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The reactions between preformed organocopper compounds and primary allylic
acetates show that the solvent and the copper(I) precursor are important param-
eters in determining the regioselectivity of the reaction. The organocopper com-
plexes were prepared from different copper(l) salts, such as CuCl, CuBr, Cul and
CuCN, and their reactivity both in Et,O and THF were studied. In THF,
monobutylcuprates gave the y-substituted product whereas the dibutylcuprates
afforded the a-substituted product. In Et,O, cuprates formed from CuCN and Cul
gave vy-selective reactions whereas those from CuCl and CuBr resulted in x-se-

lective reactions.

In previous studies,’ it has been observed that the solvent
and temperature as well as the addition rate of a Grig-
nard reagent have a strong influence on the regioselec-
tivity of the copper(I)-catalyzed cross coupling of allylic
substrates with Grignard reagents. The regioselectivity in
the cross coupling of primary allylic acetates with
BuMgBr in the presence of catalytic amounts of CuCN
is easily controlled by changing the solvent: use of Et,O
resulted in formation of the y-product (Sy2') while THF
yielded the a-product (Sy2).'*<%? In THF it was pos-
sible to direct the nucleophile in the cross-coupling re-
actions regioselectively to either the a- or y-position by
careful choice of reaction conditions [eqn. (1)].'* Reac-
tion conditions which favored formation of a dialkylcop-
per intermediate ‘R,CuMgBr’ (fast addition of the Grig-
nard reagent, low temperature, low concentration of the
catalyst) gave the a-product, whereas reaction conditions
favoring the formation of a monoalkylcopper intermedi-
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ate ‘RCu(X)MgBr’ (slow addition of the Grignard re-
agent, increased temperature, increased concentration of
the catalyst) led to y-substitution.'®?

The mechanism for the copper-catalyzed cross-cou-
pling reaction has been studied and discussed in a num-
ber of reports.' It has been proposed that a (c-allyl)-
copper(I1I) intermediate A is initially formed by oxidative
addition of the allylic substrate to the cuprate in an anti
Sn2’ fashion (Scheme 1).* This intermediate can undergo
reductive elimination or isomerize to intermediate B. The
nature of the ligand X has a profound influence on the
rate of reductive elimination and hence on the regio-
chemical outcome of the reaction. If the non-transferable
group X is electron-withdrawing, such as CN~ or CI7,
reductive elimination will be fast'*®® and regioselective
y-substitution is observed. On the other hand, if X is
alkyl, the initially formed intermediate A isomerizes to
intermediate B, presumably via a m-allyl intermediate.
Subsequent reductive elimination from B affords the
a-product.

The mechanisms (Scheme 1) suggests that a mono-
organocuprate [RCuX]~ gives the y-product while a di-
organocuprate [R,Cu]~ forms the a-product.'® We have
now studied the reaction between preformed mono- and
di-butylcuprates and primary allylic acetates in both Et,O
and THF. The results obtained are in accordance with
the previously suggested mechanism and also show that
the solvent and copper(I) precursor are important factors
in determining the regioselectivity.
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Results

The required cuprates 1 and 2 were prepared by mixing
a copper(I) salt with various organometallic reagents, RM
(Scheme 2).

CuX + BuM ——» *BuCu(X)M"
1

CuX + 2BuM —— "Bu,Cu(X)My"
2

X=CN,C|,Br, |

M = MgBr, Mgl, Li

Scheme 2.

(2E)-3-Cyclohexylpropenyl (7) and geranyl acetate (8)
were chosen as model substrates. The allylic acetate 7
was prepared in three steps from cyclohexanecarbalde-
hyde (Scheme 3). The Horner—-Wadsworth—Emmons re-

Scheme 3. (a) i: n-BuLi, THF, —78°C, (EtO),P(O)CH,CO,Et.
i 0°C, add 3, 4:5=92:8, 4 (91%) and 5 (7%). (b) DIBAL-H,
CH,Cl,, 0°C. (c) Acetic anhydride, 10 mol% DMAP, pyridine,
CH,Cl,, 0°C (87% from 4).

action of cyclohexanecarbaldehyde employing triethyl
phosphonoacetate resulted in a mixture of E- and Z-iso-
mers (4 and 5) in a ratio of 92:8. The isomers were readily
separated by flash chromatography. The o,B-unsaturated
ester 4, isolated in 919 yield, was reduced with
DIBAL-H to the allylic alcohol 6. Subsequent esterifica-
tion afforded the allylic ester 7.

