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In the RCM reactions of a series of simple o,m-dienes, the
relative order of reactivity has been unambiguously determined
showing that cyclohexene forms faster than cyclopentene or
cycloheptene. 1,5-Hexadiene inhibits the RCM of 1,7-octadiene;
1,5-hexadiene cannot progress to the RCM product (cyclobutene)
but forms an unexpectedly stable cyclic n*-complex.

Alkene metathesis has become a vital part of the synthetic
repertoire, and has been applied in many syntheses of complex
natural products. Much of what we know about the relation-
ship between diene structure and reactivity has been inferred
from reaction yields from the huge body of results that has
accumulated in the area of target synthesis; quantitative
studies that relate structure and reactivity are very rare.'”
Arguments based on kinetic versus thermodynamic control
have been advanced by Schmidt and Nave® to explain reaction
outcomes from systems that can form 5- or 6-membered rings
competitively. For example, Scheme 1 shows the completely
selective double RCM of 1 to 2 when exposed to the first
generation Grubbs pre-catalyst 3. Because 3 is known to react
slowly with disubstituted alkenes (and particularly those with
an allylic oxygen function), it seems extremely unlikely that 2
could be a thermodynamic product. Substrate 4 with a free
hydroxyl group affords dihydrofuran 5 and dihydropyran 6 in
equal proportions and an hydroxyl group directing effect is
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invoked to explain the appearance of the 6-membered ring
product. It is also interesting that various attempts to populate
6-membered ring species as thermodynamic products by
raising reaction temperatures and applying an overpressure
of ethene failed to deliver clean results. The presence of
functional groups on the substrates used for target synthesis
inevitably complicates the analysis of reaction outcomes.

We were therefore interested to discover if there were
significant rate differences in RCMs of simple a,-dienes in
solution; rigorous characterisation of the behaviour of the
parent diene systems would then enable the assignment of
kinetic products to be made more confidently.

A recent mass spectrometric study by Metzger and
co-workers* identified ions on the cyclisation pathways of
simple a,w-dienes 7a—d catalysed by Grubbs’ first generation
pre-catalyst 3 (Scheme 2). Collisional energies were used to
estimate the rates at which the n*-complexes 8a—-d progressed
onward through the cycle. Metzger reported that the most
reactive system derived from 1,7-octadiene 7¢ (» = 2), which
goes on to form cyclohexene; the n*-complex 8¢ progressed
more rapidly than those from 1,6-heptadiene 7b (» = 1) and
1,8-nonadiene 7d (» = 3), which were very similar. This is
contrary to what appears to be a generally held belief that
5-membered rings are the fastest to form by RCM.>*

We have investigated the cyclisation rates of simple
a,0-dienes in solution using the Grubbs’ second generation
pre-catalyst 9 (Scheme 2) which is reactive enough to permit
the cycloalkenes to equilibrate fully.” NMR spectroscopy was
the method of choice because it would allow concentrations to
be measured without the introduction of artefacts arising from
sample concentration or loss by evaporation. In the first
instance, a mixture of 7b (3.3 mM), 7¢ (3.4 mM) and 7d
(3.5 mM) in CDCl; containing 1,3,5-trimethoxybenzene as the
internal standard,’ was prepared and exposed to pre-catalyst 9
(1 mol%) at 25 °C in the magnet of a 600 MHz spectrometer
(see the ESIt for full details). We were careful to determine
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Fig. 1 Competition experiment in chloroform showing product
formation.

T:’s for all the reaction components, and set D; to 57; to
ensure accurate integration. Dichloromethane, rather than
chloroform, is the default solvent for RCM in the synthetic
literature; we elected to work in d-chloroform because it was
more economical, but selected experiments were also run in
d>-dichloromethane.

The dispersion between key signals was excellent and we
were able to collect a full concentration/time profile for each
cycloalkene as the reactions proceeded to their end points
(Fig. 1). The identity of the most reactive diene was beyond
dispute; cyclohexene formed most rapidly from the reaction, in
agreement with Metzger’s earlier inference. Cyclopentene
formed less rapidly, and cycloheptene was the slowest of the
three. We carried out a series of single substrate experiments
(each in duplicate) and were able to reproduce the reactivity
order obtained from the three-substrate experiment, indicating
that the profiles do not represent an artefact of a competition
process. This finding clearly contradicts the assertion that
S-membered rings in general form fastest by RCM.

