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CONSPECTUS

Homogeneous metal-mediated organometallic reactions represent a very large and
diverse reaction class. Density functional theory calculations are now routinely carried out and
reported for analyzing organometallic mechanisms and reaction pathways. While density
functional theory calculations are extremely powerful to understand the energy and structure of
organometallic reactions, there are several assumptions in their use and interpretation to define
reaction mechanisms and to analyze reaction selectivity. Almost always it is assumed that
potential energy structures calculated with density functional theory adequately describe
mechanisms and selectivity within the framework of statistical theories, for example, transition
state theory and RRKM theory. However, these static structures and corresponding energy
landscapes do not provide atomic motion information during reactions that could reveal
nonstatistical intermediates without complete intramolecular vibrational redistribution and non-

intrinsic reaction coordinate (non-IRC) pathways. While nonstatistical intermediates and non-



IRC reaction pathways are now relatively well established for organic reactions these dynamic
effects have heretofore been highly underexplored in organometallic reactions. Through a series
of quasiclassical density functional theory direct dynamics trajectory studies my group has
recently demonstrated that dynamic effects occur in a variety of fundamental organometallic
reactions, especially bond activation reactions. For example, in the C-H activation reaction
between methane and [Cp*(PMes)Ir'"'(CH3)]" while the density functional theory energy
landscape showed a two-step oxidative cleavage and reductive coupling mechanism, trajectories
revealed a mixture of this two-step mechanism and a dynamic one-step mechanism that skipped
the [Cp*(PMe;3)IrV(H)(CHs)2]" intermediate. This study also showed that despite a methane o-
complex being located on the density functional theory surface before oxidative cleavage and
after reductive coupling this intermediate is always skipped and should not be considered an
intermediate during reactive trajectories. For non-IRC reaction pathways, quasiclassical direct
dynamics trajectories showed that for the isomerization of [Tp(NO)(PMes)W(;°-benzene)] to
[Tp(NO)(PMe3)W(H)(Ph)] there are many dynamic reaction pathway connections due to a
relatively flat energy landscape and m coordination is not necessary for C-H bond activation
through oxidative cleavage. Trajectories also showed that dynamic effects are important in
selectivity for ethylene C-H activation versus © coordination in reaction with Cp(PMes)2Re, and
trajectories provide a more quantitative model of selectivity than transition state theory.
Quasiclassical trajectories examining Au-catalyzed monoallylic diol cyclizations showed
dynamic coupling of several reaction steps that include alkoxylation © bond addition, proton
shuttling, and water elimination reaction steps. Overall, these studies highlight the need to use
direct dynamics trajectory simulations to consider atomic motion during reactions to understand

organometallic reaction mechanisms and selectivity.
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I. INTRODUCTION

Homogeneous metal-mediated organometallic reactions range from classic elementary
transformations such as oxidative addition, reductive elimination, c-bond metathesis, migratory
insertion, and oxidative coupling to more modern reactions such as f-hydrogen transfer and
metal-carbene insertion. While many of these fundamental organometallic reactions have been
examined with experiments, for example, kinetic isotope effects,>* ultrafast spectroscopy,>° and
x-ray structures,’ the most ubiquitous direct analysis of these reactions has been with density
functional theory (DFT) calculations.® DFT calculations are extremely powerful to understand
the energy and structure of organometallic reactions, but there are several assumptions in their
use and interpretation to define reaction mechanisms and analyze reaction selectivity. One major
assumption that is almost always used is that these reactions can be modeled within the context
of statistical theories, such as transition state theory or RRKM theory.”!? Statistical theories
provide a framework for translating static (i.e. potential energy only) DFT structures to reaction
mechanisms and calculating and understanding reaction selectivity. In this type of statistical
scenario for a two-step reaction a transition state leads to an intermediate that then leads to a
product (Figure 1a). In this two-step scenario the intermediate is assumed to have atomic kinetic

energy in an equilibrium distribution among harmonic vibrational modes'!"-!?

