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Abstract

Calculated potential energy structures and landscapes are very often used to define the sequence
of reaction steps in an organometallic reaction mechanism and interpret kinetic isotope effect (KIE)
measurements. Underlying most of this structure-to-mechanism translation is the use of statistical rate
theories without consideration of atomic/molecular motion. Here we report direct dynamics simulations
for an organometallic benzene reductive elimination reaction where nonstatistical intermediates and
dynamic-controlled pathways were identified. Specifically, we report single spin state as well as mixed
spin state quasiclassical direct dynamics trajectories in the gas phase and explicit solvent for benzene
reductive elimination from Mo and W bridged cyclopentadienyl phenyl hydride complexes
([MexSi(CsMes)]M(H)(Ph), M = Mo and W). Different from the energy landscape mechanistic sequence,
the dynamics trajectories revealed that after the benzene C-H bond forming transition state (often called
reductive coupling) o-coordination and m-coordination intermediates are either skipped or circumvented
and that there is a direct pathway to forming a spin flipped solvent caged intermediate, which occurs in
just a few hundred femtoseconds. Classical molecular dynamics simulations were then used to estimate
the lifetime of the caged intermediate, which is between 200-400 picoseconds. This indicates that if the
mP-m-coordination intermediate is formed it occurs only after first formation of the solvent caged
intermediate. This dynamic mechanism intriguingly suggests the possibility that the solvent caged
intermediate rather than a coordination intermediate is responsible (or partially responsible) for the
inverse KIE value experimentally measured for W. Additionally, this dynamic mechanism prompted us to
calculate the kn/kp KIE value for the C-H bonding forming transition states of Mo and W. Surprisingly,
Mo gave a normal value while W gave an inverse value, albeit small, due to a much later transition state
position.

Introduction

The translation of calculated potential energy surface structures and intrinsic reaction coordinate
(IRC)! pathways to organometallic reaction mechanisms? is very common and often the basis for
interpreting experimental measurements, such as kinetic isotope effect (KIE) values.? Underlying most of
this translation is the use of statistical rate theories, such as transition state theory.*>% However, there are
now several recognized situations when the use of statistical rate theories for interpretation of reaction
mechanisms can be incomplete or incorrect without consideration of atomic/molecular motion,”#° and
these nonstatistical situations have often been identified with direct'®!" molecular dynamics
trajectories.!>13:1415.16.17 Examples of nonstatistical situations include reactions with non-IRC motion
(which can sometimes lead to so-called entropic intermediates!'®!%-2), reactions with pathway splitting
(e.g. bifurcation/multifurcation),?!*? and reactions with intermediates that have shorter-than-expected
lifetimes due to a lack of complete intramolecular vibrational energy redistribution (IVR).?3

While these nonstatistical situations have been identified in several different types of organic
reactions?* (e.g. substitution,?>26:2728 addition,?*3%3! pericyclic,*** and rearrangement3433-36:3738.39) it ig
only recently that they have begun to be discovered in organometallic reactions.*® Examples include
dynamic merging of reaction steps in alkene hydrogenation by a Ru-hydride,*! reaction pathway
bifurcation*>* in Rh-carbene,**>4¢ Au-vinylidene,*’ and Au-carbene*® reactions, and roaming/unexpected
intermediates during Pd transmetalation*’ and Ni cross-coupling reactions.>’

Over the past few years our group has pioneered identifying and understanding these dynamic
effects in organometallic reactions using quasiclassical direct dynamics trajectory calculations,* which



provides time-resolved atomic motion details during reactive collisions. Most germane to the current
work, direct dynamics trajectories revealed that during the reaction between Cp(PMe;3),Re and ethylene
there can be direct formation of the Re-vinyl hydride product that either skips or avoids both c-
coordination and m-coordination intermediates, despite their location on the reaction pathway potential
energy surface.’! Our quasiclassical trajectories also demonstrated multiple non-IRC reaction pathway
connections for the isomerization of [Tp(NO)(PMes)W(#*-benzene)] and [Tp(NO)(PMes)W(H)(Ph)]
isomers.>? Trajectories showed that the weak benzene C-H o-complex and surrounding vicinity provide a
pathway branching hub during reductive coupling/oxidative cleavage and © coordination. Additionally,
these trajectories showed that there can be direct benzene elimination from [Tp(NO)(PMe3;)W(H)(Ph)]
without the requirement of #2-coordination.

