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The c-selective allylation of catalytic and stoichiometric alkylzinc–cuprates have been kinetically stud-
ied. The reactivity profiles generated by allylation reactions of n-butylzinc chloride catalyzed by CuX
compounds (X = I, Br, Cl, CN, SCN) and also catalyzed by n-butylzinc–copper reagents and di n-butyl-
zinc–copper reagents were evaluated. Reactivity profiles for allylation of stoichiometric n-butylzinc–cop-
per reagents and di n-butylzinc–copper reagents were also prepared. All CuX compounds have been
screened for the preparation of Grignard reagent derived n-butylzinc–copper reagents and di n-butyl-
zinc–copper reagents.

The evaluation of the profiles indicates that the active catalyst might be RCu(X)ZnCl and also to some
degree, R2CuZnCl � ZnClX, which both could favor formation of c-product. All data supports the reductive
elimination of r-allyl Cu (III) complex formed at vinylic terminal to give c-allylated product with a quite
slow isomerization to r-allyl Cu (III) complex formed at allylic terminal to give a-allylated product. In the
allylation mechanism of zinc cuprates, the role of counter ion, ZnCl+ has been discussed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Transition metal catalyzed or mediated allytic alkylation is a
highly useful synthetic methodology for C–C bond formation.
[1–3] In recent years, controlling the regio- and stereochemistry
of alkyl–allyl coupling using allylic substrates has received much
attention. Several methods have been developed for regioselective
allylation of alkyl Grignard [4–8] and alkylzinc reagents [9–11] un-
der copper catalysis or stoichiometric cuprates derived from these
reagents (Scheme 1) [12,13].

The regiochemistry in the copper catalyzed allylation of alkyl
Grignard reagents is controlled by the structure of the Grignard re-
agent, the allylic substrate, copper catalyst and the solvent as well
as reaction conditions. [14–21] It is commonly accepted that the
reaction parameters governing formation of a dialkylcuprate as
an intermediate give a-substitution whereas reaction conditions
governing formation of an alkylcopper as an intermediate give
c-substitution predominantly [20,21]. In the light of the reported
results, the regiochemical outcome of the allylation of stoichiome-
tric alkylcopper and dialkylcuprate reagents are mainly consistent
with those of copper catalyzed alkyl Grignard and – lithium
reagents [22–27].

However, the regiochemistry in the uncatalyzed [24,28] and
copper catalyzed allylation of alkylzinc halides and dialkylzincs
All rights reserved.
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was reported to be c-selective [25,29–33]. Allylation of dialkyl zinc
cuprates and alkyl cyanozinc cuprates was also reported to take
place with high c-selectivity [29,34–51].

The mechanism of copper catalyzed allylation of alkyl Grignard
reagents and also dialkylcuprates derived from alkyllithium and
Grignard reagents has been discussed in a number of reports.
According to the mechanism proposed by Goering and co-workers
[52–55] and confirmed by Backvall et al. [21] (Scheme 2), initial
complexation of RCu(X)MgBr to the allylic double bond gives an al-
kene-Cu(I) complex A and an oxidative addition anti to the leaving
group takes place at vinylic terminal. The r-allyl-Cu(III) complex
intermediate B thus formed can undergo reductive elimination to
give c-product or isomerize to the r-allyl-Cu(III) complex interme-
diate D formed at allylic terminal, presumably via a p-allyl-Cu(III)
complex intermediate C. Reductive elimination of D would give the
a-product. The overall regiochemistry of the allylation is deter-
mined by the relative rates of elimination and isomerization of
the complex B. If X group on cuprate is an electron withdrawing
group (X = halide, CN), reductive elimination is fast relative to
isomerization and c-substitution is observed. In the case of X = al-
kyl group, isomerization predominates over reductive elimination
and elimination of D gives a-substitution. Reductive elimination
of r-allyl-Cu(III) complexes B and D is stereospecific and occurs
with retention of configuration.

Recently, Nakamura reported [56] a study showing that forma-
tion of a-product occurs directly from the p-allyl-Cu(III) complex
intermediate C via an enyl [r + p]-type transition state (Scheme
3, pathway a).
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Nakamura also reported [56] that Lewis acid favors anti and
c-selective reaction. These reactions may occur directly via an enyl
[r + p]-type complex intermediate E without going through a
p-allyl-Cu(III) complex intermediate C (Scheme 3, pathway b).
Nakamura, recently used density functional calculations to study
the origin of the contrasting regioselectivities in allylic substitution
of MeCu(CN)Li and Me2CuLi. [57] Bertz and Ogle have been able to
prepare and characterize the first examples of both r-allyl- and p-
allyl-Cu(III) complexes and to study their reactions by using rapid
injection NMR spectroscopy [58].

