oAc (8% 57,
EtO,C SO,Ph EtO,C 3 328
E. F
E_F !
— DMF, 25° 12h EL0sp” e 583
% POsEY COLE : CO,Et
z z (95)
E E a9
] EF
\ 3 583
— DMF, 25% 12h Et203P>§-:‘\‘CO .
CO,Et 2
z z (70)
E E (89)
E_F
I DMF, 25°, 12 h 583
\H/\/ MF, 25 N POAEL,
FE_F
Phl DMA, 25,24 h > (60) 584
Ph” P(O)(OEL),
c ultrasound
6 o o) 0 0
zt/\(\ THF, =78 t0 0°, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>