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ABSTRACT: Quasi-classical molecular dynamics (MD) simula- \y concerted_ang sre,

. . . . i (0] + ‘“’\Ga\ Sraetically ConcorpasSe
tions were carried out to study the mechanism of iron porphyrin- —_ v o 2N\
catalyzed hydroxylation of ethylbenzene. The hydrogen atom & 55/”‘ Separated radicals  pp,
abstraction from ethylbenzene by iron-oxo species is the rate- Phy~ | L T98% o
determining step, which generates the radical pair of iron-hydroxo R .QuarteUsextet S Pho 7 2%

N OH : N %

species and the benzylic radical. In the subsequent radical rebound
step, the iron-hydroxo species and benzylic radical recombine to
form the hydroxylated product, which is barrierless on the doublet
energy surface. In the gas-phase quasi-classical MD study on the
doublet energy surface, 45% of the reactive trajectories lead directly to the hydroxylated product, and this increases to 56% in
implicit solvent model simulations. The percentage of reactive trajectories leading to the separated radical pair is 98—100% on high-
spin (quartet/sextet) energy surfaces. The low-spin state reactivity dominates in the hydroxylation of ethylbenzene, which is
dynamically both concerted and stepwise, since the time gap between C—H bond cleavage and C—O bond formation ranges from 41
to 619 fs. By contrast, the high-spin state catalysis is an energetically stepwise process, which has a negligible contribution to the
formation of hydroxylation products.
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Bl INTRODUCTION Scheme 1. (a, b) Possible Mechanisms of Fe-Porphyrin-
Metalloporphyrin-catalyzed C—H bond hydroxylation has Catalyzed Hydroxylation of Ethylbenzene

attracted significant attention as a biomimetic small molecule (a) Hydrogen Atom Abstraction-Oxygen Rebound Mechanism
version of the cytochrome P450 enzyme-catalyzed hydrox-

ylation." The high valent iron-oxo (Fe'Y=0) porphyrin 7- ©\/

cation radical species (called Compound I) is generally :

accepted as the electrophilic oxidant in P450 enzyme-catalyzed : OH :

hydroxylation reactions.” It was proposed that the metal- — FeIV 2 | Fe— | — Fe'"
loporphyrin-catalyzed C—H bond hydroxylation of ethyl- & cl

benzene undergoes a hydrogen-atom-abstraction/oxygen-re-
bound (HAA/OR) mechanism,® which involves an ultrashort-

lived radical pair of M—OH and benzylic radical (Scheme 1a). (b) Free Radical Mechanism — Fe!ll—

If the lifetime of the radical pair is too short to invert the &

stereocenter of the benzylic radical, the HAA step is the rate- ©\/ /
determining and stereoselectivity-determining step in the case : collapse

of the chiral metalloporphyrin catalyst applied. The OR step is ; OH escape

typically barrierless. This HAA/OR mechanism is an intrinsi- _ Fe'V - llfe”'&

cally concerted pathway since no truly diffused radical pair & cl side reactions

intermediate exists. An early study by the McMahon group
suggested that the P450 enzyme-catalyzed hydroxylation of
S(+)a-d-ethylbenzene exhibits a net conservation of the
stereochemistry at the reacting carbon center.” Newcomb
and collaborators conducted ultrafast “radical clock” experi-
ments on the highly strained cyclic substrates with the
cytochrome P450 enzymes and found that the measured
radical lifetimes (80—200 fs) are too short to correspond to a
fully free radical intermediate.’

The free radical mechanism was also suggested in P450
enzyme-catalyzed hydroxylation of ethylbenzene (Scheme 1b
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Figure 1. Free energy diagrams of ethylbenzene oxidation by the iron-oxo species in the gas phase. Gibbs free energy obtained at the (U)B3LYP/6-

31G*-LANL2DZ level.

and Figures S1 and S2). White et al. observed that a
considerable fraction (25—40%) of the ethylbenzene hydrox-
ylation reaction involved a crossover of stereochemistry
between the HAA and OR steps.’ Groves and co-workers
found that there is a significant loss of the original
stereochemistry at the oxidized carbon center in the
hydroxylation of norbornane.” The Groves group also
proposed the “cage-escape” effect to address the chemo-
selectivity between oxygen and halogen rebounds in the
reactions of HO—M(Por)—X species.®