However, a mechanism for copper catalyzed allylation of dial-
kylzincs has been discussed only in one report [24].

Our interest in controlling the regiochemistry of allylation of
alkylmagnesium-copper reagents [59] and alkylzinc–copper re-
agents [60,61] by changing the reaction conditions prompted us
to carry out a kinetic study for the mechanism of allylic coupling
of alkylzinc–copper reagents. We evaluated reactivity profiles gen-
erated by allylation reactions of catalytic and stoichiometric mono-
and di n-butylzinc–copper reagents prepared using various Cu(I)
compounds.

Here we report our results on the alkylzinc–copper nucleophiles
as active catalysts in the copper catalyzed c-selective allylation of
alkylzinc halides.
2. Results and discussion

In our long term investigation on the reactions of homo and
mixed organozinc reagents, we found that the copper catalyzed
allylation of n-butylmagnesium bromide 1 derived n-butylzinc
chloride 2 and di n-butylzinc 3 with E-crotyl chloride 4 in THF, took
place with an a:c ratio not higher than 12:88 (Scheme 4, pathway
a) [60]. We also observed that reaction temperature, addition mode
of the allylic substrate, CuX catalyst and its concentration and
N-donor and O-donor solvents such as TMEDA, HMPA and diglyme
as cosolvents did not change the c-regioselectivity. We also ob-
tained similar results in the copper catalyzed allylation of organo-
zinc reagents 2 and 3 prepared by in situ transmetallation of
n-butylmagnesium bromide 1 (Scheme 4, pathway b). Stoichiome-
tric n-butylcopper n-BuCu(X)ZnCl (8) and di n-butylcuprate n-Bu2-

CuZnCl (9) reagents prepared from n-butylzinc chloride (2) and
CuX compounds 5 also gave c-allylated products with an a:c ratio
of 10:90 in their reaction with E-crotyl chloride 4 in THF.

If we assume that the allylation of alkylzinc–copper reagents
may take place according to the mainly accepted mechanism
(Scheme 2, M+ = ZnCl+) proposed by Goering and co-workers [52–
55] and Backvall et al. [21] for allylation of alkylmagnesium-copper
reagents, then we should find support for the following points:
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1. In the Cu catalyzed c-allylation of alkylzinc reagents, reductive
elimination seems to occur predominantly from r-allyl-Cu(III)
complex B rather than r-allyl-Cu(III) complex D. Then, X group
on the zinc cuprate seems to be mainly halide, CN or SCN rather
than alkyl, or in other words RCu(X)ZnCl rather than R2CuZnCl
seems to form as catalytic species.

2. However, stoichiometric alkylcopper-zinc reagents, i.e. not only
RCu(X)ZnCl (X = halide, CN, SCN), but also R2CuZnCl, which is
expected to give a-allylated product, afford mainly c-allylated
products. This indicates that in the allylation of zinc cuprates,
isomerization rate of r-allyl-Cu(III) complex B to D does not
predominate over reductive elimination even in the case of
X = R on the contrary to the allylation of magnesium cuprates.
3. In the allylation of zinc cuprates, it may be probable that isom-
erization of complex B to D via C may not be slow compared to
reductive elimination in the case of X = R; however complex D
may not form and complex C is expected to give c-allylated
product in some way.

This study was undertaken to critically examine this assump-
tion, i.e. in the Cu catalyzed allylation of alkylzinc reagents, cuprate
nucleophile species seems to be RCu(X)� or R2Cu� which are both
responsible for c-substitution.

