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Reactions of allylic carboxylates with Grignard reagents containing catalytic amounts (1-10 mol %) of cuprous 
salts give high yields of cross-coupled products. With alkyl Grignard reagents, regiochemistry can be controlled 
by choice of cuprous salt. With cuprous halides, little regiospecificity is observed. There is a small excess of 
y-coupling in unbiased systems such as 5-methyl-2-cyclohexenyl (l), 2-cyclohexenyl (3), and @-phenylallyl (5) 
carboxylates. With CuCN, complete regiospecificity (exclusive y-coupling) is observed with all alkyl Grignard 
reagents in unbiased systems, and with n-butylmagnesium halide >97% y-coupling results with a-methyl-y- 
phenylallyl pivalate (7-OPiv) which is biased in favor of coupling at  the a-position. In sharp contrast to alkyl 
Grignard reagents, phenyl and vinyl Grignard reagents containing CuCN show no regiospecificity. 

We report that cross coupling of allylic carboxylates with 
Grignard reagents containing catalytic amounts (1-10 mol 
%) of cuprous salts (eq 1) is superior to conventional 

RMgBr 

6 + (1) 
1-10 % C U X  

4-  0 C O R  R R 
.-coupling 7-coupling 

methods that involve stoichiometric quantities of pre- 
formed 0rganocuprates.~9~ Advantages of the catalytic 
method include control of regiochemistry by selection of 
cuprous salt used as catalyst and high yields based on 
organometallic reagent as well as on the allylic substrate. 
Also, Grignard reagents are generally easier to prepare than 
the alkyllithiums that are required for preparation of 
lithium organocuprates. 

Although allylic carboxylates can be converted to 
cross-coupled products in high yields by the stoichiometric 
method, yields with respect to the organocopper reagent 
(and all precursors) are generally poor. This is because 
organocuprates are unstable and for optimum yields excess 
cuprate (usually a t  least 2 equiv) must be used to com- 
pensate for decomposition that accompanies the reacti~n.~B 
On the other hand, with the catalytic method excellent 
yields (often "quantitative" conversions) are obtained with 
only a 10% excess of Grignard reagent. Moreover, these 
reactions can be carried out at  room temperature without 
decomposition. 

Copper(1)-catalyzed cross-coupling reactions of Grignard 
reagents have been reported for other allylic derivatives 
including ethers: halides? benzothiazoles,6 and  sulfide^.'^^ 
However, the dependence of regiochemistry on the cuprous 

(1) Previous paper in this series: Goering, H. L.; Kantner, S. S.; Seitz, 

(2) Coering, H. L.; Kantner, S. S. J.  Org. Chem. 1984, 49, 422 and 
E. P., Jr. J.  Org. Chem. 1985,50, 5495. 

earlier papers in this series. 
(3) (a) Levisalles, J.; Rudler-Chauvin, M.; Rudler, H. J. Organomet. 

Chem. 1977,136,103. (b) Trost, B. M.; Klun, T. P. J. Org. Chem. 1980, 
45, 4256. 

(4) (a) Claesson, A.; Sahlberg, C. J. Organomet. Chem. 1979,170,355. 
(b) Gendreau, Y.; Normant, J. F. Tetrahedron 1979,35, 1517. (c) Nor- 
mant, J. F.; Commercon, A.; Gendreau, Y.; Bourgain, M.; Villieras, J. Bull. 
SOC. Chim. Fr. 1979, 11-309. 

(5) Ohbe, Y.; Matsuda, T. Tetrahedron 1973,29, 2989. 
(6) Calo, V.; Lopez, L.; Pesce, G.; Calianno, A. J. Org. Chem. 1982,47, 

4482. 
(7) (a) Barsamti, P.; Calo, V.; Lopez, L.; Marchese, G.; Naso, F.; Pesce, 

G. J. Chem. SOC. D 1978, 1085. (b) Calo, V.; Lopez, L.; Marchese, G.; 
Pesce, G. Synthesis 1979,885. 

(8) For a recent review that includes this subject, see: Erdik, E. 
Tetrahedron 1984,40,641. 

salt used as catalyst has not been observed. Except for 
isolated experiments with a lactones and two acetates,4aJ0 
evidently allylic carboxylates have not been investigated. 

Alkylation of allylic acetates with Grignard reagents 
containing 1-10 mol % cuprous salt is often accompanied 
by carbonyl attack. However, this side reaction can be 
eliminated in most cases by using the pivalate ester and 
in all cases using the mesitoate derivative. In earlier work 
we found that mesibtes  are more effective than pivalates 
for preventing carbonyl attack.2 Interference from car- 
bonyl attack depends on the coupling reactivity of the 
allylic carboxylate.' With relatively unreactive systems, 
such as 2-cyclohexenyl carboxylates,' it is necessary to use 
the mesitoate to eliminate carbonyl attack with reactive 
Grignard reagents. Acyclic allylic systems are sufficiently 
reactive so that pivalates can be used in all cases without 
detectable carbonyl attack. 

In this work we have investigated several allylic car- 
boxylates and a variety of Grignard reagents. Most com- 
binations give excellent yields of cross-coupling products. 
Moreover, we have discovered that with alkyl Grignard 
reagents, the regiochemistry of alkylation depends on the 
copper(1) salt even though this is present in only catalytic 
amounts. For example, with alkyl Grignard reagents the 
CuCN-catalyzed reaction is highly regiospecific and gives 
exclusive or predominating y-alkylation. On the other 
hand, with cuprous halides there is little, if any, regios- 
pecificity. 

For mechanistic interpretation of regiochemical results 
it is essential to distinguish between regiospecificity and 
regioselectivity." In this work we have used systems in 
which this distinction can be made. This can most simply 
be done with unbiased (symmetrical) allylic systems be- 
cause in this case regioselectivity is eliminated. 

Results for reaction of a-deuterio-cis-5-methyl-2-cyclo- 
hexenyl mesitoate (1-OTMB) with 2 equiv of n-BuMgBr 
containing 10 mol % CuCN or CuCl for 6 h at room tem- 
perature are shown under eq 2.12 In each case the product 
(2) was isolated in -65% yield. Subsequent experiments 
showed that under these conditions the reaction is prob- 

(9) Fujisawa, T.; Sato, T.; Kawashima, M.; Naruse, K.; Tamai, K. 
Tetrahedron Lett. 1982,23, 3583. 

(IO) Fouquet, G.; Schloeaer, M. Angew. Chem., Znt. Ed. Engl. 1974,13, 
82. 

(11) The terms "regioselective" and "regioepecific" are uaed as defined 
in footnote 3 oE Goering, H. L.; Singleton, V. D., Jr. J. Org. Chem. 1983, 
48, 1531. 

(12) The solvent was ether in all cases except for reactions with vinyl 
Grignard reagents in which cases the solvent was a 5050 mixture of ether 
and THF. 
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&-D-~-OTMB 3 - D - 2  1- D - 2  

cux: CUCL 39 "I. 61 " le  
CuX = CuCN 0% 100% 

ably complete in a few minutes. This system is unbiased 
with regard to regiochemistry except for a small pertur- 
bation by the deuterium label which favors the isomer with 
the deuterium on a sp3 carbon atom, the a-alkylation 
product in this case.13 

Attempts to determine the configurational composition 
of 2 by capillary GC were unsuccessful. This composition 
was found to be 97% trans isomer by hydrogenation (Pt02) 
to 1-n-butyl-3-methylcyclohexane and capillary GC anal- 
ysis of the latter. This stereochemistry (>97% anti al- 
kylation) is about the same as for stoichiometric alkylation 
of 1-OAc with LiCuMe214 or LiCu(CN)Me.2 Similar ste- 
reochemical results have been reported for cross coupling 
2-cyclohexenyl methyl ethers with n-BuMgC1 containing 
5 mol %  CUB^.^^ 

The results under eq 2 show that there is a remarkable 
difference in regiochemistry for catalysis by CuCl and 
CuCN. Partial regiospecificity (22% excess y-alkylation) 
is observed with CuC1. However, exclusive y-alkylation 
results with CuCN.15 

To investigate the scope of the catalytic process, 2- 
cyclohexenyl mesitoate (3-OTMB) was reacted with a se- 
ries of Grignard reagents containing 3 mol % CuCN (eq 
3). Two equivalents of Grignard reagent were used in 

- Q, (3) 
R Mg Br Q OTMB 3'10 CUCN 

3- OTMB 4 
these experiments and reaction mixtures were prepared 
and stirred for 5 h at  0 OC.12 Yields of isolated products 
(4) are shown in Table I. Ranges are given for cases with 
two or more independent experiments. Except as noted, 
isolated products were shown to be homogeneous by ca- 
pillary GC and were identified by IR and NMR spectra 
and GC retention times. 

