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favor the pro-methallyl transition state. 
The preceding examples establish that (+)-BBMP af- 

fords unique advantages as a chiral auxiliary in a two-step, 
enantioselective process consisting of amide C-alkylation 
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and iodocyclization. This chemistry provides an effective 
S u p p l e m e n t a r y  Mate r i a l  Available: Experimental details 

butyrolactones. ((benzyloxy)methyl)-l-(4'-pentenoyl)piperidine, (2R,6R,2'S)-2,6- 

for the enantioselective preparation Of trans-'Y- for the preparation of and spectral da ta  for (2R,6R)-2,6-bise 

bis((benzyloxy)methyl)-l-(2/-methyl-4/-pentenoyl)piperidine (lo), 
and (3S,5R)-dihydr0-5-(i0domethyl)-3-methyl-2(3H)-furanone 
[(S,R)-15] (3 pages). Ordering information is given on any current 

(12) The iodolactonization of racemic 2-methyl-l,6-heptadien-(-oic 
acid is =97:3 methallvl versus allvl selective. See: Kurth. M. J.: Brown. 
E. G.; Lewis, E. J.; -McKew, J."C. Tetrahedron Lett. 1988, 29, 1517: masthead page. 
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Summary: The palladium-catalyzed cross-coupling of aryl 
halides and olefinic epoxides bearing one to ten carbons 
between the two functional groups affords good yields of 
arylated allylic alcohols by a palladium migration process. 

The cross-coupling of 3,4-epoxy-l-alkenes and stoi- 
chiometric amounts of organolithium, -boron, -copper, - 
mercury, -nickel, and -palladium compounds provides an 
important route to allylic alcohols (eq l ) . l  We have re- 

P, 1.m 
HzC=CHCH--CHz RCH2CH=CHCHzOH 2. H20 

(1) 

cently reported one example of the analogous arylation of 
4,5-epoxy-l-pentene employing stoichiometric amounts of 
an arylmercurial and either stoichiometric or catalytic 
amounts of palladium salts (eq 2).2 We now report a 

~ 0 ,  Li2PdCll 
PhHgCl + H.@CHCHZCH-CHz Ph(CH2)2CH=CHCHzOH ( 2 )  

H2O 

valuable, very general, new process for the synthesis of aryl 
allylic alcohols which employs catalytic amounts of pal- 
ladium, a variety of olefinic epoxides, and organic halides 
rather than organometallic reagents. 

The cross-coupling of iodobenzene and 7,8-epoxy-l- 
octene was selected as a model system. In the presence 
of catalytic amounts of palladium and a reducing agent, 
the desired allylic alcohol 1 was obtained, alongside a va- 
riety of side products which were dependent upon the 
precise reaction conditions employed (eq 3). By a careful, 