The possibility that C-H o-coordination and m-coordination structures can either be skipped or be
nonstatistical intermediates (i.e. there is a lack of complete [IVR and have a shorter than anticipated
lifetime) prompted us to investigate the dynamics of reactions where these weak coordination
intermediates have been proposed and are key for the interpretation of experimentally measured kinetic
values. Parkin reported in-depth kinetic experiments for the reductive elimination of benzene from Mo
and W bridged cyclopentadienyl phenyl hydride complexes ([Me2Si(CsMes):]M(H)(Ph), M = Mo (1Mo),
W (1W); Figure 1a).3* Comparison of rate constants for benzene reductive elimination of
[Me>Si(CsMes), IM(H)(CeHs) versus [MexSi(CsMes): [IM(D)(CsDs) gave a normal kw/kp KIE value of 1.1
for Mo (80 °C) and inverse value of 0.6 for W (182 °C). The difference between normal versus inverse
values was rationalized based on a rate limiting first reaction step involving C-H bond formation
(reductive coupling) for Mo and generation of an intermediate followed by a rate limiting benzene
dissociation second step for W. For W, Parkin also reported a singlet spin state B3LYP potential energy
landscape and mechanistic sequence of metal-phenyl hydride 1 conversion to the C-H G-coordination
intermediate 2 and then to the n-coordination intermediate 3 (Figure 1a).33 The implication of the energy
landscape is that 2 and 3 are formed during benzene reductive elimination directly from the reductive
coupling step and they are the key intermediates along with a barrier for dissociation that is responsible
for the interpretation of the inverse KIE value.
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Figure 1. a) Outline of reductive elimination reaction steps for [Me,Si(CsMes):]M(H)(Ph) complexes (M
= W and Mo). b) Outline of potential energy surface for benzene reductive elimination and possible
reaction trajectory outcomes (dotted arrows).



Our own replication and inspection of this static DFT landscape showed that the C-H o-
coordination structure is in an extremely shallow energy well (~1 kcal/mol) and possibly a nonstatistical
intermediate. The implication of a nonstatistical intermediate is that there might be dynamic pathways
that either skate through or skip this intermediate and the n-coordination intermediate and lead directly to
benzene elimination (Figure 1b). Also important, there is the possibility for singlet to triplet spin state
crossover during reductive elimination because the [Me,>Si(CsMes).]M structure (4) is likely to have a
triplet spin ground state while all the other structures likely have a singlet spin ground state, which was
previously highlighted by Parkin for methane reductive elimination.** Therefore, we used direct dynamics
trajectories in the gas phase and explicit solvent with both singlet spin state and a mixed singlet/triplet
spin state to examine the time-resolved reaction mechanism of benzene reductive elimination from 1Mo
and 1W.

For both the Mo and W metal centers, and in both gas phase and explicit benzene solvent,
trajectories begun at the transition state for forming the C-H bond (reductive coupling) showed very fast
traversal through (100-500 femtoseconds (fs)) and no stopping at the C-H o-coordination and 7?-nt-
coordination structures resulting in what is best described as a spin flipped solvent caged intermediate.
This dynamical mechanism that was not anticipated from the potential energy surface with fully
optimized intermediates couples C-H bond formation with benzene elimination inside the solvent cage.
Classical molecular dynamics simulations with a bespoke force field were then used to estimate the
lifetime of the caged intermediate, which suggests benzene dissociation across the solvent cage occurs
between 200-400 picoseconds (ps). This suggests that if the 77-n-coordination intermediate 3 is formed
during the overall reductive elimination process it occurs only after first formation of the solvent caged
intermediate. Alternatively, there is the intriguing possibility that even if the 72-n-coordination
intermediate 3 is not formed that the rate limiting step for W involves the energy of the solvent caged
intermediate to undergo exchange with solvent. This time-resolved reaction mechanism prompted us to
calculate the kw/kp KIE values at the reductive coupling/C-H forming transition state. This showed that
the C-H forming transition state provides a normal KIE value for Mo and an inverse value for W, which
reveals that the same transition state can give rise to qualitatively different KIE values, however, it is
likely that for W the combination of the reductive coupling transition state and benzene penetration
through the solvent cage combine to give the observed inverse value.