In the model reaction, the allylic acetate 7 or 8 was
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allowed to react with a preformed mono- or dibutyl-cu-
prate, 1 or 2, in Et,O or THF at 0°C. All cross-coupling
reactions were performed employing the same reaction
times (120 min) in order to compare the reactivity of the
different cuprates. The three possible products formed in
the reaction between allylic acetate 8 and 1 or 2 are,
cross-coupling products 9 and 10 together with geraniol
(11); the latter being formed by direct attack of free BuM
on the carbonyl carbon [eqn.(2)].
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A. CuCN, different organometallic reagents (Table I,
Table 2)

BuMgBr. In Et,0, both ‘BuCu(CN)MgBr’ 1 and
‘Bu,Cu(CN)(MgBr),” 2 resulted in a y-selective copper-
catalyzed cross-coupling reaction with geranyl acetate (8)
to give 10 (Table 1, entries 1 and 2). However, the re-
activities of the two cuprates were different; 1 reacted
more slowly with only 729 conversion in 120 min
whereas 2 gave full conversion after the same reaction
time with an isolated yield of 87%.

In THF, the reactivity difference between the two cu-
prates was more accentuated. ‘BuCu(CN)MgBr 1
showed low reactivity towards the allylic acetate 8, <29
conversion was observed after 120 min, with the only
detectable product being y-substituted 10 (entry 7). If the
same reaction was left for 24 h at 0°C, the conversion
increased to 15% but still only the product 10 was
formed. Addition of BF;-OEt, (1-4 equiv.) did not in-
crease the reactivity, rather the reaction rate went down
and no product could be detected after 120 min.” On the
other hand, cuprate 2 was more reactive towards 8 (619,
conversion). Furthermore, the reaction gave the a-sub-
stituted product 9 regioselectively (x:y =99:1) together
with geraniol (11) (entry 8). The formation of geraniol
suggests that free BuMgBr was present in the reaction
mixture. In Et,0, no free Grignard reagent appeared to
be present since no formation of geraniol was observed.
The rate of the reaction with both 1 and 2 was decreased
in THF compared with that in Et,O.

The allylic acetate 7 showed similar reactivity and re-
gioselectivity to 8 towards cuprates 1 and 2 in both Et,O
and THF [(eqn. (3), Table 2]. In Et,O both cuprates 1
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Table 1. The stoichiometric cross coupling of 8 with preformed mono- and di-butyl cuprates.®

Product distribution® Conversion
(%) (%)°
Entry Reagent Solvent 9+10:11 9:10 9+10+11
1 BuCu(CN)MgBr Et,O 100: O <1:>99 72
2 Bu,Cu(CN){MgBr), Et,0 100: O <1:>99 100°
3 BuCu(CN)Mgl Et,0 100: 0 6:94 100°
4 Bu,Cu(CN)(Mgl), Et,O 100: O 3:97 100°
5 BuCu(CNILi Et,0 100: O 50:50 44
6 Bu,Cu(CNILi, Et,O 50:50 68:32 94
7 BuCu(CN)MgBr THF 100: O <1:>99 <2f
8 Bu,Cu(CN)(MgBr), THF 65:35 99:1 61
9 BuCu(CN)Mgl THF — —_ 0
10 Bu,Cu(CN)(Mgl), THF 37:63 88:12 50
11 BuCu(CN)Li THF —_ — 0
12 Bu,Cu(CNILi, THF 33:67 100:0 80

? The Grignard reagent was added to a slurry of CuCN in Et,0 of THF at —30°C. The reaction mixture was stirred for 2 h
while the temperature was allowed to rise to 0°C and then 8 was added. ° Determined by 'H NMR spectroscopy. ° 87%
isolated yield. 9 85% isolated vyield. ° 87% isolated yield. F24 h reaction time gave 15% conversion into 10.

Table 2. Solvent effect of the stoichiometric cross coupling of 7 with cuprates 1 and 2 derived from CuCN and BuMgBr.”

Product distribution® Conversion
(%) (9%)°
Entry Reagent Solvent 12+13:6 12:13 12+ 13+ 16
1 BuCu(CN)MgBr Et,0 100:0 <1:>99 35
2 Bu,Cu(CN)(MgBr), Et,0 100:0 2:98 100°
3 BuCu(CN)MgBr THF — — o
4 Bu,Cu(CN)(MgBr}, THF 81:19 98:2 97

? The Grignard reagent was added to a slurry of CuCN in Et,0 or THF at —30°C. The reaction mixture was stirred for 2 h
while the temperature was allowed to rise to 0°C and then 7 was added. ° Determined by 'H NMR spectroscopy. © 92%
isolated yield. 24 h reaction time gave 30% conversion 12:13=9:91.

and 2 reacted with 7 to give 13 regioselectively with 35
and 1009, conversion, respectively (entries 1 and 2).
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In THF, 1 was unreactive towards 7 and no reaction
was observed within 120 min (entry 3). When the reaction
time was prolonged to 24 h, 12 and 13 were obtained in
a combined yield of 309 in a ratio of 9:91 (12:13). On
the other hand, reaction with 2 in THF resulted predomi-
nantly in the o-substituted product 12 (o:y = 98:2) to-
gether with formation of alcohol 6 (Table 2, entry 4).
Again, attack by free Grignard on the ester competes with
allylic substitution.