Shaik and co-workers proposed the “two-state reactivity”,
which provides a mechanistic basis for metalloporphyrin-
catalyzed hydroxylation reactions.” They found that the
transition state for the rebound step lies 5 kcal/mol above
the Fe—OH species on the high-spin quartet energy surface,
and it is barrier-free for the low-spin doublet energy surface.'’
Yoshizawa and co-workers conducted classical trajectory
calculations on alkane hydroxylation mediated by Compound
I of cytochrome P450 and suggested that 200 fs is required for
the rebound process under specific initial conditions, in which
0.1 kcal/mol kinetic energy is supplied to the HAA transition
state along the reaction coordinate.'' Recently, De Voss et al.
studied the cytochrome P450-catalyzed rearrangement-free
hydroxylation of methylcubane and proposed that the ultrafast
radical rebound can be explained by a dynamically coupled C—
H abstraction and C—O bond formation mechanism."* Chung
and co-workers reported the effects of the iron (change in its
coordination mode and spin state) on the dynamics of Fe-
catalyzed hetero-Diels—Alder reaction.'* Houk and co-workers
have studied the molecular dynamics of dimethyldioxirane C—
H oxidation, which also undergoes the HAA/OR mecha-
nism.'* They found that both OR and radical pair separation
pathways can be observed, and the percentage of OR
trajectories is higher in the implicit solvent than that in the
gas phase. The lifetime of the radical pair ranges from 30 to
150 fs.

Previous studies of metalloporphyrin-catalyzed hydroxyla-
tion of alkanes and other hydrocarbons have led to different
conclusions, especially on the nature of the radical pair and its
impact on stereochemistry.> A concerted HAA/OR pathway

can rationalize the stereospecific/stereoselective hydroxylation
of ethylbenzene. The existence of long-time free radical may
lead to the inversion of stereochemistry.'® It intrigued us
whether the radical pair undergoes fast rebound to conserve
the stereoselectivity or is able to reorient or even diffuse
away.'” To evaluate this, quasi-classical molecular dynamics
(MD) simulations on a femtosecond time scale were carried
out to study the dynamics of hydroxylation of ethylbenzene
mediated by the iron-porphine model complex. While this
manuscript was in preparation, Ess and Joy reported a
quantum mechanics and molecular dynamics study of non-
heme iron-oxo reactions with alkanes.'® The results of our
heme iron study are compared to this later in this manuscript.

B COMPUTATIONAL METHODS

The density functional theory (DFT) calculations were carried out
with the Gaussian 16 package.'® Geometry optimization and energy
calculations were performed with restricted B3LYP and unrestricted
UB3LYP methods for closed shell and open shell species,
respectively.”” The LANL2DZ basis set’’ with ECP was used for
the Fe atom, and the 6-31G* basis set’” was used for other atoms.
Frequency analysis was conducted at the same level of theory to verify
the stationary points to be real minima or saddle points and to obtain
the thermodynamic energy corrections. To ensure that the correct
unrestricted wavefunctions were obtained, a stability test was carried
out with the Gaussian keyword stable = opt. The single-point energies
were calculated at the (U)B3LYP/6-31G*-LANL2DZ level using the
SMD* solvation model (solvent = dichloromethane). Computed
structures are illustrated using CYLview.**

Quasi-classical molecular dynamics simulations were performed at
the level of (U)B3LYP/6-31G*—LANL2DZ by interfacing the
Singleton’s Progdyn code* with Gaussian 16. The initial config-
urations were generated by normal-mode sampling at 298.15 K from
the optimized transition structure TS1. Along forward and backward
directions, molecular configurations and velocities were propagated
using the velocity Verlet algorithm with a time step of 1 fs. Thresholds
for bond formations and trajectory terminations are listed in Table SI.
Only productive trajectories without recrossing events were used for
our analysis and discussion. The MD simulations, which require large
amounts of CPU time, were performed on our lab’s high performance
computing (HPC) nodes. Generally, the simulation of one complete
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Figure 2. Optimized structures of the key transition states and intermediates of ethylbenzene oxidation by the iron-oxo species in the gas phase.
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Figure 3. Intrinsic reaction coordinate (IRC) of *TS1.

MD trajectory for this system of 57 atoms required 2—6 days of CPU
time (16 processors).