For this purpose, we carried out a kinetic study and we com-
pared the reactivity profiles [62,63] for the allylation of n-butylzinc
chloride, n-BuZnCl (2) with E-crotyl chloride (4) catalyzed by CuX
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(5). We also prepared the reactivity profiles for allylation of stoi-
chiometric n-butylcopper n-BuCu(X)ZnCl (8) and di n-butylcuprate
n-Bu2CuZnCl (9). In order to gain some insight into the catalytic
species, we used these preformed n-butylcopper reagents 8 and 9
also as catalysts in the allylation of n-BuZnCl (2). The list of the
reactions in the kinetic study are given in Scheme 5. CuX com-
pounds (X = I, Br, Cl, CN, SCN) 5a–e were used as catalysts in the
allylation of n-butylzinc chloride (2) (Reactions 1a–e). n-Butyl-
zinc–copper reagents, i.e. n-BuCu(X)ZnCl (8a–e) and n-Bu2-

CuZnCl � ZnClX (9a–e) were prepared using CuX compounds and
used as catalysts (Reaction 2a–e and Reaction 3a–e, respectively)
and as stoichiometric reagents to be allylated (Reaction 4a–e and
Reaction 5a–e).

For reactivity profiles, the progress of allylation reactions 1–5
was followed at room temperature in time. Instead of conver-
sion-time profiles, we prepared c-allylated product-time, [R-c]-t
profiles since the relative amount of c-product, which is 80–
90% in reactions 1–5, is almost constant during the reaction.
The amount of c-product was monitored by GC analysis. How-
ever, due to the heterogeneous reaction, the reproducibility for
the GC analysis of samples taken from the reaction mixture con-
taining the internal standard seemed low. So, a definite number
of reactions were carried out in different flasks and each reaction
was quenched at appropriate times. This method, although time
consuming led to accurate and reproducible results in GC analy-
sis. For catalytic reactions, 1.1 mmoles of n-BuZnCl (2) was al-
lowed to react with 1 mmole of E-crotyl chloride (4) in the
presence of 0.20 mmoles of CuX catalyst 5 in THF at room tem-
perature. For stoichiometric reactions, 1.1 mmoles of n-Bu-
Cu(X)ZnCl (8) or n-Bu2CuZnCl (9) was allowed to react with
1 mmole of E-crotyl chloride in THF at room temperature. The
reactions are rather fast and according to the kinetic results, a
reaction time of 60 min was chosen to guarantee complete ally-
lation for all regents. The amount of c-product values used in
reactivity profiles are an average of at least three parallel reac-
tions. The reactivity profiles for reactions 1–5 were given in
Fig. 1 and they were collected to compare the allylation reactiv-
ity of catalytic and stoichiometric n-butylzinc–copper reagents
prepared using the same CuX compound. The reactivity profiles
for the allylation of n-butylzinc–copper reagents prepared using
CuI (5a), CuBr (5b), CuCl (5c), CuCN (5d) and CuSCN (5e) were
given in Fig. 1a–e, respectively.

In the kinetic study we reasoned that one or more of the follow-
ing results should be obtained from the comparison of the reactiv-
ity profiles:

(i) As n-BuCu(X)� is the catalytic alkylcopper intermediate
which is assumed to be responsible for c-substitution in
the Cu catalyzed allylation of alkylzinc reagents according
to Scheme 2, the reactivity profiles of reaction 1 should be
similar to those of reaction 2 and possibly those of reaction
4 for each CuX a–e.
(ii) A similarity between the profiles of reaction 1 and reac-
tion 3 would reveal that the catalytic alkylcopper inter-
mediate might be R2Cu� rather than RCu(X)�. However,
this result also indicates that R2Cu� undergoes to reduc-
tive elimination in order to give c-substitution although
it is expected to undergo isomerization and give a-
substitution.

(iii) In the presence of excess n-BuZnCl (2), the catalyst
n-BuCu(X)ZnCl (8) may not have time to undergo allylation
(reaction 2); but reacts faster with n-BuZnCl (2) to form
n-Bu2CuZnCl (9) as catalytic intermediate for allylation
(reaction 3) (1). In this case the catalytic species in reaction
2 and reaction 3 are not different and the reactivity profiles
for these reactions should be similar
ð1Þ
(iv) An agreement is expected between the profiles of reaction 3
and 5 since the active n-butylzinc–copper reagents to be
allylated are same.

First, we compared the reactivity profiles for allylation reac-
tions 1a–5a, 1b–5b, 1c–5c, 1d–5d and 1e–5e. In Table 1, we gave
a list of reactions which generate similar profiles.

