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Abstract: Remote substituents show a profound influence on the 
enantiomeric excess of intramolecular palladium-catalyzed polyene 
cyclizations. An ee of 96% is obtainable by judicious placement of 
a methyl group. 
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In 1996 we reported the first asymmetric synthesis of 
(+)-xestoquinone (3, 68% ee). The key step was an in- 
tramolecular asymmetric palladium catalyzed polyene cy- 
clization of 1 (R = H) to give 2 (68% ee; R = H) in which 
the C and D rings and the stereogenic centre were formed 
in one step (Scheme I). '  Hydrogenation of 2 followed by 
a CAN oxidation gave (+)-xestoquinone (3). An alterna- 
tive strategy was devised for the synthesis of (+)-halena- 
quinone (4). It was thought that conversion of the vinyl 
group of C-4 of the furan ring into a 2-propenyl group 
might cyclize under similar reaction conditions to give 5 
with an exocyclic double bond. Subsequent oxidative 
cleavage of the double bond and CAN oxidation should 
afford (+)-halenaquinone (4). Treatment of model com- 
pound 8 with Pd2(dba), and (R)-BINAP (toluene, PMP, 
2d, 110 "C) did not provide the expected compound with 
an exocyclic double bond, but gave 13 exclusively in 83% 
yield (Scheme 2). Surprisingly, the ee was 90%!2,3 This 
was in contrast to the results obtained with model furan 9, 
which gave 14 with a modest ee of 71 %. We therefore in- 
vestigated the reaction further to attempt to understand 
how a group, which is on a double bond that becomes part 
of the second ring (at C-4 of the furan ring), influences the 
ee of the formation of the first ring in the polyene cycliza- 
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8 R1=Me, R2=H 13 90%ee 
9 R'=RZ=H 14 71%ee 
10 R1=Ph, RZH 15 (or 18) see table 
11 R1=H. R2=Me 16 96%ee 
12 Rl=RkMe 17 71%ee 

tion sequence. In addition, we also wanted to find a meth- 
od for increasing the ee for the transformation of 9 into 14. 
While there have been reports on how substituents on the 
alkene4sbnd ligandsqnfluence the stereoselectivity, ee 
and sense of chirality7 in a Heck reaction, to our know- 
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ledge, the effect of remote substituents on the ee in poly- o 
18 0 

ene cyclizations has not been reported to date.8 
20 

The starting triflates 8-12 were prepared in an analogous scheme 2 
manner to 1 (R = H)'%y reacting a suitably substituted C- 
5 lithiated furan ring 7Iav9 with a substituted benzoyl chlor- 
ide 6. Functional group interconversion provided triflates (toluene. 110 OC, PMP); however, in all the cases tried 
8-12 (Scheme 2). ~abl -e  1 summarizes the results from the ;he%ee ianged 1-i *%.I1 Only (R)-BINAP provided 
polyene cyclizations performed on furans 8-12 under a Va- 14 a reasonable ee of 71% (entry 1). Overman has 
riety of reaction conditions.I0 First, compound 9 was treat- reporte& that in some intramolecular Heck cyclizations 
ed with a variety of commercially available chiral ligands with triflates that a beneficial halide effect was observed 
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when Bu4NBr was mixed with the triflate. Adding 
Bu4NBr to triflate 9 in either toluene or N,N-dimethyl- 
acetamide resulted in a dramatic decrease in the ee (en- 
tries 2-4). Changing the base to K2C03 did not noticeably 
change the ee with compound 9 (compare entries 1 and 5). 

As mentioned above, when 8 was treated with (R)-BINAP 
compound 13 was formed with an ee of 90%. The only 
difference between 8 and 9 was the placement of a methyl 
group on the double bond at C-4 of the furan ring (entry 
6). Using a less bulky catalyst like (R,R)-CHIRAPHOS 
with 8 resulted in a decrease in the ee of 13 to 24% (entry 
7). In an attempt to try to understand why the ee increased 
in 13 relative to 14, a series of PM3(tm) semi-empirical 
 calculation^'^ were done on the unsaturated palladium 
complexes 19R and 19s (Scheme 3). The energy differ- 
ence between the C-3 rotamers 19R and 19s increased 
when R' = H (R2= H) was changed to R' = Me (R2= H) 
when (R)-BINAP was modeled. The calculations also in- 
dicated that a greater energy difference would be expected 
if R' = Ph (R2 = H). Thus if 10 was prepared, the ee of the 
cyclization might be higher than 90%. 

Compound 10 was synthesized and subjected to a variety 
of polyene cyclizations. The cyclization proceeded 
smoothly with PPh, (entry 8) but problems occurred when 
(R)-BINAP was employed (entry 9). A 13: 1 ratio of 18:15 
(91 %) was obtained and 15 could not be isolated in a pure 
form to measure the ee. The formation of 18 was unex- 
pected and was always obtained as the major product 
when the reaction was repeated. Interestingly, changing 
the ligand to the smaller (R,R)-CHIRAPHOS resulted in 
the exclusive formation of 15 with an ee of 77% (entry 
10). It was thought that the formation of 18 might be due 
to a hydride transfer from the PMP to an intermediate o- 
palladium complex 20 (Scheme 2). Changing the base to 
K2C03 with (R)-BINAP resulted in only the detection of 
starting material 10 and detriflated starting material (entry 
11). Thus, the lack of formation of 15 when BINAP is 
used must be due to an unfavorable steric interaction with- 
in intermediate 20 that prohibits the palladium from coor- 
dinating to the second double bond (Scheme 2). Thus a 

hydride transfer occurs to provide 18 when PMP is used 
and the reaction stalls when K2C03 is used and mainly SM 
and detriflated SM is recovered. Using a smaller chiral 
ligand presumably allows the intermediate 20 to coordi- 
nate to the second double bond and 15 is formed in mod- 
erate ee. 

The PM3(tm) semi-empirical  calculation^'^ also indicated 
that as the size of the R' group increased, the hydrogen 
atom ortho to the palladium atom moved closer to the C- 
3 hydrogen on (R)-BINAP in 19R, while in 19s a similar 
steric interaction was not observed (Scheme 3). This steric 
interaction appeared to be responsible for the increase in 
the energy difference between 19R and 19s as the size of 
R' was increased. If the steric interaction between these 
two hydrogen atoms is truly giving rise to energy differ- 
ence, then placement of a bulky group (i.e. methyl) ortho 
to the triflate should increase the ee further. Treatment of 
triflate 11 with Pd2(dba), and (R)-BINAP (toluene, PMP, 
110 "C) resulted in 16 with an ee of 96% (entry 12). Final- 
ly, placement of a methyl group ortho to the triflate and on 
the furan C-4 double bond (i.e. 12) resulted in a drop of 
the ee to 71% (entry 13). Presumably, the steric interac- 
tions of the two larger groups is counter-productive and 
the ee drops. 

19R 

Scheme 3 

Table 1: Polyene Cyclization Results with Compounds 8-12. 

'H-NMR. d) only starting material and de-triflated starting material were detected by 'H-NMR. 
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We have  shown that either a remote substituent o n  the  
furan C-4 double bond or a group  ortho to  the triflate i n  
systems like 9 result i n  a significant increase in  the ee of  a 
palladium-catalyzed polyene cyclization. W o r k  i s  con- 
tinuing t o  fine-tune o u r  system for  even higher ee's and 
for application towards the synthesis o f  xestoquinone (3), 
halenaquinone (4) and the  viridin family of  natural prod- 
ucts.13 
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