Methods

For construction of the singlet and triplet potential energy surfaces, structures were located using
unrestricted DFT calculations in Gaussian 163 with an ultrafine integration grid. All structures (unless
noted) were optimized using the M06°¢ density functional with the 6-31G**>/[LANL2DZ>® for W and
Mo] basis set. This functional was selected because it generally has solid performance for second-row and
third-row transition metal complexes. Stationary points were confirmed as energy minima or saddle
points using vibrational frequency analysis and connections were confirmed with IRC calculations.'
Frequency calculations and thermochemical corrections were done at the experimental temperatures (80
°C for Mo and 182 °C for W). Minimum energy crossing points (MECPs) were located using our
MECPro program,*® which is a variant of Harvey’s MECP optimizer program.®® Briefly, an MECP
corresponds to a structure with identical unrestricted singlet and triplet energies. This structure represents
a possible (and likely) spin crossover point during a reaction mechanism.

Gas-phase quasiclassical direct dynamics trajectories were initialized at the reductive coupling
transition state where the C-H bond is formed. Trajectories were launched in the forward and reverse
direction. Initial velocities were obtained through local mode sampling and include zero-point energy and
thermal vibrational energy at 80 °C for Mo and 182 °C for W. All gas phase trajectories were performed
in Gaussian 16 with unrestricted M06/6-31G**[LANL2DZ for W and Mo] on the singlet surface
(allowing for a open-shell solution) with a time step of approximately 0.75 fs. Spin crossover was not
considered in gas phase trajectories.



For explicit solvent trajectories, the M06 optimized C-H bond forming reductive coupling
transition-state structure was surrounded by a box of 72 benzenes (the experimental solvent) with a
volume of 25 A3. The Packmol program was used to generate the initial solvent configuration.
Equilibration of solvent for >2 ps around the transition-state structures (kept frozen) was carried out in the
CP2KS"! program with periodic boundary conditions using a velocity-Verlet algorithm and xTB to
calculate forces. Canonical sampling through a velocity scaling (CSVR) thermostat was employed to
maintain a temperature of 80 °C for Mo and 182 °C for W (the experimental temperatures). The total
energy was converged to £ 1.2 kcal/mol for the average energy of the last 500 fs. A final equilibration of
100 fs was then performed using M06-L/DZVP-ALL/GTH-DZVP-SR-MOLOPT[Mo and W] with the
GAPW and GTH-MGGA-q14 pseudopotentials. The M06-L method and these pseudopotentials were
chosen due to the very large system size. We used a 300 Ry cutoff value. Initial velocities were generated
using local mode sampling of the transition-state structure in CP2K. These velocities were then added to
the solvent velocities from the last step of the DFT equilibration. Trajectories were propagated for ~1000
fs in the forward direction and ~200 fs in the reverse direction using the GAPW method using a 0.75 fs
time step with a velocity-Verlet algorithm. One set of explicit solvent trajectories was performed using
only the singlet spin state (allowing for unrestricted singlet solutions). A second set of trajectories was
performed using mixed energies and forces from both unrestricted singlet and triplet spin states, which we
refer to here as a mixed spin trajectory. Truhlar previously demonstrated that a mixed spin model is useful
for obtaining structures and energies of organometallic reactions,®” and we have previously used this
approach to successfully model the reaction between and an Fe complex and ethylene. Mixed spin
energies and forces were calculated by coupling the energies, gradients, and hessians using the spin-orbit
coupling value obtained through a zero-order regular approximation (ZORA)
CASSCF/CASPT2/NEVPT2 calculations in ORCA® on the MECP geometry. These calculations
estimated spin-orbit coupling values of 0.22 kcal/mol for Mo and 0.49 kcal/mol for W. Inclusion of the
mixed spin states provides the ability for the trajectories to take place on a single surface coupled from
both singlet to triplet surfaces during the simulation.