Before evaluating the superimpossibility and similarity of the
profiles, we also determined some numerical values for the cat-
alytic efficiency of n-butylzinc–copper reagents at 20 mol% Cu(I)
catalyst (5, 8 or 9) loading in reactions 1–3, respectively. We
used the kinetic data for this purpose. The determined values
correspond to the ratio of the maximum% yield of c-product
to the reaction time (min) in which this yield was obtained (y
values). We calculated this ratio for also stoichiometric n-butyl-
zinc–copper reagents (z values) in order to make a comparison
between their reactivities in reactions 4 and 5. y Values may
be regarded as TOF values for allylation of catalytic n-butyl-
zinc–copper reagents and we think that y and z values can be
also used to get an idea for relative reactivity of catalytic and
stoichiometric n-butylzinc–copper reagents. y Values were found
to be 1.2–1.6 and z values were found to be 1.3–1.8, except 0.7
for the allylation of n-BuCu(CN)ZnCl (4d). The error on these
values does not exceed 10%.

We also listed the allylation reactions of catalytic and stoichi-
ometric n-butylzinc–copper reagents which have equal y and z val-
ues (Table 2).

As seen, the similarity of the reactivity profiles (given in Table
1) and the maximum c-product yield to time ratios (y and z values)
(given in Table 2) are mostly in agreement.

Below, the similarities and differences in the reactivity profiles
of allylation reactions 1–5 were evaluated for each CuX compound
5a–e (X = I a, Br b, Cl c, CN d, SCN e).
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Fig. 1. Kinetic study (c-allylated product-time curves) for the allylation reaction of catalytic and stoichiometric n-butylzinc–copper reagents with E-crotyl chloride in THF at
room temperature. (The amount of c-allylated product (mmol) is given versus time (min) in the allylation with 1 mmol of E-crotyl chloride 4.) (The reagents for the profiles:
1. s, 2. N, 3. j, 4. �, 5. d). The reagents to be allylated: 1. n-BuZnCl (2)/20 mol% CuX (5); 2. n-BuZnCl (2)/20 mol% n-BuCu(X)ZnCl (8); 3. n-BuZnCl (2)/20 mol% n-
Bu2CuZnCl � ZnClX (9); 4. n-BuCu(X)ZnCl (8); 5. n-Bu2CuZnCl � ZnClX (9a). (a) Copper source is CuI (5a), (b) copper source is CuBr (5b), (c) copper source is CuCl (5c), (d) copper
source is CuCN (5d), (e) copper source is CuSCN (5e).
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2.1. Reactions 1a–5a

The profiles generated by allylation of n-BuZnCl (2) with the
catalysis of n-BuCu(I)ZnCl (8a) and n-Bu2CuZnCl (9a) (reactions
2a and 3a, respectively) are quite similar. This indicates that the
same catalytic species are present in these reactions. However,
the difference in the profile with the catalysis of CuI (5a) (reaction
1a) possibly originates from the difference in the ease of formation
of the catalytic species, and this profile agrees well with the profile
of the stoichiometric allylation of n-BuCu(I)ZnCl (8a) (reaction 4a).
This indicates that the active catalyst, formed from the precatalyst
CuI (5a) is possibly n-BuCu(I)ZnCl (8a) species. Then, in reaction
2a, n-BuCu(I)ZnCl (8a) catalyst seems to react first with excess
n-BuZnCl (2) to give n-Bu2ZnCl (9a) as catalytic species rather than
allylation. This explanation supports the observation of similar
profiles in the allylation with 8a and 9a as catalysts (reactions
2a and 3a) but a different profile with CuI (5a) catalysis (reaction
1a). y Values also support the similarity of active catalysts in reac-
tions 2a and 3a and may provide a support for formation of 8a as
active catalyst from precatalyst CuI in catalytic allylation.

2.2. Reactions 1b–5b

The results are in well accordance with the results outlined in
Section 2.1.

2.3. Reactions 1c–5c

The superimpossible profiles obtained from the allylation of
n-BuZnCl (2) with the catalysis of CuCl (reaction 1c) and
n-BuCu(Cl)ZnCl (8c) (reaction 2c) indicates that the active catalyst
is 8c.



Table 1
Allylation reactions of catalytica and stoichiometric n-butylzinc–copper reagentsb

which generate superimpossible and similar reactivity profiles (reactions are given in
Scheme 5).