and there is very
fast intramolecular vibrational energy redistribution (IVR). Also, in this scenario each transition
state is assumed be connected to only one minimum energy structure in the forwards and
backwards reaction directions. These connections are very often based on intrinsic reaction
coordinate (IRC) calculations,'* which generally advance the reaction coordinate progress from

the transition-state structure using the steepest descent pathway in mass-weighted coordinates

without atomic velocity.
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Figure 1. Qualitative potential-energy landscape (solid black line) with two steps. a) Black
dotted arrows represent atomic motion of the chemical reaction along the landscape where there
is complete IVR and stopping at the intermediate (INT) before crossing the second transition
state (TS). b) The blue dotted arrow represents a possible nonstatistical reaction pathway where
there i1s incomplete IVR and skipping of the intermediate. The lavender dotted line represents
non-IRC motion where the reaction occurs through geometries or intermediates not part of the
IRC pathway.

Over the past several years it has been my group’s hypothesis that some organometallic
reactions do not follow these typical statistical theory assumptions and that DFT calculated
energy landscapes do not provide a complete description of reaction mechanisms and selectivity.
Figure 1b illustrates possible alternative nonstatistical reaction pathways that might occur on the
same potential energy surface as in Figure la. The blue dotted arrow represents a possible
reaction pathway where there is incomplete IVR and skipping of the intermediate. The lavender
dotted line represents non-IRC motion where the reaction occurs through geometries or

intermediates not part of the IRC pathway. Our hypothesis is based on the rationale that during



organometallic reactions a reacting metal-ligand complex often morphs into and out of highly
reactive, coordinatively unsaturated structures with high oxidative states, distorted geometries,

and close spin states.

Examining the possibility that nonstatistical pathways might occur during organometallic
reactions can be done with molecular dynamics trajectory simulations that provide detailed
information about the timing of geometry changes and lifetime of structures during reactions.'*
While nonstatistical effects and non-IRC pathways have been explored for several organic

15,16,17,18

reactions, especially reactions with a potential energy surface post-transition state

19.20.2122.23.24 these effects are only recently being identified in organometallic

bifurcation,
reactions, especially bond activation-type reactions. This account provides an overview of my
group’s recent quasiclassical direct dynamics simulations used to uncover nonstatistical effects
and non-IRC reaction pathways in fundamental organometallic reactions. These studies have

impacted the understanding of energy landscapes calculated by DFT methods and their

interpretation for organometallic mechanisms and selectivity.

I1. Quasiclassical direct dynamics trajectories.

Before briefly describing quasiclassical direct dynamics trajectories it is instructive to
describe why IRC-based reaction pathways might be insufficient when considering
organometallic reaction mechanisms and selectivity based on DFT structures. An IRC
calculation is useful to identify connections on a potential energy surface through a steepest
decent-type approach. Developed mainly by Fukui,'® each point along the IRC pathway has no

vibration, no rotation, and infinitesimal velocity. Crudely, IRCs provide an average pathway of



transforming structures. IRCs cannot generally identify nonstatistical intermediates or other
effects that are the result of vibrational mode energy and kinetic energy and momentum of atoms
during reactions. However, sometimes the failure of IRC calculations can hint at nonstatistical

effects.

In the studies highlighted in this account, we used quasiclassical direct molecular
dynamics simulations to examine the impact of atomic motion and potential energy on
organometallic reaction pathways. This formulation of dynamics is inherently classical®*-® since
the propagation of trajectory steps is performed using Newtonian equations.?’ In most cases we

8 or a more sophisticated

used either a Verlet integration algorithm in our Milo program?
predictor-corrector algorithm that is implemented in Gaussian.?*~*° Our Milo program is based on

Singleton’s Progdyn®! and Hase’s VENUS?? programs. For most of the organometallic reactions

we have examined we found nearly identical results using both algorithms.

A step size must be defined for propagation of a classical trajectory. Because the step size
combined with the size of the molecular system determines the computational cost, most
quasiclassical direct dynamics studies of organic reactions have used a step size in the vicinity of
1 femtosecond (fs). Unfortunately, very few studies have reported the impact of step size on
trajectory results. We have found that a step size of ~0.75 fs or smaller generally provides

converged organometallic trajectory results.