BuMglI. The cross-coupling reaction of geranyl acetate
8) in Et,O with both ‘BuCu(CN)Mgl’ 1 and
‘Bu,Cu(CN)(Mgl),” 2 resulted in y-selective substitution
reactions to give 10 (Table 1, entries 3 and 4). Full con-
version was observed in each case and the isolated yields
were 85-879;.

In THF  both ‘BuCu(CN)Mgl’ 1 and
‘Bu,Cu(CN)(Mgl),” 2 derived from n-BuMgl were less
reactive than those from BuMgBr. Cuprate 1 was com-
pletely unreactive and no products could be detected (en-
try 9). Reaction of 9 in THF afforded «- and y-products
9 and 10 in a ratio of 88:12 together with a large amount
of geraniol (11) (entry 10). The conversion was 509,
which is slightly lower than that obtained with
‘Bu,Cu(CN)(MgBr),” (entry 8).8

BulLi. Cuprates ‘BuCu(CN)L1’ 1 and ‘Bu,Cu(CN)Li,’ 2 in
Et,O were less selective in the coupling with 8 than those
obtained from the Grignard reagent and gave 1:1 and 2:1
mixtures of a- and y-products, respectively (Table 1, en-
tries 5 and 6). Lowering the temperature to — 60°C did
not increase the selectivity. The lower regioselectivity for
lithium cuprates in Et,O has been observed previously in
the stoichiometric cross-coupling of allylic acetates.*® In
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THF similar reactivity and regioselectivity were observed
for both the mono- and di-butylcuprates as observed for
the corresponding cuprates formed from the Grignard re-
agent. The monobutylcuprate 1 was completely unreac-
tive whereas the dibutylcuprate 2 resulted in an x-selec-
tive cross-coupling to give 9 together with geraniol (11)
(entries 11 and 12).

B. Different coppen(l) precursors. (BuMgBr). The reactivity
and selectivity of cuprates obtained from different cop-
per(I) precursors have previously been investigated in the
1,4-addition reaction to 2-cyclohexenone.9

Monobutylcuprate in THF. All the monobutylcuprates ‘Bu-
Cu(X)MgBr’ 1 (X=CN, Cl, Br, and I) formed in THF
showed low reactivity in the cross-coupling reaction with
geranyl acetate (8) (<29 conversion after 2 h). The re-
action of ‘BuCu(CN)MgBr’ and ‘BuCu(Cl)MgBr’ with 8,
over 24 h, resulted in a slow but y-selective reaction with
15%, conversion in both cases.

Dibutylcuprate in THF. (Table 3) All the dibutylcuprates
‘Bu,Cu(X)(MgBr)," 2 (X = CN. Cl. Br. I) gave x-selective
cross-coupling reactions with geranyl acetate (8). How-
ever, the cyanocuprate ‘Bu,Cu(CN)(MgBr),’ formed from
reaction of one equiv. CuCN and two equiv. BuMgBr
afforded, in addition to the a-product 9, geraniol (11), the
ratio 9:11 being 65:35 (entry 1). No formation of geraniol
(11) was observed with any of the other cuprates formed
from the copper(l) halides (X =Cl, Br, I) (entries 2-5).

Monobutylcuprate in Et,O. (Table 4) The corresponding
monobutylcuprates 1 formed from CuCN and Cul with
n-BuMgBr in Et,O were highly y-selective with a con-
version of 72 and 309, respectively (entries 1 and 4). No
geraniol (11) was detected in these reactions. The
monobutylcuprates 1 formed from CuCl or CuBr were
unreactive and no product formation could be detected
(entries 2 and 3).

Table 3. Different Cu(l) salts in the cross-coupling reaction of
preformed dibutyl cuprates ‘Bu,Cu(X){MgBr)," with 8 in THF.”

