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Abstract 

Metal-mediated -bond metathesis and -complex assisted metathesis (-CAM) reactions 

represent a major class of alkane C-H activation reactions. Here we present quasiclassical direct dynamics 

trajectories that analyze the structures and lifetimes of transition states and intermediates during Lu, Ir, 

and W metathesis reactions. This provides insight into the influence of atomic momentum on reaction 

mechanisms and whether there are non-intrinsic reaction coordinate (non-IRC) and nonstatistical 

pathways. For the archetype -bond metathesis between methane and (Cp*)2Lu(CH3), trajectories showed 

this reaction to be an example of a highly concerted process with extremely rapid traversing through the 

transition-state region without significant Lu-H vibration. Despite our locating a (Cp*)2Lu(CH3)(CH4) -

complex on the potential-energy surface, this structure is always dynamically skipped, consistent with 

early speculation about this reaction. For the reaction of methane with (acac)2Ir(CH3), in contrast to 

previous DFT studies, a two-step oxidative cleavage/reductive coupling set of transition states were 

located. However, in contrast to the IRC motion for these reaction steps, trajectories reveal complete 

skipping the Ir-H intermediate, although with a few Ir-H oscillations. This reaction generally, but not 

always, forms a -complex, and so the term -CAM is a reasonable description. For the reaction of 

methane and (Cp*)(CO)2W(BCat), dynamics trajectories show, similar to Lu metathesis, that there is no 

significant lifetime of a methane -complex prior to C-H bond cleavage and after the single metathesis 

transition state a highly fluxional HBCat coordination intermediate is formed. 
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Introduction 

Metal-mediated C-H bond activation is a general step in the functionalization of unreactive 

hydrocarbons.1,2 C-H activation reactions have been demonstrated across the periodic table with d-block, 

p-block,3 and f-block4 metal complexes. Applications range from methane hydroxylation to synthetic 

installation of functional groups in complex compounds.5,6,7,8 There are two common mechanistic 

extremes of C-H activation reactions where the bond is broken and the hydrogen transferred to a metal 

ligand. The first mechanism involves a two-step sequence of oxidative cleavage and reductive coupling 

step with an intervening metal-hydride intermediate (Scheme 1a).9 On this energy landscape, a -complex 

is generally proposed to precede oxidative cleavage and follow reductive coupling. The second common 

mechanism of C-H activation involves -bond metathesis where there is a single transition state without a 

metal-hydride intermediate (Scheme 1b).10 This type of mechanism was originally proposed based on the 

reaction of (Cp*)2Lu(CH3) with alkane isotopomers reported by Watson because no covalent metal-

hydrogen interaction is possible due to the lack of oxidatively available d electrons.11,12,13,14,15 

Interestingly, for this Lu reaction it was assumed that no -complex precedes the one-step transition state 

for metathesis.  
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Scheme 1. a) Qualitative outline of an energy landscape and key structures for metal-mediated C-H 
activation involving the two-step sequence of oxidative cleavage and reductive coupling. b) Qualitative 
outline of an energy landscape and key structures for a one-step -bond metathesis mechanism with -
complexes flaking the transition state, which is often referred to as a -CAM mechanism. c) Continuum 
of bonding arrangements for metal-mediated alkane C-H activation. R = alkyl group. R’ = alkyl or 
heteroatom. 
 

Modern examples of metal-mediated -bond metathesis almost always propose either a weak or 

strong -complex, and these types of reaction mechanisms are often differentiated from the Lu reaction 

with the term -complex assisted metathesis (-CAM).16 The proposal of -complexes is typically based 
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on isotope effects,17,18 time-resolved IR,19,20 potential-energy/static density functional theory (DFT) 

calculations,21,22,23,24 and X-ray structures.25 In addition to differences between the -bond metathesis 

mechanism without a -complex and the -CAM mechanism with a -complex, there has been 

demarcation of reactions based on the nature of bonding in transition-state structures.9 Scheme 1c depicts 

the continuum of transition states identified for -bond metathesis and -CAM mechanisms. Most 

interesting, flanked by the extremes of oxidative cleavage with a forming metal-hydrogen bond and the 

traditional depiction of -bond metathesis with no metal-hydrogen interaction, there are several transition 

states with significant metal-hydrogen bonding. To date, understanding of these -bond metathesis and -

CAM mechanisms has been with static DFT calculations of structures located on potential-energy 

surfaces and reaction pathways mapped by intrinsic reaction coordinates (IRC) calculations, which do not 

reveal the influence of the metal-hydrogen interaction and always lead to -complexes. 