B RESULTS AND DISCUSSION

DFT Mechanistic Study. The detailed description of the
mechanism of iron porphyrin-catalyzed asymmetric hydrox-
ylation of ethylbenzene was presented in our previous paper.*®
Here, we explored the key HAA/OR steps starting from the
high valent iron-oxo species at the level of (U)B3LYP/6-
31G*~LANL2DZ with Gaussian 16. Figure 1 shows the
computed free energy diagram of ethylbenzene oxidation by
the iron-oxo species in the gas phase. The corresponding free
energy profile in the implicit solvent (DCM) (shown in Figure
S3) is very similar to that in the gas phase. Figure 1 shows that
ethylbenzene is hydroxylated by iron porphyrin in a “two-state
reactivity” scenario.”” In the HAA step, the low-spin (LS)
transition state in the doublet state (*TS1) is 24.7 kcal/mol.
The high-spin (HS) transition state in the quartet state (*TS1)
is 25.3 kcal/mol, only 0.6 kcal/mol higher than 2TS1. For both

doublet and quartet HAA transition states, *TS1 and *TS1,
only the m-attacking TS with the angle of Fe—O—H in ~120°
can be located. In contrast, for the sextet HAA transition states,
both the 7-attacking TS (°TS1) with Fe—O—H in ~120° and
o-attacking TS (°TS1,) with Fe—O—H in ~170° were located,
which are 36.1 and 29.6 kcal/mol, respectively. The key
transition structures and intermediates are shown graphically in
Figure 2.

The LS rebound process in the doublet state is barrierless.
To further confirm that the doublet pathway is a concerted
process via the HAA/OR transition state *TS1, we have
performed the intrinsic reaction coordinate (IRC) calculation
on *TS1 (Figure 3). Indeed, in the forward reaction from
>TS1, the H-atom abstraction is closely followed by the C—O
bond formation, and no diradical pair intermediate can be
located. In 2TS1, the H-O—Fe—C dihedral angle is 4°, and
the abstracting H is located between O and the benzylic
carbon center. This abstracting H moves away from the
benzylic carbon along the reaction coordinate to facilitate the

14448 https://doi.org/10.1021/jacs.3c03773

J. Am. Chem. Soc. 2023, 145, 14446—14455


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03773/suppl_file/ja3c03773_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03773/suppl_file/ja3c03773_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

C—O bond formation as the H—O—Fe—C dihedral angle
changes from 18° in a2 to 77° in a3 and 116° in a4.

The HAA/OR process in LS is a concerted pathway with no
diradical intermediate, and the rebound process has no barrier.
On the contrary, there is a diradical intermediate in the HS
energy profile, which has a barrier to rebound. In the HS
process, the hydrogen atom abstraction by the iron-oxo
complex leads to the benzylic radical and iron-hydroxo
complex Intl. The benzylic radical and iron-hydroxo
intermediate Intl can undergo a rebound step and produce
the alcohol products. The oxygen rebound process via *TS2
has a barrier of 2.8 kcal/mol measured from the diradical pair
complex *Intl. Similarly, the oxygen rebound process via “TS2
requires a barrier of 3.9 kcal/mol with respect to the diradical
complex ®Int1. The separated benzylic radical plus the Fe—OH
species in singlet, triplet, and quintet states were calculated to
be 0.9, 2.2, and 9.7 kcal/mol, respectively (Figure S4). The free
energy diagram of ethylbenzene oxidation by the iron-oxo
species measured from the separated benzylic radical plus the
Fe—OH species in the implicit solvent (DCM) is shown in
Figure SS.

The free radical intermediate may diffuse or reorient to
rebound or undergo other radical reactions. To further deepen
the understanding of the feature of the diradical intermediate,
we have computed the energetics of a possible side reaction, in
which the iron-hydroxo species further abstracts a f-hydrogen
of the benzylic radical to form styrene and a Fe-aqua complex.
On the doublet energy surface, this desaturation process has a
free energy barrier of 10.3 kcal/mol in the gas phase (Figure
S6) and 5.4 kcal/mol in the implicit solvent (Figure S7) with
respect to the separate diradical intermediate, respectively.
Therefore, the desaturation process is unfavorable compared
with the oxygen rebound process.