Product distribution (%)

Cu-salt
Entry CuX 9+10:11 9:10 Conversion (%)
1 CuCN 65:35 99:1 61
2 CuCl - 2LiCl 100:0 >99:<1 100°
3 CuCl 100:0 >99: <1 38
4 CuBr 100:0 >99:<1 71
5 Cul 100:0 96:4 80

® n-BuMgBr was added to a slurry of CuX in THF at —30°C.
The reaction mixture was stirred for 2 h while temperature
was allowed to rise to 0°C and then 8 was added. The
reaction mixture was stirred for another 2 h. ® Determined by
'"H NMR spectroscopy. ©91% isolated yield.
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Table 4. Different Cu(l) salts; the cross-coupling reaction of
preformed monobutyl cuprates ‘BuCu(X)MgBr' with 8 in
Et,0.7

Cu-salt Product distribution (%)°
Entry CuX 9:10

Conversion (%)

1 CuCN <1:>99 72
2 CuCl — 0
3 CuBr — 0
4 Cul <1:>99 30

? n-BuMgBr was added to a slurry of CuX in Et,0 at —30°C.
The reaction mixture was stirred for 2 h while temperature
was allowed to rise to 0°C and then 8 was added. The
reaction mixture was stirred for another 2 h. ® Determined by
"H NMR spectroscopy.

Table 5. Different Cu(l) salts; the cross-coupling reaction of
preformed dibutyl cuprates ‘Bu,Cu(X)(MgBr),” with 8 in
Et,0.7

Product distribution (%)

Cu-salt

Entry CuX 9+4+10+11 9:10 Conversion (%)
CuCN 100:0 <1:>99 100°
CuCl 100:0 >99: <1 56

CuBr 25:75 >99: <1 52
Cul 90:10 6:94 70

@ n-BuMgBr was added to a slurry of CuX in THF at —30°C.
The reaction mixture was stirred for 2 h while temperature
was allowed to rise to 0°C and then 8 was added. The
reaction mixture was stirred for another 2 h. ® Determined by
'H NMR spectroscopy. ©87% isolated vyield.
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Dibutylcuprate in Et,0. (Table 5) The regioselectivity ob-
tained in the cross-coupling reaction using dibutyl-
cuprates 2 (M = MgBr) in Et,0 is strongly affected by the
choice of copper(l) precursor. The cuprate formed from
CuCN resulted in a y-selective cross coupling (entry 1)
whereas the cuprate from CuCl afforded an a-selective
reaction (entry 2). The cuprate 2 (M = MgBr) from CuBr
was also highly a-selective (entry 3) but in this case the
major product was geraniol (11) (9:11 = 25:75) which may
be due to incomplete cuprate formation. The use of a
CuBr-SMe, complex gave similar results. Surprisingly,
the corresponding cuprate formed from Cul gave a vy-se-
lective coupling (949, v) together with a small amount of
geraniol (entry 4). Cuprate formation from Cul was var-
iable; the y-selectivity was in the range of 90-1009, and
formation of geraniol (11) was in the range 0-149%,."

Discussion

Several important crystal structure determinations of or-
ganocopper compounds have been reported,'’ which
show that both lower order (LO, two coordinate,
R,CuM) and higher order (HO, three coordinate,
R,CuM,)'** organocuprates can exist in the solid state.'?
Knowledge about the structure of organocuprates in so-
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Fig. 1. Structural representation of the LO dimer of R,CulLi
14, the HO cyanocuprate 15, the LO aggregates of organo-
copper and organolithium reagents, 16 and 17 and the re-
vised structure of the HO cyanocuprate in which the nitrile
ligand is incorporated into the cuprate cluster 18.

lution, on the other hand, still remains unclear. NMR
investigations of the cuprate structure in solution have
revealed the presence of complex equilibria.'*"** The early
proposal'® of the simple Gilman cuprate R,CuLi, as an
LO dimer (14, Fig. 1) has been confirmed by molecular
weight determinations,’>® NMR spectroscopy’® and
X-ray crystallography.!*" Despite intensive studies, the
structure of the HO cyanosubstituted copper reagents are
less established. In 1981, the concept ‘higher order,
mixed’ copper reagents R,Cu(CN)Li, 15 was intro-
duced.!” These species were shown to display remarkably
different chemical (and spectroscopic) properties com-
pared with the Gilman reagents. Over the last four years
there has been a discussion in the literature about the
actual existence of these HO cyanocuprates.'#!¥=2° The
structure of the HO cyanocuprate in THF, represented
by the formula R,Cu(CN)Li,'® has been shown by
NMR™ and EXAFS'? spectroscopic studies to be better
represented by the formula R,CuLi-LiCN 15. A molecu-
lar orbital study®® of these cuprates suggests that the com-
pounds are best described as LO Gilman cuprates, com-
plexed by ring formation with 1 mol of either RLi or
CNLi rather than as ‘HO’ cyanocuprates. Two of the
proposed structures 16 and 17 are shown in Fig. 1. In a
recent paper,'®® the structure of the HO cyanocuprates
was revised and it was proposed that the nitrile ligand
probably is incorporated in the cuprate cluster: c-bond to
Li* and m-bound to copper (Fig. 1, 18).