While IRCs are useful to identify connections on a potential energy surfaces through a steepest 

decent-type approach, as formulated by Fukui,26 each point along an IRC pathway is vibrationless, 

rotationless, and has infinitesimal velocity. Stated another way, the potential-energy landscape and IRC 

only provide a possible average of structures that ascend to and descend from the transition-state 

structure. Our group is interested in the dynamics of metal-mediated reactions, especially for the purpose 

of identifying reactions with significant non-IRC or nonstatistical intermediates that generally cannot be 

predicted by static structures on potential-energy surfaces. In our previous direct dynamics study of the C-

H activation reaction between methane and [Cp*(PMe3)Ir(CH3)]+ we found that while the DFT energy 

landscape showed a two-step oxidative cleavage/reductive coupling mechanism, dynamics revealed a 

mixture of the two-step mechanism and a new dynamical one-step mechanism that skipped the 

[Cp*(PMe3)Ir(H)(CH3)2]+ intermediate.27 Change of the metal from Ir to Rh revealed a scenario with only 

a dynamical one-step mechanism.28 We have also recently shown using direct dynamics simulations that 

although a single IRC reaction pathway was identified by DFT potential-energy calculations for the 

isomerization of [Tp(NO)(PMe3)W(η2-benzene)] and [Tp(NO)(PMe3)W(H)(Ph)] isomers, direct 
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dynamics simulations identified several new non-IRC reaction pathway connections due to the flat energy 

landscape.29 

Because of the many different -bond metathesis and -CAM reactions, and their differences in 

-complexes and transition-state structures, we performed direct dynamics simulations to determine if 

they have similar or different dynamics trajectory profiles and if there are non-IRC reaction pathways or 

nonstatistical intermediates. We focused on Lu, Ir, and W metathesis reactions shown in Scheme 2 

because of the differences in transition states and potential-energy landscapes. The reaction between 

methane and (Cp*)2Lu(CH3) is an archetype metathesis transformation and originally proposed to have a 

single transition state, and generally assumed not to have a -complex (Scheme 2a). Previously disclosed 

potential-energy structures for this reaction show no significant Lu-H bonding in the transition state.30 In 

contrast to the Lu metathesis reaction, the -CAM reaction between methane and (acac)2Ir(CH3) provides 

an example where there is a -complex ((acac)2Ir(CH3)(CH4)) and the previously reported one-step 

transition-state structure revealed significant Ir-H bonding (Scheme 2b).31 The Ir-H interaction is so 

significant that the term oxidative hydrogen migration was been applied to describe this transformation. 

The -CAM reaction between methane and (Cp*)(CO)2W(BPin) provides an example where a boryl 

group, rather than methyl group, accepts the transferring hydrogen.32 In this case, while there is a -

complex before the one-step metathesis transition state the resulting HBPin is significantly different than 

the methane -complex. 

Overall, DFT direct dynamics trajectories of these Lu, Ir, and W metathesis reactions provided 

key insights into the timing of bonding changes and mechanisms. For example, the -bond metathesis 

between methane and (Cp*)2Lu(CH3) is indeed an example of a highly concerted reaction with extremely 

rapid traversing through the transition state region without significant Lu-H vibrations. Also, despite the 

location of the (Cp*)2Lu(CH3)(CH4) -complex with DFT, this structure is always dynamically skipped. 

For the reaction of methane with (acac)2Ir(CH3), in contrast to previous DFT calculations, our DFT 

calculations show a two-step energy landscape, but dynamics trajectories show a dynamical one-step 
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mechanism, although with some Ir-H oscillations. For the metathesis reaction of methane and 

(Cp*)(CO)2W(BCat), unexpectedly, dynamics trajectories show that there is no significant lifetime of a 

methane -complex prior to C-H bond cleavage and that after very fast hydrogen transfer to the BCat 

ligand a fluxional HBCat coordination intermediate is formed. 

