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Abstract: The regioselectivity in the 
arenethiolatocopper(1)-catalyzed cross- 
coupling reaction of allylic substrates was 
studied. It was found that allylic acetates 
gave highly y-selective reactions in Et,O 
at 0 "C with slow addition of the Grignard 
reagent, whereas a-selective reactions 
were obtained in THF at - 30 "C with fast 
addition of the Grignard reagent. It is 
proposed that the formation of an inter- 

mediate in Et,O, in which the allylic ac- 
etate coordinates in a bidentate fashion to 
the arenethiolatocopper(1) catalyst, dra- 

matically increases the reactivity of the 
leaving group and results in excellent y-se- 
lectivity. The remarkable observation that 
an allylic acetate can be made more reac- 
tive than an allylic chloride by using the 
arenethiolatocopper(1) catalyst 1 a sup- 
ports the theory of a bidentate coordina- 
tion of the substrate to the catalyst 
through its double bond and acetate oxy- 
gen. 

Introduction 

Organocopper reagents generated in situ by transmetalation of 
an organometallic reagent with a copper salt1'] are of great 
importance in organic synthesis."] Often the copper salt can be 
employed in catalytic amounts, and the result is a copper(])-cat- 
alyzed reaction between the substrate and the organometallic 
reagent. One such reaction, which has attracted considerable 
interest, is the cross-coupling between an allylic substrate and a 
Grignard reagent.[3-61 An important aspect of the latter reac- 
tion is the regioselectivity of carbon -carbon bond formation, 
that is, whether the organometallic reagent attacks a (SN2) or y 
(SN2') to the leaving group [Eq. ( l ) ] .  
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The mechanism for these copper-catalyzed cross-coupling re- 
actions has been discussed in a number of  report^.[^*^*'-^^^ A 
(x-ally1)copper intermediate has been proposed in the reaction 
of cyclohexenyl acetate with stoichiometric amounts of 
LiCuMe, .['I This reaction is highly stereoselective and proceeds 
with > 98 % anti attack by the nucleophile on the allylic system, 
with respect to the leaving group.Isb1 The commonly accepted 
mechanism for the cross-coupling of allylic substrates involves 
formation of an allylcopper(nr) species. Furthermore, a qualita- 
tive molecular orbital interpretation points to an anti SN2' oxi- 
dative addition.['] 

The stereo- and regiochemistry of the product is established at 
different points in the reaction process (Scheme l).['] Coordina- 
tion of the double bond to the cuprate followed by anti elimina- 
tion of the leaving group Y - results in an anti SN2' oxidative 
addition to form a (a-allyl)copper(ni) complex e b * 9 1  The 
a-ally1 complex A formed can then undergo reductive elimina- 
tion to the y-product or isomerize to the (a-allyl)copper(nr) spe- 
cies c. This isomerization proceeds via a transient (n-al- 
lyl)copper@I) intermediate B. Thus, the regioselectivity is 
thought to depend on the relative rates of reductive elimination 
from the (a-allyl)copper(III) complex A and isomerization to 
a-ally1 complex C with subsequent reductive elimination. The 
nature of ligand X -  has a profound influence on the regiochem- 
ical outcome of the reaction. When X -  is electron withdrawing 
(e.g., CN- or CI-) reductive elimination is fast relative to 
isomerization and hence regioselective y-substitution is ob- 
~ e r v e d . [ ' ~ * ~ -  ' I 1  However, if X -  is an alkyl group,[121 isomeriza- 
tion predominates over reductive elimination, and the isomer- 
ization between A and C must therefore be rapid. The product 
obtained in this case depends on the substitution of the allyl 
group. For allyl compounds that are substituted at only one 
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aallyl A m u c t  

Scheme 1. 

terminus, the a-product arising from preferential coupling at  the 
primary ally1 carbon is obtained exclusively (Scheme 1). When 
both termini are substituted, a mixture of products is formed 
arising from nonpreferential coupling at  both termini. As indi- 
cated in Scheme 1, reductive elimination from the a-ally1 inter- 
mediate is stereospecific and occurs with retention of configura- 
ti0n.1~~1 

In previous studies, methods for controlling the regioselectiv- 
ity in copper-catalyzed cross-couplings between allylic sub- 
strates and Grignard reagents have been d e ~ e l o p e d . ~ ~ ]  In a 
preliminary report,1141 we have explored the use of the arene- 
thiolatocopper(1) catalyst 1 a and related catalysts 1 b-d 
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(Fig. l ) 1 I 5 .  l6] for the regio- and stereoselective alkylation of 
acyclic allylic acetates with nBuMgI. Each of these arenethiola- 
tocopper(1) catalysts differ in the flexibility of the hydrocarbon 
skeleton connecting the S -  and N-donor atoms and in the donor 
ability of the S- and N-binding sites. In this paper we give a full 
account of the arenethiolatocopper(r)-catalyzed cross-coupling 

Fig. 1.  The arenethiolatocopper(1) catalysts 1 a-d 

reaction, report additional results for a cyclic allylic substrate, 
and discuss the mechanism involved in these reactions. A re- 
markable observation is that the allylic acetoxy group can be 
made more reactive than the allylic chloro group in cis-l-ace- 
toxy-4-chloro-2-cyclohexene (2) by using the 
arenethiolatocopper(1) catalyst 1 a. A reversed 
selectivity of this type is unprecedented in D metal-catalyzed allylic substitution. Ac 

The arenethiolatocopper(1) catalyst 1 b has 2 

been used in the enantioselective Michael addi- 
tion of MeMgI to and cyclic enones,[16* ''I and in 
1 $-addition reactions of organolithium reagents to enynes.~''] 
It should be noted that the choice of organometallic reagent 
(magnesium or  lithium reagents) in these reactions is crucial; 
this illustrates the different influences of the cation combina- 
tions (e.g., Cu/Li and C U / M ~ X ) . ~ ' ~ .  ''I 

Results and Discussion 

The acyclic substrates chosen for the present study were geranyl 
acetate (3a), geranyl chloride (3b). (E)-l-acetoxy-4-phenoxy-2- 
butene (6), and (Q-2-hexene-l-yl-acetate (9) (Sections 1 and 2). 
In order to  investigate the chemoselectivity (chloride vs. acetate 
as leaving group) a cyclic substrate, cis-l-acetoxy-4-chloro-2-cy- 
clohexene (2), was chosen (Sections 3 and 4). The arenethiolato- 
copper(1) catalysts 1 a-d were synthesized as previously de- 
scribed .I Cs dl  

1. Acyclic Allylic Substrates: In a model reaction 3 a was treated 
with 1.3 equiv of nBuMgI in the presence of 15 mol of the 
arenethiolatocopper(1) catalyst 1 a [Eq. (2)]. In all experiments 

4 5 

the same concentrations of substrate and Grignard reagents 
were used. The isolated yields of 4 and 5 were in the range of 65 
to 85%, and an internal standard, n-dodecane, was used to 
determine the G C  yields, which in most cases were close to 
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100 YO. The influence of the temperature and addition rate of the 
Grignard reagent, the solvent, the leaving group, the type of 
copper(1) catalyst, and the amount of arenethiolatocopper(1) 
catalyst on the course of the cross-coupling reaction was inves- 
tigated (Sections 1 . I  - 1.5,  respectively). 