As shown in Table I, good yields of cross-coupling 
products were obtained in all cases except with allyl and 
vinyl Grignard reagents-yields with MeMgI and EtMgI 
were reduced by loss of the volatile products during iso- 
lation and purification. With the allyl-MgBr, at 0 OC there 
is immediate reduction of the CuCN and apparently no 
product is formed. The 66% yield was obtained by pre- 
paring a reaction mixture containing 25 mol % CuCN at  
-60 OC and allowing the solution to warm to 0 "C. With 
vinyl-MgBr the reaction stopped short of completion and 
only -11% of the product was isolated. Addition of a 
second 3 mol % portion of CuCN raised the yield to 56%. 

In other work' we found that the 2-cyclohexenyl system 
(3) is less reactive than acyclic allylic systems for alkylation 
of carboxylates with LiCuMe2. Thus side reactions (e.g., 

(13) In other work we have found that in the a-deuterio- or y-deu- 
terie2-cyclohexenyl system the deuterium thermodynamic isotope effect 
for equilibration of the allylic alcohols results in a deuterium sp3/sp2 ratio 
of 54/46. 

(14) Goering, H. L.; Singleton, V. D., Jr. J. Am. Chem. SOC. 1976,98, 
7854. 

(15) The deuterium distribution in the alkylation product was deter- 
mined by 30.6-MHz 2H NMR as described in ref 2. 

Table I. Yields of Isolated Products (4) for Cross Coupling 
Cyclohexenyl Mesitoate (3-OTMB) with Grignard Reagents 

Containing 3 mol % CuCN (eq 3)a 
RMgBr 

MeMgI 
EtMgI 
n-BuMgBr 
i-BuMgBr 
i-PrMgBr 
2-BuMgBr 

% yield of 4 RMgBr % yield of 4 
59-62 cyclohexyl-MgBr 75-87 
68-69 PhMgBr 90-94 
85-87 p-anisyl-MgBr 82-95 

75-88 vinyl-MgBr ll-56d@ 
87 allyl-MgBr 0-66c 

8gb propen-2-yl-MgBr 60-63d 

OExcept as noted all reactions were carried out in ether at 0 "C. 
*Mixture (50:50) of two diastereomers. 'No product obtained at  0 
"C (85% recovery of 3-OTMB). The 66% yield was obtained by 
preparing reaction mixture at  -60 OC and allowing the stirred so- 
lution to warm to 0 OC. dSolvent was 5050 mixture of ether and 
THF. eThe higher yield (56%) was obtained by adding a second 3 
mol % portion of CuCN. 

carbonyl attack or decomposition of organocopper inter- 
mediates) would be expected to be more important in this 
system than in most other cases. From this we conclude 
that this catalytic cross-coupling process is general for 
allylic carboxylates as well as for Grignard reagents. 

2-Cyclohexenyl pivalate (3-OPiv) was reacted with 1.1 
equiv of Grignard reagent containing 1 mol % CuCN to 
determine the minimum amount of Grignard reagent re- 
quired for suitable yields. Reaction mixtures were pre- 
pared at  0 "C and the ether solutions stirred at  room 
temperature for 1 h. The Grignard reagents involved (and 
yields of isolated products) were i-PrMgBr (78%), PhMgBr 
(93%), and n-BuMgBr (83-94%). These experiments 
show that the catalytic method, unlike stoichiometric 
procedures, gives good yields with respect to the organo- 
metallic reagent as well as the allylic substrate. 

In work to be reported elsewhere we have found that the 
order of reactivity for the copper(1)-catalyzed reaction of 
a series of Grignard reagents with 3-OPiv at  0 OC12 is t- 
BuMgBr > i-PrMgBr > PhMgBr > n-BuMgBr. The 
difference in reactivity is substantial. With t-BuMgBr the 
reaction is complete about as soon as the reaction mixture 
is prepared and there is a -40-fold difference in rate for 
i-Pr- and n-BuMgBr. Preliminary experiments indicate 
that even in unreactive allylic systems' acetates can be 
used with tertiary and secondary alkyl Grignard reagents 
without detectable carbonyl attack. 

Results of regiochemical studies for reaction of a-deu- 
terio-2-cyclohexenyl mesitoate (a-D-3-OTMB)16 with 
several Grignard reagents containing CuCN are tabulated 
under eq 4.15 These experiments involved 2 equiv of 

a-D-3 -0TMB 3-0-4 1- 0 - 4  

RMgBr % yield 
n-BuMgBr 93 0 100 
i-PrMgBr 75 0 100 
t-BuMgBr 87 0 100 
PhMgBr 60-90 51-53 47-49 
propen-2-yl-MgBr 63 54 46 

Grignard reagent containing 3 mol % CuCN in ether a t  
room temperature. Complete regiospecificity (exclusive 
y-alkylation) is observed with all alkyl Grignard reagents 
in this unbiased system. However, the results are strikingly 
different for propen-2-yl-MgBr and PhMgBr. In these 

(16) Prepared from the corresponding deuterated alcohol; see: 
Kantner, S. S.; Humski, K.; Goering, H. L. J. Am. Chem. SOC. 1982,104, 
1693. 
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cases there is no regiospecificity and the deuterium dis- 
tribution in the alkylation product corresponds to an 
equilibrium mixture of the two  isomer^.'^ 

In other experiments it was shown that reaction of a- 
deuterio- and y-deuterio-2-cyclohexenyl pivalate (3-OPiv) 
with PhMgBr containing 1 mol % CuCN gives products 
with the same deuterium distribution, as shown by eq 5. 
This confirms the complete loss of regiochemistry (ran- 
domization of allylic carbon atoms) with this reagent. 

a-D- or y-D-3-OPiv - 54% 3-D-4 + 46% 1-D-4 
(5) 

Results for reaction of several Grignard reagents with 
y-deuterio-P-phenylallyl pivalate (5), an unbiased acyclic 
system, are shown under eq 6. This ester was prepared 

D-$, RMgBr 4 + 6 (6) 

PhMgBr 
1% CuCN 

R R oplv 1%CUX 

5 1-0-6 3 - D - 6  

R x % yield 
n-Bu CN 97 0 100 
n-Bu C1 97 39 61 
t-Bu CN 76 0 100 
i-Pr CN 86 0 100 
Ph CN 80 47 53 

from the corresponding deuterated alcohol." These ex- 
periments involved reaction of 5 with 2 equiv of Grignard 
reagent containing 1% CuCN or CuCl in ether a t  room 
temperature for 1 h. Products were isolated in from 76% 
(t-BuMgBr) to 97% yields (n-BuMgBr). The results with 
this system are essentially the same as for the cyclohexenyl 
systems (1 and 3). Complete regiospecificity (y-alkylation) 
is observed with all of the alkyl Grignard reagents in the 
presence of CuCN (but not with CuCl) and regiospecificity 
is completely lost with PhMgBr. 

In other workla we investigated the stoichiometric al- 
kylation of the isomeric trans-a,y-methyl(pheny1)allyl 
acetates (7-OAc and 8-OAc) with n-Bu2CuLi and found 

@ - Y +  OAc OAc  

7 - O A c  8 - O A c  

that both acetates give the same product distribution, 
-93% conjugate isomer (9, R = n-Bu) and -7% uncon- 
jugated isomer (10, R = n-Bu). Thus because of a ther- 
modynamic bias favoring formation of 9 the reaction is 
regioselective; however, there is no regiospecificity." The 
results are similar for alkylation with MezCuLi and we 
presume that this is general for all lithium dialkylcuprates. 

In this work we have used this system to investigate the 
regiochemistry of the catalytic reaction. Of particular 
interest were the reactions that are totally regiospecific in 
unbiased systems, viz. CuCN-catalyzed reactions with alkyl 
Grignard reagents. We also used this system to compare 
different cuprous salts. 

Results for reaction of trans-a-methyl-y-phenylallyl 
pivalate (7-OPiv) with Grignard reagents containing 1 mol 
% cuprous salt (eq 7 )  are presented in Table 11. In this 

Tseng et al. 

Table 11. Product Distribution for Cross Coupling 
trans-a-Methyl-y-phenylallyl Pivalate (7-OPiv) with 

Grignard Reagents Containing 1 mol % Copper(1) Salts 
( e s  7)' 

product distribtn, 
90 

RMgBr 
n-BuMgBr 
n-BuMgBr 
n-BuMgBr 
n-BuMgBr 
n-BuMgBr 
t-BuMgBr 
PhMgBr 

CUX 
CuCN 
CuCl 
CuBr 
Cul 
CuSCN 
CuCN 
CuCN 

9 

2-3d 
89 
85 
86 
86 

>99 
16-27' 

10 

97-98 
11 
15 
14 
14 
73-84 
<1 

90 yield' 
96-100d 
78-96e 
92 
86 
90 
81-91f 
76 

"Reactions involved 2 equiv of Grignard reagents in ether at 
room temperature. *Composition determined by capillary GC. 