 

 
Scheme 2. -Bond metathesis reactions examined with direct dynamics trajectories in this work. 
 

Computational Approach and Methods 

DFT structures for energy landscapes were optimized in Gaussian 0933 with the M0634 functional 

using the 6-31G**[LANL2DZ for Ir, and W, SDD for Lu] basis set. The 6-31G**[LANL2DZ] basis set 

gave nearly identical structures and relative energies of stationary points compared with Def2-type basis 

sets. All structures and energies were evaluated with an ultrafine integration grid. Thermochemical 
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corrections for enthalpies and Gibbs free energies were applied using the standard rigid rotor-harmonic 

oscillator approximation. 

In transition state-type statistical theories, the structures located on the potential energy surface 

provide a representation of the average molecular trajectory for a reaction because it is assumed that there 

is fast equilibration between atomic kinetic energy and vibrational modes leading to complete 

intramolecular vibrational energy redistribution (IVR).35 Direct dynamics trajectories provide the ability to 

examine this assumption by directly evaluating time-dependent geometry changes, which can identify non-

IRC and nonstatistical reaction pathways.36 Direct dynamics trajectories are advantageous because forces 

needed for propagation of trajectories are evaluated at every time step with DFT. Trajectory calculations in 

this work were carried out in Gaussian 0933 with M06/6-31G**[LANL2DZ] and the ultrafine integration 

grid. From each -bond metathesis and -CAM reaction transition state, initialization of quasiclassical 

trajectories was done using local mode and thermal sampling at 298 K, which includes zero-point energy 

(ZPE). Trajectories were propagated in mass-weighted Cartesian velocities with an approximate average 

step of 0.6 femtoseconds (fs), which we previously showed for organometallic reactions is a short enough 

time step to give results identical to time steps as small as 0.25 fs.27 Forward trajectories were launched so 

that the transition-state vibrational mode was followed in the direction for increasing the length of the 

breaking methane C-H bond. Reverse trajectories followed the direction of decreasing this C-H bond length. 

Both the gradient and Hessian were updated at each time step. 

 

Results and Discussion 

Previous DFT Calculations and Static Potential-Energy Surfaces. In 2003, Cramer used 

B3LYP and mPWPW91 density functionals to determine structures and energies for -bond metathesis 

reactions between methane and Sc, Y, and Lu-based metallocenes (Cp*2M(CH3)).30 Cramer’s DFT data 

suggests that formation of a tuck-in complex is 5-10 kcal/mol higher than the bimolecular -bond 

metathesis pathway (Schemes 1b and 3a). The B3LYP DFT method predicted a -bond metathesis barrier 
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nearly double the experimental enthalpy value of 11.6 kcal/mol for Cp*2Lu(CH3), although the data for 

this experimental barrier estimate to our knowledge was never fully published. Cramer suggested that 

tunneling corrections might account for the difference between the B3LYP calculated and experimental 

barriers. Cramer evaluated a one-dimensional tunneling estimate, which lowered the barrier by ~7 

kcal/mol. Subsequent to the Cramer study, Eisenstein and Maron used B3PW91 to examine the -bond 

metathesis between methane and Cp*2Lu(CH3) and reported and activation enthalpy of 19.8 kcal/mol.37 

Cramer also examined the -bond complex prior to and after the one-step transition state. The use 

of model chloride ligands rather than Cp* groups resulted in the location of relatively stabilized methane 

-complexes. However, with Cp* ligands, as expected due to the larger donor capacity of the ligand, 

Cramer described the located -complexes as very loose, very weak van der Waals type complexes. 