Molecular Dynamics Study. The distribution of sampled
transition state geometries with overlay visualization is shown
in Figure S8. Figure 4 shows two typical trajectories from the
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Figure 4. Two typical trajectories from reaction dynamics simulation.
Blue dot marks are sampled TS points used to initiate trajectories.

reaction dynamics simulation of the hydroxylation of ethyl-
benzene in the gas phase represented by the O—H and O—C
bond distances. The HAA/OR trajectory is shown in red, and
the radical pair separation trajectory is shown in cyan. The
snapshots of the two typical MD trajectories in the gas phase
are also shown in Figure 5. The O—H and O—C bond lengths
are labeled on the graphic. Both trajectories involve similar
transition states with H transfer from the benzylic C—H bond
to iron-oxo. At 0 fs, which corresponds to the transition state

structure, the starting point for the trajectories can result in
mainly two destinations, the oxygen-rebound and the radical
pair separation. The formed O—H bond lengths are 1.26 A for
the oxygen-rebound trajectory and 1.27 A for the radical pair
separation trajectory. The O—C bond lengths for the oxygen-
rebound trajectory are 2.60 A at 0 fs, 2.52 A at 20 fs, and 1.44
A at 57 fs. In the radical pair separation trajectory, the O—C
distance increases from 2.51 A at 0 fs to 2.88 A at 59 fs and
4.00 A at 193 fs. So, there is a clear separation of the benzylic
radical and the iron-hydroxo species.

Figure 6 shows the time-resolved view of the change in the
H—O—Fe—C dihedral angle, which was noted as the C—O—H
angle in Ess and Joy’s study,'® in the HAA/OR trajectory via
>TS1 in the gas phase. In *TS1, the C—H—O angle is almost
kept collinear for the H-atom abstraction process and the H—
O—Fe—C dihedral angle is 4°. The H-O—Fe—C dihedral
angle significantly changes over time for the O-rebound
process, especially at 45 fs; there is a dramatic change in the
H—O—Fe—C dihedral angle. This indicates that the rotation
around the Fe—O bond is the major reaction coordinate in this
O-rebound process.'®**

In addition, we also explored some changes in the bond
distances along the trajectories. Figure 7 shows the time-
resolved view of the changes in the bond distances for both the
HAA/OR trajectory and the radical pair separation trajectory
via *TS1 in the gas phase. The O—H distance gradually
decreases to around 1.00 A over time, while the Fe—Cl and
Fe—O distances remain almost constant in both HAA/OR and
radical pair separation trajectories. The main difference
between the two trajectories is that the O—C distance is
shortened to 1.5 A in the oxygen rebound trajectory, while the
O—C distance is lengthened in the radical pair separation
trajectory.

The distributions of the quasi-classical MD trajectories in
the gas phase and implicit solvent (DCM) are summarized in
Table 1 and Table S2. The number of oxygen rebound
trajectories via *TS1 is larger than that via *TS1 and °TS1,
whether in the gas phase or implicit solvent. This suggests that
the energy surface on the doublet state is responsible for the
formation of the hydroxylation product, although the energy
difference between 2TS1 and *TS1 is minimal (AAG* = 0.6
kcal/mol). Therefore, the reaction pathways via HS energy
surfaces have a negligible contribution to the formation of the
hydroxylation product. Meanwhile, the radical pair formation,
which is detrimental to the stereoselectivity of hydroxylation
reaction, results from both LS and HS energy surfaces.

The trajectories of the quasi-classical MD simulations of iron
porphyrin-catalyzed hydroxylation of ethylbenzene on the
doublet, quartet, and sextet potential energy surfaces are also
shown in Figure 8. The trajectories via *TS1 in the gas phase
are displayed in Figure 8a. In gas-phase simulations, 45% of the
reactive trajectories directly lead to the hydroxylation product,
while in the implicit solvent (DCM), the percentage increases
to 56% (Figure S9a). The trajectories via *T'S1 in the gas phase
and implicit solvent (DCM) are displayed in Figure 8b and
Figure S9b, respectively. Interestingly, in gas-phase simulation
on *TS1, 98% of the reactive trajectories lead to the radical
pair, and only 2% of the reactive trajectories directly lead to the
hydroxylation product. Similarly, in implicit solvent model
simulations, 100% of the reactive trajectories leads to the
radical pair, and there are no oxygen rebound trajectories via
*TS1. The trajectories via *TS1 in the gas phase (Figure 8c)
and implicit solvent (Figure S9c) are very similar. The quasi-
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Figure S. Snapshots of two typical reactive trajectories for the C—H bond hydroxylation of ethylbenzene by the iron-oxo species. (a) Oxygen-
rebound trajectory, in which the hydroxylation of ethylbenzene gives 1-phenylethanol. (b) Radical pair separation trajectory, in which the benzylic
radical and iron-hydroxo separate after HAA from ethylbenzene. The 0 fs panels correspond to the TS geometry where trajectories were initiated.

