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The mechanism of the transition metal catalyzed olefin metathesis reaction with the
Schrock catalyst is investigated with pure (BP86) and hybrid (B3LYP) density functional
theory. On the free-energy surface there is no adduct between ethylene and model catalyst
(MeO):Mo(CH2)NH but instead a single transition on a flat surface giving a metallacyclo-
butane with a trigonal bipyramidal conformation that has a sizable barrier for conversion
to the square pyramidal form. The model was expanded to the active asymmetric Schrock
catalyst and investigated with QM/MM, using BP86 for the QM part and AMBER 95 for
the MM part, for the experimentally known ring-closing metathesis of a symmetrical triene.
The factors effecting chiral induction to the observed product are delineated.

Introduction

Transition metal catalyzed olefin metathesis has
become an increasingly indispensable tool in organic
chemistry over the past decade with extensive applica-
tions ranging from the synthesis of macrocylic rings to
olefin polymerization.! The success of this relatively
young reaction is due to the rapid developments in
homogeneous catalysts, of which two types dominate,
the Schrock’s molybdenum-based (A)1¢f2 and the Grubbs’
ruthenium-based ones (B)!3 (Figure 1). Schrock cata-
lyst A is generally more active, while the “first-genera-
tion” Grubbs catalyst (B, L. = PR3) tends to have a
higher functional-group tolerance and is more robust,
but the second-generation Grubbs catalysts (B, L =
N-heterocyclic carbene) have activities similar to that
of the Schrock catalyst.*

The generally accepted mechanism for olefin metath-
esis, first proposed by Chauvin,® involves the formation
of a metallacyclobutane, either as an intermediate or
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as a transition structure (Scheme 1). This process has
been thoroughly investigated experimentally for both
the molybdenum-based!*¢ and ruthenium-based cata-
lysts.te7 Both types of catalysts have also been the
subject of computational studies.?

Asymmetric catalysis is an important and rapidly
expanding research area.l® The aim of asymmetric
catalysis is the cheap, efficient, and fast synthesis of
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chiral compounds for pharmaceutical and agricultural
applications. Natural product syntheses that frequently
apply a metathesis step could benefit greatly from the
development of enantioselective catalysts.!! A better
mechanistic understanding might facilitate the rational
design of the required enantioselective catalysts, a
process to which this paper makes a contribution.
Because of the sheer size of the catalyst, the use of a
hybrid QVM/MM method is desired in which the quantum
mechanical (QM) part treats the electronic interactions,
while molecular mechanics (MM) is used for the steric
bulk. Such a study addressed recently the mechanism
by which asymmetric Grubbs catalyst C induces chiral-
ity.!2 The phenyl groups at the two chiral carbons of
the heterocyclic carbene were found to invoke chiral
twisting of the substituted N-bonded aryl rings, creating
a chiral pocket around the ruthenium—carbene bond,
which induces enantioface selection in the ring-closing
step.

In the present computational study we investigate the
origin of chiral induction for the enantioselective Schrock
metathesis catalyst that was developed recently.!12