Our M06 energy landscape is different than the previous B3LYP and B3PW91 surfaces. Scheme 

3a shows the M06 energy landscape for reaction between Cp*2Lu(CH3) and methane. With M06 the 

methane -bond complex [Cp*2Lu(CH3)(CH4)] 2-Lu is exothermic relative to separated Cp*2Lu(CH3) 1-

Lu and methane. Previous DFT values for 2-Lu showed this -complex to be higher in enthalpy than 

separated structures. This is likely because previous DFT functionals did not significantly account for 

dispersion interactions. With M06, the H‡ value for TS1-Lu relative to separated 1-Lu and methane is 

12.3 kcal/mol, which is close to the experimental value of 11.6 kcal/mol. However, the H‡ value for 

TS1-Lu relative to 2-Lu is 17.1 kcal/mol, which is potentially too large compared to experiment. These 

M06 values change by less than 2 kcal/mol with very large basis sets, such as def2-TZVPP or with 

continuum cyclohexane solvent. We have also compared our M06 results to DLPNO-CCSD(T) values 

(see the Supporting Information (SI)). Despite the enthalpy of 2-Lu being lower than 1-Lu, the Gibbs 

energy surface suggests that this -complex is higher in energy. 

As demonstrated by Cramer, there is the possibility of tunneling impacting the rate of this Lu -

bond metathesis reaction. While we could not find an experimental kH/kD kinetic isotope effect (KIE) for 

the reaction between methane and Cp*2Lu(CH3), Watson reported a kH/kD estimate of 5.5 for the reaction 
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between Cp*2Lu(CH3) and benzene-d6.11,12 Using zero-point energies from the benzene and benzene-d6 

versions of TS1-Lu, our calculated KIE value is 4.1, which is close to the experimental value, which 

suggests that our quasiclassical dynamics trajectories presented later that do not include tunneling effects 

likely portray the major kinetic pathway. 
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Scheme 3. M06/6-31G**[LANL2DZ for Lu, Ir, and W] energy landscapes for the reactions of methane 
with a) (Cp*)2Lu(CH3), b) (acac)2Ir(CH3) (methyl groups were omitted from the acac ligand structure), 
and c) Cp*(CO)2W(BCat). Energies in kcal/mol. 
 
 
 The -bond metathesis reaction between [(acac)2Ir(CH3)(pyridine)] and a variety of alkanes was 

demonstrated by Periana.38 Based on experimental studies, it was proposed that the reactive species 

(acac)2Ir(CH3) (1-Ir) induces a C-H bond metathesis process through either the one-step -bond 

metathesis mechanism or the two-step oxidative cleavage/reductive coupling sequence. B3LYP DFT 

calculations were used to locate a one-step -CAM transition state that is symmetric for the C-H bond 

breaking and C-H bond forming and with a short and strong Ir-H interaction. Also, this single transition 

state showed a direct potential-energy connection to a -complex. 

 In contrast to the Lu metathesis reaction, with M06, the [(acac)2Ir(CH3)(CH4)] -complex 2-Ir is 

both exothermic and exergonic relative to 1-Ir and methane. With expectations based on the previous 

B3LYP calculations, we were surprised when our M06 calculations located the (acac)2Ir(H)(CH3)2 

structure 3-Ir and an unsymmetrical oxidative cleavage and reductive coupling transition state TS1-Ir. 

This means that caution should be exercised when defining a one-step versus two-step potential-energy 

mechanism when using just a single density functional method. Additionally, our own use of B3LYP 

showed a two-step mechanism, not a one-step mechanism. More importantly, 3-Ir is only 0.1 kcal/mol 

above TS1-Ir on the electronic energy surface, this intermediate is 0.4 and 0.2 kcal/mol higher than TS1-

Ir on the enthalpy and Gibbs surfaces, which suggests a very flat energy surface in the region of the 

structure and the lifetime of this intermediate will be significantly influenced by dynamic effects. 

One of the most prominent examples of a metal-boryl complex inducing C-H activation through a 

-CAM mechanism involves the reaction of photo-generated (Cp*)(CO)2W(BR2) with alkanes reported 

by Hartwig.39 B3LYP DFT transition states by Hall revealed a one-step -CAM mechanism that avoids 

formal W oxidation.40 DFT calculations also provided evidence for the -complex 

[(Cp*)(CO)2W(B(OR)2)(RH)] before the metathesis transition state and the borane -complex 
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[(Cp*)(CO)2W(R)(HB(OR)2)] after the transition state. The -CAM transition state was described as a 

three-center four-electron process with a small amount of metal-hydride bonding. After the borane -

complex [(Cp*)(CO)2W(R)(HB(OR)2)] is formed it rearranges to then undergo a second -CAM 

transition state to generate the alkylborane product. 