An equimolar mixture of the Grignard reagent and cop-
per(I) halide has traditionally been regarded as the spe-
cies ‘RCu-MgX,’.>! However, work on the role of salts in
cuprate activation makes it reasonable to view these spe-
cies as halocuprates ‘RCu(X)MgX’.?? Direct cuprate for-
mation is also anticipated in the case of CuCN, owing to
the strength of the Cu—-CN bond. The formation of a
halocuprate in THF, in which the non-transferable group
X is electron-withdrawing, explains the formation of the
y-substituted product with the allylic acetates [eqn. (4),
cf. Scheme 1]. The reason for the low reactivity of the
monobutylcuprates in THF is not clear.

CuX + BuMger THF _ [ BuCu(x) MgBr]
slow 4)
X=CN,Cl,Br, |
yproduct

Cu(l)-MEDIATED CROSS COUPLING

The dialkylcuprates in THF, formed from copper(I)
halides, give preferentially the a-substituted product [eqn.
(5)]. The formation of geraniol, when CuCN was used as

THF

CuX + 2BuMgBr — » [ BuCuMgBr] . XMgBr

X=Cl, Br, | ®

a-product

the copper(I) precursor suggests that free Grignard re-
agent is present in the reaction mixture. An equilibrium
between a LO Gilman-type cuprate and a LO cyano-
cuprate would explain the presence of free Grignard
reagent [eqn. (6)]. The strength of the Cu—CN linkage
presumably accounts for the existence of both cuprates.
The monobutylcyanocuprate would react with an allylic
acetate to give the y-substituted product. However, since
it was shown that equimolar amount of n-BuMgBr and
CuCN give a cuprate which shows low reactivity towards
allylic acetates (vide supra), the dibutylcuprate becomes
the reactive species and hence the a-substituted product
is obtained.

2 BuMgBr
===  [BuCu(CN)MgBr] » BuMgBr

!

[ BucuMgBr +  MgCN)Br

CuCN

Alternatively, these cuprates may be represented as LO
aggregates of organocopper and organomagnesium com-
pounds which has been proposed for the lithium deriva-
tives, i.e., ‘Bu,CuMgBr-Mg(CN)Br’ 19 or ‘BuCu(CN)-
MgBr-n-BuMgBr’ 20 (cf., 16 and 17, Fig. 1).!*'%2° If the
cuprate is represented by 20,?° one of the two n-Bu moi-
eties is not bonded to copper but complexed between the
two magnesiums and can thus be regarded as a free Grig-
nard reagent giving rise to alcohol formation. The reagent
19 represents a LO dibutylcuprate and will lead to for-
mation of the a-product [eqn. (7)].

CuCN + 2 BuMgBr

THF

[ BucumgBr-MgoNB] + [ Bucu(CN)MgBr-BuMgBr]  (7)

16 17
| |
a-product alcohol

In Et,O both the mono- and the di-butylcuprates
formed from CuCN and BuMgX, give the y-substituted
product. Cuprate 1, a LO cyanocuprate ‘BuCu(CN)-
MgBr’, gives the y-product via oxidative addition of the
allylic acetate to the cuprate followed by fast reductive
elimination, owing to the electron-withdrawing group on
copper (X=CN, see Scheme 1). When two equiv. of
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n-BuMgBr is added to CuCN in Et,0, a HO cyano-
cuprate ‘Bu,Cu(CN)(MgBr),” might be formed. In this
cuprate the electron-withdrawing group is still bonded to
copper, or at least incorporated into the copper
cluster.' In this case the cuprate reacts in the same
way as the LO cyanocuprate, i.e., fast reductive elimina-
tion from the initially formed (o-allyl)copper(I1l) inter-
mediate A (Scheme 1).

The cuprates formed from copper(I) halides and one
equivalent of the Grignard reagent in Et,O showed var-
iable reactivity. Copper chloride and bromide gave an un-
reactive species which presumably is polymeric BuCu.
The reaction observed with Cul can be explained by the
stronger bond between the soft Cu(I) and the soft anion
I~ which would prevent formation of insoluble BuCu. In
the latter case the reactive species is thought to be
[BuCu(I)] .

