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Ligand Rotation Distinguishes First- and
Second-Generation Ruthenium Metathesis
Catalysts**

Christian Adlhart and Peter Chen*

We report herein a combined quantum mechanical/molec-
ular mechanics (QM/MM) study of the olefin-metathesis
reaction catalyzed by ruthenium carbene complexes. The
discovery and progressive improvement of Ru-based meta-
thesis catalysts!!! makes an understanding of the mechanistic
basis for the high activity and broad substrate tolerance of
considerable theoretical as well as practical interest. The
discovery of the “first-generation” metathesis catalysts
[(CysP),(Cl),Ru=CHPh] (1, Cy = cyclohexyl) by Grubbs and
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co-workers, of which 1 is representative, and the subsequent
discovery of the “second-generation” catalysts 2 by the groups
of Grubbs,?!l Nolan,™¥ and Herrmann®! in which an
N-heterocyclic carbene (NHC) ligand replaces one phos-
phane group in the first-generation systems, has spurred the
synthesis of even more varied structural variants as well as
extensive mechanistic work. Recently, Grubbs and co-work-
ers presented an extensive in situ kinetic study® in which it
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was concluded that the origin of the greatly increased activity
in the second-generation catalysts derived from a more
favorable branching ratio for the partitioning of the active
carbene complex, ([(L)(Cl),Ru=CHR], L =Cy,;P or NHC),
between entry into the catalytic cycle and rebinding of a
phosphane. We have reported gas-phase mechanistic stud-
ies*8l with substituent and isotope effects aimed at identifying
the rate-determining step as well as the role of preequilibria in
determining catalyst activity.

This growing body of experimental work on metathesis
catalysts makes a computational study timely, particularly
given the recent successes of mixed quantum-mechanical/
classical methods (QM/MM) that allow a reasonable treat-
ment of large organometallic complexes with explicit inclu-
sion of the full ligand set® with conformational flexibility. Our
calculations show that the first-generation catalysts 1 have a
high barrier in the middle of the reaction coordinate imposed
by the necessity of rotation of the threefold symmetric
phosphane ligand; a comparable barrier is absent in second-
generation catalysts 2 because of the twofold symmetry of the
NHC ligand. Depending on whether the metathesis reaction is
exothermic, thermoneutral, or endothermic, the rate-deter-
mining step should therefore change.

Calculations were carried out on the metathesis reaction of
both 1 and 2 using the IMOMM approach!!”) implemented in
the ADF2000.02 (ADF = Amsterdam Density Functional)
packagel' on Quant-X Alpha (Compaq Unix Tru64 Unix 5.3)
and AMD Athlon (Red Hat Linux 7.1) machines. The QM
model was the [(Me;P),(Cl),Ru=CHPh] unit with hydrogen
atoms as dummies for the carbon atoms of the actual
complexes. The a values!'”l were obtained by full DFT
calculations on the QM model units and the full complexes.
A triple-¢ basis set was used on ruthenium;[¥! a polarized
double-¢ basis set was used for all other elements. The
1s22s22p®3s23p®3d!°® electrons of the ruthenium atoms, the
1s22s22p* electrons of the chlorine and phosphorus atoms, and
the 1s? electrons of the carbon atoms were treated within a
frozen-core approximation. A set of auxiliary s, p, d, f, and g
STO functions (STO = Slater orbital) centered on all nuclei
was used to fit the molecular density and present Coulomb
and exchange potentials accurately in each SCF cycle (SCF =
self-consistent field).'¥ The local density approximation by
Vosko, Wilk, and Nusair,'¥ and generalized gradient approx-
imation were used with the BP86 functional.l'’] Scalar
relativistic corrections were added to the total energy.l']
Because all systems investigated showed a large HOMO-
LUMO gap, a spin-restricted formalism could be employed
throughout. For the MM part of the calculation, a modified
sybyl/tripos 5.2 force field'l was implemented.'s] In the
course of comparing QM/MM to full DFT energies, we
noticed that there was a systematic error that could be traced
back to a double counting of MM interactions. Therefore the
MM contribution to the hybrid DFT/MM energy has been
removed, as most of this interaction is already taken into
account by the imposed strain of the MM system on the DFT
system. Validation against full DFT energies at full DFT-
optimized structures show that the QM/MM energies simulate
full DFT values to within 3—4 kcal mol ' in the worst case; the
agreement is often much better. The conformational space,
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especially with regard to the cyclohexyl rings, was systemati-
cally searched. When X-ray structures were available, the
optimized QM/MM structures were found to be in excellent
agreement.[!"]

Transition states were approached by a linear transit from
the reactant to the product and from the product to the
reactant by calculation of a series of structures constrained to
a particular value of the geometric parameter corresponding
to the reaction coordinate (the C—C distances in the metalla-
cyclobutane or the Cl-Ru-P-C torsional angle for PCy;
rotation) with unconstrained optimization of all other geo-
metric parameters. As a further check for each transition
state, the geometries were then relaxed in both forward and
reverse directions to confirm that they converge to the
reactants and products (or intermediates in the case of PCy;
rotation, which shows several transition states).?”) With full
DFT validation at the important critical points, the potential
surfaces for the metathesis reactions with 1 and 2 were
explored widely with QM/MM. In contrast to previous
studies,®?!l the steric effects of the very large ligands (Tolman
cone angles?? for PCy,, PMe3, and PH; are 170°, 118° and 87°,
respectively) can be explicitly treated; these steric effects are,
in fact, critical to the conclusion of this study (see below).

