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Olefin metathesis, one of the most popular transition-metal-
catalyzed C-C bond forming methods, exerts a profound impact
in synthetic chemistry.1 This research activity was enabled by the
development of well-defined ruthenium-2 and molybdenum-based
catalyst systems3 having wide functional group compatibility.
Depending on the types of unsaturated functional units involved
in the metathesis process, olefin metathesis can be classified into
three major categories: diene,1 enyne,4 and diyne5 metathesis. The
structural change fashioned by metathesis renders another clas-
sification: ring-closing, ring-opening, and cross metathesis. Among
these subclasses, diene ring-closing metathesis (RCM) has drawn
far more attention from synthetic chemists due to its effectiveness
for the formation of various cyclic substructures. Despite its
enormous potential to form multiple C-C bonds and polycyclic
systems, enyne metathesis4 has not been exploited thoroughly.

We became interested in the capacity of the enyne RCM reaction
to generate conjugated 1,3-dienes embedded in a macrocyclic struc-
ture, a functionality having significant synthetic application. How-
ever, enyne RCM of 10- to 15-membered rings has not been re-
ported.6 With this prospect, we set out to study the fundamental
aspects of the macrocyclic enyne RCM in detail, focusing on three
major questions: (1) Would the RCM of enynes form macrocycles
in general, and, if so, what are the optimal parameters to maximize
the efficiency? (2) Could the general trend of theexo/endo-mode
of macrocyclic ring-closure, for example, paths “a” and “b” in eq
1, be identified and controlled? (3) Could the stereochemistry of
the endocyclic double bond of the resultant 1,3-diene be controlled?
In this Communication, we report our study addressing these
questions.

We first tested the RCM of enynes3 and4 using Grubbs catalysts
1 and2 (Scheme 1), observing only the recovery of starting material.
At this juncture, we decided to use tartaric acid derivative58 to
connect appropriate ene and yne segments to generate RCM sub-
strate6, anticipating that the cyclic linker will not only increase
the efficiency of the RCM reaction7 but also provide chirality to
the resultant macrocycles7 and/or8 once they form. To examine
how the ring size of the incipient macrocycle affects the exo/endo
selectivity of ring-closure and the stereochemistry of the endocyclic
double bond of7 and8, the length of the tether on6 between the
ene and the yne components9 and the type of heteroatom were
systematically altered.

Under typical RCM conditions (0.2 M in CH2Cl2, 5-10 mol %
of 1 or 2, reflux), macrocycles7a-d and8c-i formed smoothly
via exo- andendo-mode ring-closure, respectively (Table 1). The
RCM of 6a gave a 10-exo-product 7a (entry 1). The similar
substrate6b with an internal alkyne gave increased yield4b of exo-
product7b (entry 2). Enynes6c,d provided a 1:1 ratio ofexo- and

endo-products7c,d and 8c,d (entries 3,4). Both the internal and
the terminal alkynes showed the same selectivity forexo-mode ring-
closure with higher yield (92% vs 50%) for the internal alkyne.
Enynes6e-i provided 12- to 15-membered rings via an endo-
selective ring-closure (entries 5-9). Notably, the propargylic amide
6eexclusively gave a 12-membered ring8ewith E-stereochemistry.
This implies that theexo/endo-mode selectivity depends not only
on the size of the macrocycles formed but also the nature of
functionality in the tether.

The ring size-dependency for exo/endo selectivity and yields for
enyne RCM are plotted in Figure 1. The results from this study in
combination with the data from the literature (open circles)4c show
general trends. The RCM of enynes to form ten-membered rings
and smaller gives invariably theexo-products via path “a”,10 whereas
that forming 12-membered rings or larger including cross metathesis
chooses path “b”, providingendo-products. Only substrates6c,d
that have the choice for both 11- and 12-membered rings partitioned
equally to provide7c,d and8c,d, respectively, in a 1:1 ratio. The
yields decrease as the ring sizes increase, which follows the general
feature for typical ring-closure reactions.11 Also, the RCM of enynes
with an internal alkyne gives a higher yield as compared to that of
the corresponding terminal alkyne.4b

No general trend was observed for the stereochemistry of the
endocyclic double bond. However, performing the reactions under
ethylene atmosphere gave marked improvements in yield as well
as control over theE/Z and endo/exo ratios. Reaction of6eunder
ethylene gave7e in 60% yield andE-selectivity. The RCM of6c
in a similar manner afforded an improved yield (65%) and
selectivity inE/Z (2:1 for8c) and endo/exo (7c:8c, 2:1) ratios.12Further
improvement was obtained by performing the reaction at room
temperature with1 followed by heating in the presence of2.
Complete selectivity was observed for both the mode of cyclization
and theE/Z ratio, giving E-8c only. The improved selectivity is
likely due to initial cross metathesis of the alkyne with ethylene
followed by ring-closing diene metathesis.12b
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Mechanistically, we believe the RCM of enynes6a-i proceeds
via the initiation at the alkene moiety13 to form an initial alkylidene
9 (eq 2), which subsequently forms bicyclic ruthenacyclobutenes

10 and/or 11. The observedexo/endo-mode selectivity is the
reflection of the difference in ring strain11 associated with the

formation of these intermediates. This hypothesis is strongly
supported by the isolation of the trapped ruthenium complex14
derived from the reaction of12 with 1 (eq 3), the careful NMR

monitoring of which clearly indicates that the formation of styrene
and the formation of new alkylidene13 are tightly coupled.

In conclusion, for the first time we have demonstrated that
macrocyclic enyne RCM forms 10- to 15-membered rings. The
tartrate-based enyne RCM platform provides valuable information
regarding the efficiency and exo/endo selectivity for macrocycle
formation. Further studies are underway for the elucidation of the
reaction mechanism and synthetic application.
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Table 1. RCM of Enynes to Form Macrocyclesa

a Reactions performed with 5 mol % of2 at 0.2 M in refluxing CH2Cl2.
b Isolated yield.c The stereochemistry of7a-d was determined by nOe,
and that of8c-i was determined by coupling constant.d RCM under
ethylene in refluxing CH2Cl2. e RCM under ethylene at 25°C.

Figure 1. Mode of ring-closure and efficiency of enyne RCM.
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