Range for four independent experi- 
ments. eRange for two independent experiments. /Range for five 
independent experiments. 

highly reactive system,' carbonyl attack is not observed 
with the pivalate derivative. 

Yield of isolated products. 

pw-y q--- ' h e  + p w  ( 7 )  
R R 3p,v 1 IOCUX 

7-OPIV 9 10 

With n-BuMgBr, the CuCN-catalyzed reaction is highly 
regiospecific and gives 97-98 % y-alkylation even though 
this system is biased in favor of the a-alkylation product. 
This process is substantially more regiospecific than 
stoichiometric alkylation of 7-OPiv with n-BuCu(CN)Li 
which heretofore was the method of choice for regiospecific 
y-alkylation of allylic ca rbo~y la t e s .~$~J~  

On the other hand, there is very little regiospecificity 
with the other cuprous salts. The product distribution, 
8589% a-alkylation and 11-15% y-alkylation, shows only 
slightly more y-alkylation than the nonregiospecific stoi- 
chiometric alkylation of 7-OAc with n-BuzCuLi (- 7 % 
y-alkylation).l8 The remarkable difference in regiochem- 
istry for CuCN and the other cuprous salts evidently is not 
observed for cross-coupling reactions of allylic ethers.lc 

This biased system provides the proper scale for com- 
paring the regiospecificity for different alkyl Grignard 
reagents which are completely regiospecific in the unbiased 
systems. The data in Table I1 show that the CuCN-cat- 
alyzed reaction is more regiospecific with n-BuMgBr than 
with t-BuMgBr. As in the unbiased systems, the reaction 
with PhMgBr shows no regiospecificity. In this case re- 
gioselectivity favors the conjugated product (9, R = Ph) 
to a somewhat greater extent than nonregiospecific al- 
kylations of 7-OAc with alkylcuprates (93-95%, 9).18 

Comparison of the present regiochemical results with 
those for stoichiometric alkylations with RzCuLi14Ja and 
RCu(CN)Li2J9 in these systems suggests that the active 
species for the RMgBr-CuCN combination is RCu(CN)- 
MgBr (eq 8) and that for catalysis with the other cuprous 
salts is RzCuMgBr (eq 9 and 10). Clearly, the CuCN bond 

(8) 

(9) 

(10) 

remains intact for many catalytic cycles. From other 
work,20 metal-metal exchange would not be expected with 

RMgBr + CuCN - RCu(CN)MgBr 

RMgBr + CuX - RCu + Mg(X)Br 

RMgBr + RCu - R,CuMgBr 

(17) Jousseaume, B.; Duboudin, J .4 .  J .  Organomet. Chem. 1975,91, 

(18) Goering, H. L.; Seitz, E. P., Jr.; Tseng, C. C. J.  Org. Chem. 1981, 
C1; 1979, 168, 1. 

46, 5304. 

(19) Goering, H. L.; Tseng, C. C. J. Org. Chem. 1983, 48, 3986. 
(20) Lipshutz, B. H.; Kozlowski, J. A.; Wilhelm, R. S. J.  Org. Chem. 

1983, 48, 546. 
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Table 111. Product Distribution for Stoichiometric and 
Catalytic Alkylation of trans -a-Methyl-y-phenylallyl 

Pivalate (7-OPiv) with n -Butyl Reagents" 
product 

distribtn, 
% b  

expt reagent 9 10 ?k yieldc 
Id BuCu(CN)Li 50 50 65 
2 O  BuCu(CN)MgBr 2.2 97.8 14 

4eJ BuzCuLi 94 6 86 

d BuMgBr/CuCl (1001) 89 11 96 

3f BuMgBr/CuCN (1001) 2.6 97.4 99 

5e BuzCuMgBr 85 15 i a  

"All reactions carried out in ether. Reaction temperature -10 OC 
for expt 1, 2, and 5 and 0 "C for other cases. *Compositions de- 
termined by capillary GC. Yield of isolated products. Cuprate- 
/ester ratio was 5. eCuprate/ester ratio was 2. 'Grignard reag- 
ent/ester ratio was 2. gData taken from ref 18 and are for acetate 
instead of pivalate. 

CuCN (i.e., RMgBr + CuCN ++ RCu + Mg(CN)Br). The 
present results show that there is no bromide-cyanide 
exchange either (Br- + CuCN ++ CuBr + CN-) even 
though the Br:CN ratio is high. 

According to this proposal, with the other cuprous salts 
there is immediate metal-metal exchange (eq 9) followed 
by conversion of the intermediate alkylcopper to the di- 
alkylcuprate (eq 10). 

In support of this view are the results for stoichiometric 
alkylations of 7-OPiv with n-BuCu(CN)MgBr (n- 
BuMgBr:CuCN = 1:l) and n-BuzCuMgBr (n-BuMgBr: 
CuCl = 2:l) shown in Table 111. The regiochemistry for 
stoichiometric alkylation with n-BuCu(CN)MgBr (expt 2) 
is the same as that for the CuCN-catalyzed reaction (expt 
3). Unlike with CuCN, no reaction occurs with n- 
BuMgBr:CuCl (1:l). In this case only the insoluble n- 
BuCu is formed (eq 9). The regiochemistry for alkylation 
with n-Bu&uMgBr (expt 5) is also very similar to that for 
the CuC1-catalyzed reaction (expt 6). 

Product distributions for stoichiometric alkylations of 
7-OPiv with n-BuCu(CN)Li and n-BuzCuLi are included 
in Table 111. Comparison of experiment 1 with 2, and 4 
with 5, shows that magnesium cuprates are more regios- 
pecific (excess y-alkylation) than lithium cuprates. Other 
workers have also noticed this difference for stoichiometric 
alkylations of allylic carboxylates.21 

In another experiment it was found that alkylation of 
7-OPiv with a 1:l mixture of n-BuCu(CN)Li and 
MgBr2.Et20 gives the same product distribution as n- 
BuCu(CN)MgBr, i.e., 2.5% 9 and 97.5% 10. In earlier 
work2 we investigated the regiochemistry of alkylation of 
y-( 2,4,6-trimethylphenyl)-c~-methylallyl acetate (1 1-OAc) 
with LiCuMe2 and LiCu(CN)Me and observed the product 
distributions shown under eq 11. In this work we have 
found that addition of 1 equiv of MgBrz.EtzO to the 
LiCu(CN)Me prior to reaction results in a substantial in- 
crease in regiospecificity and increases the amount of 
y-alkylation from 43% to 92% as indicated under eq 11. 

G-qLyq+qq / OAc 

11-OAc 
_ _  LiCuMeP 97.5 2.5 

LiCu(CN)Me 51 35 8 
LiCu(CN)Me:MgBr2 8 72 20 

(11) 

(21) Liu, H. J.; Ho, L.-K. Can. J. Chem. 1983, 62, 632. 

Scheme I. Catalytic Cycle for Copper(1)-Catalyzed Cross 
Coupling of Allylic Carboxylates with Grignard Reagents 

RCu(Z)Mg Br 

e 0 P i v  

R C u(Z) Mg Br 

cuz  

\ 

13 

'r, Cy4031y BF 
. .  

f\\ R R  6 

R-Cb-Z 

15 

The reason for the difference in r e a ~ t i v i t y ' ~ ~ ~ * ~ ~  and re- 
giochemistry for magnesium and lithium cuprates is not 
clear. This may result from a difference in the state of 
aggregation or solubility. 

For some reason the cuprates involved in the catalytic 
process (excess Grignard reagent) are more reactive than 
preformed cuprates. To account for this difference it has 
been proposed** that so-called higher order c ~ p r a t e s , ~ ~  
R,CU(M~X)~,  are formed in the presence of excess Grig- 
nard reagents and that trialkylcopper(1) dianions (RJCU-~) 
are the active species. However, in an important recent 
study it has been shown by 'Li NMR spectroscopy that 
Me2CuLi in the presence of excess MeLi does not form 
higher order cuprates in either ether or THF and is simply 
a mixture of the dimethylcuprate and free methyllithium.24 
This finding is compatible with our earlier observations18 
that alkylation of allylic carboxylates with dialkylcuprates 
is invariably accompanied by carbonyl attack if excess 
alkyllithium is present, i.e. RLi:RCu ratio >l. From this 
we conclude that higher order cuprates are not involved 
in the catalytic reactions and that the active species are 
Gilman reagents generated as shown by eq 8-10. 