For direct dynamics trajectories forces are calculated at every time step during
propagation, and sometimes force constants. The balance of speed and accuracy has made
calculating forces with DFT methods feasible. For organometallic reactions there is a general

literature consensus that M06* and MN15* functionals (or other similar functionals) generally



provide a balance of solid accuracy and broad treatment of different metal centers, ligands, and
reaction types. However, there are still a limited number of studies that have tested the accuracy
of DFT methods for organometallic reactions, especially compared to experiment. Accurate
calculation of forces is critical for direct dynamics trajectories, and therefore in several of our

studies we compared DFT energies with DLPNO-CCSD(T)* or CCSD(T) calculations.

The final ingredient to consider for quasiclassical dynamics simulations is the choice of
generating starting trajectory configurations. In this type of dynamics simulation, a trajectory
begins with the potential energy of the reacting structure as well as quantized vibrational mode
energy. It can also be supplemented with rotational and translational energy. While there are
different approaches for sampling vibrational modes based on a specific temperature, our studies
generally used microcanonical (NVE ensemble) normal mode sampling where the zero-point
vibrational energy level or excited vibrational energy is used based on statistical sampling, and
the mode directions are randomly assigned. Trajectories are either started at a potential-energy
transition-state structure with vibrationally sampled atomic velocities or started with a sampled
geometry that provides a mixture of kinetic and potential energy from each vibrational mode.
Starting at a transition state is advantageous because trajectory propagation can be performed

chemically forwards and backwards, and this generally provides reactive trajectories.

I1I. One step, two steps, or something in between?

With the hypothesis that nonstatistical effects might occur in organometallic reactions
that morph into and out of a high oxidative state, we used quasiclassical direct dynamics

trajectories to determine the mechanism of methane C-H activation by [Cp*(PMe3)Ir'"'(CH3)]",!



which involves overall c-bond metathesis.*®*” Figure 2a shows the originally considered one-
step concerted and two-step reaction mechanisms. Early static (potential energy only) DFT
calculations identified the mechanism and energy landscape with two steps that involves an
oxidative cleavage and reductive coupling sequence with an intervening high-oxidation state Ir"-
H intermediate.*® Our own evaluation of this mechanism using M06 calculations also showed

two transition states and a IrV-H intermediate (Figure 2b).
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Figure 2. a) Comparison of possible oxidation cleavage/reductive coupling and oc-bond
metathesis reaction pathways for methane C-H activation by [Cp*(PMe;3)Ir'"(CH3)]". b) M06
two-step potential energy landscape. Energies in kcal/mol. Reproduced with permission from ref.
1. Copyright 2018 American Chemical Society.



Using microcanonical sampling for trajectories launched from TS1Ir, in both gas-phase
and implicit dichloromethane solvent, we found three major trajectory outcomes after about 1000
fs.! A time step of ~0.75 fs or less provided converged trajectory results and other quality DFT
functionals gave similar results.’® The majority outcome of trajectories displayed IVR and
resulted in a persistent IrV-H structure. However, in nearly 20% of the trajectories we found
nonstatistical reaction motion that skipped or bypassed the high oxidation state IrV-H structure,
and this was labeled as a dynamic one-step mechanism. Figure 3a illustrates a representative
example of this dynamic mechanism where the IrV-H intermediate is skipped within ~75 fs after
the transition state. This dynamic mechanism is illustrated by the dotted blue arrow on the energy
landscape in Figure 3b and shows the coupling of oxidative cleavage and reductive coupling
steps. This dynamic merging of multiple steps is similar to the merging of multiple
hydrogenation reaction steps in (Cl)(CO)(PH3)Ru''(H)(H2)(C2H4) that was identified by Woo’s

trajectory study.*’
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Figure 3. a) 3D images of snapshots for a representative trajectory that skips the IrV-H
intermediate. b) Qualitative potential-energy surface overlayed with arrows representing
trajectory outcomes. The green arrow represents a trajectory resulting in the IrV-H structure. The
blue arrow represents a trajectory that bypasses the Ir¥-H structure and methane coordination
complex. The red arrow represents a recrossing outcome. Reproduced with permission from ref.
1. Copyright 2018 American Chemical Society.