180

o
o
-
I

Dihedral angle (°)
3 8

-
N
o

w
o

0
-150 -120 90 -60 -30

Time (fs)

Figure 6. Change in the dihedral angle of H-O—Fe—C in HAA/OR
via TSI in the gas phase. *TS1 is shown in red diamond.

classical MD simulations of iron porphyrin-catalyzed hydrox-
ylation of ethylbenzene suggest that the HS energy surfaces are
ineffective for the HAA/OR pathway.

Based on the above results, we analyzed the time gap in
forming O—H and O—C bonds. The distribution of the time
gap between the formation of O—H and O—C bonds in the
oxygen rebound trajectories propagated on the doublet
potential energy surfaces in the gas phase is shown in Figure
8d. The average time gap is 99 fs in the gas phase, while the

Table 1. Dynamics Results with Trajectories Initiated from
TS1 in the Gas Phase

transition total reactive hydroxylation radical

structures  trajectories  trajectories product (%) pair (%)
’TS1 570 394 45% 55%
‘TS1 306 270 2% 98%
TS1 345 301 2% 98%

average time gap increases to 156 fs in the implicit solvent
(Figure S9d). The solvent can influence the average time gap
of the oxygen rebound trajectories and increase the lifetime of
the free radical intermediates.”” Houk et al. defined 60 fs as the
boundary between the dynamically concerted mechanism (the
time gap of formation of two bonds 7 < 60 fs) and the
dynamically stepwise mechanism (the time gap of formation of
two bonds 7 > 60 fs).*° This duality of mechanism is also
exemplified in Figure 8e/f. Figure 8e shows the 46 fs time gap
trajectory in which, after the formation of the O—H bond, the
O—C bond oscillates around 2.5 A for about one vibration
period of the O—H bond and then decreases to 1.5 A. This
dynamical behavior indicates that no well-defined radical pair
intermediate is generated along the trajectory, suggesting a
dynamically concerted mechanism. Figure 8f displays the 229
fs time gap trajectory, in which the O—C distance increases to
about 3.0 A after the O—H bond is formed and vibrates
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Figure 7. (a) Changes in bond distances in a HAA/OR trajectory via *TS1 in the gas phase. (b) Changes in bond distances in a radical pair

separation trajectory via *TS1 in the gas phase.

14450

https://doi.org/10.1021/jacs.3c03773
J. Am. Chem. Soc. 2023, 145, 14446—14455


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03773/suppl_file/ja3c03773_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03773?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
s (a) s (b) is ()
. . Re . . . . Reacta
Radical pair Radical pair Radical pair
~4.0] wsv —~4.0 —~4.0
S NG H B
535 535 B35 = 7
c c c r:
= 30 = 30 =30 A
2 z° T8
o [=} o <
Q25 L5 225
Q 9 Q
O 20 O30 © 20 !
1 5L Product s & Product . $ Product
05 10 15 20 25 30 35 05 1.0 15 20 25 30 35 05 10 15 20 25 30 35

O-H bond length (A)
(d)

O-H bond length (A)
(e)

1.
O-H bond length (A)
45 )

45
Average : 99 fs Time Gap : 46 fs Time Gap : 229 fs

—4.0 —4.0
< <

S £35 £35

z s s

3 530 530

® c c

Rl [} o

[ Q25 225

a Q Q
O20 O2p

0
100200 300400500600 700800
Time Gap (fs)

%5 10 15 20 25 30 35
O-H bond Iength (A)

15
05 10 15 20 25 30 35
O-H bond length (A)

Figure 8. (a) Distribution of the reactive trajectories propagated via *T'S1 in the gas phase. (b) Distribution of the reactive trajectories propagated
via *TS1 in the gas phase. (c) Distribution of the reactive trajectories propagated via °TS1 in the gas phase. (d) Distribution of time gap between
formation of the O—H and O—C bonds in the oxygen rebound trajectories propagated via *TS1 in the gas phase. (e) Oxygen-rebound trajectory
with the 46 fs time gap. (f) Oxygen-rebound trajectory with the 229 fs time gap. Blue dot marks are sampled TS points used to initiate trajectories.

203 fs

Figure 9. Snapshots of two kinds of radical pair trajectories. (a) Snapshot of a trajectory with an inverted configuration at benzylic carbon. (b)

Snapshot of a trajectory involving f-hydrogen abstraction.

nearby. In all, this reaction is both concerted and stepwise
dynamically.