In addition to  enhanced reactivity, the cross coupling 
to decomposition ratio is more favorable for cuprates 
generated in the catalytic process and this results in im- 
proved yields, especially with regard to the organometallic 
partner. We believe that the composition of cuprates in 
the catalytic and stoichiometric reactions is probably the 
same and that the different properties result from dif- 
ferences in aggregation. In one case the cuprate is present 
in very low concentrations in a catalytic cycle and in the 
othcr the total amount of preformed cuprate is present at 
the outset. Put another way, in the catalytic reaction the 
relatively thermally unstable cuprates are consumed as 
generated and the organometallic reagent is a stable 
Grignard reagent. 

A mechanism that correlates the present results is shown 
in Scheme I. The cuprate (12) at  the top of the catalytic 
cycle is generated as shown by eq 8 or 10. Thus, Z = CN 
if the catalyst is CuCN (eq 8) and Z = R with other cup- 

(22) Normant, J.-F.; Cahiez, G.; Bourgain, M.; Chuit, C.; Villieras, J. 
Bull. SOC. Chirn. Fr. 1974, 1656. 

(23) For a recent review of higher order organocuprates, see: Lipshutz, 
B. H.; Wilhelm, R. S.; Kozlowski, J. A. Tetrahedron 1984, 40, 5005. 

(24) Lipshutz, B. H.; Kozlowski, J. A.; Brenemam, C. M. J.  Am. Chem. 
SOC. 1985, 107, 3197. 



2888 J. Org. Chem., Vol. 51, No. 15, 1986 

rous salts (eq 10). The main features of this scheme are 
the same as those proposed earlier for stoichiometric al- 
kylations with alkylcuprates.'!2 Olefin-cuprate a com- 
plexation to give 13 followed by oxidative addition with 
complete allylic rearrangement leads to the u-allyl- 
copper(II1) complex ( ~ - 1 4 ) . ~ ~  The overall regiochemistry 
of cross coupling is determined by the relative rates a t  
which y-14 undergoes reductive elimination (k,J (regios- 
pecific y-coupling) and isomerization (hi) to the a-allyl 
complex (15) which results in loss of regiochemistry. When 
Z = CN, reductive elimination results in formation of 
stable CuCN together with the y-cross-coupling product. 
In this case the Fzre/ki ratio for 14 is large and regiospe- 
cificity (excess 7-coupling) is observed. If Z = R, reductive 
elimination gives relatively unstable R-Cu together with 
product. In this case allylic rearrangement of 14 by the 
u s a mechanism becomes important and loss of regios- 
pecificity is observed. Under stoichiometric conditions 
with R,CuLi, the ki/kre ratio is so high that almost com- 
plete equilibration of a- and 7-14 occurs prior to reductive 
elimination and regiospecificity is almost completely 

According to this proposal, when the ligand (R) in 7-14 
is phenyl or vinyl the ki /k , ,  ratio is large even if Z = CN. 
In these cases the a-allyl complex (14) undergoes extensive, 
if not complete, equilibration prior to reductive elimina- 
tion. We have no explanation for why k,, >> ki with alkyl 
ligands and ki >> k,, when the ligand is vinyl or phenyl. 
Or can we explain the difference in regiochemistry for 
lithium and magnesium cuprates. Our mechanistic pro- 
posals do not include the metallic counterion of the cup- 
rates. According to our mechanistic proposals, for some 
unknown reason, the k,,/ki ratio is higher when magne- 
sium(I1) is present than when only lithium(1) is present. 
This may have something to do with states of aggregation 
of intermediates or with configurations of the d8 square- 
planer copper(II1) complexes (14). 

Experimental Section 

lost. 18,25b 

General Methods. All reactions were carried out under a 
positive pressure of dry nitrogen. Magnesium "turnings for 
Grignard reactions" (Fischer Scientific Company) was used 
without purification. Cuprous chloride26 and cyanide27 were 
prepared by published procedures. Commercial cuprous bromide 
(Alfa) was used without purification. Cuprous iodide was purified 
by a known methodzs and the thiocyanate was purified by the 
same method except that CuSCN and KSCN were used instead 
of the iodide salts. Commercial anhydrous ether (Mallinckrodt), 
magnesium bromide etherate (Aldrich), and all of the organic 
halides (Aldrich) were used without purification. Tetrahydrofuran 
was distilled from Nalbenzophenone ketyl and stored under dry 
nitrogen. Pyridine and dichioromethane were dried by distillation 
from calcium hydride and stored under nitrogen. Grignard 
reagents and alkyllithium solutions were standardized by titration 
with 2-butanol using o-phenanthroline as an indicator.29 Vi- 
nylmagnesium bromide was purchased from Aldrich as a 1 M THF 
solution. Propen-2-ylmagnesium bromide was prepared in THF.30 
Other Grignard reagents were prepared in ether. All equipment 
was thoroughly cleaned and dried before use. Boiling points and 
melting points are uncorrected. 

Mass spectra were obtained with an AEI MS-902 high-reso- 
lution instrument. Proton NMR spectra were obtained with a 
JEOLCO MH-100, Brucker WP200 SY, or Brucker WH270 in- 
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strument. Proton-decoupled zH and 13C NMR spectra were ob- 
tained with a JEOLCO FX-200 spectrometer operating at 30.6 
MHz (2H) or 50.1 MHz (13C). Deuterium chemical shifts are 
reported in ppm relative to internal CDCl, (set to 7.24 ppm). 
Chemical shifts for 13C are referenced to the center peak of the 
CDC1, triplet (77.0 ppm). 

Materials. cis -5-Methyl-2-cyclohexenyl mesitoate (1- 
OTMB) was prepared by reacting l-OH31 with a 20% excess of 
mesitoyl chloride32 in 2.5 equiv of dry pyridine at room tem- 
perature. After stirring overnight the excess acid chloride was 
quenched with 5 drops of water and the solution was stirred 15 
min. The reaction mixture was diluted with 5 mL of water and 
extracted with pentane (4 X 10 mL). The organic extract was 
washed with cold dilute aqueous CuSO, (3X), saturated aqueous 
NaHCO,, and brine and dried over MgS04. After purification 
by chromatography (silica gel, hexanelether eluent), 1-OTMB 
was obtained as a light yellow oil: IR (neat) 3030 (w), 2950 (m), 
2920 (m), 2870 (m), 2830 (w), 1715 (s), 1650 (w), 1610 (m), 1575 
(m), 1275 (9); NMR (6, CCl,) 6.63 (9, 2 H), 5.7-5.3 (m, 3 H), 2.17 
(s, 6 H), 2.11 (s, 3 H), 2.1-1.0 (m, 5 H), 0.93 (d, 3 H, J = 6 Hz); 
high-resolution mass spectrum, calcd for Cl7HZO2 m / e  258.1619, 
found mle 258.1620. Anal. Calcd for C17Hz202: C, 79.03; H, 8.58. 
Found: C, 79.11; H, 8.65. 

a-Deuterio-cis -5-methyl-2-cyclohexenyl mesitoate (a-D- 
1-OTMB) was prepared from the corresponding alcohol (a-D- 
l-OH)31 by the same method. 

2-Cyclohexenyl mesitoate (3-OTMB) was prepared from 
2-cyclohexenol(3-OH)'6 by the method described above and had 
the following: bp 136 "C (0.2 mm); IR (neat) 3020-2820 (m), 1720 
(s), 1615 (s), 1450 (m), 1435 (m), 1270 (s), 1175 (s), 1085 (s), 1060 
(m), 1050 (m), 1010 (w), 915 (m), 855 (m); NMR (6, CDC1,) 6.82 
(8 ,  2 H), 5.98 (dt, 1 H, J = 10, 3.6 Hz), 5.85 (d, 1 H, J = 10 Hz), 
5.53 (br s, 1 H), 2.29 (9, 6 H), 2.25 (s, 3 H), 1.6-2.1 (m, 6 H); 13C 

24.7, 20.9, 19.5, 18.8; high-resolution mass spectrum, calcd for 
C16Hm02 mle 244.1463, found mle 244.1464. 
a-Deuterio-2-cyclohexenyl mesitoate (a-D-3-OTMB) was 

prepared from a-D-2-cyclohexenol (a-D-3-OH)16 by the same 
method and had the following: bp 141-147 "C (0.2 mm); IR (neat) 
3030-2830 (m), 2070 (w), 1720 (s), 1610 (m), 1430 (m), 1280 (s), 
1170 (s), 1090 (s), 1075 (s), 910 (m), 850 (m); NMR (6, CDCl,) 6.83 
(s, 2 H), 5.99 (dt, 1 H, J = 10.2, 3.6 Hz), 5.84 (d, 1 H, J = 10.2 
Hz), 2.30 (8,  6 H), 2.27 (s, 3 H), 1.5-2.1 (m, 6 H); 13C NMR (6, 

19.5, 18.7; 2H NMR (6, CHCl,) 5.55 (97%), 5.07 (3%) [The latter 
signal results from contamination with 3% cyclohexyl mesitoate.]; 
high-resolution mass spectrum, calcd for CI8H1$O2 m / e  245.1525, 
found mle 245.1524. 