1.1. Effect of Temperalure and of Addition Raie of the Crignard 
Reagent (see Table 1):  The acetate 3 a  was treated with nBuMgI 
in the presence of 15 m 0 1 % ~ ' ~ '  of the arenethiolatocopper(1) 
catalyst 1 a. When the Grignard reagent was added over 5 min 

Table 1. Effect of temperature and addition rate of the Grignard reagent in Et,O, 
toluene, and THF [a]. 

Entry Substrate Solvent TIT r/min [b] Product distribution [b] 
U Y 

1 3a 
2 3a 
3 3a 
4 6  
5 9  
6 6  
I 6  
8 6  
9 6  
10 6 
1 1  30 
12 30 

Et,O 

Et,O 
Et,O 

Et,O 
Et,O 
toluene 
toluene 
toluene 
THF 
THF 
THF 
THF 

- 30 5 
0 5 
0 120 
0 120 
0 120 
0 120 
0 5 

- 30 5 
0 5 

- 30 5 
0 120 

- 30 5 

1 1  
8 

< 1  
< 1  
< 1  
< 1  
4 
5 
61 
94 
86 

> 99 

89 [cl 
92 ICI 

>99 [c] 
>99 [d] 
>99 [el 
>99 [d] 
96 [dl 
95 [dl 
33 [d] 
6 [dl 

< 1 Icl 
14 ICI 

[a] The reaction was performed by adding the Grignard reagent to a homogeneous 
solution of the substrate and the catalyst l a  (15 mol%) [l9]. Isolated yields: 
65-85%: GC yields: 100%. [b] Determined by ' H N M R  and capillary GC.  
[c] 4:s. [d] 7:s .  [el Only y-substituted product 10 was observed. 

to the reaction mixture in Et,O at - 30 "C, the a- and y-substi- 
tuted products 4 and 5 were formed in a ratio of 1 1  :89 (Table 1, 
Entry 1). At 0°C an a:y ratio of 8:92 was obtained (Entry2). 
When the addition time was also increased (120 min), the y-sub- 
stituted product 4 was formed exclusively (Entry 3). Excellent 
y-selectivity was also obtained for acetates 6 (Entry 4) [Eq. (3)) 
and 9 (Entry 5) [Eq. (4)] under these conditions (Et,O, O T ,  

RBU 

8 

nBuMgI added over 120 min). For 6 in toluene the best y-selec- 
tivity (> 99 %) was also obtained by addition over 120 min at 
0°C (Entry 6). A short addition time (5 min) slightly decreased 
the y-selectivity (Entry 7); lowering the temperature at an addi- 
tion time of 5 rnin did not affect the a:y ratio any further (En- 
try 8). 

In THF preferential a-substitution was observed (vide infra) 
and the regioselectivity was more sensitive to variations in tem- 
perature. Exclusive cr-selectivity (>99%) was obtained with ac- 
etate 3a at - 30 "C with rapid addition of the Grignard reagent 
(Entry 12), and a slightly lower a-selectivity was obtained with 

6 under the same reaction conditions (Entry 9).1201 At a higher 
temperature (0 "C) the regioselectivity for acetate 6 decreased, 
and a mixture of regioisomers 7:8 in a 67:33 ratio was obtained 
(Entry9). A similar result was observed with acetate 3 a  at a 
higher temperature and with a longer addition time (Entry 11). 
This is consistent with previous results, obtained by Backvall et 
al., that longer addition times for the Grignard reagent and 
higher reaction temperatures favor y-substitution for reactions 
performed in 

1.2. Solvent Effects (see Table 2): The regioselectivity in the 
arenethiolatocopper(1)-catalyzed crosscoupling reaction of ac- 
etate 3a  with nBuMgI in the presence of 15 mol%0[191 of 1 a was 
dramatically affected by the solvent. Reactions performed in 
Et,O at -30°C with an addition time of the Grignard reagent 

Table 2. Solvent effect on the arenethiolatocopper(i)-catalyzed cross-coupling reac- 
tion of 3a with nBuMgl [a]. 

Entry Solvent T / T  r/min [b] Product distribution/% [c] 
4 5  

< I  >99 0 120 1 Et,O 
2 Et,O - 30 5 1 1  89 
3 Et,O/THF (9:l) [d] -30 5 >99 < 1  
4 THF - 30 5 >99 < 1  

[a] The reaction was performed by adding the Grignard reagent to a homogeneous 
solution of 3a and the catalyst l a  (IS mol%) [19]. Isolated yields: 65-85%; GC 
yields: 100%. [b] Addition time of the Grignard reagent. [c] Determined by capil- 
lary GC. [d] The ratio o f T H F : l a  =lOOO:l. 

of 5 min gave selectively the y-substituted product 5 in a ratio of 
11 : 89 (Table 2, Entry 2). In THF (Entry 4) a dramatic change in 
regioselectivity took place and only a-substitution was ob- 
served. The same excellent a-selectivity was obtained in a mix- 
ture of Et,O and THF (Et,O:THF = 9:1, T H F : l a  =lOOO:l) 
(Entry 3). Addition of only one equivalent of THF relative to 
the amount of catalyst did not lead to any significant change in 
the regioselectivity compared to that observed in pure Et,O. 
Exclusive formation of the y-product was obtained in Et,O at 
0 "C with a longer addition time of the Grignard reagent (En- 
try 1).  The same solvent effect was observed for acetate 6 
[Eq. (3)]: Reactions performed in weakly coordinating solvents 
such as Et,O or toluene gave the y-substituted product 8 exclu- 
sively (Table 1, Entries 4 and 6), whereas reactions performed in 
THF yielded the a-product 7 regioselectively (Entry 10). 