The high y-selectivity observed in Et,O when Cul and
two equivalents of BuMgBr was employed may at first
glance look contradictory since the corresponding CuCl
and CuBr cases gave a high x-selectivity, presumably via
a Gilman-type cuprate [R,Cu]~. A possible explana-
tion for the y-selectivity obtained with 2 BuMgBr'Cul
is the formation of a cuprate complex in which the
iodide is still incorporated (‘Bu,CuMgBr-Mg(I)Br’ or
‘Bu,Cu(I)(MgBr),’)** and hence can affect the regio-
chemical outcome of the reaction. However, the strong
bond between the soft Cu(I) and soft I~ may depress the
addition of a second equivalent of n-BuMgBr to the ini-
tially formed [RCu(I)] ~ species. This explains the slightly
variable cuprate formation and hence the formation of
geraniol (11) (10%). Also the latter monoalkylcuprate
would react to give the y-substituted product.

The change in regioselectivity with solvent (Et,O or
THF) observed in the CuCN-catalyzed cross-coupling
reaction'® can be explained by the formation of different
organocuprates in Et,O and THF. The y-selectivity ob-
served in Et,O can be explained by the formation of an
LO and an HO cyanocuprate from one and two equiva-
lents of n-BuMgBr, respectively, in which the cyanide is
still coordinated to copper. Therefore, as indicated earlier
(Scheme 1 for X =CN), in this solvent both the mono-
and di-butylcuprate give the y-product preferentially. In
THF, on the other hand, the monobutylcyanocuprate re-
acts slowly to give y-substituted product whereas the
dibutylcuprate reacts quickly to give the ax-substituted
product. Thus, in the catalytic reaction, the first-formed
monobutylcopper species (responsible for y-substitution)
reacts with another equivalent of the organometallic re-
agent to form a dibutylcuprate, which will give the
a-product. In the CuCN-catalyzed reaction, slow addi-
tion of the Grignard reagent will depress formation of
the dialkylcuprate and hence favor formation of the
y-product.

The formation of different organocopper species in
Et,O and THF is presumably due to the different coor-
dinating ability of the solvents.'“ Further studies of the
solvent effect are required to clarify the structures respon-
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sible for the regioselectivity obtained in the copper-cata-
lyzed cross-coupling reaction in different solvents.

Experimental

General. NMR spectra were recorded for CDCI; solu-
tions, 'H and '*C NMR at 400 and 100.6 MHz, respec-
tively using a Varian 400 spectrometer. The chemical
shifts are reported with CDCI; as internal reference.
Merck silica gel (130-400 mesh) was used for flash
chromatography. Concentrations of the Grignard** and
lithium reagents?’ were determined by titration. All reac-
tions were carried out in flame-dried glassware under an
atmosphere of nitrogen. Et,O and THF were distilled
from sodium benzophenone ketyl solution while CH,Cl,
and pyridine were distilled from CaH,. Triethyl phospho-
noacetate (99¢,), cyclohexanecarbaldehyde (989,),
DIBAL-H (1.0 M in CH,Cl,), geraniol (98°;) and acetic
anhydride (999,) were purchased from Aldrich and used
without further purification. CuCN (99°,) purchased
from Aldrich was dried at 100°C in vacuo for 72 h prior
to use. CuCl and CuBr were prepared from CuSO,.”® and
Cul was purified by a procedure from Kauffman and
Fang.?’

Preparation of starting material

Ethyl (3-cyclohexyl-2-propenoate (4 and 5). BuLi (52 ml,
1.44 M, 75.5 mmol) was added dropwise to a solution of
triethyl phosphonoacetate (15.3 ml, 77.0 mmol) in THF
(250 ml) at —78°C. After complete addition the tem-
perature was raised to 0°C and cyclohexanecarbaldehyde
3 (9.0 ml, 73.3 mmol) was added dropwise. The reaction
mixture was stirred for 2.5 h at 0°C and then quenched
with water (200 ml). The aqueous phase was extracted
with Et,O (4 x 50 ml) and the combined organic layers
were washed with brine, dried (MgSO,) and concen-
trated in vacuo. The crude esters, a mixture of E- and
Z-isomers in a ratio of 92:8 (E:Z), were separated and
purified by flash chromatography (silica gel; pentane-
Et,O =90:10) to give 12.9 g (919%,) of the E-isomer as a
colorless oil. "H NMR: § 6.88 (dd, J=15.5, 6.5 Hz, 1 H),
5.73 (dd,J=15.5,1.5 Hz, 1 H), 4.15(q, /J=7.0 Hz, 2 H),
2.15-2.05 (m, 1 H), 1.77-1.69 (m, 4 H), 1.68-1.60 (m,
1 H), 1.25(t,J=7.0 Hz, 3 H), 1.33-1.18 (m, 2 H), 1.18-
1.05 (m, 3 H). 3C NMR: § 167.0, 154.1, 118.8, 60.0,
40.3, 31.6, 25.9, 25.7, 14.2. IR (neat) 2931, 2853, 1719,
1650, 1449, 1368, 1274, 1171, 1046, 983. MS m/z (rel.
intensity) 182 (M ™", 15%), 154 (3), 137 (20), 107 (23), 79
(56), 55 (100). Anal. Caled. for C, H,;0,: C, 72.49; H,
9.95. Found: C, 72.39, H, 9.82.