2-Cyclohexenyl pivalate (3-OPiv), a-deuterio-2-cyclo- 
hexenyl pivalate (a-D-3-OPiv), and  7-deuterio-2-cyclo- 
hexenyl pivalate (7-D-3-OPiv) were prepared from 3-OH, 
n-D-3-OH, and y-D-3-OH16 and pivaloyl chloride by the method 
described above for preparation of mesitoate derivatives. After 
purification 3-OPiv had the following: bp 94-97 O C  (15 mm); IR 
(neat) 3030-2820 (m), 1810 (w), 1720 (s), 1475 (m), 1450 (w), 1390 
(w), 1360 (w), 1280 (s), 1050 (s), 1010 (m), 920 (m), 720 (m); NMR 
(6, CDCl,) 5.93 (ddt, 1 H, J = 10.1, 1.0, 3.6 Hz), 5.66 (ddt, 1 H, 
J = 10.1, 3.5, 2.0 Hz), 5.22 (br s, 1 H), 2.0-2.1 (m, 2 H), 1.6-2.0 
(m, 4 H), 1.19 (s, 9 H); 13C NMR (6, CDC1,) 177.4, 131.8, 125.6, 
67.2, 27.9, 26.8 (X3), 24.6, 18.6; high resolution mass spectrum, 
calcd for CllH1802 m / e  182.1307, found m / e  182.1310. Capillary 
GC (175 ft, UCON LB550-X, 135 OC) showed this sample con- 
tained -3% cyclohexyl pivalate. This contaminant is inert under 
the conditions of the cross-coupling reactions and thus has no 
effect on the results. 

a-D-3-OPiv had zH NMR (6, CHC13): 5.13. y-D-3-OPiv had 
2H NMR (6, CHClJ: 5.90. High-resolution mass spectrum: calcd 
for CllH1,D02 m / e  183.1368, found 183.1370. 
3-Deuterio-2-phenyl-2-propenyl pivalate (5) was prepared 

from 3-deuteri0-2-phenyl-2-propen-l-ol'~ and pivaloyl chloride 
in pyridine in the usual manner. After purification, 5 had the 
following: bp 80-82 OC (0.4 mm); IR (neat) 3060 (w), 3040 (w), 

(31) Goering, H. L.; Kantner, S. S. J. Org. Chem. 1981, 46, 2144. 
(32) Barnes, R. P. Organic Syntheses; Wiley: New York, 1955; Collect. 

NMR (6, CDCl,) 138.8, 134.8, 132.7, 128.7 (X2) ,  125.4, 68.5, 28.3, 

CDC13) 169.6, 138.8, 134.8,132.8,128.2 (X2), 125.3, 28.2, 24.8,20.9, 

VOl. 3, p 555. 

(25) (a) Goering, H. L.; Kantner, S. S. J.  Org. Chern. 1983,48, 721. (b) 
Goering, H. L.; Singleton, V. D., Jr. J .  Org. Chem. 1983, 48, 1531. 

(26) Keller, R. N.; Wycoff, H. D. Inorg. Synth. 1946.2, 1. 
(27) Barber, H. J. J. Chem. SOC. 1943, 79. 
(28) Kauffman, G. B.; Tetter, L. A. Inorg. Synth. 1963, 7, 9. 
(29) Voskuil, W.; Arens, J. F. Organic Syntheses; Wiley: New York, 

1973; Collect. Vol. 5, p 211. Bare, T. M.; House, H. 0. Organic Syntheses; 
Wiley: New York, 1973; Collect, Vol. 5, p 775. 

(30) Normant, H. Bull. SOC. Chim. Fr. 1957, 728. 
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3000 (w), 2950 (m), 2910 (m), 2885 (w), 2850 (w), 1730 (s), 1720 
(s), 1495 (w), 1477 (s), 1457 (m), 1443 (m), 1397 (m), 1365 (w), 
1280 (s), 1145 (s), 1030 (m), 975 (w), 860 (w), 765 (m), 470 (w), 
698 (m); NMR (6, CDC13) 7.2-7.65 (m, 5 H), 5.51 (d, 0.7 H, J = 
3.3 Hz), 5.35 (d, 0.5 H, J = 1.1 Hz), 4.97 (s, 2 H), 1.18 (8, 9 H); 
2H NMR (6, CHCld 5.60 (34%), 5.41 (66%); high-resolution mass 
spectrum, d c d  for C1+H17D02 m / e  219.1364, found m / e  219.1369. 

a-Methyl-r-phenylallyl pivalate (7-OPiv) was prepared from 
a-methyl-y-phenylallyl alcohol18 and pivaloyl chloride in dry 
pyridine by the usual method. After distillation, bp 109 "C (1.2 
mm), the colorless oil solidified and had the following: mp 41-42.5 
"C; IR (neat) 2970,2925,1732,1493,1480,1459,1450,1398,1370, 
1282, 1165, 1150, 1044, 968, 750, 695; NMR (6, CCl,) 7.46-7.04 
(m, 5 H), 6.56 (d, 1 H, J = 15.2 Hz), 6.11 (dd, 1 H, J = 15.2, 6 
Hz), 5.46 (m, 1 H), 1.38 (d, 3 H, J = 7.2 Hz), 1.24 (8,  9 H); 
high-resolution mass spectrum, calcd for C1J-Im02 m / e  232.1462, 
found 232.1463. Anal. Calcd for C16H2,,02: C, 77.55; H, 8.68. 
Found C, 77.80; H, 8.90. 

Copper(1)-Catalyzed Reaction of n -Butylmagnesium 
Bromide with a-Deuterio-cis -5-methyl-2-cyclohexenyl Pi- 
valate (a-D-2-OTMB). In a typical experiment a flask equipped 
with a magnetic stirrer and septum was charged with 54 mg (0.6 
mequiv) of CuCN. After flushing with dry nitrogen, 2 mL of 
anhydrous ether waa added and the suspension was chilled to -10 
"C. An ether solution of 6 mmol of n-BuMgBr (prepared from 
987 mg of n-BuBr and 146 mg of Mg in 8 mL of ether) was added 
through a cannula, and after stirring the mixture 10 min, a solution 
of 778 mg (3 mmol) of a-D-1-OTMB in 2 mL of ether was added. 
The cooling bath was removed and the mixture was stirred at room 
temperature for 6.5 h after which the reaction was quenched with 
2 mL of aqueous NH,Cl. The resulting mixture was filtered, the 
precipitate washed with ether, and the ether solution was dried 
(MgS04). Removal of the solvent by fractionation followed by 
column chromatography (silica gel, pentanelether) and vacuum 
distillation gave 289 mg (63% yield) of clear mobile oil, bp 58-60 
"C (7.4 mm). This product (2-d1) had the following: IR (neat) 
3020 (m), 2945 (s), 2910 (s), 2900 (8, sh), 2860 (s), 2840 (8 ,  sh), 
2820 (m), 2240 (w), 1640 (w), 1465 (m), 1455 (m), 1430 (w), 1375 
(m), 895 (w), 730 (w), 710 (w); NMR (6, CDC13) 5.63 (br s, 1 H), 
2.20-1.90 (br m, 2 H), 1.90-1.68 (br m, 1 H), 1.68-1.50 (m, 9 H), 
1.05-0.70 (m, 3 H), 0.93 (d, 3 H, J = 7.5 Hz); high-resolution mass 
spectrum, calcd for CI1Hl& m / e  153.1622, found m / e  153.1628. 
The distribution of deuterium in the product was determined as 
described earlier., 

Capillary GC of the above product gave a single peak and we 
were unable to resolve cis- and trans-3-n-butyl-5-methylcyclo- 
hexene by this method. In other we confirmed that cis 
and trans isomers of the saturated analogue, 3-n-butyl-l- 
methylcyclohexane, are separated by capillary GC (UCON, 94 
ft, LB-550-X, 100 oC).33b Hydrogenation of 90 mg of the above 
olefinic product in 4 mL of acetic acid over PtO, gave a mixture 
of 97% trans- and 3% cis-3-n-butyl-1-methylcyclohexane. These 
stereoisomers were identified by comparison with authentic 
~amples .3~~  

The same procedure was used for the CuC1-catalyzed reaction 
of n-BuMgBr with a-D-1-OTMB. The results of these experi- 
menta are shown under eq 2. 