A coordinating solvent, such as THF, therefore affords main- 
ly a-substituted products 4 or 7, whereas a less coordinating 
solvent, such as Et,O or toluene, gives the y-substituted prod- 
ucts 5 or 8. This solvent effect has been reported previously by 
Backvall et al.15a1 who observed that the CuCN-catalyzed 
(10 mol YO) reaction of geranyl acetate 3a  with nBuMgBr gave 
94 YO a-substituted product 4 in THF at 0 "C and 97 % y-substi- 
tuted product 5 in Et,O at 20 "C. Calb et al. observed a similar 
solvent effect in the stoichiometric Cur-promoted reaction of 
primary allylic benzothiazole-2-thiol with nBuMgBr at - 30 "C, 
which gave 95% a-substitution in THF:Et,O (2: l )  but 95- 
97 YO y-substitution in Et,0.(3c1 

I .3. Effect of Different Leaving Groups (see Table 3): The leav- 
ing group also has an influence on the regioselectivity of the 
arenethiolatocopper(I)catalyzed cross-coupling reaction. Reac- 
tion conditions favoring formation of the y-substituted product 
from the allylic acetate 3 a  (Table 3, Entry 1) also gave regiose- 
lective y-substitution with the allylic chloride 3b (Entry 2). 
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Table 3. Effect of leaving group in the arenethiolatocopper(I)-catalyzed cross-cou- 
pling reaction of 3 with nBuMg1 [a]. 

Entry Substrate Solvent r/min [c] T/"C Product distribution/% [d] 
(LG) [bl 4 s  

1 3n(OAc) Et,O 120 0 < 1  >99 
2 3b (CI) Et,O 120 0 5 9s 
3 3b(CI) THF 120 0 2s 7s 
4 3a(OAc) THF 5 -30 >99 < 1  
5 3b(CI) THF 5 - 30 38 62 

[a] The reaction was performed by adding the Grignard reagent to a homogeneous 
solution of 3 and the catalyst l a  ( lSmol%) [19]. Isolated yields: 65-85%. 
[b] LG = leaving group. [c] Addition time of the Grignard reagent. 
[d] Determined by capillary GC. 

When the solvent was changed to THF, y-selectivity was still 
observed for 3b, although not as high (Entry 3). Under condi- 
tions favoring formation of the a-substituted product with ac- 
etate 3a in THF. the difference in product distribution between 
3a and 3b was more pronounced (Entries 4 and 5). The allylic 
acetate 3a yielded the a-substituted product regioselectively, 
while the allylic chloride 3b gave an a:y ratio of 38:62. The 
effect of temperature on regioselectivity for 3b in T H F  is consis- 
tent with previous results (Entries 3 and 5).""] 

1.4. Effect of Different Copper([) Catalysts (see Table 4): The 
copper-catalyzed reaction of 3a with nBuMgI was carried out in 
the presence of a number of other copper catalysts under condi- 
tions favoring y-substitution (i.e., Et,O, 0 "C, nBuMgI added 

Table 4. The effect of the copper(1) catalyst on the regioselectivity in crosscoupling 
of 3a with nBuMg1 [a]. 

Entry Catalyst [b] Product distribution/% [c] GC yield/% [d] 
4 5 4 f S  

1 l a  <1 > 99 100 
2 I b  <1 > 99 100 
3 l c  2 98 100 
4 I d  28 12 75 [el 
5 PhSCu 21 19 96 
6 PhSCu LiI 20 80 98 
7 LI,CUCI, [f] > 99 <1 86 

[a] The reaction was performed by adding the Grignard reagent over a period of 
120 min to a homogeneous solution of 321 and the catalyst in Et,O at 0°C. 
[b] 15 mol% unless otherwise noted [191. [b] Determined by capillary GC. [cl GC 
yield of the OL- and ).-products determined with n-dodecane as internal standard; the 
remaining material is unreacted 3 a  unless otherwise stated. [el The remaining mate- 
rial is geraniol. [fl  6 mol%. 

over a period of 120 min). Copper(1) arenethiolates la-c[211 
afforded the y-substituted product in high regioselectivity (98- 
> 9 9 %  y-substitution, Entries 1-3). However, with the cop- 
per@) arenethiolate catalyst I d  an a:y ratio of only 28:72 was 
obtained (Table 4, Entry 4) and formation of geraniol was ob- 
served (25 %), formed by attack of the Grignard reagent at the 
carbonyl group of the allylic acetate [Eq. (S)]. 

geranbl 

Thiophenolatocopper(1) (CuSPh) was used to investigate the 
influence of the ortho-nitrogen substituent in the catalysts 1 a-d 
on the regioselectivity in the cross-coupling reaction. Both Ph- 
SCu and PhSCu-Lil (prepared in situ) gave similar a:y ratios 
(21 :79 (Entry 5) and 20:80 (Entry 6), respectively). The results 
shown in Entries 4-6 nicely demonstrate that a t  least two re- 
quirements have to be fulfilled for the y-selectivity of this reac- 
tion to  be high: 1) an intramolecular nitrogen ligand has to  be 
present and 2) S,N-chelation as well as the chelate ring size play 
a crucial role. Finally, the ratios obtained with amine-free cata- 
lysts PhSCu and PhSCu'LiI are in agreement with the a:y ratio 
of 25: 75 reported by Rudler et al. for the stoichiometric reaction 
of geranyl acetate and MeCu(SPh)Li in Et,O at - 10 0C.[4c1 
Dilithium tetrachlorocuprate (Li,CuCI,)1221 in Et,O yielded ex- 
clusively the a-substituted product 4 (Entry 7), in contrast to  the 
highly selective formation of the y-product with arenethiolato- 
copper(1) catalysts 1 a-c. 

1.5. Amounr of Catalyst: The reaction of 3a with nBuMgI in 
Et,O catalyzed by 15 mol %I1'] of 1 a gave highly regioselective 
y-substitution (> 99 %) under the reaction conditions used 
(0 "C. nBuMgI added over 120 min). The amount of 1 a can be 
reduced to  4.5 mol without affecting the y-regioselectivity. 
A control experiment performed without catalyst gave only 
17% of substitution products 4 and 5 (a:y =71:29) together 
with 17 % geraniol [Eq. (S)]. The remaining 66% was recovered 
starting material 3a; this shows that the presence of the 
arenethiolatocopper(1) is necessary for eficient cross-coupling. 