The results for the degenerate metathesis of styrene with 1
are shown in Figure 1. Alternative reaction pathways involv-
ing cis dichloro complexes, as well as an associative ligand
exchange of an olefin for phosphane were calculated and
found to be less favorable.?”l Similar surfaces for the meta-
thesis of simple olefins with 2, and the metathesis of ethyl
vinyl ether with 1 and 2, were also calculated.”” Grubbs and
co-workers reported enthalpies of activation for phosphane
exchange of 23.6 +0.5 kcalmol (with 1) and 27 £ 2 kcalmol
(with 2).[°0 These values agree gratifyingly well with the
calculated full DFT values of 20.8 and 28.0 kcalmol !, as well
as with the QM/MM results. The reaction coordinate in

Figure 1. Reaction coordinate for the degenerate metathesis of styrene with 1 as catalyst; the values are QM/
MM energies in kcalmol~". Free ligands needed for mass balance are not shown but were included in the
calculation. Complex 1 is depicted in a Newman-like projection viewed along the P-Ru bond to emphasize

conformational differences.
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Figure 1 is representative of a thermoneutral metathesis
reaction with a first-generation catalyst. Rotation of the
tricyclohexylphosphane in any of the structures is primarily
hindered by the unfavorable steric interaction with the large
chlorine atoms. The barrier of rotation for PH; was calculated
to be only 0.16 kcalmol, illustrating the very large difference
between PH; and PCy; (6.0 kcalmol™'). In other studies,
rotation barriers between 7 and 18 kcalmol~! were found for
bulky phosphanes.?’! The potential surface for the metathesis
of ethyl vinyl ether, calculated to be exothermic by
9.45 kcalmol~, is very similar to that in Figure 1 for structures
I-IV'. The exothermicity appears only upon cleavage of the
metallacyclobutane, meaning that transition states from IV to
VI or from IV’ to IIl', are the first structures to be
substantially lowered in energy—all subsequent structures
are also lowered.

For second-generation catalysts 2, the potential surface is
much simpler; a cursory examination of the structure
analogous to IV shows that no rotation is needed because
the NHC ligand has only twofold symmetry, as opposed to the
threefold symmetry of the phosphane ligand in 1. As
mentioned above, the calculated barrier
for phosphane dissociation from 2 agrees
well with the experimental value. The
structures II-IV (analogous to 2) for the
metathesis of ethylene have calculated
energies (full DFT) of 28.0, 14.6, and
12.9 kcalmol~, respectively; the rest of
the surface would be the mirror image of
IV-I in the case of a thermoneutral
metathesis reaction.

Our calculations, which establish the
gross topology of the potential surfaces,
should substantially facilitate the interpretation of experi-
mental mechanistic studies. Given that the QM/MM method
reproduces QM energies to with-
in 3-4 kcalmol~!, and given the
(previously unknown) accuracy
of even a full DFT calculation,
good agreement with experimen-
tal data is found,® if one pre-
sumes that the transition state
for IV—VlI lies, in reality, slightly
higher in energy that that for
IV—IV’; the two transition states
differ by less than 1 kcalmol~! in
the QM/MM calculation. For
near-thermoneutral metathesis
reactions with first-generation
catalysts, the rate-determining
step would then be ligand rota-
tion at the metallacyclobutane
structure. For strongly exother-
mic metathesis reactions, for ex-
Vi ample, vinyl ethers, lowering of
the energy of the transition state
for IV—VI, but not that for IV—
IV’, by strain release would allow
rotation to occur at a later stage.

analogue of IV

I
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Metallacyclobutane formation becomes rate-limiting in the
exothermic case.

Nevertheless, the transition state for III—IV remains
higher than that for phosphane dissociation in the first-
generation catalysts. In metathesis reactions with second-
generation, a higher barrier is found for phosphane dissoci-
ation, whereas the barrier for metallacyclobutane formation is
comparable to that in the first-generation systems. Phosphane
dissociation is always rate-limiting for second-generation
catalysts. These conclusions are completely consistent with
the experimental findings of Grubbs and co-workers in the
metathesis of ethyl vinyl ether [ although the nature of the
barriers after phosphane dissociation was not identified in
that work. Moreover, the gas-phase results from our group!®
are also consistent with the calculated surfaces. In that work,
we interpreted substituent and isotope effects as indicating
that the metallacyclobutane structure must be the rate-
determining transition state. A more appropriate formulation
would be to say that the rate-determining transition state in
first-generation catalysts has a metallacyclobutane structure,
which is not exactly the same statement, but is now fully
supported by experiment and theory.