Our M06 calculated potential-energy landscape for the reaction of methane and with 

(Cp*)(CO)2W(CH3) is shown in Scheme 3a. The enthalpy barrier from 2-W to TS1-W is 11.7 kcal/mol, 

which is very similar to the B3LYP barrier reported by Hall. The only significant difference between the 

previous B3LYP energy surface and the M06 surface is that the (Cp*)(CO)2W(CH3)(HBCat) complex is 

close to the energy of the methane -complex while on the B3LYP surface this structure is several 

kcal/mol endothermic. 

Dynamics Trajectories. Prior to our work, only a single study examined dynamic motion of a -

bond metathesis reaction with Lu. Maron used Car-Parrinello type molecular dynamics, which is 

significantly different that the quasiclassical trajectories used in this work, to examine the model reaction 

between Cl2Lu(H) and Cl2Lu(CH3) with H2.41 In Maron’s work the focus was on comparing static 

potential-energy structures and their thermodynamic and kinetic values with those obtained from Car-

Parrinello dynamics. This Car-Parrinello study did suggest that the energy surface surrounding the 

transition state is relatively flat, although it was unclear if this was a result of using model chloride 

ligands rather than Cp* ligands. 

52 quasiclassical trajectories for the reaction between methane and Cp*2Lu(CH3) were initiated at 

TS1-Lu and propagated in forward and reverse directions. Only one out of 52 trajectories showed 

recrossing and began forward progression of the hydrogen to the methyl ligand and then reversed course 

and returned to forming the original methane C-H bond. A representative non-recrossing trajectory is 

shown in Figure 1. The first snapshot (Step 1) begins at the transition state. Within 100 steps, with an 

average time step of ~0.7 fs, the hydrogen from methane is fully transferred to the methyl ligand. From 

Step 100 to 250 the newly formed methane directly dissociates from the Lu metal center without 
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significant loitering at a -complex. To inspect the timing of hydrogen transfer and methane dissociation, 

Figure 2 plots the Lu-H distance versus trajectory step for all forward trajectories from the transition state. 

In all cases, between 35-50 fs the hydrogen is completely transferred to the methyl ligand and methane 

dissociation begins. Between 50-175 fs the methane is within van der Waals distance, but there is 

constant, nearly uninhibited motion of methane away from the Lu metal center. By 150 fs every trajectory 

shows complete methane dissociation. This suggests that this reaction should be regarded as an extremely 

fast concerted -bond metathesis process and there is no significant lifetime of a -complex, despite its 

location on the potential-energy surface. Further evidence for the description of a highly concerted 

hydrogen transfer comes from the analysis of Lu-H vibrational oscillations during transfer. Between the 

transition state and when the Lu-H distance exceeded 2.25 Å there were only on average 1.6 bond 

oscillations, revealing no significant lifetime of an oxidized Lu-H intermediate. As a comparison, we also 

examined 20 trajectories for the reaction between methane and Cp*2Sc(CH3). These trajectories showed 

nearly identical behavior to the Lu trajectories with extremely fast traversing of the transition-state zone 

and uninhibited extrusion of methane from the Sc metal center (see SI for plots). Importantly, these are 

gas phase transition states and trajectories and show the intrinsic skipping of the -complex. State another 

way, the Lu and Sc metal centers do not provide enough attraction to keep the methane tightly 

coordinated after the motion of the transition state. However, it is possible that trajectories with explicit 

cyclohexane solvent would show a cage effect where methane would return to the metal center by 

rebounding from collision with a solvent cyclohexane, but it is not clear if this would lead to a long-lived  

-complex intermediate. 
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Figure 1. Snapshots of a representative trajectory initiated at the -bond metathesis transition state TS1-
Lu. Each trajectory time step is on average 0.7 fs. 
 