2. Mechanistic Aspects of the Cross-Coupling with Acyclic Al- 
lylic Substrates: Recently, van Koten et al. proposed a mecha- 
nism for the enantioselective conjugate addition of Grignard 
reagents to benzylidene acetone catalyzed by the chiral copper(1) 
arenethiolate catalyst 1 b used in the present study.[16d*el Al- 
though the kinetic intermediates in the reaction have not been 
detected so far, the following conclusions 
have been drawn: Firstly, the ortho-sub- 
stituted tertiary amino arenethiolate an- 
ion (ArS-) has excellent properties as a 
nontransferable group in cuprate chem- 
istry. Secondly, the sulfur donor atom. be- 
ing always bound to copper, can also 
function as a Lewis base and coordinate to  
Mg2+ or Li' ions (Fig. 2). Consequently, 
these harder Lewis acids can be bound in 

~ ~ ; ~ ' / ~ ~ P o ~ ~ d  ::; 
enantloselective con- 

a bidentate fashion through coordination jugate addition of 
to both sulfur and nitroeen. The sulfur Grignard reagents (0 

Y 

donor atom is bridging between copper 
and the Mg2+ or Li' ions, and the tertiary 

~~~~~~y~~ 
oer(,) arenethi&te . ~, 

amine ligand is coordinating intramolecu- 
lary to Mg2+ or  Li'. In the formation of 
the kinetic intermediate, both the binding properties and the 
steric requirements of the substrate play a crucial role. In both 
benzylidene acetone and the allylic carboxylates of the present 
study, the substrate contains an alkene functionality that can 
form a x-bond to Cu(r) as well as an oxygen donor site that will 
bind preferentially to Mg2' (or 
Li In solution the CuMg- F t C - R  
(SAr)BuI system consists of ag- 
gregated species similar to [Cu- 
(mesityl)],[Mg(ArS),], shown 
schematically in Fig. 3.['6'1 The 

1 b [16d,e]. 

,.' '\ 

substrate these aggregat- Fig, 3, A %hematic represen[a- 
ed species to by act- lion of [CuMesityl~~[Mg(SAr),1, 
ing as a ligand that donates two (see ref. [16c] for the X-ray data). 
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(through the alkene) or four (through the alkene and carbonyl 
oxygen) electrons. 

In our proposed mechanism for the arenethiolatocopper(1)- 
catalyzed cross-coupling reaction, we assume that essentially the 
same (n-a1kene)cuprate and (a-allyl)copper(rrr) intermediates 
are present as suggested previously (see Scheme 1 : in our study, 
X = ArS ligand).r4-5s8.9] However, the role of the magnesium 
ion in determining the regioselectivity of the cross-coupling re- 
action can now be further explored, an aspect that has not been 
considered in earlier discussions. 

In a weakly coordinating solvent, like Et,O or toluene, the 
high y-regioselectivity can be explained by initial formation of 
key intermediates I or  I1 (Fig. 4). The reacting allylic acetate 

Intermediate1 lntemediite U 

Fig. 4. Proposed intermediates in Et,O: either the carbonyl (I) or (less likely) the 
ester oxygen (11) coordinates to Mg. 

coordinates in a bidentate fashion to the Cu-(Ar)S-Mg moiety 
by n - c ~ m p l e x a t i o n [ ~ ~ ~  of the alkene to Cu and coordination of 
either the ester oxygen atom (11) or, more likely, the carbonyl 
oxygen atom (I) to  Mg. The third coordination site on Cu' is 
occupied by a butyl ligand. The three remaining sites in the 
tetrahedral coordination sphere of the Mg ion are occupied by 
an iodido ligand and the S and N donor atoms of the ArS anion. 
It should be noted that the bimetallic array shown in Figure 4 
can be a single species or  the catalytically active part of a larger 
aggregate. The initial intermediate I (or Ir) can undergo a y-se- 
lective oxidative addition to  give a (a-allyl)copper(rri) complex 
followed by fast reductive elimination to produce the y-substi- 
tuted product (Scheme 1 ) .  In Et,O. the bidentate anchoring of 
the substrate to the catalyst through the alkene group and the 
oxygen atom results in enhanced reactivity of the acetate group 
and therefore in exclusive formation of the y-substituted 
product. 

THF coordinates more strongly than Et,O, and in the former 
solvent a different binding mode is operative. Coordination of 
T H F  to Mg can now compete with coordination of the 0 atom 
of the substrate and to a lesser extent with coordination of the 
N atom of the ArS ligand. Consequently, the formation of inter- 
mediate 111 is anticipated in T H F  (Fig. 5 ) .  This intermediate 
lacks the bidentate n-alkene/q'-O anchoring of the substrate 
present in intermediate I (11), and the substrate is only bound to 
the Mg-S-Cu moiety by rc-coordination of the alkene to Cu (i.e.. 
rotation around the alkene-Cu bond is possible). The leaving 

Intermediate m Intermediate Tv 

Fig. 5 .  Proposed intermediates in THE 
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group is not activated in THF, and oxidative addition is thus 
slower. The monoalkylcopper species In will then have time to 
react with another molecule of the Grignard reagent to give 
some dialkylcopper complex IV.["' By analogy with previous 

this dialkylcopper intermediate is expected to be less 
y-selective (cf. Scheme 1). 

The different results obtained for the various copper(1) cata- 
lysts indicate that the S,N-bidentate bonding of the arenethio- 
late ligand is an important factor in determining the regioselec- 
tivity. The lower selectivity for y-substituted product with 
catalyst 1 d can be attributed to  the fact that S,N-chelation of 
this arenethiolate anion in the cuprate is not as effective as for 
catalysts 1 a-c. The chelate ring formed by the arenethiolate in 
1 d is smaller, and the arene bridge connecting the S and N donor 
atom much more rigid than in catalysts 1 a-c.1261 Formation of 
an intermediate similar to I (or II) is obviously less favorable for 
Id ,  and the Me,NC,H,S- ion in I d  is consequently less effi- 