Computational Details

All hybrid density functional theory calculations (B3LYP)!3
were performed with the Gaussian suite of programs,'* using
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the LANL2DZ basis and pseudopotentials!® on molybdenum,
and the 6-31G** basis for all other atoms. All pure DFT
calculations have been performed with the parallelized ADF
suite of programs, releases 2000.02 and 2002.01.16 Geometry
optimizations were carried out with the generalized gradient
approximation, using nonlocal corrections to exchange by
Becke!” and to correlation by Perdew!® (BP86), including
relativistic effects with the Zeroth Order Regular Approxima-
tion (ZORA).' The Kohn—Sham MOs were expanded in a
large, uncontracted basis set of Slater-type orbitals (STOs),
of a triple-{ + polarization functions quality (ADF basis set
IV or TZP). The [He]-cores of carbon and oxygen were treated
by the frozen-core approximation. Molybdenum was described
by a frozen [Zn]-core, a double-¢ 4s-shell, triple-¢ 4p-, 5s-, and
4d-shells, and a 5p-polarization function. An auxiliary set of
STOs was used to fit the density for the Coulomb-type
integrals.'%2 Thermal energy corrections and standard entro-
pies are computed from unscaled harmonic frequencies at
298.15 K. The nature of all transition states and intermediates
was confirmed with frequency calculations. Intrinsic reaction
coordinate (IRC) calculations were unfortunately not successful
for the early transition states (T'S;—g, vide infra), due to the
flatness of the potential energy surface, but the transition
vectors would correspond in each case to the expected reaction
coordinate. QM/MM?° calculations were performed with ADF
using the DFT approach for the QM system and a modified
AMBER95 force field for the MM part.2! The partitioning
between the two parts is complex, as it involves chemical
bonds, which as a consequence gives an unsaturated QM
fragment. There are two general approaches for satisfying the
valency of the unsaturated bond,?? the hybrid-orbital methods,
pioneered by Warshell and Levitt,?°2 and the link-atom or
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Scheme 2. Degenerate Olefin Metathesis with a
Model Schrock-Type Catalyst
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capping-atom methods, pioneered by Singh and Kollman.2?0®
We use the modified IMOMM approach as implemented in
ADF,? which is based on the link-atom method using hydrogen
as capping atom.

Results and Discussion

The first part of the discussion concerns the interac-
tion between ethylene and the simplified model Schrock-
type catalyst (MeO):Mo(CH)NH (1) to establish the
general outline for the mechanism of the metathesis
process. In the second part the simple model is expanded
to asymmetric catalyst A to explore the enantioselective
pathways.

Olefin Metathesis. For the simplified catalyst 1 the
metathesis is a degenerate process for symmetry rea-
sons, where the addition of ethylene to form metalla-
cycle 3 is identical to the expulsion of the olefin (Scheme
2). Metathesis can take place either directly from the
trigonal bipyramidal conformation (TBP) 3 of the met-
allacyclobutane or via the more stable square pyramidal
(SQP) conformation 4. The intermediacy of a (short-
lived) olefin adduct was found by Anslyn and Grubbs?2*
to agree with the kinetics of the cycloreversal of
titanium metallacycles. However, generalized valence
bond calculations by Upton and Rappé could not locate
such an olefin methylidene complex and suggested the
metathesis to occur instead in a single step.2?

Both Ziegler et al. (BP86)%2P and Wu and Peng
(B3LYP)%¢ predicted a single transition state for the
addition reaction, but with different geometries. In the
metathesis with the Cl;,OMo=CH; model,®2} Ziegler,
using BP86/TZ2P,26 found a very early transition state
(T'S1—-2) on the ethylene addition trajectory (o-bond
forming distances Mo—C 3.09 A and C—C 3.20 A), with
a low barrier of 4.7 kcal/mol. Wu and Peng, on the other
hand, using B3LYP/DZP27 for model 1 (OCF5; and
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Figure 2. Calculated structures along Mo-catalyzed olefin
metathesis pathway (BP86).

Table 1. Calculated BP86 and B3LYP Metathesis
Distances of 1 (A)

HN

MeOAo—C, Mo-Cy Mo-C, Gy Gy
CIZZC'3 BP86 B3LYP BP86 B3LYP BP86 B3LYP BP8 B3LYP
1+ H,C=CH, 1.908 1.892 1.334 1331
TSi52 1.918 1.902 3417 3387 3573 3592 1337 1336
2 1.944 1.912 2454 2726 2606 2983 1378 1.351
TS5 1.950 1.941 2402 2360 2489 2337 1388 1.398
3 2.106 2.083 2.106 2.083 1.593 1.595 1.593 1.595

Table 2. Relative BP86 and B3LYP Energies
(kcal/mol) along the Mo-Catalyzed Metathesis