To visualize a representative set of trajectory outcomes for this reaction, Figure 4a plots
trajectory time versus the breaking methane C-H bond length. This plot provides visual
determination if the trajectory stays at the IrV-H intermediate or moves beyond it. This plot
shows that nearly half of trajectories that bypass the IrV-H intermediate do so in under 500 fs

from the transition state, which is on the time scale of a solvent collision and likely faster than

intermolecular energy transfer, which has been estimated to be on the picosecond (ps) time scale

11



for organometallic reactions.*'**>#*% In addition to very fast dynamic skipping on the Ir-H
intermediate, we also found nearly as many trajectories that skipped the intermediate after a
somewhat longer time. We categorized these different trajectory scenarios as dynamically

ballistic and dynamically unrelaxed mechanisms.

Another discovery from these Ir trajectories is that complete methane dissociation always
occurs after reductive coupling, despite a methane coordination structure on the potential energy
landscape. Trajectories also showed no methane complex prior to oxidative cleavage. This
indicates that despite the mechanistic and reactive importance often placed upon C-H o
coordination complexes that this type of structure might also be skipped during reactive
trajectories, especially if they are not highly stabilized. Overall, these trajectories showed that
interpretation of a potential energy surface can be incomplete without consideration of dynamic
atomic motion for high oxidation state endothermic intermediates that are not highly stabilized.
Also, there is the possibility of multiple types of mechanisms that can occur in an organometallic

reaction.

12
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Figure 4. Plots of the breaking methane C-H bond distance (A) versus time (fs) for 30
representative trajectories starting at the transition state. a) Ir oxidative cleavage transition state.
b) Rh oxidative cleavage transition state. ¢) Co concerted transition state. Green lines in
represent trajectories that stop at the MVY-H intermediate (two-step mechanism). Blue lines
represent trajectories with long C-H distances and indicate progression beyond the MY-H
intermediate. Red lines represent recrossing. Reproduced with permission from ref. 45.
Copyright 2020 American Chemical Society.

To examine the origin of the ballistic skipping of the Ir¥-H intermediate, we examined
the vibrational mode excitations of every trajectory.* Due to the limited number of trajectories
we used a statistical Fisher’s exact test with a Bonferroni corrected significance level. This
allowed the comparison of excitation quanta distributions between ballistic trajectories versus

trajectories that ended at the Ir¥-H structure. This statistical analysis showed that ballistic
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skipping had 86% of the trajectories with excitation in mode 24. Figure 5a depicts that
vibrational mode 24 in TS1Ir (235.5 cm™) has Me-Ir-Me type bending motion that brings the
transferring hydrogen from methane closer to methyl group. This suggests that the combination
of mode 24 along with the reaction coordination motion likely facilitates skipping of the Ir¥-H
intermediate. This type of motion coupling is related to the concept of dynamic matching that has

been popularized by Carpenter for organic reactions.*
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Figure 5. a) Outline of C-H bond stretching motion for the transition-state structure imaginary
frequency. b) Illustration of the transition-state structure bending motion (mode 24). c) Relative
frequency of excitation levels for mode 24 found in ballistic versus two-step trajectories.
Reproduced with permission from ref. 45. Copyright 2020 American Chemical Society.

To consider the relationship between the potential energy landscape shape and trajectory
outcomes, we examined the impact of changing the metal center from Ir to Rh and Co.* The
RhV-H intermediate is less stabilized than the IrV-H intermediate and the Co reaction is
concerted. Consistent with the energy landscape profiles providing predictive power about the
relative amount of different trajectory outcomes, for Rh, despite a RhV-H structure located on the

DFT energy landscape all trajectories skipped this intermediate between 15-200 fs after the
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transition state. This indicates that the Rh reaction should be considered dynamically one step.
However, the timing of the Rh reaction to progress past the RhV-H intermediate is slightly longer
than the concerted reaction mechanism for Co where all trajectories generated the product in 15
fs after the transition state. A similar relationship between the transition metal center, energy
landscape, and relative trajectory outcomes was found by Zheng for the intramolecular hydride

transfer reaction resulting in metal-allyl isomerization.*’

With the discovery that reaction coordinate motion and vibrational mode excitation can
lead to skipping of metal-hydride intermediates, we then examined the dynamics of the related 3-
hydrogen transfer mechanism that also involves this type of intermediate. We chose to focus our
direct dynamics study on the B-hydrogen transfer reaction of [Cp*Rh!(Et)(ethylene)]" (and Ir

and Co analogs) because previous static DFT calculations showed that this Rh reaction has a

two-step B-hydrogen transfer energy landscape (Figure 6).*%4°
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Figure 6. Potential-energy M06/6-31G**[LANL2DZ] energy landscape for B-hydrogen transfer.
Energy values in kcal/mol. Reproduced with permission from ref. 50. Copyright 2020 Royal
Society of Chemistry.