/'\ Pd catalyst 
n-Bu,NCI PhI + H~C=CH(CHZ),CH-CH~ - 
M02CH 

Ph(CHZ)SCH=CHCHzOH + CHa(CH2),CH=CHCHzOH 
1 

Ph 0 
/O\ I I1 

+ PhCH=CH(CH,),CH-CH, + Ph(CH2)5CHCH,CH + 

O L O  
I I  

O A O  
I I  

HZC=CH(CH2),CH-CHZ + PhCH=CH(CH2),CH--CHZ 
2 

PH 0 I3 
+ H2C=CH(CH2),CHCHzCI + PhCH:CH(CH,),CHCH,CI 

3 

~~~ 

(1) (a) Larock, R. C. Comprehensioe Organic Transformations; VCH 
Publishers, Inc.: New York, 1989; pp 123-124. (b) Marshall, J. A. Chem. 
Rev. 1989,89, 1503. 

(2) Larock, R. C.; Ilkka, S. J. Tetrahedron Lett. 1986, 27, 2211. 

Scheme I 

TdX /o, 00, H2C-CHCH2CH-CH2 
ArX + Pd - ArPdX w AICH~CHCH~CH-CHZ 

systematic examination of the influence of a variety of 
palladium catalysts [3-10% P ~ ( O A C ) ~  or Pd(dba)2], re- 
ducing agents [l-3 equiv of M02CH (M = Li, Na, K, 
Et3NH); Et3N; Et3SiH; n-Bu3SnH], solvents [2-4 mL/ 
mmol of PhI; DMF, 9:l DMF/MeOH, DMSO, CH,CN, 
THF, CH2C12], in the presence or absence of n-Bu4NC1 (1 
equiv), H20  (10 equiv), alkali metal halides [LiCl (1-2 
equiv), NaI (1 equiv)], and bases [NaHC03, Na2C03, EbN, 
i-Pr2NEt, (c-CGHl1),NEt], we have been able to arrive a t  
optimal conditions for the formation of the desired allylic 
alcohol 1. By employing 1 equiv of PhI, 3 equiv of the 
olefinic epoxide, 10% P ~ ( O A C ) ~ ,  1 equiv of n-Bu,NCl, 3 
equiv of Li02CH, 3 equivs of i-Pr2NEt, and 1 equiv of LiCl 
at 50 "C in DMF (4 mL/mmol of ArI), we have been able 
to eliminate the majority of side products and obtain the 
desired alcohol 1 in 62% isolated yield. Only minor 
amounts of the products 2 and 3 arising from ring opening 
of the excess starting olefinic epoxide are observed, and 
they can usually be easily separated from the desired al- 
cohol. 

A variety of olefinic epoxides have been arylated in a 
similar fashion in good to excellent yields (Table I). 
Unlike the analogous arylation of long-chain olefinic al- 
c o h o l ~ , ~  the yields and regioselectivity here are observed 
to drop off as the distance between the C-C double bond 
and the epoxide increases. With 4,5-epoxy-l-alkenes, only 
aryl allylic alcohols arising from aryl addition to the ter- 
minal alkene carbon are observed. With longer chain 
olefinic epoxides, small amounts of aryl allylic alcohols 
arising from aryl addition to the internal carbon are also 
observed. The stereoselectivity of C-C double bond for- 
mation is similar to that observed with organoboron, or- 

(3) Larock, R. C.; Leung, W.-Y.; Stolz-Dunn, S. K. Tetrahedron Lett. 
1989, 30, 6629. 
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Table I. Palladium-Catalyzed Arylation of Olefinic Epoxides 
R1 R2, R3 
I l,"\l reaction % 

time, isolated H~c=c(cH~),c-cR~ p-XCeH4I 
entry X =  n R' R* R3 R4 days yieldo EIZ  

1 H 1 H H Me H 1 78 79:21 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

H 
H 
H 
H 
H 
H 
Me 
M e 0  
MeCO 
EtOZC 

1 
2 
2 
2 
4 

10 
4 
4 
4 
4 

H 
H 
H 
Me 
H 
H 
H 
H 
H 
H 

H Me 
H H 
Me H 
Me H 
H H 
H H 
H H 
H H 
H H 
H H 

Me 1 
H 1 
H 1 
H 3 
H 1.5 
H 2 
H 1 
H 1 
H 1 
H 1 

79 
65 
69 
47 
62 
44 
55 
65' 
62 
68' 

-b 

76:24 
32:68 
33:67 
7624 
7624 
77:23 
77:23 
75:25 
80:20 

"All Droducts gave amrouriate 'H and 13C NMR, IR, and mass spectral data. *Could not be determined by 'H NMR spectroscopic 
analysis. CContarns 9./6 bf diformate 2. 

ganocopper, and previous arylpalladium additions to 3,4- 
epoxy-l-alkenes.'B2 The reaction accommodates important 
