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Abstract

Umbrella-sampling density functional theory molecular dynamics (DFT-MD) has
been employed to study the full catalytic cycle of the allylic oxidation of cyclohexene
using a Cu(Il) (E)-6-amino-7-((2-hydroxybenzylidene)amino)quinoxalin-2-ol complex
in acetonitrile, which creates the desired cyclohexenone and HyO as products. In
comparison to prior study using gas-phase DF'T, a significant solvent effect is observed
on the rate determining allylic H-atom abstraction step (which has a free energy barrier
of 12.1 + 0.2 kcal/mol). During the cycle, the explicit solvation and ensemble sampling
of solvent configurations reveals an important dehydrogenation and re-hydrogenation
step of the -NHy ligand that is essential to catalyst recovery. This work illustrates
the importance of ensemble solvent configurational sampling to reveal the breadth of

processes that underpin the full catalytic cycle.



Introduction

The oxidation of an allylic CHy group to a carbonyl is an important process in multi-step
organic syntheses.? Consider that o,3-unsaturated enones or 1,4-enediones have been uti-
lized as essential building components in the synthesis of numerous natural compounds
and drug precursors.®” In general, allylic oxidation can be efficiently activated using tert-
butyl hydroperoxide (TBHP) with the addition of metal catalysts.® '3 Cu(II) complexes
have been of particular interest as copper is a relatively economical and environmentally
benign. For example, Yao et al. synthesized a stable aryl-Cu(III) complex that was em-
ployed for C-H activation resulting in very good yields under aerobic conditions.'* Wang
and coworkers have synthesized a Cu(II) complex for dehydrogenative aminooxygenations,
wherein the Cu oxidation state was demonstrated to convert from (Cu(Il) to Cu(III)).'* By
allowing a Cu(Il)-superoxide complex to react with acyl chloride substrates, Pirovano and
co-workers have found the resultant complex to be a reactive nucleophile, which could be
subsequently be employed for the Baeyer—Villiger oxidations of aldehydes.!® More recently,
C-H bond activation of methylene groups has been achieved using a triazole based ligand
and mCPBA,!7 and a bioinspired Cu(II) complex was used in the hydroxylation of benzene
under mild conditions.® With the aim of developing new, economically advantageous cata-
lysts having increased sustainability for allylic oxidations, Wu and co-workers!® developed a
Cu(II) 2-quinoxalinol salen complex which affected the oxidation of allylic species without
the common additional requirements of high heat or long reaction times. In a subsequent
study, such a catalyst was applied with TBHP acting as an oxidant, and the oxidation of a
variety of olefin substrates was reported in high yields.?’ The use of Cu(II) catalysts in the
functionalization of organic structures both with and without the addition of peroxides has
also recently been reviewed.?!

The catalyst of interest in this work is Cu(II) (E)-6-amino-7-((2-hydroxybenzylidene
Jamino)quinoxalin-2-ol, and was first reported in 2014.?% This catalyst was developed to

limit interference from free radical reactions, at the same time it was found to demonstrate



excellent efficiency in allylic oxidation reactions. However prior gas-phase density functional
theory study of the reaction mechanism resulted in a relatively high estimation of reaction
barriers for the catalyzed oxidation process. For instance, the rate-determining step of H
abstraction was reported to consume 43.7 kcal/mol, while the final reaction step to release
the final product (cyclohexenone) required 37.5 kcal/mol. Especially, the important step to
retrieve the initial catalytic structure was not reported by the gas-phase calculations. Thus,
performing DFT-based molecular dynamics is an important task which enables us to unveil
the full catalytic cycle. In recent years, DFT-based molecular dynamics methods? 25 have
achieved sufficient computational efficiency to support broader application for the study
of catalytic cycles that account for the ensemble and dynamic evolution of solvent and
solutes. This method is a significant improvement over more widespread embedding methods
attempting to include solvent effects by placing the solute of interest within a dielectric
continuum. In the latter, direct solute-solvent interactions are not considered, which hampers
the study of catalytic processes where the solvent may play a more prominant role. Further,
the ensemble sampling of solute and solvent configurations can reveal important mechanistic
features that are not observed when taking a more prescribed approach that involves a
pre-defined reaction coordinate for the atoms of interest.