cient at forming a template for the allylic acetate (see Fig. 6); 
this results in a lower y-selectivity than for the parent thiopheno- 
late PhS- (cf. Entries 4-6 in Table 4). 

Fig. 6. Proposed intermediates in the reaction catalyzed by the arenethiolatocop- 
per(') catalyst Id. 

The copper-catalyzed cross-coupling reaction of the allylic 
chloride 3 b did not give the spectacular change of regioselectiv- 
ity with solvent observed for the corresponding reaction of the 
allylic acetate 3a (Table 3, Entry 1 vs. 4). In the reactions of 
geranyl chloride (3b), a change of solvent from Et,012'1 to T H F  
only resulted in a change in the u:y ratio from 5:95  to 38:62 
(Entry 2 vs. 5). Thus, the allylic chloride 3b, which is more 
reactive than 3a in THF, undergoes preferential y-substitution 
in this solvent. This indicates that the monoalkylcopper species 
(responsible for the y-substitution) reacts faster with the allylic 
chloride than with another molecule of the Grignard reagent; 
the latter reaction would give the dialkylcopper species respon- 
sible for u - s u b s t i t ~ t i o n . ~ ~ ~ ~  

The observation that the regioselectivity in the reaction of 
allylic acetates in weakly coordinating solvents (e.g., Et,O and 
toluene) is less affected by variations in reaction conditions 
again underlines the role of the bidentate binding of the acetate 
in intermediate I (or 11). The reactivity of the allylic acetate is 
thus enhanced, and the y-selectivity can be rationalized in the 
same way as for the allylic chloride (vide supra). On the other 
hand, reactions performed in donor solvents like T H F  are more 
affected by the reaction conditions: this is consistent with 
monodentate binding of the substrate by n-coordination of the 
alkene to copper. 

3. Disubstituted Cyclohexene with Two Different Allylic Leaving 
Groups: Cyclohexene 2 was treated with nBuMgI in the presence 
of 6 mol of the arenethiolatocopper(1) catalyst 1 a 
(Scheme 2). In this system, we not only studied the regioselectiv- 
ity of the reaction, but also the chemoselectivity since the 
chloroacetate 2 contains two different allylic leaving groups. 
Substitution of the allylic acetate can give rise to u- and/or 
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y-substituted products 11 and 12, respectively, whereas substitu- 
tion of the allylic chloride can produce a- and/or y-substituted 
products 13 and 14, respectively. The products 11 and 13 arising 
from initial a-substitution still contain an allylic leaving group, 
which can react further with nBuMg1 to form the disubstituted 
products 15 and 16 (Scheme 2). 

3.1. Solvent Effects (see Table 5):  In T H F  the arenethiolatocop- 
per(1)-catalyzed cross-coupling of 2, at  -30 and 0°C with 
nBuMgI added over a period of 5 min, was highly chemo- and 
regioselective, giving rise to 100 YO y-substitution of the allylic 
chloride to form 14 (Table 5, Entries 1 and 2). These results are 
consistent with the a : ~  ratio of 5:95 (13:14) obtained by 
Backvall et al. in the reaction of 2 with nBuMgBr in T H F  at 
-20 "C with Li,CuCI, (10 mol YO) as catalyst.[5a1 Surprisingly, 
when nBuMgI was added slowly (over 120 min) to the reaction 
mixture in Et,O at 0 "C, substitution ofthe acetate predominated 
over substitution of the chloride (Entries 3 and 4). A reversed 
selectivity of this type is unprecedented in copper(1)-catalyzed 
allylic cross-couplings, and to the best of our knowledge in 
any analogous metal-catalyzed allylic substitution.IZ8l When 
1.3equiv of nBuMgI was used compounds 12 and 14 were 
formed in a ratio of 74:17 (81 :19 relative ratio) in addition to 

Table 5. Solvent effect on the arenethiolatocopper(i)-catalyzed cross-coupling of 2 
with nBuMgl [a]. 

Entry Solvent Equiv T/'C Product distribution/% [b] 
nBuMgl LG = OAc LG = CI Dibutylated 

11+12(11:12) 13+14(13:14) 15+16 

1 THF [c] 1.3 -30 0 100(0:100) 0 
2 THF [c] 1.3 0 0  100 (0:lOO) 0 
3 Et,O 1.3 0 74(0:100) 17(0:100) 9 
4 Et,O 1.0 0 71 (0:100) 29(9:91) 0 
5 Et,O 1.0 -30 23 (0:100) 77(1:99) 0 

[a] The Grignard reagent was added over a period of 120 min to a homogeneous 
solution of 2 and the catalyst l a  (6mol%) 1191. Isolated yields: 65-85%. 
[b] Determined by capillary GC; LG = leaving group. [c] The Grignard reagent 
was added over a period of 5 min. 

minor amounts of what appears to be dibutylated products 15 
and 16 (Entry 3).["l No a-substituted products 11 or  13 could 
be detected, probably because the initially formed a-products 
reacted with a second equivalent of nBuMgI to form the disub- 
stituted products 15 and 16. To avoid the second substitution an 
experiment with only 1.0 equiv of nBuMgI was performed. In 
this case, 71 YO of the y-substituted product 12, derived from 
substitution of the acetate, and 29% of products 13 and 14 
(13: 14 = 9:91), arising from substitution of the chloride, were 
formed (Entry 4). Substitution of the allylic acetate was highly 
regioselective and resulted in exclusive formation of the y-substi- 
tuted product 12. With the allylic chloride an a:y ratio of 9:91 
was observed. The same reaction performed at  lower tempera- 
ture ( -  30 "C) resulted in faster substitution of the allylic chlo- 
ride than of the allylic acetate (Entry 5). At this temperature 
the substitution of the chloride was highly y-regioselective 
(13:14 =1:99). 

3.2. Temperature Effect on Reactions Performed in Et,O (see 
Table 6 ) :  The reaction in Et,O between 2 and nBuMgI catalyzed 
by 1 a (6 mol %)11'1 was investigated. It was found that the tem- 
perature has a dramatic effect on the reactivity of the two leav- 
ing groups. At 0°C substitution of the allylic acetate was fa- 
vored (Table 6, Entry l ) ,  while a t  lower temperatures ( -  30 "C 