Pathway
molecule Egp G%8pp EgsLyp G»8p3ryp
1 + H,C=CH; 0.0 0.0 0.0 0.0
TS1—-2 3.5 14.9 2.9 14.3
2 —-0.4 15.6 1.3 15.2
TSo—3 —-0.2 15.5 3.0 19.1
3 —-12.0 7.6 —8.4 8.8
TS3 .4 —-1.8 15.6 3.1 20.1
4 -19.8 —-2.2 -17.9 —-2.1

OMe),8¢ found a very late transition structure (TSs2—3,
o-bond forming distances of ca. 2.5 A), with a barrier
that is low (OMe, 4.8 kcal/mol) or even negative (OCFs,
—2.6 kcal/mol). Both the early (Ziegler) and late (Wu
and Peng) transitions would coexist if it concerns a two-
step mechanism with a small barrier for ethylene
coordination and a small barrier for metallacyclobutane
formation. Both theoretical studies indicate a rate-
determining cycloreversal step for the metathesis of
sterically uncongested substrates and catalysts.

One- or Two-Step Mechanism? We studied the
mechanism for the degenerate olefin metathesis reaction
at both the BP86/TZP and BSLYP/DZP levels of theory.
The stationary points are shown in Figure 2, and the
bond lengths pertaining to the metathesis process are
given in Table 1. The relative energies are listed in
Table 2 and are graphically displayed in Figure 3. Three
stationary points were located both at BP86 and at
B3LYP, that is, an early (TS;.2) and a late (TSz—3)
transition structure and the intermediate ethylene
adduct (Figure 2).

The incoming ethylene distorts the tetrahedral ge-
ometry of the molybdenum carbene to facilitate side-on

(27) Using an extra d-polarization function on the LANL2DZ ECP
and 6-31G* for all other elements.
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Figure 3. Relative energies (E, solid points) and Gibbs
free energies (G, open points) calculated at BP86 (dotted
lines, circles) and B3LYP (solid lines, squares) for the Mo-
catalyzed olefin metathesis of 1 and ethylene (in kcal/mol).

coordination, which is associated with a small barrier
for the near isothermic formation of the ethylene adduct.
In this adduct the bond lengths are little perturbed.
Bond formation is slightly more advanced for the BP86
than for the BSLYP structure (Table 2). This is reflected
in the slight stabilization of the adduct at BP86 and the
similar destabilization with respect to the starting
material at BSLYP, but the differences are within the
margins of error. The bonds are developed in transition
structure T'Sy—3 for converting the ethylene adduct into
the metallacycle, but the C—C o-bonds are still far from
their equilibrium distance. Also the barrier for this
second step is very small (BP86 0.2; BSLYP 1. 8 kcal/
mol), which underscores that the hypersurface for
forming the metallocycle is very flat. On this path (1 —
3), the olefin C=C and methylene Mo=C bonds increase
in length with the concurrent formation of the C—C and
Mo—C bonds in an asynchronous manner.

Free-Energy Surface. Entropy factors should influ-
ence the hypersurface because the number of particles
changes during the metathesis.? To evaluate this effect,
we calculated the free energies of the stationary points
(Table 2, Figure 3). There are two important effects;
namely, 3 is formed in a single step that has become
endergonic. The endergonicity for forming 3 is a direct
consequence of the cyclization reaction, which is already
evident on coordinating ethylene to the catalyst. The
change in the nature of the reaction coordinate is more
subtle. With BP86 ethylene adduct 2 has become less
stable than both the transition structures TS;—2 and
TSz .3, but the free energy differences are within 0.5
kcal/mol, which is well within the error limits. Clearly
the formation of metallocycle 3 occurs on a very flat free-
energy surface at this level of theory. With B3LYP
TSs—3 remains the transition for formation of the
metallacycle, but there is no longer an intermediate
adduct; adduct 2 is less stable than TS; .5 albeit by only
0.1 kcal/mol. Thus, with BSLYP a late transition is
associated with the formation of 3.