Classical molecular dynamics simulations were conducted with GROMACS® using a bespoke
OPLS force field.®> Each simulation contained the metal complex along with 718 benzene molecules. For
partial atomic charges of the metal complex, we used CM5 charges scaled by a factor of 1.27, which has
been shown to work well for condensed-phase simulations.®® We used the UFF Lennard-Jones parameters
for Mo and Si atoms and OPLS parameters for all other atoms.%” Instead of OPLS bonding parameters for
the metal complex we used position restraints. Trajectories were equilibrated for 1 nanosecond (ns) with a
1 fs timestep. We employed the C-rescale pressure coupling algorithm, the Nosé—Hoover thermostat, and
the leapfrog integration algorithm for the simulations. See the Supporting Information (SI) for additional
computational details.

Results and Discussion

We began by examining the singlet spin state benzene reductive elimination potential energy
surface for [Me,Si(CsMes):]Mo(H)(Ph) 1Mo (Figure 2a), which has never been reported. The reductive
coupling transition state, 1Mo*, has a forming C-H distance of 1.31 A (Figure 2c). The Mo-Ph and Mo-H
distances were stretched from 1Mo by 0.19 and 0.12 A to achieve the 1Mo? structure. The Gibbs barrier
for this transition state (AG*) is 29.4 kcal/mol, which is consistent with the 80 °C temperature required for
this reaction. B3LYP and @B97X-D geometries and energies are similar to the M06 structures and
energies. IRC calculations indicate that 1Mo* connects to the C-H o-coordination complex 2Mo and has a
distance of 2.18 A from the Mo center to the closest hydrogen and a distance of 2.87 A to the closest
carbon. 2Mo* then connects this c-coordination complex to the m-coordination structure 3Mo through a
twisting motion. The energy surface surrounding 2Mo, 2Mo*, and 3Mo is very flat with only ~2 kcal/mol
separating these structures. From 3Mo we located a benzene dissociation transition state, 3Mo?, that leads
to long-range weak complex, 4Mo. This long-range complex is the result of dispersion interactions
between benzene and the cyclopentadienyl ligands. While the enthalpy of 4Mo is similar to the enthalpy



of 2Mo and 3Mo the Gibbs energy decreases substantially. The major difference between 4Mo and 2Mo
is the distances between the benzene atoms to the metal center. In 4Mo the relatively long distance
between the closest atoms of benzene and the Mo center only provide interaction through weak
dispersion-type interactions whereas in 2Mo the C-H bond of benzene is close enough to the Mo center to
allow a small degree of donor/acceptor orbital stabilization. The completely separated structures SMo and
benzene require an enthalpy change of 32.2 kcal/mol and a Gibbs energy change of 12.9 kcal/mol.
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Figure 2. a) M06 DFT potential energy landscapes for reductive elimination of benzene from
[Me,Si(CsMes)2]Mo(H)(Ph) 1Mo. Note that for ease of viewing structure-to-structure connections singlet
and triplet 4Mo are shown at different locations. b) M06 DFT potential energy landscapes for reductive

elimination of benzene from [MeSi(CsMes):]JW(H)(Ph) 1W. ¢) Reductive coupling transition states (1W#
and 1Mo*) and MECP1 structures for Mo and W reactions.

We also examined possible triplet spin state structures related to the singlet spin state structures.
The triplet energy of 1Mo* and 2Mo are more than 10 kcal/mol higher in energy than the singlet spin
state. That 2Mo is this much lower in energy as a singlet is surprising since this structure is only a weak
coordination complex. This indicates that the C-H forming reductive coupling process only occurs on the
singlet spin state. There are only two structures that have lower energy triplet spin states compared to
singlet spin states. These are structures 4Mo and 5Mo, which have 3-5 kcal/mol lower triplet energies.
This indicates that spin crossover would not occur until benzene begins to be ejected from the Mo metal
center. The lower energy 4Mo suggests that spin crossover is possible even before complete dissociation
and therefore we extensively examined the singlet and triplet energy surfaces looking for MECPs. We
located MECP1 that has a geometry in between 2Mo and 4Mo (see Figure 1c). The energy of MECP1 is
close to the energy of 2Mo and likely provides a funnel for spin crossover.