and -60 "C) the amount of substitution of the allylic chloride 

Table 6. Temperature effect on the arenethiolatocopper(I)-catalyzed cross-coupling 
of 2 with nBuMgl in Et,O [a]. 

Entry TpC Product distribution/% [b] 
LG = OAC LG = CI 
11 12 13 14 

1 0 0 71 3 26 
2 - 30 0 23 1 76 
3 60 0 6 0 94 

[a] The reaction was performed in Et,O at O'C. and 1.0equiv of the Grignard 
reagent was added over a period of 120 min to a homogeneous solution of 2 and the 
catalyst l o  (6 mol%) [19]. Isolated yields: 75-85%. [b] Determined by capillary 
GC; LG = leaving group. 

increased (Entries 2 and 3). The y-selectivity for substitution of 
the allylic chloride increased at  lower temperature (- 60 "C) 
compared to that at 0 "C. The allylic acetate, on the other hand, 
underwent completely y-selective substitution over the whole 
temperature range. The same reaction performed at  room tem- 
perature was not selective, and a mixture of products 11, 12, 13, 
14, 15, and 16 as well as starting material was obtained. 

3.3. Comparison with PhSCu (see Table 7): The tertiary ortho- 
amine in the copper(1) arenethiolate catalyst 1 a, which is ideally 
positioned for intramolecular complexation, seems to  effect 
both chemo- and regioselectivity in the cross-coupling reaction 
of 2 with nBuMg1 in Et,O. In order to study the role of the 
ortho-amine substituent in catalyst 1 a, the results from the 
arenethiolatocopper(i)-catalyzed reaction were compared with 
those obtained with PhSCu. The reaction performed in Et,O at  
0°C employing la favored substitution of the allylic acetate 
over the allylic chloride by a ratio of 71 :29 [12:(13 + 14)] (En- 
try 1). whereas the corresponding ratio for PhSCu was 40:60 
(Entry 2).  Substitution of the allylic chloride with PhSCu was 
highly y-selective (13: 14 = 0: 100) compared to that obtained 
with la (13:14 = 9:91). When the reaction temperature was 
lowered to - 30 "C, substitution of the chloride increased from 
60 (Entry 2) to 76% using PhSCu (Entry 4). The same trend was 
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Table 7. Comparison of the copper(1) arenethiolate I a with PhSCu as catalyst in the 
cross-coupling of 2 with iiBuMgl [a]. 

Entry Catalyst Method [b] Product distribution. O h  [cl 
(solvent) L G = O A c  L G = C I  

12 13 + 14 (13:14) 

1 l a  A (Et,O) 71 29 (9:91) 
2 PhSCu A (Et,O) 40 60 (0:lOO) 
3 l a  B (Et,O) 23 77 (1:99) 
4 PhSCu B (Et,O) 24 7h (0:lOO) 
5 l a  C ( T H F )  0 100 (0:lOo) 
6 PhSCu C (THF)  0 100 (0:lOo) 

[a] 1 .O equiv of the Grignard reagent was added to ii homogeneous solution of 2 and 
the catalyst I a (6 mol%) [19]. Isolated yields: 75-85%. [b] Method A: The Grig- 
nard reagent was added orer 120 min at 0 . C  in Et,O. Method B: The Grignard 
reagent was added over 120 min at ~ 30 'C in Et,O. Method C: The Grignard 
reagent was added over 5 min at - 30 C in THF. [c] Determined by capillary GC: 
LG is leaving group. 

observed when copper(1) arenethiolate catalyst 1 a was used- 
substitution of the allylic chloride increased from 29 to 77% 
(Entry 3).  In T H F  at -30 'C both 1 a and PhSCu gave chemo- 
and regioselective reactions and only the 7-substituted 14 was 
formed in each case (Entries 5 and 6). 

4. Mechanistic Aspects of the Cross-Coupling with 2: In Et,O 
with 1 a as the catalyst, both the allylic acetate and chloride in 
2 are substituted by nBuMgI. The chemoselectivity is highly 
dependent on the reaction temperature. The product distribu- 
tion can be rationalized by the formation of two intermediates 
V and VI (Scheme 3). the distribution of which varies with the 
temperature. At 0 'C. the allylic acetate reacts preferentially in 
the cross-coupling reaction, and intermediate V is thought to 
predominate. In this intermediate the allylic acetate coordinates 
in a bidentate fashion by x-complexation of the alkene to Cu 
and coordination of the carbonyl oxygen to Mg (Scheme 3. 
Intermediate V ;  cf. Intermediate I, Fig. 4). The bidentate coor- 
dination of the allylic acetate increases its reactivity relative to 
the chloride. Thus, coordination of the acetate to Mg increases 
the leaving group ability of the acetate. which in turn increases 
the selectivity for the 7-product (vide supra).r5a1 The slight loss 
of regioselectivity obtained for the chloride may be due to direct 
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noncatalyzed substitution. The increased substitution of the al- 
lylic chloride in 2 at low temperature (Table 6, Entry 3) is 
explained by predominant formation of intermediate VI 
(Scheme 3). in which there is no activation of the allylic acetoxy 
group. The lower selectivity for acetate substitution with PhSCu 
as catalyst is probably due to a lower ability of the thiophenolate 
ligand to coordinate to the acetate. Without the nitrogen to 
anchor the Mg in close proximity to the acetate, effective coor- 
dination of the acetate is not achieved, and the reaction rate 
decreases. In this case the substitution of the chloride will in- 
crease. 

In T H F  the copper-catalyzed reaction is chemo-, regio-. and 
stereoselective; the only product obtained is 7-alkylated 14. Co- 
ordination of T H F  to Mg in the Cu-ArS-Mg moiety competes 
with coordination of 0 (acetate) and N (ArS) atoms; activation 
of the acetate will therefore not occur and the chloride will be 
the better leaving group (Fig. 7 intermediate VII; cf. Intermedi- 
ate 111. Fig. 5 ) .  Because of the high reactivity of the allylic 
chloro group, the monoalkylcopper species VII reacts rapidly 
(and 7-selectively) before it reacts with another molecule of 
nBuMgI. 

lntermedlate M 

Fig. 7. Intermediate VII in THF, for the reaction of 2 with catalyst I a. 

In the case of the cyclic allylic substrate only 1 .O equiv of the 