 

 
Figure 2. Lu-H distance for each trajectory in the forward direction starting at the transition state, TS1-
Lu. Red trajectories progress to complete dissociation in the forward direction while lavender trajectories 
recross. Each trajectory time step is on average 0.7 fs. 
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The skipping of the -complex 2-Lu is somewhat similar to what we previously found for the 

reaction between [Cp*(PMe3)Ir(CH3)]+ with methane, but very different from what we found for the 

methane reductive elimination from [(PONOP)Rh(H)(CH3)]+. Importantly, direct methane dissociation 

occurs in both the forward and reverse reaction directions. This indicates that there is no long-lived -

complex and that thermodynamics and kinetics should be based on a comparison between dissociated 

methane and Cp*2Lu(CH3) and that the complex [Cp*2Lu(CH3)(CH4)] likely does not contribute to the 

experimental activation enthalpy measurement. From this perspective, the M06 enthalpy barrier of 12.3 

kcal/mol is close to the experimental value. Temperature corrections do not significantly change the 

barrier height estimate. However, this DFT values is likely fortuitously close to experiment since 

DLPNO-CCSD(T)42 energies for 1-Lu to TS1-Lu show several kcal/mol higher barrier (see SI). While 

tunneling is likely to occur in this reaction, as demonstrated from Cramer’s estimate, this type of reaction 

mechanism is unlikely to dominate the reaction mechanism. However, from one perspective, a tunneling 

type mechanism in the vicinity of the transition-state zone likely enhances the description of this reaction 

be a concerted, one-step, extremely fast -metathesis pathway. The lack of recrossing with a relatively 

flat transition-state zone also suggests a highly concerted mechanism. 

55 quasiclassical trajectories for the reaction between methane and (acac)2Ir(CH3) were initiated 

at TS1-Ir and propagated in forward and reverse directions. Figure 3 plots the breaking methane C-H 

bond distance versus trajectory steps, which are on average 0.7 fs. In contrast to the Lu -bond metathesis 

reaction that showed very little recrossing, Figure 3 shows that nearly 1/3 of Ir trajectories (lavender 

color) recross. All the non-recrossing trajectories (green and red) show relatively rapid increase from ~1.5 

Å to >2.5 Å between the transitions state and ~140 fs (200 time steps). This indicates that while the 

(acac)2Ir(H)(CH3)2 3-Ir structure that was located on the potential-energy surface this intermediate is 

skipped. With all trajectories showing the Ir-H intermediate skipped, this contrasts with the reaction 

[Cp*(PMe3)Ir(CH3)]+ with methane where only about 10% of the trajectories skip the oxidized 
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intermediate. While the Ir-H intermediate is skipped, it is not as concerted as the Lu reaction. During 

these skipping trajectories, from TS1-Ir to the formation of the new C-H bond there are on average 

approximately five Ir-H oscillations, although this should not be considered an intermediate since no 

significant IVR occurs. 

 
Figure 3. Iridium hydrogen distance for the trajectory ensemble. Red trajectories proceed to separated 
(acac)2Ir(CH3) and methane, green trajectories proceed to the sigma-complex intermediate, and lavender 
trajectories recross. Each trajectory step is on average 0.7 fs. 
 

From 200 time steps (~140 fs) to 400 time steps (~280 fs), the breaking methane C-H distance 

continues to increase and two different types of trajectories become apparent. The majority green 

trajectories result in formation of the -complex with a C-H distance fluctuating between ~3-5 Å. This 

fluctuation occurs due to the tumbling motion of methane and scrambling of the C-H bond that is closest 

to the Ir metal center. The minor red trajectories show a C-H distance indicative of complete methane 

dissociation, which while may not necessarily be anticipated based on the potential-energy surface shown 

in Scheme 3b, the energy of TS1-Ir is close to the overall energy of separated species. Overall, with most 

trajectories showing a -complex and the Ir-H intermediate always being skipped the -CAM description 

is appropriate. Figure 4 shows snapshots of a representative trajectory that skips the Ir-H intermediate and 
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forms the -complex 2-Ir. It is important to contrast this trajectory with one of the trajectories that skips 

the Ir-H intermediate and ejects methane, which is shown in Figure 5. In this latter trajectory, after 

methane completely dissociates from the Ir metal sphere, there is isomerization of the acac ligands from 

an initial relative cis configuration to a trans configuration. This cis-to-trans isomerization is very rapid 

and requires approximately 75 fs. Because of the very fast timing between methane dissociation and 

isomerization, it is very likely that complete methane dissociation from the Ir center is correlated and 

coupled with isomerization motion. This is reasonable since the cis-to-trans transition state is only ~5 

kcal/mol higher in energy than the energy of the cis-(acac)2Ir(CH3) structure. Also, this is the first report 

of ligand motion being dynamically coupled with inner-sphere metal-mediated covalent bonding changes. 