We also explored the singlet and triplet energy surfaces for benzene reductive elimination from
[Me,Si(CsMes): ]W(H)(Ph) 1W (Figure 2b). Parkin previously reported only spin restricted singlet
B3LYP/6-31G**[LACVP** for W and Si] structures for 1W*, 2W, 2W# and 3W. Our MO06 structures are
very similar to Parkin’s previously reported structures. The first major difference between the W energy
surface and the Mo energy surface is the much larger barrier for the reductive coupling transition state
1W%, The 42 kcal/mol barrier is 13 kcal/mol higher than the barrier with Mo and is consistent with the
much higher experimental temperature (182 °C) required for benzene reductive elimination. For the
singlet surface, we were unable to locate a fully optimized benzene dissociation transition state and weak
dispersion structures (3W+ and 4W). However, similar to Mo, SW (the structure with benzene completely
eliminated) does have a lower energy triplet spin state, by about 3 kcal/mol, compared to the singlet spin
state (an open-shell singlet solution). This prompted us to examine possible MECPs and indeed we
located the MECP1 structure for W.

Because of the relatively flat energy surface surrounding structure 2 we wanted to examine the
possibility that this intermediate is nonstatistical using quasiclassical direct dynamics trajectories, which
could reveal this intermediate either being bypassed or skipped en route to either formation of the n-
complex or benzene dissociation. Quasiclassical NVE trajectories were sampled and propagated starting
at Mo* and 1W+. Figure 3a plots the Mo to closest carbon distance as a function of trajectory time for 36
differently sampled trajectories. O fs is the transition state. By 175 fs all trajectories show motion beyond



the Mo-C distance of 2Mo. By 400 fs all the trajectories have reached a M-C distance similar to the
dispersion complex 4Mo. Importantly, about half of the trajectories show complete benzene dissociation
with no halting at 2Mo, 3Mo, or 4Mo, and these are highlighted as blue lines. The other half of the
trajectories have a peak distance at about 500 fs and then there is slight return of benzene towards the Mo
metal center, which are represented by green lines. We have previously labeled this type of trajectory as
having paddle ball motion.®® Nearly all of these returning trajectories result in a structure similar to 4Mo.
Importantly, the n-complex 3Mo was never formed during the first ps of trajectory time. Overall, these
gas-phase trajectories demonstrate the potential energy landscape does not accurately represent the
reaction mechanism for this reductive elimination reaction and there can be no stopping at intermediates
before benzene dissociation from the Mo complex.
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Figure 3. a) Plot of Mo-C distance versus forward trajectory time for gas-phase quasiclassical trajectories
starting at 1Mo*. Blue line trajectories involve complete benzene dissociation with a final Mo-C distance
greater than 4 A. Green line trajectories involve paddle ball motion with a final Mo-C distance between
2.9 and 4 A. Red lines involve recrossing back to the Mo hydride structure with a final Mo-C distance
less than 2.9 A. b) Plot of W-C distance versus forward trajectory time for gas-phase quasiclassical
trajectories starting at 1W¥, Blue line trajectories involve complete benzene dissociation with a final W-C
distance greater than 4 A. Green line trajectories involve slight paddle ball motion with a final W-C
distance between 2.6 and 4 A. Red lines involve recrossing back to the Mo hydride structure with a final
W-C distance less than 2.6 A. c) Representative Mo trajectory showing benzene dissociation. d)
representative W trajectory showing benzene dissociation.

Figure 3b shows plots of the gas phase W trajectories. For W, similar to Mo, there is again fast
passage and no stopping at the C-H o-complex 2W. While there are a few W trajectories with complete
benzene dissociation trajectories most end in structures most closely related to 4W, which is somewhat
surprising since this structure could not be fully optimized with a potential energy surface search. This
indicates that 4W is a unique dynamic intermediate that is not visible by inspection of the potential
energy surface alone, and it is perhaps best labeled as an entropic intermediate.?’ Importantly, none of the
trajectories form the m-complex or structures close to the o-complex. However, while these initial gas-
phase trajectories indicate that the reaction mechanism for benzene reductive elimination (at least during
the 1 ps time regime) is governed by dynamic effects it is important to clarify that these trajectories did
not include explicit solvation and did not include the possibility of spin crossover, and both of these
effects might steer the reductive elimination motion.

Explicit solvent (benzene) could have several possible effects on the reductive elimination
reaction dynamics of benzene. Solvent could potentially stabilize and reinforce the potential energy
surface intermediates, and this could result in a longer-lived C-H c-coordination intermediate or induce
formation of the n-coordination intermediate. Solvent could act as a hard boundary/cage and induce
rebound of benzene to reform either the C-H o-coordination intermediate or the n-coordination
intermediate. Alternatively, solvent could facilitate benzene dissociation through stabilizing noncovalent
interactions.