Grignard reagent is required for full conversion, while 1.3 equiv 
is required for the acyclic substrate. Obviously the cyclic sub- 
strate has a favorable conformation for a fast reaction with the 
cuprate. This is probably the reason for the high y-selective 
substitution of the allylic chloride in the cyclic substrate com- 
pared to the allylic chlorides in the acyclic substrates. 

Conclusions 

The regioselectivity in the arenethiolatocopper(1)-catalyzed 
cross-coupling reaction of allylic substrates with nBuMgI de- 
pends on a number of parameters: 1) the leaving group, 2) the 
solvent, 3) the temperature, and 4) the addition time of the 
Grignard reagent. The a-substituted product is favored in T H F  
at low temperature ( -  30 'C) with fast addition of the Grignard 
reagent (5 min), whereas the 7-product is favored in Et,O at  a 
higher temperature (0 C) with slower addition of the Grignard 
reagent (1 20 min). 

The excellent 7-selectivity obtained in Et,O with the copper(1) 
arenethiolate catalysts is explained by coordination of the allylic 
acetate in a bidentate fashion to the cuprate (Fig. 4). An impor- 
tant observation in this work is that the acetate in chloroacetate 
2 can act as a better leaving group than the chloride in the 
cross-coupling reactions performed in Et20 .  Coordination of 
the allylic acetate to the copper(1) arenethiolate catalyst in a 
bidentate fashion is thought to be responsible for the enhanced 
reactivity of the acetate. The general trend is observed that high 
7-selectivity is associated with high reactivity of the leaving 
group. By analogy with the previously suggested mechanism.[51 
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an explanation for this trend might be that the monoalkylcopper 
species ( r e s p o n s i b l e  for y-substitution) is consumed faster by a 
reactive substrate than by another molecule of Grignard reagent 
(this would give the dialkylcopper species, which is responsible 
for a-substitution). 

Experimental Procedure 

General: ' H  and "C NMR spectra were recorded on a Bruker AC-200P spectrom- 
eter at 200 and 50.3 MHz. respectively. with CDCI, as solvent. Chemical shifts are 
reported relatively to TMS. IR spectra were recorded with a Mattson Galaxy series 
FT-IR 5000 spectrometer. Analytical GLC was performed on a Philips PU 4600 gas 
chromatograph with a 30 m DB 17 (liquid phase) capillary column. GCIMS analy- 
ses were recorded with a Unicam Automass instrument using electron impact (El. 
70 eV). Elemental analyses were camed out by the Mikroanalytische Laboratorium 
Dornis and Kolbe. Miilheim, a.  d. Ruhr (Germany). Merck Silica gel (230-400 
mesh) was used for flash chromatography. The copper catalysts were synthesized 
and handled by standard Schlenk techniques under an atmosphere of dry. oxygen- 
free nitrogen. T H E  Et,O. and toluene were distilled from deep blue sodium/ben- 
zophenone solutions. All arenethiolatocopper(I)-catalyzed reactions were run with 
1 mmol of allylic substrate in 130 mL of solvent. Geranyl chloride (95%). geranyl 
acetate (98%). 1.3-cyclohexadiene (97%). and Li,CuCI, (0.1 M in T H F )  were pur- 
chased from Aldrich. (€)-2-hexene-l-01 (96%) was purchased from Janssen Chim- 
ica. and 1.3-butadiene ( > 9 9 % )  from Fluka. They were used without further purifi- 
cation. 

(0l-Acetoxy-4-chloro-2-butene (301 and cis-l-acetoxy-Qchloro-Z-cyclohexene (2) 
[31] were prepared from 1.3-butadiene and 1.3-cyclohexadiene. respectively. accord- 
ing to literature procedures. The spectral data are consistent with those previously 
reported 1301. 

(~l-Aeetoxy4phenoxy-2-butene (6) was prepared from (€)-l-acetoxy-4-chloro-2- 
butene according to a literature procedure. except that phenol was used instead of 
thiophenol1321. The spectraldata areconsistent with those previously reported [%a]. 

(02-Hexene-1-yl acetate (9) was prepared from (€)-2-hexene-l-ol under standard 
conditions (DMAP. Et,N. acetic anhydride) [33]. 

[2-{(Dimethylamino)methyl}thiophe~lato~~pper(~) ( I  a) and [Z-(S)-l<dimethy- 
luoino)ethyl)thiophenolatolcopper(l) (1 b) were prepared according to literature pro- 
cedure [ l sc ] .  The spectral data are consistent with those previously reported [15 b]. 

12-(Dimethylamino)phenylthiolato)ropper(I) ( 1 c) and I&(dimethylamino)naphthyl-1- 
thiolatolcopper(i) ( Id)  were prepared according to the method developed by van 
Koten et al [15d]. 

Thiophenolatocopper(1) (CuSPh): Freshly distilled thiophenol (0.43 g. 3.90 mmol) 
was dissolved in C,H, (1OmL) and added dropwise to a solution of copper(1) 
ferr-butoxide [34] (0.53 g. 3.90 mmol) in C,H, (10 mL). The reaction mixture was 
stirred for 0.5 h, and the solvent evaporated in vacuo. The solid material was washed 
with pentane (3 x 20 mL), benzene (2 x 20 mL). and dried in vacuo to give 0.5 g 
(75%) of thiophenolatocopper(1) as yellow crystals. Anal. calcd for CuC,H,S: C. 
41.73; H. 2.92. Found: C. 41.56; H. 2.81. 

General Procedure for the ArenethioIatocopper(l~Cata1yzed Crignard Reactions of 
Allylic Substrates in Et,O: The required amount of l a - d  (6 or 15 mol%) [I91 was 
dissolved in toluene (15 mL). and a solution of the allylic substrate (1.0 mmol) in 
Et,O ( I  5 mL) was added at the temperature indicated in the Tables. The Grignard 
reagent (1.3 mmol. 1 . 3 0 ~ )  dissolved in Et,O (100 mL. final concentration 0.013 M) 

was added dropwise over the time indicated in the Tables. After complete addition 
the reaction mixture was stirred for 30-60 min at 0°C or if the Grignard reagent 
was added at lower temperature, the temperature was allowed to rise to RT. The 
reaction mixture was then quenched with 2~ HCI(aq) (10 mL). The organic layer 
was collected and the general workup procedure was employed (vide infra). 