The current work demonstrates a new reaction scheme for the allylic oxidation of cy-
clohexene in acetonitrile, that has significantly lowered free energies for reaction relative to
prior gas-phase DF'T studies. Umbrella sampling with DF'T-MD shows very good agreement
with the previously proposed mechanism?? in the initial abstraction of allylic H-atom from
cyclohexene and the formation of cyclohexenone. In addition, this corresponds well with
an oxidation from Cu(Il) to Cu(IIl) during the course of the C-H bond activation. How-
ever, the final step of retrieving the catalyst resting state differs significantly. Specifically,
the recovery of methyl peroxide (CH300-) attached to the Cu(II) site is revealed by our
MD trajectory. Such a peroxide structure is capable of entering the next catalytic cycle.

Meanwhile, the previous gas-phase calculations?? only reported the formation of methoxide



(CH30-) attached Cu(II). The new reaction scheme, with the participation of the ligand
N-atom as a source of H-atoms, results in more sensible free energy barriers for the entire

catalytic cycle that reflect experimental observations.

Computational Details

MD Simulation Protocol. The Cu(Il) (E)-6-amino-7-((2-hydroxybenzylidene)amino)q
uinoxalin-2-ol (1) complex is a simplified catalyst model with respect to the Cu(II) complex
used in the previous experimental studies.?? In this model, two t-Butyl groups (-C(CHs)3) on
the quinoxalin-2-ol and salicylidene residues are replaced by -H because they are far from the
reactive site, which consists Cu(II) and the attached methyl peroxide (-OOCH;3). Molecular
structure 1 is very similar to that reported in the previous study,?? where two methyl groups
are replaced by H to preserve computational cost. The second simulation model 2, which is
further simplified by withdrawing an electron donating group, is studied in a later section

to investigate how free energy would be affected. Catalysts 1 and 2 shown in Figure 1.
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Figure 1: Molecular structures of the ligands used in the catalyst molecule 1 (E)-6-amino-
7-((2-hydroxybenzylidene)amino)quinoxalin-2-ol, and the abbreviated catalyst model 2 (E)-
2-[[(3-aminopyrazin-2-yl)imino|methyl]-phenol.

The isolated structures 1 and 2 and reactants (cyclohexene and molecular methyl hy-

droperoxide) as well as the solvating molecules (i.e. acetonitrile as solvent) are initially



optimized using the B3LYP functional?®?® and 6-31G(d) basis set?>? in the Gaussian 16
package.?! Then, the catalyst, reactants, and 60 acetonitrile (357 atoms in total) are initial-
ized by random insertion into a periodic cubic box using the Packmol code.3? The size of
the periodic box with edge-length of 17.52 A is obtained as a result of system initialization
using NPT-ensemble ab initio MD. The density of the whole mixture is 0.77 g/cm3. The
low density relative to experimental bulk acetonitrile (density = 0.79 g/cm?) is anticipated
based upon the small simulation box size wherein about 20% of the volume is occupied by
the solutes.

Born-Oppenheimer DFT-MD simulations are performed using the Quantum Espresso
package,3® using the PBE functional343% with the DFT-D3, long-range London dispersion
interaction classical interaction scheme proposed by Grimme,?” to provide empirical correc-
tion terms to the long-range interactions. The Rappe-Rabe-Kaxiras-Joannopoulos ultrasoft

(RRKJUS) plane-wave basis set and pseudo-potential 389

was employed for all participant
atoms. To compromise with computational expense for such a large system, we use I'-point
calculations. A standard time step of 10 atomic time-units ( 0.242 fs) is used at every MD
step, and the Verlet integration method*! is employed to integrate the classical equations

t42 is enforced to allow

of motion. The NVT ensemble using velocity rescaling thermosta
thermal fluctuation around 350 K, which resembles the actual temperature for carrying out

the experiment in the previous study. ??

Umbrella Sampling of the Catalytic Cycle. The umbrella sampling technique®*#° i

S
used to examine the statistics of reaction coordinate in a particular reaction channel. In each
bin, we apply a harmonic-bias potential to put a constraint on the chosen reaction coordinate.

The reaction coordinate varies for each step in the catalytic cycle and is described in the

Results and Discussion. Each harmonic potential adopts the form:

V) = gl — X (1)



where & is the spring constant (kcal/ Az), and x. is the location for constraining the reaction
coordinate (A) To obtain good statistical data in umbrella sampling, the bin size chosen for
umbrella sampling is 0.1 A, and 200 DFT-MD steps are sampled in each bin.