It is clear that electronic effects!®2!l have a significant effect
on the precise height of the barrier for phosphane dissocia-
tion. The major topological differences between the potential
surfaces for first- and second-generation metathesis catalysts
can be traced to the different symmetries of the phosphane
and the NHC ligands. We propose that high barriers on the
potential surface after the phosphane dissociation can be
eliminated by choosing ligands with twofold as opposed to
threefold symmetry. A concrete test of the proposal will be
provided by a next-generation ruthenium metathesis catalyst
in which the tricyclohexylphosphane ligands in 1 are replaced
by 2,5-diarylphosphabenzene ligands similar to those pre-
pared by Breit et al.?¥! for rhodium hydroformylation cata-
lysts. The complex combines the advantages of the first- and
second-generation catalysts: the complex should show both a
reduced barrier for dissociation of the remaining phosphane
and a favorable partitioning of the olefin m-complex towards
the product. The synthesis and characterization of the new
catalyst is underway.
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Solvothermal Synthesis, Crystal Structure,
Thermal Stability, and Mossbauer
Spectroscopic Investigation of the Mixed-
Valent Thioantimonate(I1,V)
[Ni(dien),],Sb,So**

Ralph Stéhler, Bernd-Dieter Mosel, Hellmut Eckert,
and Wolfgang Bensch*

During the last decade it was impressively demonstrated by
several groups that the solvothermal technique is not only a
promising route for the preparation of new and exciting open
framework oxidic compounds but also for the syntheses of
fascinating thio- and selenometalates.'””! Since the pioneering
work of Schifer and co-workers,l about 50 new thioantim-
onates have been prepared and characterized. In most
compounds antimony occurs as Sb™ and, because of the
variable coordination behavior caused by the stereochemi-
cally active lone pair),”) the dimensionalities of the anionic
Sb,S, frameworks range over 1D chains, 2D layers, and 3D
interconnection of the SbS, primary building units. Thioanti-
monates(v) always contain tetrahedral [SbVS,]*~ ions that are
not further interconnected or condensed. To date the coex-
istence of Sb™ and SbY within a polymeric thioantimonate
anion was never observed.

Normally solvothermal syntheses are performed using
organic molecules as structure-directors. Recently, we dem-
onstrated that transition-metal complexes can also be used as
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“template” molecules!"!"'3>-81 During our systematic experi-
ments with the in situ formed [Ni(dien),]*" ion (dien = dieth-
ylenetriamine) as the structure-directing molecule, we syn-
thesized and fully characterized the first mixed-valent thio-
antimonate anion '[Sb,S,]*~ which contains Sb'' and Sb". The
title compound was obtained under solvothermal conditions
as yellow polyhedra that are stable to air, in water, and in
acetone. The results of a large number of syntheses performed
at different temperatures and for different reaction times
suggest that the [Ni(dien),],Sb,S, is formed at higher temper-
atures and in short reaction times. The compound crystallizes
in the monoclinic space group P2,/c.['%)

The [Sb,Se]*~ ion is composed of three Sb™S; pyramids
(Sb2, Sb3, and Sb4), which share common corners leading to
the formation of an Sb;S; moiety (Figure 1). The Sb1 atom is
in a tetrahedral coordination environment of four S atoms to
form a SbVS, tetrahedron. The interconnection of the Sb,S,
unit and the SbYS, tetrahedron through the S4 atom yields the
[Sb,S,]*~ ionic chain. The bond lengths in the Sb™S; units are
between 2.331(1) and 2.637(1) A, with S-Sb!-S angles ranging
from 88.33(3) to 102.21(4)°. The longest Sb—S bond is between
Sb2 and S4 joining the Sb;S; and SbS, units.

Sl
®

©

53 sS2

Figure 1. The [Sb,So]>~ ion with labelling. The SbVS, unit is shown as a
tetrahedron. The displacement ellipsoids are drawn at the 50 % probability
level. Selected bonds angles [°]: S1-Sb1-S2 113.64(4), S1-Sb1-S3 110.33(4),
S1-Sb1-S4 110.36(4), S2-Sb1-S3 109.86(4), S2-Sb1-S4 106.02(4), S3-Sb1-S4
106.30(4). Symmetry code for S8a: —x, —0.5+y, 0.5—z.

The SbM™-S interatomic distances, as well as the angles, are
in the range reported in the literature.?>%1-151 The Sb¥1-S
interatomic distances are significantly shorter than Sb"™-S
bonds and vary between 2.294(1) and 2.390(1) A, with
S-Sb1-S angles ranging from 106.02(4) to 113.64(4)°, which
indicate only a slight deviation from the ideal tetrahedral
geometry. SbV1-S interatomic distances and S-SbY-S angles
are in the range found in the literature.l'>!%71 The anionic
chains have a sinusoidal shape and run along [010] (Figure 2).
The SbYS, tetrahedra are located at the exterior of the central
Sb;S; backbone of the anion. The compound decomposes in
two steps starting at about T, =257°C, as evidenced by
differential thermal analysis—thermogravimetric analysis—
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