Reaction of 2-Cyclohexenyl Mesitoate (3-OTMB) with 
Grignard Reagents Containing 3 mol % CuCN. In a typical 
experiment a flask equipped with a septum and stirring bar was 
flushed with dry nitrogen and charged with 45-55 mg (-0.6 mmol) 
of CuCN and 70 mL of dry ether. A solution of 20 mmol of 
n-BuMgBr in 20 mL of ether was added and the resulting mixture 
was stirred a few minutes at 0 "C after which a solution of 2.44 
g (10 mmol) of 3-OTMB in 10 mL of ether was added with a 
syringe. The resulting reaction mixture was stirred for 4 h at room 
temperature and then quenched with water and extracted with 
5% HCl, 10% NaOH (2 X 15 mL), and saturated NaHC03 After 
drying (MgSO,) the ether was removed by fractionation and 
product distilled under reduced pressure. The same procedure 
was used for the other Grignard reagents in Table I except allyl- 
and vinylmagnesium bromide. Later experiments showed that 
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(33) (a) Yen, S. J. unpublished work in these laboratories. (b) Yam- 
amoto, Y.; Yamamoto, s.; Yatagai, H.; Maruyama, K. J. Am. Chem. SOC. 
1980,102, 2318. 

yields and regiochemistry are unchanged if the CuCN is reduced 
to 1 mol % relative to G r i g n d  reagent or if the Grignard reagent 
is added to a stirred suspension of CuCN in an ether solution of 
the ester. 

Reaction with vinylmagnesium bromide (1 M in THF) with 
3 mol % CuCN gave only an 11 % yield of 3-vinylcyclohexene. 
Addition of a second 50-mg portion of CuCN after 2 h increased 
the yield to 57% (20% of unreacted 3-OTMB was recovered). 

Addition of ethereal allylmagnesium bromide to a suspension 
of CuCN in ether at 0 "C results in immediate formation of a black 
precipitate, presumably Cu(0). Increasing the amount of CuCN 
to 25 mol % on the basis of Grignard reagent, lowering the mixing 
temperature to -55 "C, and allowing the reaction mixture to warm 
to 0 "C over a period of 45 min resulted in a 66% yield of 3-al- 
lylcyclohexene. Results of these experiments are summarized in 
Table I. 

Reaction of a-D-3-OTMB with Grignard Reagents Con- 
taining 1 mol % CuCN. These reactions were carried out in 
the same manner as above except that the amount of CuCN was 
reduced to 1 mol % and the reaction time was 2 h instead of 4 
h. Results of these experiments are shown under eq 4. With i-Pr-, 
n-Bu-, and t-BuMgBr only 1-D-4 was observed by 2H NMR 
(signals at 5.2 (R = i-Pr), 5.66 (R = n-Bu), and 5.75 (R = t-Bu)). 
As little as 1% 3-D-4 would have been detected. 

The indicated results for PhMgBr were reproducible and the 
same for reactions carried out at 0 "C and room temperature. In 
other experiments it was found that the same deuterium dis- 
tribution (-53% 3-D-4 and -4'7% 1-D-4) results from reaction 
of a-D- and y-D-3-OPiv with PhMgBr. The 2H NMR signals for 
4 - 4  are 3.5 ppm for 3-D-4 and 6.0 ppm for 1-D-4. 

Cross-Coupling Products for Reaction of 2-Cyclohexenyl 
Mesitoate or  Pivalate (3-OTMB and 3-OPiv) with Grignard 
Reagents. The producta (4) of the reactions summarized in Table 
I were as follows. 

3 -Methy l~yc lohexene :~~~  bp 49-50 "C (135 mm); IR (neat) 
3030 (s), 2970-2830 (e), 1645 (w), 1455 (m), 1370 (m), 1315 (w), 
1115 (w), 990 (w), 975 (w), 860 (m), 720 (s), 700 (w), 670 (m); NMR 

J = 10.0, 1.8 Hz), 2.15-2.25 (br s, 1 H), 1.9-2.0 (m, 2 H), 1.65-1.85 
(m, 2 H), 1.45-1.60 (m, 1 H), 1.10-1.25 (m, 1 H), 0.96 (d, 3 H, J 
= 7.3 Hz); 13C NMR (6, CDC13) 133.5, 126.3, 31.4, 30.2, 25.1, 21.7, 
21.5; high-resolution mass spectrum, calcd for C7H12 mle 96.0939, 
found m / e  96.0939. 

3-Ethyl~yclohexene:~~ bp 60-62 "C (63 mmHg); IR (neat) 
3000 (s),2960-2820 (s), 1645 (m), 1455 (s), 1375 (s), 1285 (w), 1260 
(w), 1245 (w), 1145 (w), 1110 (m), 980 (m), 880 (s), 720 (s), 690 
(m), 660 (8 ) ;  NMR (6, CDC13) 5.70 (d, 1 H, J = 10.9 Hz), 5.56 (d, 
1 H, J = 10.9 Hz), 1.9-2.05 (m, 3 H), 1.65-1.9 (m, 2 H), 1.1-1.65 
(m, 4 H), 0.91 (t, 3 H, J = 7.3 Hz); 13C NMR (6, CDC13) 132.0, 
126.6, 37.0, 29.1, 28.8, 25.5, 21.6, 11.3; high-resolution mass 
spectrum, calcd for C8H14 mle 110.1096, found mle 110.1109. 

3-Vinylcyclohexene:~ bp 30 "C (17 mm); IR (neat) 3080 (m), 
3020 (s), 2830-3000 (s), 1640 (s), 1450 (m), 1440 (m), 1420 (w), 
1000 (s), 920 (s), 730 (8); NMR (6, CDC13) 5.7-5.9 (m, 2 H), 5.5-5.65 
(d, 1 H), 4.95-5.1 (m, 1 H), 2.8 (br s, 1 H), 1.9-2.1 (m, 2 H), 1.35-1.9 
(m, 5 H); high-resolution mass spectrum, calcd for C8HI2 mle 
108.0939, found mle 108.0939. 
3-(2-Propyl)cy~lohexene:~ bp 47 "C (15 mm); IR (neat) 3020 

(m), 2830-2970 (s), 1470 (m), 1450 (w), 1390 (m), 1370 (m), 730 
(s), 660 (m); NMR (6, CDC1,) 5.69 (dd, 1 H, J = 10.7, 2.5 Hz), 
5.59 (d, 1 H, J = 10.7 Hz), 1.95 (br s, 3 H), 1.4-1.85 (m, 3 H), 
1.15-1.40 (m, 2 H), 0.89 (d, 3 H, J = 6.8 Hz), 0.87 (d, 3 H, J = 
6.8 H); '% NhIR (6, CDC13) 130.8,127.4,41.9,32.4,25.8, 25.5,22.3, 
19.6, 19.4; high-resolution mass spectrum, calcd for C9Hl, m / e  
124.1252, found mle 124.1252. 

3-Allylcy~lohexene:~~ bp 25 "C (25 mm); NMR (6, CDC13) 
5.5-5.9 (m, 3 H), 4.95-5.1 (m, 2 H), 1.9-2.25 (m, 5 H), 1.6-1.9 (m, 

(6, CDCl3) 5.63 (ddd, 1 H, J = 10.0, 3.3, 2.3 Hz), 5.52 (dd, 1 H, 

(34) Berson, J. A,; Dervan, P. B.; Malherbe, R.; Jenkins, J. J. Am. 

(35) Pehk, T.; Kooskora, H.; Lippmaa, E.; Lysenkov, V. I.; Bardyshad, 

(36) Salomon, R. G.; Sinha, A.; Salomon, M. F. J. Am. Chem. SOC. 

(37) Butler, G. B.; van Heiningen, J. J. J. Macromol. Sci. Chem. 1974, 

Chem. SOC. 1976, 98, 5937. 

I. I. Vestsi Akad. Navuk BSSR, Ser. Khim. Nauuk 1976, 27. 

1978,100,520. 

A8, 1139. 
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2 H), 1.4-1.6 (m, 1 H), 1.15-1.35 (m, 1 H); high-resolution mass 
spectrum, calcd for C&l4 m e 122.1095, found mle 122.1083. 