From the biased MD data obtained at each step, the average distribution function can
be computed statistically through a Boltzmann-weighted scheme:

B f 6(X6 — X)e_V(Q)/kBqu
<p<X6)> - f e_v(q)/k’Bqu ) (2)

In the above equation, kp is the Boltzmann constant, and 7" is the chosen temperature (350
K) for simulation. This temperature is chosen in accordance with the actual experimental
condition.?? Then, the potential of mean force (PMF) demonstrating the free-energy profile

for a reaction along the user-defined internal coordinate y can be calculated:*°

w(x) = —ksTIn((p(x))); (3)

For the investigated reaction channels in this study, the PMF approximations which follow
equations 2 and 3 are executed using the weighted-histogram analysis method (WHAM) as

implemented by Grossfield. 4”48

Results and Discussion

Step 1: Abstraction of the Allylic H-atom from Cyclohexene

As illustrated in Figure 2, allylic H-atom abstraction establishes a highly reactive C-site in
cyclohexene. Within the umbrella sampling, two different abstraction steps were considered,
where reaction coordinate consisted of either the allylic H site approach either O(1) or O(2)
of the catalyst and establishing a new O-H bond, and breaking the O-O peroxide bond. The
cyclohexene H-site is initially placed 4.8 A from O(1) or O(2). Using a window size of 0.1 A

with 200 MD equilibration steps at each distance, the distance is systematically decreased.
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The equilibration time was tested for its impact upon the statistical estimation of free energy,
showing convergence at 200 steps. Figures S1 and S3 (Supporting Information) demonstrate
the convergence test for free energy estimation of the O(1)-H and O(2)-H abstractions, while
Figures S2 and S4 show the overlapping bins in umbrella sampling. In the initial stage
having ron-u or ro2-u (= 2.7 A), a force constant for the harmonic bias of (k = 50
kcal/molA?) is employed, which is increased to 100 kcal/molA?, and at the transition state
of new O-H bond formation (around 1.2 A), a high force constant of 400 kcal/molA? is used.
In fact, it is practical to perform manual tuning of harmonic constants during the process
of umbrella sampling to enforce good overlapping bins.*® For our reaction of interest, the
chemical interaction experiences weak (long-range) bonding at large reaction coordinate,
then undergoes the formation of an O-H covalent bond at low reaction coordinate. As a
result, the use of small x for weak bonding and large x for strong bonding would guarantee
that we obtain good overlapping bins in umbrella sampling. As shown in Figure 2, the PMF
curve of the O(1)-H channel shows a free energy barrier of 12.1 + 0.2 kcal/mol, which is more
favorable than the O(2)-H channel (15.5 £+ 0.3 kcal/mol). This favorability of the O(1)-H
reaction channel in our investigation is in good agreement with the theoretical mechanism
proposed in the previous work.?? However, the previous gas-phase calculations predicted a
potential energy barrier of 43.7 kcal/mol for the O(1)-H reaction channel, much higher than
our energetic scheme in the solvation phase.

Following the first reaction channel, an -OH residue is established at the O(1) site, which
bonds directly to Cu(II), while CH30(2)- becomes a radical along with the resultant radical
cyclohexene. Interestingly, the neighboring -NHy group plays a role as a H-atom source to
stabilize the radical site. Within the first reaction channel, CH;0(2)- quickly attacks -NHy
to abstract an H atoms and produce methanol. This is a fast and spontaneous process that
can be observed very shortly after the O(1)-O(2) dissociation.

In the second reaction channel, it is surprising that the final outcome is similar to the

outcome of the first reaction channel. In this scheme, the alcohol residue is now established
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Figure 2: (a) The reaction model with two proposed channels for allylic H abstraction by O(1)
and O(2), (b) The abbreviated catalyst model, (¢) The PMF curves depicting H abstraction
by O(1) and O(2) in the original catalyst (solid lines) or the abbreviated catalyst (dashed
lines). Color codes for atomic representation: Cu (deep blue), C (brown), O (red), N (light
blue), hydrogen (white).