After confirming the two-step potential energy landscape with the M06 functional,

quasiclassical trajectories commencing from the B-hydrogen transfer transition state (TS1Rh;
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Figure 6) revealed complete dynamical skipping of the Rh-H intermediate.>® Figure 7a shows 3D
depictions of time snapshots of a representative dynamically ballistic Rh trajectory. Trajectories
for this B-hydrogen transfer reaction showed both ballistic unrelaxed dynamic mechanisms. In
addition, because the coordination complex stays intact after B-hydrogen transfer, a third type of
trajectory was also identified where the transferred hydrogen is returned to the original carbon
atom in a complete reversal of the reaction, which we termed a back-and-forth trajectory (Figure
7¢). Trajectories also revealed C-C bond rotation of the ethyl group after B-hydrogen transfer,

which interchanges agostic interacting hydrogens.

Related to our trajectory study on the [-hydrogen transfer reaction of
[Cp*Rh"!(Et)(ethylene)]", Chung, Wu, and Sun used dynamics trajectories to show a mixture of
multistep and coupled reaction steps for hydrogen migration and boryl migration in Ru catalyzed
geminal hydroboration.’! In this study they found about 25% of the trajectories showed this
coupled reaction pathway while the remaining trajectories showed a two-step mechanism.
Additionally, Woo reported trajectories for the concerted B-hydrogen transfer reaction of

[Cp2Zr(Et)(ethylene)]”, which confirm very fast crossing of the transition state region in ~30-40

fs.>?
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Figure 7. a) Representative dynamically ballistic trajectory. b) Representative dynamically
unrelaxed trajectory. ¢) Representative back-and-forth trajectory. Reproduced with permission
from ref. 50. Copyright 2020 Royal Society of Chemistry.
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The trajectories for methane o-bond metathesis with [Cp*(PMe;)Ir'"'(CH3)]" and B-
hydrogen transfer of [Cp*Rh'(Et)(ethylene)]” demonstrated that dynamically coupled steps are
possible in stoichiometric organometallic reactions. We wanted to identify this type of
nonstatistical reaction pathway in the context of catalytic reactions. Au and Pd complexes are
highly effective n-bond cyclization catalysts to construct heterocycles and are typically proposed
to proceed through multistep mechanisms. Therefore, using quasiclassical trajectories we
examined dynamic reaction pathways of Au phosphine catalyzed and Pd catalyzed cyclization of
monoallyic diols that result in pyran products.’*** The Au-catalyzed cyclization DFT potential
energy surface landscape is outlined in Figure 8a and shows a stepwise sequence of alkoxylation

7 bond addition, proton shuttling, and water elimination.>

Trajectories starting at the Au addition transition state (TS1Au) revealed that after -
addition the Au-alkyl intermediate 2Au is always skipped or bypassed and that this transition
state is dynamically coupled with both proton transfer and water elimination steps.’® Similar to
other reactions trajectories showed both ballistic and slightly slower unrelaxed dynamic
mechanisms. In contrast to Au, for Pd, due to a more stabilized metal-alkyl intermediate, only
about half of the trajectories showed intermediate skipping. The other half of the trajectories
showed the two-step mechanism. Figure 8b attempts to show how ballistic and unrelaxed

mechanisms can short circuit catalytic cycles.
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Figure 8. a) Outline of Au-catalyzed potential energy landscape showing the anti addition step
followed by the anti elimination step. The dotted blue arrow outlines a ballistic reaction
trajectory and the dotted orange arrow depicts an unrelaxed reaction trajectory. b) Au catalytic
cycle that considers the ballistic and unrelaxed mechanisms based on trajectories. Reproduced
with permission from ref. 56. Copyright 2021 American Chemical Society.