CuX Reactions which generate superimposible (or similar) reactivity
profiles

CuI (5a) 2 and 3c; 1 and 4
CuBr (5b) 2 and 3; 1 and 4
CuCl (5c) 1 and 2
CuCN (5d) 1, 2 and 3
CuSCN

(5e)
1 and 4c; 3 and 5

a Reactions 1, 2 and 3 were carried out by reacting n-BuZnCl (2) (1.1 mmoles)
with E-crotyl chloride (4) (1 mmole) in the presence of CuX (5) (0.20 mmoles),
n-BuCu(X)ZnCl (8) (0.20 mmoles) and n-Bu2CuZnCl (9) (0.20 mmoles), respectively
in THF at room temperature.

b Reactions 4 and 5 were carried out by reacting n-BuCu(X)ZnCl (8) or
n-Bu2CuZnCl (9) (1.1 mmoles) with E-crotyl chloride (4) (1 mmole) in THF at room
temperature.

c The profiles are not superimposible, but quite similar.

Table 2
Allylation reactions of catalytic and stoichiometric n-butylzinc–copper reagents
which yield equal values for maximum c-product yield to time ratios (ya and zb

values) (reactions are given in Scheme 5).

CuX Reactions which give equal ya and zb valuesc

CuI (5a) 1 and 2c; 2 and 3; 1 and 4
CuBr (5b) 1 and 2c; 2 and 3; 1 and 4
CuCl (5c) 1 and 2; 2 and 3c; 1 and 4c

CuCN (5d) 1, 2 and 3; 1, 2, 3 and 5c

CuSCN (5e) 1 and 2c; 2 and 3c; 3 and 5

a y = (max. %yield of c-product)/(reaction time, min.) for allylation of n-BuZnCl
(2) in the presence of 20 mol% catalyst (CuX (5), n-BuCu(X)ZnCl (8) or n-Bu2CuZnCl
(9)).

b z = (max. %yield of c-product)/(reaction time, min.) for allylation of
n-BuCu(X)ZnCl (8) and n-Bu2CuZnCl (9).

c The values are equal in the error limit of ±10%.

Scheme
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2.4. Reactions 1d–5d

The profiles generated by allylation of n-BuZnCl (2) with the
catalysis of CuCN (5d) (reaction 1d), n-BuCu(CN)ZnCl (8d) (reac-
tion 2d) and also n-Bu2Cu(CN)(ZnCl)2 (9d) (reaction 3d) are super-
impossible indicating that the active catalysts might be the same. A
larger deviation of the profile generated by the stoichiometric ally-
lation of n-BuCu(CN)ZnCl (8d) (reaction 4d) can also be accounted
for by the different structure of the catalytic cuprate species. Then,
we can conclude that the active catalyst might not be
n-BuCu(CN)ZnCl (8d), but can be n-Bu2Cu(CN)(ZnCl)2 (9d). How-
ever, Nakamura and Yoshikai demonstrated [64,65] that reaction
of 2 equiv. of RLi with 1 equiv. of CuCN does not give R2Cu(CN)Li2

(Lipshutz cuprates) and these higher cyanocuprates exist as R2Cu-
Li � LiCN (cyano-Gilman cuprates). Then the large discrepancy be-
tween the profiles generated by the allylation of stoichiometric
cuprates, n-BuCu(CN)ZnCl (8d) (reaction 4d) and
n-Bu2Cu(CN)(ZnCl)2 (9d) (reaction 5d) supports the view that CN
group is not resting on copper in 9d and 9d may exist as
n-Bu2CuZnCl � ZnCl(CN) [16]. The equality of y values for catalytic
allylation reactions (reactions 1d, 2d and 3d) to z value for stoichi-
ometric allylation of n-Bu2Cu(CN)(ZnCl)2 reacting as n-Bu2CuZnCl
(9d) (reaction 5d) rather than z value for allylation of
n-BuCu(CN)ZnCl (reaction 4d) also provides another support for
formation of n-Bu2CuZnCl type cuprate from CuCN (reaction 3d)
rather than n-BuCu(CN)ZnCl (reaction 2d) as active catalyst.

2.5. Reactions 1e–5e

The difference between the profiles obtained from the allylation
of n-BuZnCl (2) with the catalysis of CuSCN (5e) (reaction 1e),
n-BuCu(SCN)ZnCl (8e) (reaction 2e) and n-Bu2Cu(SCN)(ZnCl)2

(9e) (reactions 3d) indicates the difference between the structure
of active catalyst in each reaction. However, the similarity between
the profiles generated by allylation of n-BuZnCl (2) with the catal-
ysis of CuSCN (5e) (reaction 1e) and stoichiometric allylation of
6.
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n-BuCu(SCN)ZnCl (8e) (reaction 4e) may indicate the formation of
8e, as catalytic species from precatalyst CuSCN (5e).