Converting trigonal bipyramidal 3 to the square
pyramidal conformation 4 is a favorable process (Table
2, Figure 3) with a (free) energy barrier that is of the
same magnitude as that for the formation of 3 (T'Sg3)

(28) Carreén-Macedo, J.-L.; Harvey, J. N. J. Am. Chem. Soc. 2004,
126, 5789—5797.
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Scheme 3. Catalytic Desymmetrization of a
Prochiral Triolefin
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both at BP86 and at BSLYP. In fact, its formation from
ethylene and the catalyst is even slightly favored (2 kcal/
mol) at the free-energy surface.

Asymmetric Catalysis. Asymmetric molybdenum
catalyst 5, with the same framework as model 1
expanded with large substituents and chiral centers, has
been shown to desymmetrize prochiral olefin D under
mild reaction conditions to give ring-closing metathesis
product R-E in high yield and high enantiomeric excess
(Scheme 3).112 To explore the mechanism of asymmetric
induction by this potent enantioselective catalyst, we
investigated the catalytic pathway for the reported
asymmetric RCM of achiral triene ether D with the QM/
MM methodology.

The mechanistic scheme we considered for formation
of heterocycle E is shown in Figure 4. For effective ring-
closing metathesis to take place, the unsubstituted
double bond of triene D must react first with catalyst 5
(or the related 5', vide infra) to give intermediate 7 via
metallacycle 6. Enantioface selection occurs in the
subsequent rate-determining ring-closing step 7 — 8,
as ring-opening from trigonal bipyramidal 8 to yield the
chiral R-1,4-dihydrofuran E (and asymmetric catalyst
5') is the faster process (vide supra).

To analyze in more detail the enantioselective step
that results in chiral induction, we examined the
trigonal bipyramidal and square pyramidal metallacy-
clobutanes 8 and 9, respectively. In our model the aryl
rings and their substituents are included in the force
field (MM) component, while the molybdenum, oxygen,
and nitrogen atoms and the triolefin are part of the DFT
component (see Figure 5). This choice was justified by
QM calculations on a smaller test system that showed
neither agostic nor other significant electronic interac-
tions of the spectator ligands.

There are two possible isomers of carbene complex 7,
one with the carbenic substituent anti to the imido
group and the other with a syn orientation. The anti-
isomer is favored over the syn form by 5.5 kcal/mol.
Interconversion of the two isomers is facile with a
syn — anti barrier of 10—13 kcal/mol.%d-5¢ Ring closing
of carbene 7 to trigonal bipyramidal metallacycle 8 can
then result in 16 possible isomers due to four stereogenic
centers (2%), namely, (1) the carbenic substituent that
is either syn or anti, (2) ring-closure by either front- or
backside attack, (3) cis- or trans-fusion of the metalla-
cyclobutane and tetrahydrofuran, and (4) the desym-
metrized carbon center acquires an R- or S-configura-
tion. These possibilities are displayed in Figure 6.
Because trans-fusion of the molybdacyclobutane with
the tetrahydrofuran ring is unfavorable with respect to
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Figure 4. Desymmetrization of prochiral triolefin D by ring-closing metathesis with Schrock catalyst 5.

7-syn

7- anti

Figure 5. QM/MM partitioning of intermediate 7 during ring-closing desymmetrization. The QM atoms are in black, and

the MM atoms are in gray.
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Figure 6. Stereogenic centers and their relative conformations in bicyclic intermediates of asymmetric ring-closing

metathesis with catalyst 5.

cis-fusion, we reduced the set of isomers to eight (23)
by considering only cis-fusion.?? The relative energies
of these eight isomers of 8 together with those of the
isomeric square pyramidal metallacycles 9 are listed in
Table 3.

(29) For example, the lowest energy trans-fused TBP metallacycle
isomer, cis-8-back-anti-R, is 24.2 kcal/mol less stable than the cis-fused
isomer; the energe difference with respect to 7-ant¢i amounts to 29.5
kcal/mol. The ¢rans isomers of various SQP isomers 9 are >10 kcal/
mol less stable than the cis isomers.