It is important to note that the dynamic coupling of reaction steps is a different
nonstatistical effect than a post-transition state bifurcation where one transition state can lead to
two or more products. Post-transition state bifurcations have previously been proposed for Au
catalysis based on static DFT calculations.’’”® However, Zhang used Lagrangian-type
trajectories (not quasiclassical, and akin to Car-Parrinello dynamics) to demonstrate a post-
transition  state  bifurcation  during  Au-catalyzed  cycloisomerization of = (2-

ethynylphenyl)alkynes.*® Yu also proposed a post-transition state bifurcation for a Au-catalyzed
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ring expansion/spirocyclization reaction.® Recently, Wolf used DFT-based trajectories (not
quasiclassical) to demonstrate that there is a bifurcation after the transition state for (PR3)Pd
allylic halide oxidative cleavage connects to both the 7'-allyl and 77°-allyl structures.®! More akin
to the skipping of an intermediate, Gutierrez recently report quasiclassical trajectories for the
oxidative addition reaction step in a Ni catalyzed alkyl radical-aryl halide cross coupling
reaction. Trajectories started at the Ni' phenyl bromide oxidative addition transition state led to
both the Ni'" aryl bromide intermediate as well as unrelaxed skipping leading to a Ni'

intermediate upon tert-butyl radical dissociation.®?

IV. o-Coordination complexes.

Because reactive trajectories between [Cp*(PMes)Ir'[(CH3)]" and methane always
skipped the methane c-complex before oxidative cleavage and after reductive coupling this
prompted us to examine the dynamics of proton-induced reductive elimination of
(PONOP)Rh(CH3) where a resulting [(PONOP)Rh(CH4)]" o-complex has been experimentally
detected by NMR.®* Based on the DFT landscape for reductive coupling of
[(PONOP)Rh(H)(CH3)]" we envisioned three possible trajectory outcomes, which are outlined

with blue, black, and green dotted arrows in Figure 9.

Consistent with experiment, quasiclassical trajectories started at the reductive coupling
transition state showed that most trajectories (>90%) led to the Rh-methane o-complex (Figure
9, bottom).** Less than 10% of trajectories did not sample this c-complex structure and resulted
in direct methane dissociation. This indicates that the c-complex connected to the Rh-methyl

hydride is not the result of methane rebounding back to the Rh metal center due to a solvent cage
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but is on the reactive trajectory pathway. However, many trajectories formed the 6-complex with
paddle ball type motion where methane began to leave contact with the Rh metal but then
returned to the o-complex. This type of motion is plotted by the blue lines at the bottom of
Figure 9 where there is up and down arching motion. This means that the distinction that is often
made between reductive coupling and reductive elimination is blurred in this reaction.
Trajectories also revealed that after reductive coupling there is very fast methane tumbling

motion that generally sampled 7'-C,H and 7°-C,H type structures.

Rhodium-Carbon Distance
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Figure 9. Top: Formation of a Rh-methane o-complex reported by Brookhart and coworkers.
Middle: Qualitative potential energy surface for reductive coupling/elimination surface showing
three possible trajectory outcomes. Bottom: Plot of trajectory time (fs) versus Rh-C distance (A).
Blue lines represent trajectories leading to the Rh-methane c-complex. Green lines represent
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trajectories leading to methane dissociation. Reproduced with permission from ref. 64. Copyright
2019 American Chemical Society.

In the context of o-bond metathesis reactions there is often a demarcation based on if a o-
complex is formed. If a complex is formed the reaction is often termed c-complex assisted
metathesis (6-CAM).® If a 6-complex is not formed than the term o-bond metathesis is applied.
With the [Cp*(PMes)Ir'(CH;3)]"-methane dynamically skipping the o-complex and the
[(PONOP)Rh(H)(CH3)]" reductive elimination reaction dynamically forming a c-complex, but
with paddle ball motion, we decided to use trajectories to examine the archetype o-bond
metathesis reaction of (Cp*),Lu(CH3) with methane.®® In contrast to the [[PONOP)Rh(CH4)]" -
complex that is highly stabilized (~18 kcal/mol), the o-complex on the potential energy surface

for (Cp*)2Lu(CH3) o-bond metathesis with methane is only stable by ~5 kcal/mol.