Earlier studies by Lipshutz on the use of CuSCN for the forma-
tion lithium cuprates [66] also showed that while CuI serves as a
precursor to lower order cuprates R2CuLi, CuSCN may actually be
forming a higher order mixed species R2Cu(SCN)Li2.

The similarity between the profiles generated by allylation of
n-BuZnCl (2) with the catalysis of 9e (reaction 3e) and stoichiom-
etric allylation of 9e (reaction 5e) can be reasonably explained
by the formation of a higher order mixed cuprate
n-Bu2Cu(SCN)(ZnCl)2 (9e) from n-BuZnCl (2)/CuSCN (5e) and at
least suggest that to some degree there are differences between
CuCN- and CuSCN-derived higher order cuprates.

In summary, (i) the reactivity profiles generated by the allyla-
tion of n-BuZnCl (2) with the catalysis of CuX (reaction 1) are
quite similar to those generated by the allylation of stoichiometric
n-BuCu(X)ZnCl (8) (reaction 4) in the case of X = I, Br and SCN. In
the case of X = Cl, the similarity of the profiles generated by the
allylation of n-BuZnCl (2) with the catalysis of CuX (reaction 1)
and with the catalysis of n-BuCu(X)ZnCl (8) (reaction 2) is ob-
served. Then we can conclude that the active catalyst seems to
be RCu(X)ZnCl (8) which would favor formation of c-product.

(ii) The similarity of the profiles generated by the allylation of
n-BuZnCl (2) with the catalysis of n-BuCu(X)ZnCl (8) (reaction 2)
or n-Bu2CuZnCl (9) (reaction 3) in the case of X = I, Br and CN indi-
cates that the active catalyst might be also n-Bu2CuZnCl (8) formed
from the reaction of n-BuCu(X)ZnCl (8) with excess n-BuZnCl (2).
Then, not only n-BuCu(X)ZnCl (8), but also n-Bu2CuZnCl (9) is ex-
pected to give c-allylation.

(iii) However, in the case of X = CN, the dissimilarity of the pro-
files generated by the allylation of n-BuZnCl (2) with the catalysis
of CuCN (5d) (reaction 1) or n-BuCu(CN)ZnCl (8d) (reaction 2)
with the profile generated by the allylation of stoichiometric
n-BuCu(CN)ZnCl (reaction 4) indicates that the active catalyst
might be n-Bu2CuZnCl.

According to these findings, our assumption that the allylation
of alkylzinc–copper reagents takes place according to the mecha-
nism outlined in Scheme 2 seems correct. We obtained all of the
results that we expected from the reactivity profiles and we found
support to propose the reductive elimination of r-allyl-Cu(III)
complex B to give c-allylated product in the case of X = halide,
CN, SCN or alkyl with a quite slow isomerization of complex B to
complex D to give a-allylated product in the case of X = alkyl, e.g.
k2� k1. So, in the allylation of alkylzinc–copper reagents, the
counter ion ZnCl+ is expected to be responsible for much slower
isomerization of complex B resulting in c-allylation of both
RCu(X)ZnCl and R2CuZnCl (Scheme 6). We may think that zinc cup-
rates possibly can not react as solvent separated ion pairs [64] due
to the less polar character of Cu–ZnCl bond compared to Cu–MgBr
bond. Then, ZnCld+, which is a strong Lewis acid can possibly de-
crease r-donor character of R group, which is responsible for the
isomerization of g1-r-allyl-Cu(III) complex B to g3-p-allyl-Cu(III)
complex C, but instead can give rise an easier reductive elimination
of RCu similar to elimination of CuX.

We hope that results of our kinetic study on the allylation of
catalytic and stoichiometric CuX (X = I, Br, Cl, CN, SCN) derived
alkylzinc–cuprates contributes to a better understanding for the
role of alkylzinc–copper nucleophiles as active catalyst in the
c-selective allylic coupling of alkylzinc halides.