We assume the intramolecular ring closure of 7 that
results in the trigonal bipyramidal metallacycle to occur
in a manner similar to that discussed for model catalyst
1, that is, in a single step without intermediates. Indeed,
in selected searches we were unable to locate ethylene
adducts. Unfortunately, we could neither locate transi-
tion structures for the ring-opening/closing steps be-
cause of the flatness of the potential energy surface.
Rigorous searches through frequency calculations that
are commonly applied by QM methods to locate transi-
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Table 3. Relative IMOMM Energies for the
Ring-Closing Metathesis Desymmetrization (in

kcal/mol)®
molecule R S

7-anti 0

T-syn 5.5
8-back-anti 5.0 9.7
8-back-syn 29.4 19.9
8-front-anti 22.9 20.3
8-front-syn 5.2 8.0
9-back-anti 4.2 4.7
9-back-syn 4.8 2.3
9-front-anti 1.5 -0.3
9-front-syn 10.9 2.9
products 3.2

@ See Figure 6 for the denomenation of the stereogenic centers.

Figure 7. Calculated IMOMM structures of 8-back-anti-R
(left) and 8-front-syn-R (right).

tion structures were not feasible within the IMOMM
scheme due to the extreme demand on computer re-
sources. From the relative energies of the transition
states the enantiomeric excess could have been deter-
mined directly.?° Instead, we use the reaction energies
for formation of 8 from 7, which should follow the same
trend as the activation energies assuming that the Bell—
Evans—Polanyi principle applies.3!

The most stable and of nearly equal energy isomers
that result from ring closure, 8-back-anti and 8-front-
syn (Figure 7), both favor an R- over an S-configuration
by 4.7 and 2.8 kcal/mol, respectively; the R and S forms
of both the back-syn and front-anti isomers are much
higher in energy (Table 3). Formation of 8-front-syn-R
from 7-syn, which is the less stable carbene isomer, is
virtually thermoneutral (—0.27 kcal/mol), while that for
generating the favored 8-back-anti-R form (by 0.2 kcal/
mol) from 7-anti, which is the more stable carbene
isomer, is endothermic, but by only 5.02 kcal/mol. If the
barrier for Mo=C isomerization (10—13 kcal/mol)6d:8¢ jg
smaller than that for ring closure, isomers 7-syn and
7-anti are likely to interchange. Applying the Curtin—
Hammett postulate3? to distinguish between the forma-

(30) The enantiomeric excess can be determined by ee =
2¢~ArsAGTRT(g~ArsAGYRT 4 1)~1 — 1. This equation is obtained from the
relative rate k. = krlks = e ArsAGYRT which determines the product
ratio %[R]/%[S] = %[R1/(100% — %I[R]) or %[R] = kie/(k:e + 1) that
is used for the expression of enantiomeric excess %[R] — %[S] =
2(%[R]) — 100%. In the k. equation it is assumed that there is only
one transition state competing for the formation of the lowest energy
R and the lowest energy S isomer. If there are two or more close-lying
activation energies (and therefore comparable rates), e ArsAG7RT can
be substituted by (3, AGR/RT)(Y e AG'S/RT)-1,

(31) (a) Bell, R. P. Proc. R. Soc. London Ser. A 1936, 154, 414—429.
(b) Evans, M. G.; Polanyi, M. Trans. Faraday Soc. 1938, 34, 11—29.

(32) Curtin, D. Y. Rec. Chem. Prog. 1954, 15, 111—-128.
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front - anti back - syn

Figure 8. Steric interactions in the unfavorable 8-front-
anti and 8-back-syn conformations.

tion of the energetically most favored R and S forms of
8, which are the conversion of 7-anti and 7-syn into
respectively 8-back-anti-R and 8-front-syn-S, their rela-
tive rates depend on the difference in absolute activation
energies and accordingly on the relative energies of the
ring-closed products, i.e., 5.0 for 8-back-anti-R vs 8.0
kcal/mol 8-front-syn-S. If the barrier for Mo=C isomer-
ization is larger than that for ring closure of both 7-syn
and 7-anti, the most stable metallacycles will be formed,
that is, the R form of respectively 8-front-syn and
8-back-anti. Thus, in either case, provided that the
activation barriers parallel the reaction energies, the
calculated enantioselectivity is in agreement with that
observed experimentally for the final product R-1,4-
dihydrofuran E.