Quasiclassical trajectories for the reaction between methane and (Cp*)Lu(CH3s) showed
this transformation to be highly concerted with extremely rapid traversing through the transition-
state region and essentially no Lu-H vibration.®” Despite a fully optimized (Cp*),Lu(CHz)(CHa)
c-complex on the potential-energy surface, this structure was never found at the end of
trajectories — this intermediate was always skipped and not directly on the reaction pathway from
the metathesis transition state. However, it is important to note that these are gas phase reaction
trajectories (continuum solvation shows the same results) and that it is possible that with explicit
consideration of solvent there would be a caging effect where methane would return to the metal
center and form a o-complex intermediate. It is unlikely that nonpolar, weakly interacting
solvent would create enough friction to completely dampen methane ejection to cause

trajectories to stop at the o-complex structure.
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V. Making non-IRC connections.

In addition to identifying dynamically coupled reaction steps, direct dynamics trajectories
can also reveal non-IRC reaction pathways. An example where quasiclassical trajectories
demonstrated multiple non-IRC reaction pathway connections was for the isomerization of
[Tp(NO)(PMe3)W(n?2-benzene)] and [Tp(NO)(PMe3;)W(H)(Ph)] isomers.®® Figure 10 shows the
IRC (solid red line) pathway between the W-phenyl hydride and the n?-benzene coordination
structure and the many non-IRC reaction pathways identified based on trajectories. While most
trajectories proceeding through TS1 showed the IRC 2H—TS1—2c pathway, several
trajectories showed connections between the 6-complex and the n>-benzene complex (2) without
passing through TS2 (e.g. dark green pathway). This indicates that the weak c-complex and
surrounding vicinity provide a pathway branching area for reductive coupling/oxidative cleavage
and m coordination. This branching area is likely associated with the relatively high energy set of

structures associated with a weak c-complex.
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Figure 10. Multidimensional model representation to visualize reaction pathway connections
based on dynamics trajectories. Energies are reported in kcal/mol. Reproduced with permission
from ref. 68. Copyright 2020 American Chemical Society.

Trajectories also revealed that TS2 is a major hub of several pathways, including
connections with tightly coordinated and weakly coordinated m-complex structures. Surprisingly,
many of the trajectories going through TS2 involves the non-IRC conversion of c-complex to
the long-range m-complex rather than the tight m-complex (e.g. yellow pathway). Perhaps the
most significant discovery from these trajectories is the direct connection between 2H and
benzene dissociation which indicates that n>-coordination is not required for insertion into the C-
H bond, which is often a key mechanistic structure proposed in benzene C-H activation

reactions.

Because of the discovery that 5-coordination is not required for C-H activation in the

reaction between [Tp(NO)(PMe3)W] and benzene, we then examined this mechanistic issue for
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the reaction between Cp(PMe;)2Re and ethylene where #?-coordination was also proposed not to
be necessary based on experiments.®” The reaction of Cp(PMe;)2Re with ethylene results in a
mixture of Re-vinyl hydride (I) to the Cp(PMes).Re(n*-ethylene) m-complex (II). For this Re
reaction, the m-complex is more stable than the Re-vinyl hydride and therefore there is no
conversion from the n-complex II to the Re-vinyl hydride I, which was taken as evidence that -
complex is not required in the mechanism for C-H activation. Figure 11 shows a potential-energy
landscape and the structures located with static DFT calculations.” From an ethylene o-
coordination structure there is branching with two pathways, one pathway leading to the Re-
vinyl hydride and the other leading to the Re(#*-ethylene) n-complex. While these two pathways
possibly explain the reaction selectivity, CCSD(T) calculations showed that a transition-state

theory approach did not match the experimental selectivity.

Figure 11. Qualitative 3D potential-energy landscape with black dots representing stationary
points located by static DFT calculations. Solid black lines depict transition-state controlled
pathways. Red dashed lines depict possible dynamic pathways. Reproduced with permission
from ref. 2. Copyright 2021 American Chemical Society.

