10998 J. Am. Chem. Soc. 1993, 115, 10998-10999

Highly Selective Cross-Metathesis of Terminal Olefins

William E. Crowe® and Zhijia J. Zhang

Department of Chemistry
Emory University
Atlanta, Georgia 30322

Recejved August 12, 1993

Olefin metathesis catalysts mediate the exchange of alkylidene
units between olefins to produce a mixture of olefin products. For
reactions involving a single olefin (self-metathesis), selectivity
can be achieved by providing a driving force for the reaction such
as strain energy relief or removal of a volatile olefin byproduct.
In such cases, catalytic olefin metathesis can be a powerful carbon—
carbon bond-forming reaction, as exemplified by its wide
application to polymer synthesis!-? and a few recent applications
to organic synthesis.* The cross-metathesis of a pair of olefins
requires not only a driving force but also the suppression of
competing self-metathesis pathways. Todatetherearenogeneral,
selective methods for the cross-metathesis of unlike olefins. This
restricts the type of polymers that can be prepared by olefin
metathesis and severely limits the application of olefin metathesis
to organic synthesis. Herein we report the selective cross-
metathesis of aryl- and alkyl-substituted terminal olefins using
the molybdenum catalyst Mo(ORFs),(NAr)(CHCMe,Ph)(Rrs
= C(CF;);Me, Ar = 2,6-i-Pr,CsH3) developed by Schrock and
co-workers, 56
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When molybdenum catalyst Mo(ORrg),(NAr)(CHCMe,Ph)
is treated with either styrene or 1-decane at room temperature,
self-metathesis products (stilbene or 9-octadecene) form very
slowly.” When both olefins are added to the catalyst, together
orsequentially in either order, 1-phenyl-1-decene is formed rapidly
and selectively. We found that styrene and substituted styrenes
can be cross-metathesized with a variety of functionalized terminal
olefins to give unsymmetrical olefin products with >95% trans
selectivity. Inmost cases, high yields of cross-metathesis products
were obtained using 1 mol%catalyst and excess styrene (2 equiv).8
Results are summarized in Table I.

The cross-metathesis reaction shows the expected selectivity
for monosubstituted versus disubstituted olefins (entries 2, 3)
and good tolerance of heteroatom functionality (entries 4-12).
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Note that although ketones are not good participants in the cross-
metathesis reaction, silyl enol ethers obtained from ketones are
somewhat better (entries 7, 8). In these cases, greater catalyst
loading (5 mol %) was required in order to obtain useful product
yields.

Cross-metathesis/self-metathesis product ratios are substrate
dependent, ranging from 1.2:1 to >40:1. Selectivity is lowered
by the inductive effect of electron-withdrawing substituents on
the alkyl-substituted olefin (note the effect of bromine position
inentries 4-6 and remote carbon oxidation state in entries 9-10).2

Since the molybdenum catalyst used here is known to
metathesize internal olefins, it is possible that cross-metathesis
selectivity may be affected by such secondary reactions. To
examine this possibility, we treated various mixtures of dialkyl-
,diaryl- and alkyl-,aryl-substituted olefins with the catalyst and
found no significant change in component ratio over the course
of several hours. We also looked at the reaction of trans-stilbene
with 1-pentene and trans-4-octene with styrene and found that
the former pair did not react, but the latter pair reacted selectively
to produce the cross-metathesis product trans-g3-propylstyrene
(equiv 1). The latter reaction consumes an undesired self-

/\/\/\/ SLOW Ph/\/\/
+ —_— + (1)
PR N

metathesis product but not rapidly enough to influence product
ratios.