 

 
Figure 4. Snapshots of a representative trajectory initiated at TS1-Ir and stopping at the -complex. 
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Figure 5. Snapshot of a trajectory initiated at TS1-Ir leading methane dissociation and cis-to-trans ligand 
isomerization. Each trajectory step is on average 0.7 fs. 
 

As a comparison to the Lu and Ir metathesis reactions, we also propagated 34 trajectories for the 

reaction between methane and (Cp*)(CO)2W(BCat). Figure 6 plots the W-C distance for trajectories in 

the reverse direction towards 2-W starting from TS1-W. In this case methane dissociation occurred in 

about 25% of the trajectories, despite 2-W being 10.7 kcal/mol more stable than separated structures. This 

suggests that the term -CAM does not completely apply to this reaction, at least for the C-H activation 

step, and some of the trajectories are more akin to the Lu metathesis process than the Ir metathesis 

reaction. 
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Figure 6. Top: W-C distance for each trajectory in the reverse direction starting at the transition state, 
TS1-W. Green trajectories progress to intermediate in the forward direction while lavender trajectories 
recross. Each trajectory time step is on average 0.7 fs. Distances are in Angstroms. Bottom: C-H distance 
for each trajectory in the forward direction starting at the transition state, TS1-W. Green trajectories 
progress to intermediate in the forward direction while lavender trajectories recross. Each trajectory time 
step is on average 0.7 fs. Distances are in Angstroms. 
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In the forward direction from TS1-W towards 3-W there is only a small number of trajectories 

that showed recrossing. Most trajectories showed very fast completion of C-H bond breaking and B-H 

bond formation and resulted in the formation of the borane -complex 3-W. A representative trajectory is 

displayed in Figure 7. At the transition state the breaking C-H bond is highly stretched and there is very 

little movement of the hydrogen to complete transfer to the BCat ligand, which in this trajectory is 

complete by step 150. After hydrogen transfer to the BCat ligand, the remainder of all trajectory time 

shows B-H bond oscillations coordinated to the W metal center. Due to charge-transfer bonding with the 

W metal center, these B-H oscillations are centered at a length of 1.34 Å, which is longer than for free 

HBCat where trajectories show oscillations centered at 1.2 Å. 

 

 
Figure 7. Snapshots of a trajectory initiated at the σ-CAM transition state TS1-W proceeding to a sigma 
complex intermediate. Each trajectory step is on average 0.7 fs. 
 
 
Conclusions 
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Quasiclassical dynamics trajectories provided analysis of the structures and lifetimes of transition 

states and intermediates for Lu, Ir, and W metathesis reactions. For the metathesis between methane and 

(Cp*)2Lu(CH3), trajectories showed this reaction to be an example of a highly concerted process with 

extremely rapid traversing through the transition-state region and essentially no Lu-H vibration. Despite a 

(Cp*)2Lu(CH3)(CH4) -complex on the potential-energy surface, this structure is always dynamically 

skipped. However, these are gas phase trajectories that show the intrinsic skipping of the -complex and 

it is possible that trajectories with explicit cyclohexane solvent would show a cage effect where methane 

would return to the metal center by rebounding from collision with a solvent cyclohexane. In this type of 

scenario, it is not clear if this would lead to a long-lived  -complex intermediate. For the reaction of 

methane with (acac)2Ir(CH3), in contrast to previous DFT calculations, a two-step reaction pathway was 

identified. However, trajectories revealed complete skipping the Ir-H intermediate in a dynamical one-

step mechanism. This reaction generally, but not always, forms a -complex. For the reaction of methane 

and (Cp*)(CO)2W(BCat), dynamics trajectories show, similar to Lu metathesis that in about 25% pf the 

trajectories there is no significant lifetime of a methane -complex prior to C-H bond cleavage and after 

the single metathesis transition state a highly fluxional HBCat coordination intermediate is formed. 
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