After surrounding the transition states 1Mo* and 1W* with a box of 72 benzenes and equilibration
with xTB and then DFT, we then propagated trajectories (transition state quasiclassical, solvent classical)
for at least 1000 fs. Figure 4a plots the Mo-C distance versus time for 38 explicitly solvated single spin
state trajectories starting from 1Mo*. Perhaps surprisingly, the trajectories plotted in Figure 4a are very
similar to the gas-phase trajectories plotted in Figure 3a. This indicates that explicit solvent does not
stabilize or reinforce the potential energy surface intermediates and neither the C-H o-coordination nor
the m-coordination intermediate are formed directly from the reductive coupling transition state. Again,
similar to gas-phase trajectories, these singlet spin state explicit solvent trajectories result in a mixture of
direct benzene dissociation and some paddle ball motion forming the dispersion type structure.

Figure 4b plots trajectories begun at 1W* and are qualitatively similar to the Mo trajectories. The
only major difference is that for W there are a few more recrossing trajectories than the single Mo
recrossing trajectory. Overall, these explicit solvent Mo and W trajectories indicate that the C-H o-
coordination complex is a nonstatistical intermediate (and perhaps should not be called an intermediate)
and skipped as well as the general direct ejection of benzene without formation of the n-complex.
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Figure 4. a) Plot of Mo-C distance versus trajectory time for explicit solvent trajectories starting at 1Mo*.
Blue line trajectories involve complete benzene dissociation. Green line trajectories involve slight paddle
ball motion. Red lines involve recrossing back to the Mo hydride structure. b) Plot of W-C distance versus
trajectory time for explicit solvent trajectories starting at 1W*. Blue line trajectories involve complete
benzene dissociation. Green line trajectories involve paddle ball motion. Red lines involve recrossing
back to the Mo hydride structure. Trajectories are classified based on the bond distance at the final step
shown in the plots. Distances were similar to those of gas phase simulations.

In addition to inclusion of explicit solvent we also wanted to determine the effect of the triplet
spin state on reaction dynamics. This was especially important to consider because the MECP has a



geometry very similar to 2Mo/W and SW with benzene fully dislodged has a lower energy triplet spin
state. We speculated that access to the triplet spin state either does not significantly influence the outcome
of trajectories or enhances benzene dissociation since for most structures since the triplet state of the
W/Mo cores is much less stabilizing with interaction of benzene than the corresponding singlet spin state
core structures. Therefore, we launched another batch of explicitly solvated trajectories starting at 1Mo*
but using a mixed spin electronic configuration. Briefly, during trajectories energies and forces are
calculated by mixing unrestricted singlet and unrestricted triplet spin states. This provides effective spin
crossover if the system changes from a configuration dominated by the singlet spin state to a
configuration dominated by the triplet spin state (see the SI for details), however this does not provide any
consideration of probability of spin state change. Figure 5a plots the Mo-C distance versus time for 28
trajectories using this mixed spin approach. 1Mo? is quasiclassical and the benzene solvent has classical
sampling. Similar to the singlet spin only trajectories all non-recrossing trajectories resulted in rapid
passing through the C-H o-coordination structure 2Mo and completely bypassing the n-coordination
complexes 3Mo. For most trajectories only about 100 fs is required for benzene to be ejected from the Mo
metal center. Importantly, all trajectories show spin crossover with change from a dominant singlet spin
state to a dominant triplet spin state. Figure 6a provides a histogram of the time when spin crossover
occurs to a dominant triplet spin state. Figure 6¢ plots a representative trajectory and the singlet and triplet
spin state contributions. Overall, the mixed spin trajectories provide a similar mechanistic vantage point
as the singlet spin only trajectories.
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Figure 5. a) Plot of Mo-C distance versus trajectory time (starting at 1Mo*) for explicit solvent
trajectories propagated as an adiabatic mixture of singlet and triplet spin states. Blue line trajectories
involve complete benzene dissociation. Red lines involve recrossing back to the Mo hydride structure. b)
Plot of W-C distance versus trajectory time (starting at 1W¥) for explicit solvent trajectories propagated as
an adiabatic mixture of singlet and triplet spin states. Blue line trajectories involve complete benzene
dissociation. Red lines involve recrossing back to the Mo hydride structure. ¢) Snapshots of a
representative explicitly solvated mixed spin state trajectory for 1Mo*. d) Snapshots of a representative
explicitly solvated mixed spin state trajectory for TW*,
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Figure 6. a) Histogram of timing for change from dominant singlet spin state to dominant triplet spin
state for trajectories started from 1Mo*. b) Histogram of timing for change from dominant singlet spin
state to dominant triplet spin state for trajectories started from 1W#. ¢) Plot of spin state contribution for a
representative 1Mo* trajectory. d) Plot of spin state contribution for a representative 1W# trajectory.