at the O(2) site. Methanol is produced directly on a first-hand basis, while the O(1) site
now becomes a strong radical. To achieve stabilization, O(1) quickly attracts H from the
nearby -NH, and becomes -O(1)-H attached to the Cu site. Therefore, both reaction channels
finally lead to the formation of methanol and Cu-O-H, and the dehydrogenation of -NHj; to
-NH. Due to this transformation, the Cu-N bond is no longer a coordination bond, but it
indeed becomes an ionic bond. Such a unique dehydrogenation behavior can be observed

in this study thanks to the advantage of MD simulation, which enables us to reveal the full

portrait of the chemical transformation process. As we will discuss in a later section, the



newly-established -NH group can be further dehydrogenated, or recover an H-atom to revert
back to -NH,. This ability of the -NH, to act as a hydrogen source is the driving factor
that helps to recover the initial catalyst. Last but not least, due to the dehydrogenation
of the “magic” N site, the oxidation state of Cu(II) is altered to Cu(III), which was also
observed in the previous experiment.?? In fact, we verify the change in the Mulliken charge
of Cu by performing Gaussian calculations for the original catalyst structure and the radical
structure after the H abstraction. The result indicates that the Cu site becomes more
positive (Mulliken charge changes from 0.78 to 0.86), while the Mulliken charge of N remains
unchanged (-0.69). This offers a theoretical evidence for the switch in Cu oxidation state.
The summary of the competition between the two reaction channels leading to the same

product is shown in Scheme 1.
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Scheme 1: After the peroxide dissociation, two reaction branches lead to the same formation
of cyclohexene radical and methanol.

The reaction scheme is verified using an abbreviated catalyst model depicted as compound
2 in Figures 1(b) and 2(b). This allows to speed up calculations and also focus on the active
site of the catalyst, namely the nitrogen and copper atoms. The umbrella sampling is done

for both reaction channels as it has been executed for the original catalyst. Interestingly, both



free energy barriers given by the abbreviated catalyst (represented by the dashed curves) are
found to be lower than the that given by the original catalyst. Specifically, the new O(1)-H
abstraction consumes 11.1 £ 0.2 kcal/mol, while the new O(2)-H abstraction consumes 14.2

+ 0.3 keal/mol.

Step 2: The formation of cyclohexenone

The second step of the reaction takes place establishing the desired product when the highly
reactive cyclohexene radical is oxidized by molecular oxygen in the solvent. To initiate the
set-up for this process, we allow Os to approach the radical site on cyclohexene from a
distance of 4.0 A and perform umbrella sampling to investigate the binding stage between
O5 and radical cyclohexene. It is found, however, soon along the umbrella sampling process,
that O, establishes a bonding interaction with the radical C site at around 3.2 A. The
fluctuation in PMF during this process with insignificant free energy can be regarded as
thermal fluctuation within the liquid phase. After that, the radical cyclohexene-O, system
is allowed to conduct thermal vibration at 350 K, and then we perform the next umbrella
sampling step leading to the formation of cyclohexenone.

As shown in Figure 3, while one O forms a o bond with the radical C site, the second
O approaches the remaining allylic H site to form a new O-H bond. Of note, the first
arrangement of O-O-C-H adopts a trans conformation. Before the reaction takes place,
the system is equilibrated at 350 K, and the initial O-H distance is found around 3.2 A.
In the umbrella sampling process, the O-O bond rotates around the O-C axis in order to
approach the targeted H site. When the O-H distance is 2.4 A, the O-O-C-H adopts a
cis conformation. To transform from trans to cis, it takes only about 0.8 kcal/mol. Then,
from the cis conformation, the free energy starts to grow more rapidly toward the product
site. 'When the O-H distance is around 1.5 A, we observe the free energy barrier of 8.2
+ 0.2 kecal/mol. The verification of free energy convergence and overlapping of umbrella-

sampling bins for this product formation step is shown in Figures S5 and S6. In the last
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umbrella sampling step at 1.4 A, the newly formed -OH is established, and departs from the

cyclohexene system to yield cyclohexanone.

—— cyclohexenone + -OH

8_ OH
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Figure 3: PMF of the O-H combination leading to the formation of cyclohexenone and -OH
radical. At the last sampling point, the final product is formed with a free energy barrier of
8.2 £ 0.2 kcal/mol.

The OH radical is a highly reactive species, which possesses a significant tendency to react
with the surrounding molecules. In fact, a hydrogen exchange can occur with fresh-made
methanol, or with an available solvent molecule (in this case, acetonitrile). Indeed, we observe

in our benchmark calculations that the two processes occur very rapidly and barrierlessly.
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The products of those two processes are actually observed in our MD trajectories at 350 K
without any biases applied to the chemical species.