From the minor fraction 0.9 g (7%) of the Z-isomer 5
was obtained as a colorless 0il.>* '"H NMR: § 6.02 (dd,
J=115,9.5 Hz, 1 H), 5.64 (dd, J=11.5, 1.0 Hz, 1 H),
4.16 (q, /=7.0 Hz, 2 H), 3.34-3.24 (m, 1 H), 1.76-1.68
(m, 4 H), 1.68-1.64 (m, 1 H), 1.40-1.26 (m, 2 H), 1.29
(t, J=7.0 Hz, 3 H), 1.25-1.02 (m, 3 H). *C NMR: §
166.4, 155.6, 117.7, 59.7, 37.4, 32.4, 25.9, 25.5, 14.3. IR



(neat) 2926, 1645, 1448, 1417, 1221, 1182, 1134, 1032.
MS m/z (rel. intensity) 182 (M*, 5%), 154 (2), 137 (4),
107 (16), 79 (61), 53 (100).

(2E)-3-Cyclohexylprop-2-enol (6). The ester 4 (7.07 g,
38.8 mmol) in CH,Cl, (40 ml) was added dropwise to a
solution of DIBAL-H in CH,Cl, (81.5 ml, 1.0 M,
81.5 mmol) at 0°C. The reaction mixture was stirred for
2 h at 0°C and then poured into ice-cooled 2 M HCI
(100 ml). The organic layer was washed with 2 M HCI
(3 x 50 ml) and the combined acidic aqueous layers were
back-extracted with CH,Cl, (50 ml). The combined or-
ganic layers were dried (MgSO,). Evaporation of the sol-
vent afforded 5.4 g (100%) of the crude alcohol 6 as a
colorless oil which was used in the esterification without
further purification. 'H NMR:*® § 5.59 (dd, J=16.0,
5.5 Hz, 1 H), 5.52 (dt, J=16.0, 5.5 Hz, 1 H), 4.0 (d,
J=5.5 Hz, 2 H), 2.45-2.23 (br m, 1 H), 1.97-1.87 (m,
1 H), 1.72-1.64 (m, 4 H), 1.64-1.58 (m, 1 H), 1.29-0.98
(m, 5 H). '*C NMR: § 138.7, 126.3, 63.6, 40.2, 32.7, 26.1,
25.9.

(2E)-Cyclohexylprop-2-enyl acetate (7). Acetic anhydride
(5.5 ml, 58.0 mmol) was added slowly to a stirred solu-
tion of the allylic alcohol 6 (5.4 g, 38.8 mmol), DMAP
(0.48 g, 3.9 mmol), and pyridine (5.4 ml, 66.0 mmol) in
CH,CI, (25 ml) at 0°C. After the reaction mixture had
been stirred for 3.5 h at r.t., CH,Cl, (25 ml) and 2 M HCl
(25 ml) were added. The organic layer was washed with
2 M HCI (3 x25 ml), aq. saturated KHCO, (2 x 25 ml)
and water (25 ml). The acidic and basic aqueous layers
were back-extracted with CH,Cl, (25 ml). The combined
organic layers were dried (MgSO,) and concentrated
in vacuo. Flash chromatography (silica gel; pentane—
Et,O =90:10) of the residue afforded 6.15 g (879 in two
steps) of the pure allylic acetate 7 as a colorless oil. 'H
NMR: § 5.69 (ddt, J=15.0, 5.0, 1.5 Hz, 1 H), 5.48 (dtd,
J=15.0,6.5,1.5Hz, 1 H), 4.48 (d,/J=6.5 Hz, 2 H), 2.03
(s, 3 H), 2.01-1.90 (m, 1 H), 1.74-1.66 (m, 4 H), 1.66-
1.59 (m, 1 H), 1.30-0.98 (m, 5 H). *C NMR: § 170.7,
142.0, 121.2, 65.4, 40.2, 32.5, 26.1, 25.9, 21.0. IR (neat)
2925, 2852, 1744, 1669, 1449, 1366, 1228, 1025, 970. MS
m/z (rel. intensity) 182 (M*, 0.2%), 141 (2), 122 (65), 107
(40), 93 (36), 81 (100), 67 (68), 55 (46). Anal. Calcd. for
C,;H 50, C, 72.49; H, 9.95. Found: C, 72.35; H, 9.79.