(m), 2930-2840 (s), 1640 (w), 1605 (w), 1450 (m), 1370 (w), 1255 
(m), 1160 (w), 1070 (m), 710 (m), 660 (m); NMR (6, CDC13) 5.64 
(br d, 1 H, J = 11.0 Hz), 5.57 (d, 1 H), 1.9-2.1 (m, 3 H), 1.6-1.85 
(m, 2 H), 1.4-1.6 (m, 1 H), 1.2-1.4 (m, 7 H), 0.9 (br t, 3 H); 13C 
NMR (6, CDC13) 132.4, 126.5, 36.2, 35.2, 29.2 (X2), 25.4,22.9, 21.6, 
14.0; high-resolution mass spectrum, calcd for C,oHl8 mle 
138.1408, found mle 138.1409. 
3-Propen-2-yl~yclohexene:~~ bp 60 "C (20 mm); IR (neat) 

3070 (m), 3020 (s), 2960-2830 (s), 1640 (s), 1450 (4, 1370 (s), 1305 
(w), 1290 (w), 1290 (w), 1230 (w), 1160 (w), 1140 (w), 1050 (w), 
960 (w),900 6 4 8 9 5  (81,730 (m),690 (m),650 (m); NMR (6, CDC1d 
5.77 (dd, 1 H, J = 10.1, 2.36 Hz), 5.57 (dd, 1 H, J = 10.1, 2.17 
Hz), 4.76 (8, 1 H), 4.72 (s, 1 H), 2.75 (br s, 1 H), 1.95-2.05 (m, 2 
H), 1.65-1.9 (m, 5 H), 1.4-1.65 (m, 2 H); high-resolution mass 
spectrum, calcd for C9H14 mle 122.1096, found mle 122.1096. 
3-(2-Methylpropyl)~yclohexene:~ bp 66 "C (17 mm); NMR 

2.05-2.2 (m, 1 H), 1.9-2.05 (m, 2 H), 1.65-1.85 (m, 3 H), 1.45-1.60 
(m, 1 H), 1.05-1.25 (m, 3 H), 0.89 (d, 3 H, J = 6.5 Hz), 0.87 (d, 
3 H, J = 6.5 Hz); 1% NMR (6, CDC13) 132.4,126.4,46.1,32.9,29.5, 
25.6, 25.1,23.0, 22.6, 21.6; high-resolution mass spectrum, calcd 
for CloHle mle 138.1408, found 138.1419. 
3-(2-Butyl)~yclohexene:~~ bp 70 "C (17 mm); [This product 

was shown to be a 5050 mixture of the two diastereomers by lH 
and 13C NMR spectroscopy.]; NMR (6, CDCl,) 5.69 (m, 1 H), 5.53 
(d, 1 H), 2.1 (br s, 1 H), 1.95 (br s, 2 H), 1.1-1.8 (m, 7 H), 0.7-0.9 
(m, 6 H); 13C NMR (6, C D Q )  131.8,130.4, 127.5, 127.2,40.5,40.0, 
39.2 (XZ), 26.8, 26.4, 25.6, 24.4, 22.6 (ZX), 22.5 (ZX), 15.9, 15.4, 
12.0 (X2); high-resolution mass spectrum, calcd for CloHls m / e  
138.1408, found mle 138.1409. 
3-(tert-Butyl)~yclohexene:~~~ bp 64 "C (17 mm); NMR (6, 

CDC13) 5.70 (m, 2 H), 1.7-2.0 (m, 5 H), 1.4-2.6 (m, 1 H), 1.1-1.3 
(m, 1 H), 0.87 (s,9 H); 13C NMR (6, CDC13) 126.5,125.2,43.2,29.9, 
24.4 (x3), 22.5, 21.7, 20.1; high-resolution mass spectrum, calcd 
for CloHla mle 138.1408, found m / e  138.1409. 

3-Phenyl~yclohexene:~~ bp 106 "C (17 mm); NMR (6, CDCl,) 
7.1-7.4 (m, 5 H), 5.9 (m, 1 H), 5.7 (d, 1 H), 3.39 (br s, 1 H), 1.9-2.1 
(m, 3 H), 1.4-1.8 (m, 3 H); 13C NMR (6, CDC13) 130.1,128.5,128.0 
(XZ), 127.5 (X2), 127.0,125.8,41.8,32.5,24.9,21.1; high-reaolution 
mass spectrum, calcd for C12H14 m / e  158.1095, found m / e  
159.1096. 
3-(4-Methoxyphenyl)cyclohe~ene:~~ bp 160 "C (17 mm); 

NMR (6, CDC13) 7.13 (d, 2 H, J = 8.6 Hz), 6.84 (d, 2 H, J = 8.6 
Hz), 5.86 (d, 1 H), 5.69 (dd, 1 H, J = 10.1, 2.0 Hz), 3.79 (9, 3 H), 
3.35 (br s, 1 H), 1.9-2.1 (m, 3 H), 1.4-1.8 (m, 3 H); 13C NMR (6, 
CDC13) 157.8,138.6,130.5, 128.4 (X2), 127.9,113.6 (X2), 55.0,40.9, 
32.6,25.0,21.1; high-resolution mass spectrum, calcd for C13H1,O 
mle 188.1201, found m / e  188.1200. 
3-Cyclohexylcyclohexene:43 bp 113 "C (15 mm); NMR (6, 

Hz), 1.95 (m, 3 H), 1.65 (br s, 7 H), 0.95-1.60 (m, 8 H); 13C NMR 
(6, CDCl,) 128.2, 124.4, 40.2, 38.3, 27.7, 27.3, 24.2 (X2), 23.2, 22.9, 
19.7; high-resolution mass spectrum, calcd for C12H20 m / e  
164.1565, found m / e  164.1565. 

Reaction of 2-Cyclohexenyl Pivalate (3-OPiv) with 10% 
Excess Grignard Reagent Containing 0.9 mol % CuCN. In 
a typical experiment a flask was flushed with dry nitrogen and 
charged with 4.3 mg (0.048 mmol) of CuCN, 0.88 g (4.8 mmol) 
of 3-OPiv, and 17 mL of anhydrous ether. Standardized n- 
BuMgBr (7.8 mL, 5.2 m o l )  was added at room temperature. The 
J-OPiv/BuMgBr/CuCN ratio was 100:1101 and [CuCN] = 0.002 
M. Stirring was continued for 1 h followed by isolation as de- 

3-m -Butylcyclohexene: 4c$ bp 76 "C (17 mm); IR (neat) 3010 

(6, CDCl3) 5.69 (d, 1 H, J = 10.1 Hz), 5.52 (d, 1 H, J =  10.1 Hz), 

CDClJ 5.68 (dd, 1 H, J = 10.7, 2.3 Hz), 5.60 (d, 1 H, J = 10.7 
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scribed above, GC analysis of the crude product, and distillation. 
Under these conditions -30% carbonyl attack (to give cyclo- 
hexenol and tertiary alcohol) occurs with MeMgBr but none was 
observed with the other Grignard reagents. The GC yields (de- 
termined from peak areas of the ester and product) for various 
reagents was as follows: i-PrMgBr (loo%), n-BuMgBr (79-92% 
increased to 98.100% at 0 "C), PhMgBr (100%). Yield of isolated 
products ranged from 78% to 94%. 

Reactions of 3-Deuterio-2-phenyl-2-propenyl Pivalate (5) 
with Grignard Reagents Containing 1 mol % CuCN or CuCI. 
In a typical experiment, 6.6 mg (0.073 mmol) of CuCN and 805 
mg (3.70 mmol) of 5 were placed in a reaction vessel. The flask 
was purged with dry nitrogen after which 28 mL of ether and 7 
mmol of t-BuMgBr in 8 mL of ether were added at room tem- 
perature. After being stirred for 1 h, the reaction was worked 
up in the usual way. Alkyl Grignard reagents gave only the 
y-coupling product (3-D-6) (2H signal at 2.4-2.6 ppm). A vinyl 
deuterium signal ,could not be detected-as little as 1% should 
be detectable. With PhMgBr integration of the *H spectrum 
showed the product distribution to be 54% 3-D-6 (2H signal at 
3.85 ppm) and 46% 1-D-6 (2H signal 5.5 and 5.08 ppm). 

Cross-Coupling Products for Reaction of 3-Deuterio-2- 
phenyl-2-propenyl Pivalate (5) with Grignard Reagents. 
3-Deuterio-4,4-dimethyl-2-phenyl-l-pentene (3-D-6, R = t-Bu): 
IR (neat) 3080 (m), 3050 (m), 3020 (m), 2860-2950 (s), 1620 (s), 
1600 (m), 1575 (m), 1495 (m), 1470 (s), 1445 (m), 1395 (m), 1365 
(m), 1240 (m), 1220 (m), 900 (s), 760 (s), 740 (s), 700 (9); NMR 
(6, CDC13) 7.25-7.5 (m, 5 H), 5.24 (d, 1 H, J = 2.1 Hz), 5.01 (d, 

2.52. Spectral properties in agreement with those published for 
unlabeled 6 (R = ~ - B u ) . ~  
3-Deuteria-4-methyl-2-phenyl-l-pentene (3-D-6, R = i-Pr):& 

bp 110 "C (20 mm); IR (neat) 3060 (m), 3040 (m), 3010 (m), 
2940-2850 (s), 1620 (m), 1595 (w), 1565 (w), 1485 (s), 1455 (s), 
1435 (m), 1375 (s), 1360 (s), 1025 (m), 890 (s), 770 (s), 735 (m), 
695 (8 ) ;  NMR (6, CDC13) 7.2.7.5 (m, 5 H), 5.26 (d, 1 H, J = 1.7 
Hz), 5.02 (8, 1 H), 2.38 (dd, 1.2 H, J = 7.2, 1.0 Hz), 1.66 (dq, 1 