General Procedure for Arenethiolatcopper(l)-Catalyzed Grignard Reactions of Allylic 
Substrates in THF: The required amount of I a (6 or 15 mol%) [19] was dissolved 
in T H F  (15 mL). and a solution of the allylic substrate (1.0 mmol) in T H F  (15 mL) 
was added at the temperature indicated in the Tables. The Gngnard reagent 
(1.3mmo1, 1 . 3 0 ~ )  dissolved in T H F  (100mL, final concentration 0 . 0 1 3 ~ )  was 
added dropwise over the time indicated in the Tables. After complete addition the 
temperature was allowed to slowly rise to RT. and the reaction mixture was then 
quenched with Z M  HCI (aq) (10 mL). T H F  was evaporated in vacuo and the general 
workup procedure was employed (vide infra). 

Procedure for the Reaction with Geranyl Acetate (3a) Catalyzed by Thiophewlato- 
copper(1) Prepared inSitu [35]: To a solution of freshly distilled thiophenol(79.6 mg. 
0.72 mmol) in Et,O (10 mL) a t  -60°C was slowly added nBuLi (0.48 mL. 1 . 5 ~  in 

hexane. 0.72 mmol). After complete addition the reaction mixture was allowed to 
warm to room temperature. A sample of lithium thiophenolate (2.2 mL. 0.15 mmol) 
was added to a slurry of Cut (28.5 mg. 0.15 mmol) in Et,O (10 mL). which was then 
stirred for 30 min. The general procedure (vide supra) for arenethiolatocopper(1)- 
catalyzed Grignard reactions of allylic substrates in Et,O was used. 

General Workup Procedure: The aqueous layer was extracted with pentane/Et,O 
(4 x I5 mL. 1 : 1). The combined organic layers were washed with brine, dried (Mg- 
SO,). and concentrated in vacuo. Flash chromatography (pentane/Et,O) gave the 
substituted product as a colorless oil with yields varying from 65 to 85% and a:T 
ratios depending on reaction conditions. Results are given in Tables. Spectral data 
are given below. 

Characterization ofhoducts: Unless stated otherwise. the spectral data were record- 
ed for one pure isomer. 

(02,6-Dimethyl-Z,~odecndiene (4) [5a]: ' H N M R :  6 = 5.17-5.06 (m. 2 H ;  H3,  
H7).  2.10-1.92 (m. 6 H ;  H4. H5. H8).  1.70 (s. 3 H ;  CH,). 1.61 (s. 6 H ;  CH,). 
1.40-1.25(m.6H;H9.H10. H 1 1 ) , 0 . 9 0 ( b r t , J = 6 . 8 H z , 3 H ; H l 2 ) .  " C N M R :  
6 = 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. 
IR (KBr): B =1744. 1669. 1452. 1377. 1106. 827cm-I.  MS (El. 70eV): m/z  (rel. 
intensity) 194 (M +. 10%). 179 (7). 151 (19). 123 (36). 109 (8). 95 (13). 83 (17). 69 
(100). 55 (32). Anal. calcd for C,,H,,: C. 86.52; H. 13.48. Found: C. 86.38: H. 
13.26. 

2,6Dimethyl-6-vinyl-Zd~ene (5) [5a]: 'H NMR: 6 = 5.71 (dd. J = 11.0. 17.4 Hz. 
1 H ;  Hl ' ) .  5.11 (m. 1 H :  H3). 4.99 (dd, J = 1 . 4 ,  11.0Hz. I H ;  H2:,,). 4.90 (dd, 
J = 11.0. 17.4 Hz. 1 H ;  H2; ,... ). 1.94-1.81 (m. 2 H ;  H4).  1.69 (s. 3 H ;  CH, vinylic). 
1.60 (s. 3 H ;  CH, vinylic). 1.54- 1.17 (m. 8 H ;  H 5 ,  H 7. H 8. H 9). 0.97 (s. 3 H; CH, 
allylic).0.90(brt.J=6.8Hz,3H;H10).1JCNMR:6 =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. MS (El. 70eV): mi: (rel. 
intensity) 194 ( M  +, 4%). 151 ( 15). 123 (3). 109 ( 5 5 ) ,  95 (48). 68 (67). 5 5  (1 00). Anal. 
calcd for C,,H,,: C ,  86.52; H. 13.48. Found: C. 86.42. H. 13.38. 

(0l-(Phenyloxy)-Z-octene (7) [5a]: IH NMR: 6 =7.30-7.25 (m. 2 H ;  Ph), 6.96- 
6.91 (m. 3 H ;  Ph). 5.85 (dt, J=15.5 .  6.5 Hz. I H ;  H3).  5.70 (dt, J =15.5, 6.0 Hz. 
1 H ; H 2 ) , 4 . 4 8 ( d , J = 6 . 0 H z , 2 H ; H 1 ) , 2 . 1 3 ~ 2 . 0 3 ( m , 2 H ; H 4 ) , 1 . 4 7 - 1 . 3 6 ( m ,  
2 H ;  H 5 ) .  1.36-1.20 (m. 4 H ;  H6. H 7). 0.89 (brt. 3 H :  H8).  ',C N M R :  6 = 158.8. 
135.7. 129.4. 124.8.120.6. 114.8.68.7.32.3.31.4.28.7,22.5,14.0. IR(KBr): i. = 650, 
752,971. 1240. MS (El. 70 eV): m/z  (rel. intensity) 204 (M +. 4%), 133 (4). 1 lO(18). 
94 (100). 

>(Phenyloxy)methyl-1-heptene (8) [5a]: IH NMR: 6 =7.34-7.25 (m. 2 H :  Ph),  
6.98-6.91 (m. 3 H ;  Ph). 5.77 (ddd. J = 8.3. 10.7. 17.0Hz. 1 H ;  H2).  5.16 (dd, 

J =  6.3Hz. 2 H ;  PhOCH,). 2.55-2.49 (m. I H ;  H3), 1.77-1.45 (m, 1 H ;  
diastereotopic H4). 1.45-1.21 (m. 5 H ;  H5. H6. diastereotopic H4),  0.94 (brt. 

J = 1.6. 17.0 Hz, 1 H ;  H 1 ), 5.14 (dd, J = 1.6. 10.7 Hz, 1 H; H 1J. 3.90 (d. 

J = 6 . 4 H ~ . 3 H ; H 7 ) . i ' C N M R : 6 = 1 5 9 . 2 . 1 3 9 . 7 . 1 2 9 . 4 . 1 2 0 . 6 , 1 1 6 . 0 , 1 1 4 . 7 . 7 1 . 2 ,  
43.7. 31.0. 29.2. 22.8. 14.1. IR (KBr): P = 915. 1037. 1243. 2925, 3029. MS (El, 
70eV): nilz (rel. intensity) 204 ( M ' ,  3%). 94 (100). Anal. calcd for C,,H,,O: C, 
82.30; H. 9.86. Found: C. 82.24; H. 9.98. 

>Propyl-l-heptene(l0)[5a]: ' H N M R : R  = 5.51 (ddd, J = 1 7 .  11. 9Hz.  1 H ;  H2).  
4.93(dd.J =10,2 Hz. 1 H: H1.,),4.91 (dd. J = 17.2 Hz. 1 H ;  H 1 ), 1.94(m. 1 H ;  
H3).  1.43-1.09(m. 10H: H4. H5. H6. H l ' .  H2').0.95(brt. J =  6.4Hz. 6 H ;  H7. 
H 3'). 

trans-2-n-Butyl-l-choro-Scyclohexene(IZ): 'H NMR: 6 = 5.68 (m. 1 H: H4).  5.55 
(m. 1 H ;  H31.3.94 (ddd, J =  2.9. 7.3. 9.7Hz. 1 H ;  H l ) ,  2.37-2.27(m, 1 H ;  H2).  
2.27-2.03 (m, 2 H ;  H5). 2.03-1.82 (m. 1 H ;  H6J. 1.74-1.54 (m, 1 H ;  H6.J. 
1.46-1.20(m,6H;HI',H2',H3').0.91(brt,J=6.4Hz,3H;H4').t3CNMR: 

(C-'21). 1649 (C=C). 2930. 3028. hlS (EI. 70eV): m/z (rel. intensity) 174 (M ', 
("CI). 3%). I72 ( M i ,  ("CI}. 9). 137 (12. M-CI). 121 (8). 107 (9). 94 (49). 79 
(100). 

hanr-l-A~toxy-Z-n-butyl-kyelohexene (14) [5a]: ' H N M R :  6 = 5.67 (m. 1 H ;  
H4) ,  5.53 (m. 1 H ;  H3). 4.77 (ddd. J = 3.1. 6.4, 9.1 Hz, 1 H ;  H l ) ,  2.22-2.00 (m. 
3 H ;  H2. H5).  2.04 (s.3H:CH3).  1.86(m. 1 H ;  H6,). 1 . 6 4 ( m , l H ;  H6.J. 1.47- 
1.20 (m. 6 H; H 1'. H2'. H 3'). 0.89 (1.3 H ;  CH,). "C NMR: 6 = 170.9.128.6. 126.3, 

2930.3023. MS(EI.70eV):m/z(rel. intensity) 136(10%, M+-CH,COO). 121 (2). 
107 ( 5 ) .  94 (100). 79 (77). Anal. calcd for Ci2H,,0,: C. 73.43; H, 10.27. Found: C. 
73.28; H. 10 16. 
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