Geranyl acetate (8). This was prepared from geraniol by a
standard method (see the preparation of acetate 7).

Preparation of monobutylcuprates 1. BuMgBr (0.96 ml,
0.6 M, 0.58 mmol) prepared in THF or Et,O was added
dropwise to a slurry of the copper salt (0.6 mmol) in the
same solvent as the Grignard reagent at —30°C. The
reaction mixture was stirred for 2 h while the temperature
was allowed to rise to 0°C.

Preparation of dibutylcuprates 2. BuMgBr (1.92 ml, 0.6 M,
1.15 mmol) prepared in THF or Et,O was added drop-

Cu(l)-MEDIATED CROSS COUPLING

wise to a slurry of the copper salt (0.6 mmol) in the same
solvent as the Grignard reagent at — 30°C. The reaction
mixture was stirred for 2 h while the temperature was
allowed to rise to 0°C.

General procedure for the reaction of allylic substrates (T and
8) with preformed cuprates. The allylic acetate 7 or 8
(0.5 mmol) dissolved in the same solvent as the pre-
formed cuprate (THF or Et,0) was added to the cuprate
at 0°C. The reaction mixture was stirred for 2 h and then
quenched with NH,Cl (5 ml) ad NH,OH (3 ml). After
30 min of vigorous stirring the two layers were separated
and the aqueous layer extracted with Et,O (3 x 5 ml). The
combined organic layers were washed with brine, dried
(MgSO,), and concentrated in vacuo. The product dis-
tribution was determined by 'H NMR spectroscopy.
Spectral data of the products are given below.

(6E)-2,6-Dimethyl-2,6-dodecadiene (9)." 'H NMR: §
5.17-5.06 (m, 2 H), 2.10-1.92 (m, 6 H), 1.70 (s, 3 H),
1.61 (s, 6 H), 1.40-1.25 (m, 6 H), 0.90 (br t, J=6.8 Hz,
3 H). *C NMR: § 134.7, 131.2, 124.9, 124.4, 39.8, 31.6,
29.6, 27.9, 26.7, 25.7, 22.7, 17.7, 15.9, 14.1.

2,6-Dimethyl-6-vinyl-2-decene (10).’* '"H NMR: § 5.71 (dd,
J=11.0, 17.4 Hz, 1 H), 5.11 (m, 1 H), 4.99 (dd, J=1.4,
11.0 Hz, 1 H), 4.90 (dd, J=11.0, 17.4 Hz, | H), 1.94-
1.81 (m, 2 H), 1.69 (s, 3 H), 1.60 (s, 3 H), 1.54-1.17 (m,
8 H), 0.97 (s, 3 H), 0.90 (br t, J=6.8 Hz, 3 H). *C
NMR: & 147.5, 130.7, 125.2, 111.3, 40.8, 40.6, 39.4, 26.3,
25.7, 23.6, 22.6, 22.5, 17.5, 14.1.

(E)-1-Cyclohexylhept-1-ene (12). '"H NMR: & 5.36-5.33
(m, 2 H), 1.99-1.93 (m, 2 H), 1.93-1.84 (m, | H), 1.74-
1.60 (m, 5 H), 1.38-1.20 (m, 8 H), 1.20-1.11 (m, 1 H),
1.11-0.98 (m, 2 H), 0.88 (br t, J=7.0 Hz, 3 H). 13C
NMR: § 136.4, 127.8, 40.7, 33.3, 32.6, 31.4, 29.4, 26.7,
26.2, 22.6, 14.1. IR (neat) 2958, 2926, 2853, 1449, 971,
908. MS m/z 180 (M ™, 49), 109 (63), 96 (100), 81 (84),
67 (98), 55 (49).

3-Cyclohexylhept-1-ene (13).”° '"H NMR: § 5.56 (ddd,
J=17.0, 10.0, 9.0 Hz, 1 H), 4.98 (ddd, J=10.0, 2.5,
0.5 Hz, 1 H), 4.90 (ddd, 17.0, 2.5, 1.0 Hz, 1 H), 1.80-
1.70 (m, 4 H), 1.76-1.62 (m, 2 H), 1.47-1.39 (m, 1 H),
1.36-1.09 (m, 9 H), 1.06-0.88 (m, 2 H), 0.89 (br t,
J=7Hz, 3 H). 3C NMR: § 141.8, 114.6, 50.1, 41.8, 31.4,
31.2, 29.8, 29.7, 26.80, 26.77, 26.74, 22.9, 14.1. IR (neat)
2923, 2853, 1638, 1449, 997, 909. MS m/z 180 (M ", 2),
152 (22), 98 (22), 96 (21), 83 (61), 82 (44), 81 (28), 67
(40), 55 (100).
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