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It took only a few years to elevate olefin metathesis as one of Scheme 1

the most versatile tools for the synthesis =C double bonds. Botompath  NMC [ NHe R‘# NHC
The giant step was possible when a detailed comprehension of the CI/,/"'Ru=‘§ éjj;'_,\ 'L‘@C' R
chemical mechanics at work with these systems was achieved. This ¢ = N T e o
understanding was key to the rational design of a large number of %FL _§R = = - T
more active and, in the broadest sense, better performing catafysts. \C, . “
Nevertheless, the exact mechanism operative in the case of the N o NTC R - NTC N o NTC R
(NHC)Ru-based catalysts still is a matter of debate (NHC g =5 — R - Ru\’j
N-heterocyclic carbene). Postulated substrate binding can be Side-path (l;.y | (l;F‘j | é
preferentially trans to the NHC ligand (bottom path in Scheme 1)
or cis to this ligand with a simultaneous shift of a halogen group Scheme 2
to a trans position (side path in Scheme 1). SiMes SiMes SiMes

In previous paper! consistently with other theoretical studfe$’ RﬁiCI FLG\:C' }LG‘_\CI
we reported that olefin metathesis with Ru-catalysts starts from a o /\N'| %
bottom-bound olefin complex, and this geometry is retained also | NS o &
at the transition state for metallacycle formation. We based this Z
conclusion on the relatively high energy of the possible side-bound 1a 1b 2

olefin complexes. This mechanism is also supported by a NMR
study of Piers and co-workers that evidenced a bottom-bound
geometry for a Ru-cyclobutane model compodfBifferently, a
paper by Grubbs and co-workers supported the side-bound pathway_d [\ ‘b_ _Q I\ _Q_ Q_
NMR and X-ray analysis of the model compouhdevealed the
presence of two structuréOne of them with the N atom of the ‘c"2R“_°”2 (ChR Vo
pyridine-based ligand bottom-bound to RLa) while, somewhat CH2=CH2
surprisingly, the other geometry presented the N atom side-bound 3 4 5
to Ru (1b) (Scheme 2). Table 1.
Subsequent DFT calculations of Goddard and co-workers gagt Side-
indicated clearly that solvent effects were of paramount relevance
to the high stability of1b.’® In fact, in the gas-phas&a was

Chart 1
Ph
_/\
_/

v W

BP86 Free Energy Differences, in kcal/mol, between the
Bound and Bottom-Bound Geometries?

coordination intermediate transition state

predicted to be about 7 kcal/mol more stable thanwhereas in AG(gas) AG (CH,Cly) AG(gas) AG (CH,Cly)
CH,CI;, 1b is favored by about 1 kcal/mol relative tba. This 2b 1.2 —5.1

remarkable solvent effect was ascribed to the much larger dipole 2 —-14 =75

moment of1b (12.4 D) relative to that ofla (1.5 D)!8 More ‘31 g'g _%'i 1118% 132'%

recently, Grubbs and co-workers reported the X-ray structure of g 6.8 2> 20.2 141

the model compoun@, which clearly indicates that the olefin is
side-bound to R&? On this basis, it is reasonable they wondered apositive values mean that the bottom-down geometry is favored.
about the actual reaction pathway in olefin metathesis catalyzed” Calculated with the B3LYP functional.
by (NHC)Ru-based catalysts. In this Communication we contribute
to the discussion using a DFT appro&éh. geometry is not favored in the gas-phase, but it becomes the most
Besides compleg, as a test case of the computational approach, stable when the solvent effect is introduced, see Table 1. Differently,
we considered the systems shown in Chart 1: briefly, the simple the BP86 functional predicts the side-bound geometry to be favored
model systen, to investigate electronic effects; systdnwith a both in the gas phase and in &H,. In the remainder of this work
more complex and representative substrate, to investigate stericwe will use the computationally much less expensive BP86
effects; and finally syster§, the actual system used for asymmetric  functional that, if wrong, is biased in favor of the side-bound
metathesig:??We focused on the relative stability of the side- and geometry. The different performances of the two functionals are
bottom-bound coordination intermediates and the stability of the outside the scope of the present paper.
corresponding transition states for metallacycle formation. The Moving to 3, a system representative of degenerate ethene
solvent effect of CHCI, were also considered. metathesis, and where steric effects are less relevant, the side-bound
We started with the relative stability of the side- and bottom- coordination intermediate is about 3 kcal/mol higher in energy than
bound geometries &. In agreement with the DFT results of Grubbs the bottom-bound intermediate in the gas-phase. This energy
and co-workers? the B3LYP functional predicts that the side-bound preference increases to roughly 11 kcal/mol at the transition state
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The case of systerf, which presents a chiral ligand and it is
active in the desymmetrization of achiral trie#&&2is consistent
with that of the achiral systerd. That is, the bottom-bound

Front view

Lateral view

source of error (functional, basis set, solvent model) it can be
It is worthy to note that this conclusion cannot be generalized

experimental indications that the bottom-path may be favored in
this case€? Instead, calculations indicate that the preferred reaction

bottom reaction pathwal. Thus, in the absence of strong steric

reaction pathway, as suggested by Grubbs and co-wotk&san

transition state is so strongly favored that even considering any
reasonably concluded that the bottom reaction pathway is favored.
to the first generation Grubbs catalysts, although there are
pathway is a delicate balance between electronic, steric, and solvent
effects. Each of them seems to be so strong that it is a hazard to
generalize conclusions. As a rule of thumb, and as already pointed
out by Goddard, polar solvents should push toward the side reaction

pathway and can easily overturn an electronic preference for the

effects, that is, with less bulky ligands and/or substrates, the side

be indeed competitive. However, steric effects owing to interaction
between bulky NHC ligands (and SIMes already is a bulky NHC
ligand}425> and bulky substrates (as rather simple trienes) easily
overcome other effects and push strongly toward the bottom reaction

pathway.

Figure 1. Geometries of the three transition states for systeBistances
are in A. The forming &C bond is colored in yellow.

Acknowledgment. We thank the MIUR of Italy (Grant PRIN-

2004) for financial support.

for metallacycle formation. The increased preference for the bottom-
bound geometry at the transition state is explained by the different
orientation of ethene in the side-bound geometries. In the side-
bound coordination intermediate the=C double bond of ethene

Supporting Information Available: Computational details, ener-

gies, and Cartesian coordinates. This material is available free of charge
via the Internet at http:/pubs.acs.org.

is almost perpendicular to the R«€H, bond, to minimize steric
interaction with the mesityl groups. At the side-bound transition
state, instead, ethene is forced to be parallel to thre®d, bond.
This increases steric interaction between ethene and the mesityl
groups (see the Supporting Information). Nevertheless, steric
pressure is not strong enough, and solvent effect effectively
counterbalances the electronic/steric preference for the bottom-
bound geometry. In C}Cl, the side-bound geometry is favored at

the coordination intermediate, whereas it is unfavored at the
transition state.

When a bulkier and “real life” substrate is considered, system (
4, increased steric pressure results in increased preference for the
bottom-bound geometry at the coordination intermediate (about 8 (
kcal/mol). Nevertheless, solvent effect is strong enough to almost
overturn the order of stability, and the side-bound coordination (
intermediate becomes competitive in &H,. However, at the (
transition state the bottom-bound geometry is favored by more than (
15 kcal/mol. Of course, in this case the solvent effect can only (
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