3. Experimental

3.1. General

All reactions were carried out under a nitrogen atmosphere in
oven dried glassware using standard syringe-septum cap tech-
niques [67]. Quantitative GC analysis were performed on a Thermo
Finnigan gas chromatograph equipped with a ZB-5 capillary col-
umn packed with phenyl-polysiloxane using internal standard
technique. THF was distilled from sodium benzophenone dianion;
n-butyl bromide and E-crotyl chloride were obtained commercially
and purified using literature procedures. Mg turnings for Grignard
reagents was used without purification. ZnCl2 (Aldrich) was dried
under reduced pressure and used as a THF solution prepared prior
to use. CuI [68], CuBr [69], CuCl [69], CuCN [70] and CuSCN [68]
were purified according to the published procedures. n-Butylmag-
nesium bromide n-BuMgBr (1) was prepared in THF according to
standard procedure and its concentration was found by titration
prior to use [71]. n-Butylzinc chloride, n-BuZnCl (2) was prepared
by dropwise addition of 1 mol equiv. of n-BuMgBr (1) in THF to a
solution of 1 mol equiv. of ZnCl2 in THF at 0 �C and stirring at that
temperature for 20 min. n-Butylcopper reagents, n-BuCu(X)ZnCl
(X = I, Br, Cl, CN, SCN) 8a–e and chlorozinc di n-butylcuprate re-
agents, n-Bu2CuZnCl � ZnClX 9a–e were prepared by addition of
1 mol equiv. of CuX to 1 mol or 2 mol equiv. of freshly prepared
n-BuZnCl (2), respectively in THF at 0 �C and stirring at that tem-
perature for 20 min [10,11,13].

3.2. Procedure for kinetic study of catalytic and stoichiometric
allylation of n-butylzinc–copper reagents

CuX (X = I, Br, Cl, CN, SCN) (5) catalyzed allylation of n-BuZnCl 2
with E-crotyl chloride 4.

In a flame-dried and two-necked flask equipped with septum
caps and a stirring bar, n-BuZnCl 2 (1.1 mmol) was prepared from
n-BuMgBr (1) (1.1 mmol in 1.1 ml of THF) and ZnCl2 (1.1 mmol in
1.7 ml of THF) at 0 �C. CuX (5) (0.2 mmol) was added at 0 �C and
E-crotyl chloride (4) (1 mmol, 0.1 ml) was added at room temper-
ature. A number of reactions was carried out in different flasks and
each reaction was stirred at room temperature for appropriate
time, i.e. 2, 4, 6, 8, 10, 15, 20, 30, 40, 50 and 60 min. Each reaction
was quenched with aqueous NH4Cl solution. The aqueous phase
was extracted with Et2O. After evaporation of the solvent to a con-
venient volume, internal standard was added and aliquots were
analyzed by GC.

In the reactions catalyzed by n-BuCu(X)ZnCl (8) and
n-Bu2CuZnCl � ZnClX (9) the same procedure was applied. Except,
these reagents were firstly prepared before the reaction.
n-BuCu(X)ZnCl (8) was prepared from n-BuZnCl (2) [0.2 mmol, pre-
pared from n-BuMgBr (1) (0.2 mmol in 0.2 ml of THF) and ZnCl2

(0.2 mmol in 0.3 ml of THF) at 0 �C] and CuX (0.2 mmol) at 0 �C.
Secondly, n-BuZnCl 2 (1.1 mmol in 2.8 ml THF) was prepared at
0 �C and added to freshly prepared n-BuCu(X)ZnCl (8). E-Crotyl
chloride (4) (1 mmol, 0.1 ml) was added at room temperature.
For the preparation of n-Bu2CuZnCl � ZnClX (9) as a catalyst,
n-BuZnCl (2) (0.4 mmol in 1 ml of THF) and CuX (0.2 mmol) were
used.

Allylation of n-BuCu(X)ZnCl (8) and n-Bu2CuZnCl � ZnClX (9)
with E-crotyl chloride (4).

n-BuCu(X)ZnCl (8) was prepared from n-BuZnCl (1.1 mmol in
2.8 ml of THF) and CuX (1.1 mmol) at 0 �C. E-Crotyl chloride
(1 mmol, 0.1 ml) was added at room temperature. A number of
reactions was carried out in different flasks and the same
procedure was applied for kinetic study. For the preparation of
n-Bu2CuZnCl � ZnClX (9), n-BuZnCl (2.2 mmol in 5.6 ml of THF)
and CuX (1.1 mmol) were used.
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