Eveninthe absence of secondary reactions, two terminal olefins
treated with an olefin metathesis catalyst can give six possible
(three pairs cis/trans isomers) by eight competing reaction
pathways. Key intermediates for the four pathways leading to
trans olefin products are shown in Scheme I, with the proposed
favored pathway indicated by bold arrows.!® We propose that
alkylidenes 1 and 2 interconvert via unsymmetrical o,o/-
disubstituted metallocycle 8 at a rate much faster than formation
of a,B-disubstituted metallocycles 3-6. Productive metathesis

(8) A representative procedure: to a mixture containing 208 mg (2 mmol)
of styrene and 112 mg (1 mmol) of 1-octene in 2 mL of methylene chloride
was added 7.7 mg (1 mol %) of catalyst. The resulting mixture was stirred
at room temperature for 1 h and then passed through a pad of silica gel and
rinsed with methylene chloride. The solvent was removed under pressure,and
the crude residue was chromatographed on silica gel to give 166 mg (89%)
of l-phenyl-1-octene as a colorless oil. A similar reaction run with 9.29 g
(89.2 mmol) of styrene, 5 g (44.6 mmol) of 1-octene, and 342 mg (1 mol %)
of catalyst afforded 7.9 g (94%) 1-phenyl-1-octene.

(9) Thereisa good empirical correlation between cross-metathesis selectivity
and the chemical shift of the substrate protons. High selectivity is observed
for 8 <2.2; low selectivity is observed for 6 >2.3.
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Table I. Cross-Metathesis Reactions?
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entry Ar R ArCH=CHR (%)* RCH=CHR (%)

1 Ph n-hexyl 89 2
2 Ph CH,CH,C(=CH;)CH;, 86 2
3 Ph cyclohex-4-enyl 60 15
4 Ph CH,CH,CH,Br 90 4
5 Ph CH,CH,CH(Br)CH3 84 8
6 Ph CH,CH;Br 50 42
7 Ph CH,CH,COCH; 0 (1) e
8 Ph CH,CH,C(=CH,)0TMS 22 (66)4 e
9 Ph CH,CH,CO,CH;Ph 67 20

10 Ph CH,CH,CH,0OCH,Ph 85 2

11 p-MeOCeH4 n-hexyl 88 2

12 m-O;NCeHy n-hexyl 48 39

a Reactions were run with 2 equiv of styrene and 1 mol % catalyst. The amount of stilbene formed in most cases is less than 4%. ? Only the trans
isomer was detected by 'H NMR. ¢ The yield in parentheses is for a reaction using 5 mol % catalyst. 4 Isolated as the ketone. ¢ Yield was not determined.

then occurs selectively through the lowest energy transition state
available (Curtin~-Hammett principle).

Formation of the a,3-disubstituted metallacycle 3 should be
favored by the smaller size and greater basicity of incoming alkyl-
substituted olefin and by conjugation of the a-aryl substituent
with the polarizable, electron-rich metal-carbon bond.!1:12 Thus
alkyl substituents are selectively incorporated into the 8 position
and aryl substituents into the o position of metallacyclobutane
intermediates.!* The dependence of selectivity on substrate
electron-withdrawing substituents is consistent with this model.
Electron-deficient alkyl substituents lower cross-metathesis se-
lectivity by stabilizing competing metallacycle 4.

The high trans selectivity observed in cross-metathesis reactions
is consistent with selective formation of trans-«,8-disubstituted
metallacyclobtane intermediates. High trans selectivity is also
observed in the acyclic diene metathesis (ADMET) polymeri-
zation of a,w-dienes.?

In conclusion, we have found that styrenes are ideal participants
incross-metathesis reactions since they inhibit the self-metathesis
of terminal alky! olefins and only slowly self-metathesize to
stilbenes. Animportant advantage of cross-metathesis over other
methods of olefin synthesis is its operational simplicity and atom
economy;!¢ the only byproduct formed in the reaction is ethylene.
The scope of the cross-metathesis reaction is enhanced by the
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rotamers. Such rotamers have been structurally characterized!% and have
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remarkable functionality tolerance exhibited by Schrock’s mo-
lybdenum imido alkylidene catalysts. Recent advances in the
syntheses of these versatile catalysts have made them very
accessible.5!5 Since the reactivity of Schrock’s imido alkylidene
catalysts is very sensitive to subtle steric and electronic changes
in either the metal ligands or the olefin substrate, it should be
possible to identify a number of catalyst/olefin combinations
that lead to selective cross-metathesis reactions. Efforts to do
this are currently in progress.'6
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