JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

The Isomerization Equilibrium between Cis and Trans Chloride Ruthenium
Olefin Metathesis Catalysts from Quantum Mechanics Calculations
Diego Benitez, and William A. Goddard

J. Am. Chem. Soc., 2005, 127 (35), 12218-12219+ DOI: 10.1021/ja051796a « Publication Date (Web): 16 August 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 14 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja051796a

JIAIC

S

COMMUNICATIONS

Published on Web 08/16/2005

The Isomerization Equilibrium between Cis and Trans Chloride Ruthenium
Olefin Metathesis Catalysts from Quantum Mechanics Calculations
Diego Benitez and William A. Goddard, IlI*

Materials and Process Simulation Center, Beckman Institute, California Institute of Technology,
Pasadena, California 91125

Received March 21, 2005; E-mail: wag@wag.caltech.edu

Olefin metathesis has become a powerful synthetic tool for
carbon-carbon bond-forming transformations, important to fields
of synthetic chemistry spanning from natural products to com-
mercial polymeric materials.Since the discovery of functional
group tolerant and highly active catalysts by Grudhg the design
of new systems has focused on optimizing products for specific
applications® These catalytic systems generally initiate by loss of
a neutral ligand, usually trans to the N-heterocyclic carlfene.
Recently, this initiation step has been improved by replacing
strongly coordinating phosphines with weakly bound oxygen- or
nitrogen-containing ligands.These ruthenium catalysts bearing

correctiont! the Vosko-Wilk —Nusair exchange function&,and

the local and nonlocal correlation functional of Lee, Yang, and Parr
(LYP).22 This flavor of density functional theory produces good
descriptions of reaction profiles for transition metal-containing
compounds? The 1s-3d core electrons of the ruthenium atom were
described with the Hay and Wadt core-valence relativistic effective-
core-potential (ECP) leaving the outer 16 electrons (4s, 4p, 4d, 5s,
etc.) to be treated explicitly (denoted as LACVP in Jagasll
electrons were considered for all other atoms with the 6-31G**
basis setf To determine whether use of this modest basis set might
affect the results, we also carried out calculations with the same

more labile groups have had great success as fast-initiating versionggeometries, but used the 6311G** basis.

(2 and3) of the widely used second generation Grubbs catafysts.
On the other hand, slow-initiating systems are useful particularly
in ring-opening metathesis polymerization (ROMP) resin formula-
tions where the gel-times need to be sufficiently long to allow for
handling or molding (Figure 1).
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Grubbs and Schrodi recently reported the synthesi4 aé a
slow initiating highly active ROMP cataly$tFurthermore, they
found that it undergoes a conformation change iBtavhich is
even a slower initiating catalyst. Interestingly, mixtures of these
two isomers provide intermediate initiation latencies.

Every structure was optimized both for gas phase and for solvent
[using the PoissonBoltzmann (PBF) continuum approximatio].

For each optimized structure, we calculated the analytic Hessian
to obtain the vibrational frequencies, which in turn were used to
obtain the zero-point energies and free energy corrections to 313
K. The free energiest® K are quoted here, but the 313 K results
are in the Supporting Information. For the stable compounds we
started with X-ray crystallographic structuresyhile reaction
intermediates were obtained by modifying fully converged struc-
tures.

The minimized structures match the crystallographic data ac-
curately, with bond distances within 0.05 A and bond angles within
4° (structural details in the Supporting Information). The largest
variations are observed for the pyridyl and chloride ligands. Some
differences may be due to packing effects in the crystal. We
conclude that B3LYP provides a good description of the molecular
structures of these systems. We find that in the gas phase, the cis
geometry §) is 6.8 kcal less favorable than the trans analogie (
However, when the solvation correction is included with methylene

Computational modeling studies on the nature of the mechanism chloride as a model solveré & 9.1, solvent radius= 2.34 A),

of olefin metathesfshave concluded that the chloride ligands remain
in the trans geometry throughout the catalytic cycle. In contrast,

Grubbs and co-workers found that in enantioselective metathesisScheme 1.

we find that the cis chloride structur&)(is favored by 0.7 kcal
(Scheme 1). Therefore, the calculations suggest that the product

Isomerization Equilibrium Observed Experimentally in

experiments, the major product is inconsistent with expectations Dichloromethane at 40 °C

from a trans chloride intermediateThey proposed that ais-

chlororuthenium intermediate must be present in the mechanism Mes
of enantioselective ring-closing metathesis and deduced its geometry

on the basis of the observed major products.

To understand these phenomena and the apparent disagreement |

between theory and experiment, we carried out extensive QM

studies to establish the structures and thermodynamics of the

equilibrium betweertt and5.

All calculations were performed using density functional theory
(DFT) with the B3LYP hybrid functional [as implemented in Jaguar
5.5 (release 11)P B3LYP utilizes both exact Hartreg=ock (HF)

~-N N‘Mes Mes—N N‘Mes
Y Cl
Ru= Ru= K=35
CI"_Ng 7 N Cl AG = 0.78 Kcal mol™!
=
4 5

ratio of 5:4 should be 76:24. This result is extremely close to the
experimental value of 78:22 suggesting that cis is more stable by
0.78 kcal. Concerned with the solvent dependence of the relative
stability of both isomers, we calculated the energy difference in

exchange and nonlocal corrections (generalized gradient approximay,a,ene as a model solvent 2.3, solvent radius: 2.60 A) and
tion) to the Slater lOC"f‘I exchange_funcnonal. We used the Be_cke found that in this media, the trans chloride isomer is more stable
three-parameter functional (B3) with the Becke nonlocal gradient by 2.0 kcal, leading to 96% af This is consistent with experiment,
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Scheme 2. Proposed Isomerization Mechanism with Relative Free Energies (kcal mol—1) Calculated at 0 K; Two Basis Sets Were Used?
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Z \_/ \ 7 S
4 4, 5, 5
631G* 0 14.95 23.03 6.78
Gas ph
aSPNASE g311G*++ 0 14.64 22.07 8.17
631G** 0 13.55 18.83 -1.12
Solventphase g Gess o 11.67 17.62 -0.70

aSolvent phase energies were determined using methylene chloride as model sotveditl( solvent radius= 2.34 A).

since 5 is not observed when benzene is used as a sol¥ent. Aventis Pharma, ChevronTexaco, Nissan Corp., Berlex Biopharma,
Furthermore, we predict that a higher ratio of cis product can be and Beckman Institute.

obtained if the isomerization reaction is performed in a more polar
solvent than methylene chlorid@.

This strong dependence on solvent polarity results from the
enormous difference in the dipole moment from the wave functions
of the complexes: 1.5 D fof and 12.4 D forb. This difference
arises from the polarity in RuCl bonds, which cancel in the trans
geometry. This marked difference in polarity translates to very Rraferences
different solvation energies (calculated as 14.8 and 22.7 kcdl for

Supporting Information Available: Tables of geometries, ZPE
corrections, and absolute energies of structues, 4d, and 5d; a
detailed comparison of the most representative structural features of
the calculated structures and the reported crystallographic data. This
material is available free of charge via the Internet at http:/pubs.acs.org.
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