organic functional groups (entries 9-11), and the presence 
or absence of electron-donating or -withdrawing groups on 
the aryl halide has little effect on the yield or the stereo- 
selectivity of the process (entries 8-11). However, more 
substituted double bonds, as in 4,5-epoxycyclohexene, 
afford lower yields of stereoisomeric arylation products (eq 
4). 

PhI + 0 " D O H  (4) 

cisltrans = 67:33 

This arylation process most likely proceeds as illustrated 
in Scheme I. The oxidative addition of aryl halides to 
Pd(0) and subsequent olefin insertion are well-established 
proces~es.~ Only recently, however, has palladium mi- 
gration chemistry been put to good use in organic syn- 
t h e ~ i s . ~ ? ~  Eventual palladium-oxygen ring opening2 would 
appear to occur in either a syn or anti fashion, as evidenced 
by the formation of syn and anti alcohols in the pheny- 
lation of 4,5-epoxycyclohexene (eq 4). While palladium 
hydride migration from one face of a cycloalkene to the 
other has literature precedence6 and would also account 

(4) (a) Tsuji, J. Organic Synthesis with Palladium Compounds; 
Springer Verlag: New York, 1980. (b) Heck, R. F. Palladium Reagents 
in Organic Synthesis; Academic Press: New York, 1985. 

(5) (a) Akermark, B.; Saderbejg, B. C.; Hall, S. S. J. Org. Chem. 1989, 
54,1110. (b) Siiderberg, B. C.; Akermark, B.; Hall, S. S. J. Org. Chem. 
1988, 53, 2925. (c) Larock, R. C.; Harrison, L. W.; Hsu, M. H. J. Org. 
Chem. 1984, 49, 3662. (d) Larock, R. C.; Varaprath, S.; Lau, H. H.; 
Fellows, C. A. J. Am. Chem. SOC. 1984, 106, 5274. (e) Larock, R. C.; 
Leuck, D. J.; Harrison, L. W. Tetrahedron Lett. 1988, 29, 6399. (f) 
Larock, R. C.; Gong, W. H. J. Org. Chem. 1990,55,407. (g) Tamaru, Y.; 
Hojo, M.; Kawamura, S.; Yoshida, 2. J. Org. Chem. 1986,51, 4089. (h) 
Larock, R. C.; Babu, S. Tetrahedron Lett. 1987,28,5291. (i) Larock, R. 
C.; Leuck, D. J.; Harrison, L. W. Tetrahedron Lett. 1987,28,4977. (j) 
Patel, B. A.; Heck, R. F. J. Org. Chem. 1978,43, 3898. (k) Kao, L.-C.; 
Stakem, F. C.; Patel, B. A.; Heck, R. F. J. Org. Chem. 1982,47, 1267. (1) 
Bender, D. D.; Stakem, F. G.; Heck, R. F. J. Org. Chem. 1982,47,1278. 
(m) Narula, C. K.; Mak, K. T.; Heck, R. F. J. Org. Chem. 1983,48,2792. 
(n) Shi, L.; Narula, C. K.; Mak, K. T.; Kao, L.; Xu, Y.; Heck, R. F. J. Org. 
Chem. 1983,48, 3894. 

(6) (a) Larock, R. C.; Takagi, K.; Hershberger, S. S.; Mitchell, M. A. 
Tetrahedron Lett. 1981.22.5231. (b) Larock. R. C.: Takani. K. J. Om. 

I. . .  
Chem. 1988,53, 4329. 

for the mixture of stoichiomeric alcohols, this process ap- 
pears unlikely.' While organopalladium intermediates 
have previously been reduced by formate salts! our process 
appears to be the first in which a palladium alkoxide has 
been reduced to an alcohol by a formate salt. Simulta- 
neous formation of zerovalent palladium regenerates the 
catalyst. 

In conclusion, we report the first generally useful method 
for the arylation of a wide variety of olefinic epoxides in 
which the C-C double bond and the epoxide are separated 
by one or more carbons. Unlike previous methods for the 
arylation of 3,4-epoxy-l-alkenes, our approach accommo- 
dates important functional groups, uses aryl halides, and 
requires only catalytic amounts of palladium, rather than 
employing stoichiometric amounts of organometallics 
which frequently cannot accommodate key organic func- 
tional groups. 
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