In the reaction with methanol, hydroxymethyl radical (CH30-) is produced as a conse-
quence. Then, because CH30- is also very reactive, it quickly grabs a hydrogen from the
“magic” hydrogen-donating N (as labelled in Figure 2), and is converted back to its sta-
ble state CH3OH while leaving -NH as the new radical site. Therefore, this process can
be regarded as an indirect hydrogen transfer from the “magic” N to -OH radical. In the
second observable reaction, CH30- also grabs one H atom from CH3CN, and turns the sol-
vent molecule to be radical at the N site. The observed reaction scheme of -OH radical is

presented in Scheme 2.
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Scheme 2: Activity of -OH radical in the solution.

Step 3: Recovery of the initial catalyst

To quickly summarize the reaction stage at this point, we have obtained the desired product,
i.e. cyclohexenone; at the same time, two side products are established: H,O and CH30OH.
For the purpose of recovering the original structure of the catalyst, we investigated the

assumption that the first reaction branch in Scheme 2 is more prioritized. As a result, the
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“magic” hydrogen-donating N site has lost two H atoms toward O(1) and O(2) as shown
in Figure 4. Even though methanol is already established, it is found that the OH group
from the methanol still retains a bond with the “magic” N. Interestingly, in the context of
chemical interaction, H(2) seems to be shared by both N and O(2). Meanwhile, H(1) is only

binding to O(1) and retains a non-bonding distance from N.

Figure 4: Structure of the catalyst after the final product is formed. For clarity, all solvent
molecules, cyclohexenone, and HyO are discarded. The “magic” hydrogen-donating N now
loses both H atoms to O(1) and O(2); however, CH30(2)-H(2) still establishes a long-range
interaction with N.

To verify the capability of donating H(1) back to the N atom, we subsequently perform an
umbrella sampling, in which the N-H(1) distance is taken as the collective coordinate. The
catalyst structure in Figure 4 is equilibrated in the acetonitrile as solvent before executing the
umbrella sampling process. The first few steps of umbrella sampling shows that the structure
attains its lowest free energy state when the N-H(1) distance resides in the range of 2.3-2.7

A. Beyond 2.3 A, the free energy is elevated with a small slope, then the free energy increases
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more vigorously when the reaction coordinate reaches 1.7 A. Following this, the process of
H transfer starts to occur. This reaction step is different from other umbrella sampling steps
seen in this study, i.e. while H(1) is transferred to N, the O(1) site becomes radical. At the
N-H(1) distance of 1.16 A, H(1) is transferred to N with a free energy barrier of 10.7 #+ 0.2
kcal/mol. The verification of free energy convergence and overlapping of umbrella-sampling
bins for this hydrogen migration step is shown in Figures S7 and S8. After the last umbrella
sampling step, we allow the system to equilibrate, and H(1) actually resides at the N site.
The PMF profile of this process is shown in Figure 5. It should be noted that the radical
N site becomes more stabilized after it establishes a covalent bond to H(1). As mentioned
earlier, both N and the methoxy group (CH30) share the common H(2). After H(1) has
been transferred to N, we observe the weakening of N-H(2) interaction. As a result, right
after the N-H(1) bond is established, H(2) has a tendency to break apart from the magic
“N” site and consequently, methanol is released as a free molecule.

The above simulation of N-H(1) recombination allows us to formulate a new perspective
about the radicalization of O(1) and O(2) sites. Those two radical sites can be stabilized
by the H donation process from their neighboring “magic” N. When it comes back to the
re-establishment of the initial catalyst, the proton-donating N site is capable of accepting H
back with an affordable free energy (8.6 kcal/mol). Thus, the continual accepting-donating
behavior of the N site leads to the recyclability of the catalyst in this study.

Having proven that H(1) is capable of migrating back to the “magic” N site, we now
construct the subsequent step to recover the initial catalyst by enforcing O(1) and O(2)
to revive their peroxide connection. At this point, the O(1)-O(2) distance is used as the
reaction coordinate, and we subsequently perform an umbrella sampling to retrieve the
peroxide connection. Even though N wins its H(1) back from O(1), it still slightly holds
a loose connection with H(2) from the free methanol molecule. The system is allowed to
equilibrate, which sets the O-O distance in the system to be around 3.5 A. After 19 umbrella

sampling steps (step size = 0.1 A), the system seems to be trapped in a local minimum
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Figure 5: PMF of the N-H(1) bond formation leading to the establishment of O(1) radical
site. The free energy barrier of this process is 10.7 £ 0.2 kcal /mol.