It was also possible to measure the solution concentration of
ethene, which reaches 90-95% of its maximum value before
slow egress begins.” The second generation pre-catalyst 9 was
also present at the end of the reaction (from the 'H NMR
spectrum), so these mixtures may represent equilibrium
compositions because all the reaction components are present.
In both dichloromethane and chloroform, 7b and 7c¢ were
converted completely within experimental error to their
cycloalkene products (all the reactions were slightly faster in
dichloromethane), whereas the reaction of 1,8-nonadiene 7d
forms small quantities (ca. 5%) of oligomeric material in
addition to cycloheptene in either solvent.® There was a minor
difference in half-life in the two solvents for all the dienes, with
the chloroform reactions typically slightly slower.}

The behaviour of 1,5-hexadiene 7a, was also examined;
Metzger and coworkers found that the initial m*-complex
derived from this diene and pre-catalyst 3 was much more
stable than expected. Other authors have suggested that
chelate complexes containing a hexadienyl motif are stabilised;
7a is known to undergo ADMET polymerisation more slowly
than 1,9-decadiene, for example.(”11

We therefore examined the behaviour of this shorter diene
under the conditions used to cyclise 7b—7d and found that 7a
was unreactive at 10 mM (1 mol% 9), with no change in the
'H NMR spectrum; even at 250 mM, conversion was very
slow, reaching only 20% after 8 hours. In two further experiments,
the first contained an equimolar (4.5 mM in each) mixture of
7b and 7c (1.1 mol% 9 based on total diene concentration),
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Fig. 2 Inhibition of cyclohexene formation by hexadiene.

while the second mixed 7a and 7¢ (5 mM in 7¢, 5.7 mM in 7a
with 0.93 mol% 9). While the conversion profile of cyclohexene
formation in the 7b/7c¢ mixture was almost identical to that
from the experiment containing 7c¢ alone (10 mM, 1 mol% 9),
cyclohexene formed significantly more slowly and reached
lower conversion when 7a was present in the reaction mixture
(Fig. 2).

Electronic structure calculations at the M06-L/B2/CPCM//
MO06-L/B2 level were used to probe further. We have pre-
viously shown that the M06-L functional is appropriate for
describing these systems.12 The basis used, B2, consisted of the
SDD ECP and corresponding basis set on Ru,'? with an
Jf~function of exponent 0.5780, and with a 6-311G** basis on
all other atoms. This calculation gave quite different geometries
for the two initial n°-complexes (Fig. 3). The n*-complex 11c
(Fig. 3b) lies 6.6 kcal mol~' below the starting 14e alkylidene
complex. In this n*complex the m orbitals of the C—=C and
Ru=—C double bonds point towards each other and are thus
ready to form the metallocycle, whereas in the m-complex
from 1,5-hexadiene (11a, Fig. 3a) the m orbitals are at right
angles, so this is not a reactive conformation. This complex lies
10.6 kcal mol™! below the starting l4e alkylidene complex,
and is noticeably more stable than 11c. This arrangement of
alkene and alkylidene is very similar to the one found in an
untethered methylidene/ethene complex.'* As shown in Fig. 4,
n>-complex 11a is competitive with the lowest point (metallo-
cyclobutane 12¢ at —10.2 kcal mol™") on the energy surface
for cyclohexene formation. These results confirm the origin of
the effect observed by Metzger and begin to explain the very
low cross metathetical reactivity of 7a. They also support
the observation that 7a retards cyclohexene formation,
presumably by sequestering active catalyst in a non-productive
complex,'® competitively with productive binding to 7c. The
heptadiene metathesis begins with complex 11b; while this is
also a much more stable complex than 11¢, it can progress and
therefore does not sequester catalyst. Inspection of the next

Fig. 3 Optimised geometries (M06-L/B2) for (a) 11a and (b) 11c.
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Fig. 4 Partial free energy profiles for metathesis of hexadiene 7a (red), and heptadiene 7b and octadiene 7¢ (black) with pre-catalyst 9.

part of the energy surface predicts that cyclohexene will form
more quickly than cyclopentene if metallocyclobutane break-
down is rate-determining, consistent with the behaviour of the
dienes in the NMR experiments.§

In conclusion, we have shown that the order of kinetic
reactivity (6 > 5 > 7) of simple a,m-dienes in RCM is not the
one assumed in the literature, or referred to in investigations of
more complex systems; cyclohexene has been shown to form
more rapidly than cyclopentene, with cycloheptene formation
significantly slower. Further, the 1,5-hexadienyl motif is
shown to be far from innocent in metathesis, with 1,5-hexadiene
inhibiting the rapid cyclisation to cyclohexene. While cyclo-
butene does not form, care should be taken in synthetic
planning lest the formation of stable n°-complexes analogous
to 11a impede RCMs involving complex substrates.
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we cannot use first order rate constants to quantify the differences
between the reactions at this stage. The minor difference in half-life
observed for all the dienes suggests that CDCl; is a useful solvent for
the study of these reactions.

§ Metallocyclobutane breakdown was identified as the highest energy
barrier on the surface for cyclohexene formation in our earlier
publication."> However, catalyst formation from 9 and initial
alkylidene transfer from 10 to 11 may be at least partially rate-
determining,'® making the identification of the rate determining step
quite complex. A full analysis of the energy surfaces of these and

higher dienes lies beyond the scope of this manuscript and will be
reported elsewhere.
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