The gas-phase, explicit solvent, and mixed spin trajectories all point to a mechanistic situation
where the initial reductive coupling transition state is dynamically a reductive elimination transition state
in the sense that it leads mostly to a solvent caged spin flipped intermediate where the benzene is outside
the coordination sphere of the Mo and W metal centers and either there is no directly interaction with the
metal complex or there is a noncovalent type interaction (dispersion-type complex). This is fundamentally
a different mechanism than three separate reaction steps that include reductive coupling, isomerization,
and dissociation.

The discovery of this dynamical mechanism at the ps time scale prompted us to reconsider the
interpretation of the KIE values measured for 1Mo and 1W, specifically a normal kuw/kp KIE value for Mo
and an inverse ku/kp KIE value for W. As outlined in the introduction, Parkin rationalized the normal
value for Mo based on rate limiting reductive coupling and the inverse value for W based on formation of
an intermediate (presumably the o-coordination or m-coordination) after reductive coupling followed by
rate limiting benzene dissociation.>* While it is clear that for 1Mo the reductive coupling transition state
fully determines the normal KIE value we wondered if it was possible that for 1W the reductive coupling
transition state might partially contribute to the measured inverse KIE value. This possibility is bolstered
by the static potential energy surfaces where all the stationary points located after 1Mo* and 1W# have
Gibbs energies that are lower than these transition-state structures. However, as is well known the Gibbs
energy of SMo/W and separated benzene is likely to slightly too low in energy due to an overestimation
of translational entropy. Additionally, the transition-state structure for 1Mo* and 1W* are probably best
interpreted as late along the reaction coordinate for bond formation.



We calculated ku/kp KIE values comparing [Me,Si(CsMeas):]M(H)(C¢Hs) versus
[Me>Si(CsMes)>]M(D)(CDs). For Mo, using 1Mo and 1Mo? structures with only changes in zero-point
energies gave a normal KIE value of 1.32. Using enthalpy and Gibbs energies gives values of 1.11 and
1.51, respectively. Quasi-harmonic corrections do not significantly change these values. Interestingly,
using the Bigeleisen-Meyer approach gave a higher value of 2.02. Both Wigner and Bell tunneling
corrections, using the imaginary frequency for the reaction coordinate, have the effect of increasing the
KIE value by 0.2-0.3 (see SI). Importantly, all these approaches to estimating the KIE for 1Mo provide a
normal KIE value, but the value is generally slightly higher than the experimental value of 1.1. It is useful
to note that this comparison of calculated KIE values versus experiment is inherently qualitative due to
the non-consideration of several other factors that influence KIEs, such as moments of inertia.>%-*

For W, using 1W and 1W# structures with only changes in zero-point energies gave an inverse
KIE value of 0.91. Enthalpy and Gibbs energies gave values of 0.83 and 0.96. Similar to Mo, quasi-
harmonic corrections do not change these values and the Bigeleisen-Meyer approach gave a value of 0.95.
Wigner and Bell tunneling corrections change these KIE values by only 0.01, which is much less than the
change for the Mo structures. Importantly, the KIE values are calculated with all of these methods are
inverse. They are only slightly inverse likely because the calculated KIE values are generally
overestimated compared to experiment, which was also shown to be the case for Mo. This calculated
inverse KIE value for W is consistent with the significantly later transition-state position of 1W* versus
1Mo#. Importantly, however, this calculated inverse KIE for 1W* does not guarantee that it is the
dominant contribution to the experimentally measured KIE, especially because it is of a lower magnitude
than the experimental value. Three general scenarios exist. 1) The experimentally measured inverse KIE
does reflect the inverse value for 1W#, 2) The experimentally measured inverse KIE is the result of
solvent caged intermediate that then goes on to exchange with solvent (see later discussion). 3) The
experimentally measured inverse KIE is a composite of the inverse value for 1W# and benzene exchange
with solvent. Regardless of which of these scenarios is correct it is important to realize that all the steps
involved in benzene reductive elimination with the W metal center give an inverse KIE value.