Quasiclassical direct dynamics trajectories provided a more reasonable selectivity model

and revealed dynamically connected reaction pathways.? For this reaction, trajectories were
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initiated at both transition-state structures as well as structures identified using metadynamics
simulations. Trajectories resulted in direct formation of either the Re-vinyl hydride I or to the n-
complex II. Consistent with the experimentally based proposal, trajectories leading to the Re-
vinyl hydride skip or avoid both oc-coordination and m-coordination. Figure 12a shows an
example trajectory where ethylene approaches the Re metal center and directly undergoes
oxidative cleavage. Figure 12b shows an example trajectory where ethylene approaches the Re

and forms the m-complex.

0 50 100 150 200 250
Time (fs)

0 50 100 150 200 250
Time (fs)

Figure 12. a) Snapshots along the way of a representative trajectory showing reaction between
Cp(PMes)2Re and ethylene resulting in the Re-vinyl hydride I. b) Snapshots along the way of a
representative trajectory showing reaction between Cp(PMes)2Re and ethylene resulting in the «-
complex II. Reproduced with permission from ref. 2. Copyright 2021 American Chemical
Society.
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Trajectories also demonstrated that the C-H o-coordination structure is a nonstatistical
intermediate that does not undergo efficient IVR, which suggests that transition-state theory
analysis does not provide a correct mechanism or quantitative analysis of selectivity. Related to
the idea of direct insertion into an arene C-H bond and nonstatistical pathways providing a
selectivity model, Diaz-Requejo, Maseras, and Pérez used trajectories to examine Cu-, Ag-, and
Au-carbene C-H insertion versus Buchner ring expansion for benzene.”” While not quantitative
due to a limited number of trajectories and model system, dynamics simulations provided

significantly better correlation with experiment than transition-state theory.

As another example of organometallic reaction selectivity likely controlled by dynamic
motion, we used trajectories to examine the mechanism of alkyne hydrogenation by (IMes)Ag-
RuCp(CO),, which generates a mixture of cis and trans stilbenes.”! Figure 13 illustrates that the
trajectories from the transition state for Ag-H transfer to the alkyne and provide pathways to both
the trans and cis Ag-vinyl intermediates.’”” Trajectories gave a splitting ratio at ~3:1, which was

close to the experimental ratio.

L-Ag
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Figure 13. M06-L potential-energy landscape for H> semi-hydrogenation of diphenylacetylene.
Adapted with permission from ref. 72. Copyright 2019 American Chemical Society.

Related to the dynamic branching found in this Ag-Ru reaction, and metal-carbene C-H
insertion/Buchner ring expansion for benzene reported by Diaz-Requejo, Maseras, and Pérez,
Tantillo reported trajectories highlighting a post-transition state bifurcation during the reaction
Rh-carbenoid intramolecular C-H bond insertion to give B lactones.” In this reaction, trajectories
revealed that in addition to the B lactone pathway there is a branching towards fragmentation
generating a ketene and carbonyl. Also related to this work, trajectories have identified pathway
bifurcations in Fe catalyzed Diels-Alder reactions,’* Fe catalyzed arene amination,”” and Pd

transmetalation.”®

Conclusions

DFT calculations are routinely used to evaluate the energy and structure of
organometallic reactions. In this account we highlighted that in many organometallic reactions it
is necessary to go beyond static DFT calculations and consider atomic motion during reactions to
understand reaction mechanisms and selectivity. Quasiclassical DFT-based direct dynamics
trajectories revealed nonstatistical intermediates, dynamic coupling of multiple reaction steps,
and non-IRC pathways. Examples were found in both stochiometric and catalytic organometallic
reactions and are the result of a reacting metal-ligand complex that morphs into and out of highly
reactive, coordinatively unsaturated structures that often have weak interaction with organic
substrates. These studies revealed several general ideas, such as the shape of the energy

landscape can often correlate to trajectory outcomes and that weakly coordinating intermediates
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can often be skipped. Going forward it will be important to include explicit organic solvent into
organometallic direct dynamics simulations similar to what Vidossich, Lledo6s, and Ujaque did

for the (C1)2(H20)Pt'(CH4) complex in water.”’
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