2.57; 13C NMR (6, CDCl,) 147.8, 141.5, 128.1 (2X), 127.1, 126.2 
(X2), 113.3,45.2,26.3, 22.3 (X2); high-resolution mass spectrum, 
calcd for C12H15D mle 161.1314, found mle 161.1314. 
2,3-Diphenyl-l-propene-l/3-d (mixture of 1-D- and 3-D-6, 

R = Ph): bp 107 "C (0.5 mm); IR (neat) 3080 (s), 3020 (s), 2900 
(m), 1630 (m), 1600 (s), 1570 (w), 1500 (s), 1460 (s), 1080 (m), 1040 

7.15-7.5 (m, 10 H), 5.49 (d, 0.85 H, J = 0.8 Hz), 5.02 (m, 0.7 H), 

(54%). The spectral properties agree with those published for 
unlabeled 6 (R = Ph).45 
3-Deuterio-2-phenyl-l-pentene (3-D-6, R = n-Bu): lR (neat) 

3060 (m), 3040 (m), 3005 (m), 2930 (s), 2900 (s), 2840 (s), 1623 
(m), 1598 (w), 1570 (w), 1490 (w), 1480 (w), 1465 (m), 1455 (m), 
1440 (m), 1377 (w), 1075 (w), 1030 (m), 895 (s), 773 (s), 466 (m), 
695 (8 ) ;  NMR (6, CDC13) 7.65-7.10 (m, 5 H), 5.22 (d, 1 H, J = 1.6 
Hz), 5.01 (t, 1 H, J = 1.6 Hz), 2.48 (br m, 1 H), 1.55-1.10 (m, 6 
H), 0.88 (br t, 3 H); high-resolution mass spectrum, calcd for 
C13H17D m / e  175.1466, found m / e  175.1469. This product also 
identified by comparison of capillary GC retention time (UCON, 
94 ft, LB-550-X, 160 "C) with that of an authentic sample syn- 
thesized by the Wittig reaction. 

Reaction of trans -a-Methyl-yphenylallyl Pivalate (7- 
OPiv) with Grignard Reagents Containing 1 mol % Cuprous 
Salts. In a typical experiment a flask equipped with a stirring 
bar and septum was charged with 3.6 mg (0.04 mmol) of CuCN 
and flushed with nitrogen. Anhydrous ether (1  mL) was added 
and the suspension was cooled to -10 "C after which 4.0 mmol 
of n-BuMgBr (prepared from 658 mg of n-BuBr and 97 mg of Mg 
in 4 mL of ether) was added via a cannula. The mixture was 
allowed to stir a t  -10 "C for 10 min after which a solution of 465 
mg (2 mmol) of 7-OPiv in 2 mL of ether was added. The cooling 
bath was removed and the reaction mixture was stirred for 4 h 

1 H, J = 2.1 Hz), 2.46 (8, 1.2 H), 0.80 ( ~ , 9  H); 'H NMR (6, CHClS) 

H, J = 7.2,6.6 Hz), 0.87 (d, 6 H, J = 6.6 Hz); 2H NMR (6, CHC13) 

is), 910 (s), 790 (s), 780 (s), 740 (s), 730 (91, 700 (8); NMR (6, CDClJ 

3.83 (9, 1.45 H); 'H NMR (6, CHCl3) 5.55 (13%), 5.08 (33%), 3.85 
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Alkylation of Allylic Derivatives 

at room temperature and the reaction was quenched and worked 
up as described above. The composition of the product (10/9 
ratio) was determined by capillary GC (UCON, 94 ft, LB-550-X, 
130 OC).ls The results are shown in Table 11. 

In other experiments it was found that the results are the same 
if the Grignard reagent is added to a suspension of CuCN in an 
ether solution of 7-OPiv at room temperature and the reaction 
quenched in 1 h. 

Cross-Coupling Products  for Reactions of trans -a- 
Methyl-y-phenylallyl Pivalate (7-OPiv) with Grignard 
Reagents. Products resulting from reaction of 7-OPiv with 
n-BuMgBr, 9 and 10 (R = n-Bu), were described previously.ls 

(E)- and (Z)-1,3-diphenyl-l-butene (9, R = P h )  were ob- 
tained as a mixture (E2 = 66:34) by the Wittig reaction of 2- 
phenylpropionaldehyde (Aldrich) and benzylidinetriphenyl- 
phosphorane. The isomers were separated by preparative GC 
(Carbowax 20M, 4 ft ,  200 "C) and shown to be homogeneous by 
capillary GC (61 ft, UCON, LB 550-X, 180 "C). Spectral prop- 
erties agreed with published data.& 

(E)- and (Z)-l-pheny1-3,4,4-trimethyl-l-pentene (9, R = 
t -Bu)  were prepared as a mixture (E2 = 946) by the Wittig 
reaction of 2,3,3-trimeth~lbutanal~~ and benzylidinetriphenyl- 
phosphorane. This composition was determined by capillary GC 
(UCON, LB 550, 175 ft ,  135 "C). Homogeneous samples were 
obtained by preparative GC (Carbowax 20M, 4 ft, 175 "C). The 
E isomer (9, R = t-Bu) had spectral properties in agreement with 
published values.@ 2 isomer: IR (neat) 1600 (m), 1480 (s), 1460 
(s), 1370 (s), 1240 (m), 980 (m), 920 (m), 785 (s), 765 (s), 695 (s); 
NMR (6, CDC13) 7.15-7.4 (m, 5 H), 6.40 (d, 1 H, J = 11.7 Hz), 
5.62 (dd, 1 H, J = 11.7, 11.0 Hz), 2.57 (dq, 1 H, J = 11.0,6.9 Hz), 
0.99 (d, 3 H, J = 6.9 Hz), 0.84 (s, 9 H); high-resolution mass 
spectrum, calcd for Cl4HZ0 m / e  188.1565, found 188.1570. 

(E)- and (2)-4-phenyl-5,5-dimethyl-2-hexene (10, R = t-Bu) 
were obtained as an E I Z  mixture by the Wittig reaction of 2- 
phenyl-3,3-dimethylbutanal and ethylidinetriphenylphosphorane. 
The aldehyde was prepared as follows. Reduction of methyl 
2-phenyl-3,3-dimethylb~tanoate~~ with LAH gave 2-phenyl-3,3- 
dimethylbutanol: mp 73-74 "C; NMR (6, CDClJ 7.2-7.4 (m, 5 
H), 4.03 (m, 2 H), 2.68 (dd, 1 H, J = 6.5, 7.7 Hz), 0.90 (s, 9 H). 
Oxidation of the alcohol with PCC50 gave 2-phenyl-3,3-di- 
methylb~tana l :~~ NMR (6, CDC13) 10.0 (d, 1 H, J = 3.2 Hz), 
7.2-7.4 (m, 5 H), 3.28 (d, 1 H, J = 3.2 Hz), 1.03 (s, 9 H). A 
homogeneous sample of the Wittig reaction product (mixture of 
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(E)- and (2)-10, R = t-Bu) was obtained by preparative GC 
(Carbowax 20 M, 4 ft, 175 "C). We were unable to resolve this 
mixture by capillary GC (QF-1,300 ft, 135 "C). The 270-MHz 
NMR spectrum indicated a 7:3 mixture of E2 isomers. The major 
component had (6, CDClJ 7.1-7.5 (m, 5 H), 5.88 (ddq, 1 H, J = 
15,9.8, 1.6 Hz), 5.46 (dq, 1 H, J = 15, 6.4 Hz), 2.96 (d, 1 H, J = 
9.8 Hz), 1.67 (dd, 3 H, J = 6.4, 1.6 Hz), 0.86 (s, 9 H). This 
corresponds to the published spectrum for (E)-10, R = t-Bu).& 
The minor component ((a-10, R = t-Bu) had (6, CDC13) 7.1-7.5 
(m, 5 H), 5.75-6.0 (m, not resolved from isomer), 5.56 (dq, 1 H, 
J = 10.6, 6.8 Hz), 3.37 (d, 1 H, J = 10.3 Hz), 1.57 (dd, 3 H, J = 
6.8,1.8 Hz), 0.88 (s,9 H). Selective decoupling of the 6 1.67 methyl 
signal for the major isomer resulted in simplification of the vinyl 
signals to 6 5.88 (dd, J = 15,9.9 Hz), 5.46 (d, J = 15 Hz). Similarly, 
decoupling the 6 1.57 methyl signal of the minor isomer resulted 
in collapse of the 5.56 signal to a doublet (J = 10.5 Hz). The 
downfield vinyl signal for the minor isomer could not be resolved 
from that for the major isomer. 
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