Once the solvent caged intermediate is formed there are two major possibilities for subsequent
reaction steps. The first possibility is that the ejected benzene could rebound back to the metal complex
and undergo oxidative addition to reform the metal phenyl hydride complex or could only form either of
the of the coordination structures (o or m). In this scenario the solvent caged intermediate is likely either
in full or partial equilibrium with the starting metal phenyl hydride structure. Consistent with this
thinking, we launched 20 from a solvent caged like structure where benzene began the trajectory about 6
A away from the metal center and with random initial velocities. As expected, several trajectories formed
either the dispersion structure or the m-coordination structure within about 2 ps. No trajectories resulted in
C-H bond cleavage because trajectories were initialized with the energy of about structure 4.

The second possibility is that the benzene stays solvent caged until there is benzene-for-solvent
exchange. To examine the lifetime of the caged structure versus exchange with solvent we carried out
classical molecular dynamics simulations where the Mo complex was restrained and next to the caged
benzene. Figure 7 shows periodic snapshots of one of the classical molecular dynamics simulations.
These simulations showed that the caged intermediate has an average lifetime in the range of >100 ps,
with many pairs surviving for several hundred picoseconds. While these force field-based simulations
cannot investigate reaction with the metal complex versus cage escape, the long lifetime does suggest that
cage escape is likely relatively slow and there may indeed be cage induced rebound. In this scenario there
is equilibration between the metal phenyl hydride intermediate and the caged intermediate with slow cage
escape, and this has the potential for explaining an inverse KIE value.



A% t=130ps i - A 1=135ps -

Figure 7. Snapshots of classical molecular dynamics simulations of the caged intermediate and exchange
with solvent (benzene). The red highlighted benzene is the initial solvent caged benzene. At 45 and 50 ps
the caged benzene is swapped by a purple solvent benzene.

Conclusions

Gas-phase, explicit solvent, and mixed spin state trajectories all indicate that for benzene
reductive elimination from Mo and W cyclopentadienyl phenyl hydride complexes involves a dynamic
mechanism that initially at the ps time scale skips the C-H o-coordination structure and bypasses the n-
coordination structure and first leads to a spin flipped solvent caged intermediate. This dynamic
mechanism is different from the energy landscape mechanistic sequence where the reductive coupling
transition state leads to the o-coordination and then m-coordination structures. This new dynamical
mechanism stimulated the reconsideration of the benzene reductive elimination kn/kp KIE values for Mo
and W comparing [Me,Si(CsMe4)>]M(H)(CsHs) versus [Me,Si(CsMes)2]M(D)(CsDs). Based on the C-H
forming transition state, using three different estimates, calculations revealed that Mo has a normal KIE
value and W has a slightly inverse KIE value. Classical molecular dynamics simulations were then used
to estimate the lifetime of the caged intermediate, which is between 200-400 picoseconds. This indicates
that if the 7*-n-coordination intermediate is formed it occurs only after first formation of the solvent
caged intermediate. Overall, these dynamics trajectories combined with KIE calculations provide three
possibilities for understanding the normal KIE value for Mo and inverse KIE value for W. 1) The
experimentally measured KIE values reflect the normal value for 1Mo* and inverse value for TW*. 2) The
measured inverse KIE for W is the result of a solvent caged intermediate that then slowly goes on to
exchange with solvent. In this scenario there is the possibility of equilibrium with the metal phenyl
hydride. 3) The measured inverse KIE for W is a composite of the inverse value for 1W#* and the second
step of the solvent caged intermediate undergoing benzene-for-solvent exchange. Regardless of which of
these scenarios is most correct it is important to realize that all the steps involved in benzene reductive
elimination with the W metal center contribute to an inverse KIE value.

Associated Content
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Xyz coordinates and absolute energy of optimized DFT structures, representative initial trajectory
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