What is the origin of the enantioselectivity? Metal-
lacycles 8-back-anti-R and 8-front-syn-R, depicted in
Figure 7, reveal that the chiral induction results from
the joint steric effects of the '‘Bu groups of the biphenoxy
ligand and the aryl ‘Pr groups of the imine ligand. van
der Waals repulsion between the proximal (“front”) tBu
group and the incoming olefin of the 7-ant¢i carbenic
intermediate directs the ring closing toward back-side
attack, while repulsion between the distal (“back”) ‘Bu
and the E-1-methyl-propenyl substituent directs the
desymmetrization by disfavoring the S-configuration.
Conversely, front-side attack is favored for the 7-syn
carbene isomer due to repulsion with the distal ‘Bu for
back-side ring closure. Both the proximal ‘Bu and iPr
groups induce the formation of the R-configuration by
minimizing the steric repulsion with the E-1-methyl-
propenyl substituent. For both 8-back-anti and 8-front-
syn, the size of the *Bu groups on the biphenoxy ligand
is vital for chiral induction, as, for example, Pr groups
would exercise much less steric control on the incoming
olefin. A graphical representation of the steric conges-
tion in the unfavorable conformations 8-front-anti and
8-back-syn is depicted in Figure 8.

Last, could equilibriums between the TBP (8) and
SQP (9) conformations of the metallacycle influence the
enantioselectivity? As is the case for these metallacycles
of model catalyst 1, all SQPs are energetically preferred
to different degrees over the TBP conformers, except for
9-front-syn-R, which is 5.7 kcal/mol less stable than
8-front-syn-R (Table 3). The influence of steric conges-
tion is again evident. Because the topology (back/front,
anti/syn, R/S) is maintained in the equilibrium between
8 and 9, the enantioselectivity can only be influenced
by the conformational energies of 9 if there is a separate
and direct path for the formation of the SQP (9).
However, as demonstrated by the intrinsic reaction
coordinate (IRC) analysis for model catalyst 1, the TBP
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conformer is the primary product for the ring-closing
trajectory, and therefore the formation of 8 can be
assumed to be the rate-determining step. Thus, al-
though the most stable square pyramidal complex
9-front-anti is favored by about 20 kcal/mol over trigonal
bipyramidal 8-front-anti (for both R and S), it is not
likely to be formed due to the prohibitive reaction energy
of 20—23 kcal/mol for ring-closing metathesis to 8. The
preferred back-anti form of 8 has instead a far smaller
energy difference in favor of square pyramidal 9 of only
0.9 and 5.0 kcal/mol for respectively the R and the less
dominant S forms. Enantioselectivity thus occurs in the
formation of the TBP conformer, where the distinction
between R and S is the largest and on which the
equilibrium with the SQP conformer has no influence.

Conclusions

Transition metal catalyzed olefin metathesis is a
powerful new synthetic tool for asymmetric synthesis.
Using density functional theory we were able to show
how chirality is transferred for the Schrock-type me-

Goumans et al.

tathesis. For a simple model catalyst only one transition
was found on the free-energy surface of the (degenerate)
metathesis process in which the incoming olefin inter-
acts with the molybdenum carbene to form a trigonal
bipyramidal metallacylobutane. Isomerization to a square
pyramidal conformation is possible but not necessary
for effective olefin metathesis.

Using the hybrid QM/MM method for the ring-closing
desymmetrization metathesis of triolefin ether D with
asymmetric Schrock catalyst 5 we could reproduce the
experimentally observed enantioselective formation of
chiral R-1,4-dihydrofuran E. Chiral induction is effected
by the collaborative action of the two ‘Bu groups of the
biphenoxy ligand in the ring-closing step to the trigonal
bipyramidal metallacyclobutane. One of these bulky
groups steers the direction of the incoming olefin (front
or back), while the other determines which of the two
olefinic units ring-closes, favoring an R-configuration at
the newly formed chiral carbon atom.
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