where the peroxide O-O distance is around 1.7 A, as shown in Figure 6(a). Later, the actual
minimum for the O-O peroxide bond is located around 1.5 A. The free energy barrier of this
process is determined as 7.6 + 0.5 kcal/mol, which is found around the O-O distance of 1.9
A. The verification of free energy convergence and overlapping of umbrella-sampling bins for
the O-O bond formation is shown in Figures S9 and S10. Continuing to sample toward the
0-O equilibrium distance around 1.4-1.5 A, we find the methyl peroxide molecule (CHsOOH)

is established with O(1) still bonding to the Cu site via a coordination bond. At this point,

15



the O-O bond may either undergo dissociation again to release radical CH30O-, which can
re-enter the catalytic cycle to radicalize the allylic C site on a new cyclohexene molecule.
Otherwise, H(2) is transferred from the peroxide structure to the “magic” N site to restore
the original catalyst structure.

The final umbrella sampling process is carried out with the recovery of the catalyst, in
which we investigate the return of H(2) to N. After the O(1)-O(2) peroxide bond is establish,
the whole system is then allowed to equilibrate at 350 K. The equilibrated N-H distance after
this process is just 2.3 A, and it would take relatively short umbrella sampling process to
reach the final structure, which is our desired catalyst. As shown in Figure 6(b), while H(2)
moves toward to N site from the distance of 2.3 A, the free energy drops slightly at 2.1 A,
which is the minimum point of this process. At the N-H distance around 1.3 A, the free
energy barrier shows up as 4.5 + 0.1 kcal/mol. After overcoming the harmonic sampling
step around 1.2 A, the original structure of catalyst is finally recovered. The verification
of free energy convergence and overlapping of umbrella-sampling bins for this final catalyst
recovery step is shown in Figures S11 and S12.

The overall reaction mechanism observed by umbrella sampling MD in this study is
presented in Scheme 3. It should be noted that we only present the primary reaction channels
with favorable free energies barriers in the scheme. Overall, a water molecule is obtained as
a side product beside the targeted product, cyclohexenone. According to this cycle, at the
completion of reaction, the catalyst can be fully recovered, which is revealed by our umbrella

sampling MD data.

Summary

In this study, we perform a theoretical investigation of the allylic oxidation of cyclohexenone
through a catalytic process promoted by the Cu(II) complex reported in a previous study. >

Under the solvation effect of acetonitrile, the free energy barrier of 12.1 4+ 0.2 kecal/mol is
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Figure 6: (a) PMF along the O(1)-O(2) distance to re-establish the peroxide bond showing a
free energy barrier of 7.6 £ 0.5 kcal/mol, (b) PMF of the N-H distance to recover the initial
catalyst showing a free energy barrier of 4.5 + 0.1 kcal /mol.

reported for the initial step of simultaneous peroxide dissociation and cleavage of the allylic
H in cyclohexene. This free energy barrier is actually much lower than the gas-phase reaction
barrier (43.7 kcal/mol) reported by Li et al.?? Then, the desired product (cyclohexenone) is
established in a subsequent step in the reaction between radical cyclohexene and molecular
oxygen is observed to release -OH as a byproduct.

In the later stage of the reaction, we also show that -OH enters the reaction cycle to
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abstract one H atom from the proton-donating N site, as shown in Scheme 2. Finally, the
Cu(II) catalyst can be recovered as a result of multi-step CH3O(2)H and -O(1)H reductions.
In this last stage, the first and second H back-donating transfers to the “magic” amino site
are observed and possess free energy barriers of 8.6 kcal/mol and 5.2 kecal/mol, respectively,
while the re-establishement of the O-O peroxide bond consumes a free energy of 8.2 kcal /mol.
The deprotonation/protonation of the “magic” amino group is the main factor leading to
smooth recovery of the initial catalyst, thus reinforces catalytic efficiency.

Overall, we observe that the very first step of O-O dissociation leading to the abstraction
of allylic H from cyclohexene is the highest energy consumption step. However, our statistical
MD evidence demonstrates that the reaction barrier for this rate-limiting step is much lower
than that reported by gas-phase optimization in the previous study (43.7 kcal/mol)?? thanks
to the solvation effect of acetonitrile. In future work, we look forward to applying this method
to explore the effects of other types of solvents, and learn how it may affect the reaction
outcome in terms of both free energy and reaction byproducts. This is potentially one tool
in providing improved descriptions of the kinetic reactivity of metal complexes in catalytic

systems.
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