In addition, we also found two other pathways in the radical
pair trajectories. Figure 9 shows the snapshots of two kinds of
radical pair trajectories: the snapshot of the pathway involving
an inverted configuration at the benzylic radical and a f-
hydrogen abstraction trajectory. In Figure 9a, the H-atom
abstraction at pro-R forms the benzylic radical. There is an
apparent flipping of the benzylic radical from 344 to 712 fs
followed by generation of the hydroxylation product with S-
configuration at 1031 fs, with an O—C bond length measuring
1.49 A (also shown in Movie S1). The radical pair separation

trajectories were terminated if the O—C distance is >4.0 A, and
the simulation time is generally around 200 fs. Therefore, a
longer time (>1000 fs) is needed for simulation of the
formation of the product with an inverted configuration. Figure
9b shows the snapshots in the pathway of p-hydrogen
abstraction by the iron-hydroxo species to form styrene. The
iron-hydroxo species abstracts the f-hydrogen of the benzylic
radical at 203 fs (Movie S2). Finally, the styrene will be
formed, and the newly generated water molecule will dissociate
from the aqua-Fe-porphyrin complex. We further examined all
the separated radical pair trajectories and found that only a few
such trajectories are generated in the dynamics simulations
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(Tables S3 and S4). Although the benzylic radical may
undergo rebound or desaturation reactions on a longer time
scale, our MD simulations are appropriate to investigate
ultrafast chemistry occurring within femtosecond to pico-
second time scales. As such, many hydroxylated and/or
desaturated products may not be observed due to this limited
time window.

We investigated the 1mpact of spin contamination on
trajectory dynamics.”**" The expected values for (S) are
0.75, 3.75, and 8.75 for pure doublet, quartet, and sextet states,
respectively. Table SS shows the range of ($) values in the
regions of the initial sampled transition states, hydroxylation
products, and radical pairs. The deviation of the exact value
from the expected value is a useful diagnostic tool for assessmg
spin contamination in unrestricted wave functions.®'® We
found that the exact value for (S?) ranges from 0.77 to 1.04 in
the region of the initial sampled doublet transition states,
indicating some level of spin contamination in the doublet
state. The values of <S ) as a function of time in all oxygen
rebound trajectories via *TS1 in the gas phase are shown in
Figure S10 and fall within the range of 0.77—1.01. The exact
value for (Sz> in all radical pair separation trajectories via *TS1
in the gas phase ranges from 0.75 to 1.27, as illustrated in
Figure S11. In contrast, there was minimal spin contamination
in the initial sampled quartet and sextet transition states, with
(SZ> values around 3.75 and 8.75, respectively. In all the radical
pair separation pathways via *TS1 and TS1, the exact values
for (Sz> closely matched the corresponding expected values
over time (Figures S12 and S13). However, along 55% of the
radical pair separation pathways via *TS1, the exact values of
(SZ) deviated from the ideal values due to significant
contributions from unwanted spin states, ultimately leading
to a (5?) value of approximately 1.00. Therefore, we speculated
that spin contamination facilitated dissociation, resulting in
more radical pair separation pathways.

The high percentage of the radical pair separation
trajectories, which is although overestimated due to the spin
contamination, and the rotation of the benzylic radical are
eroding the stereoselectivity. That is the cause of low
enantioselectivity in many biomimetic metalloporphyrin-
catalyzed hydroxylation of ethylbenzene.*> By contrast, in
P450 enzyme-catalyzed hydroxylation reactions, the high
stereoselectmty is enforced by the tight-binding enzymatic
environment.”

In the implicit solvent, the oxygen rebound trajectories and
the time gaps are increased compared with those in the gas
phase. So far, various studies have explained the influence of
the “solvent cage” effect on the reaction trajectories.’*“** Houk
and co-workers use a QM/MM model with direct dynamics
simulations to support the water-accelerated Diels—Alder
reaction,”* which was proposed by Jorgensen and co-workers
that there is a preferential H-bond stabilization in the TS.*** In
addition, Singleton and co-workers highlighted the role of the
solvent dynamics in studying the nature of a betaine
intermediate for a Witting reaction.”** To better understand
the influence of the solvent effect on the metalloporphyrin-
catalyzed hydroxylations of ethylbenzene, the molecular
dynamics simulations with explicit solvent are currently being
investigated in our laboratory.

As we mentioned in the Introduction, Ess and Joy reported a
DFT-based quasi-classical direct dynamics study of non-heme
iron-oxo reactions with alkanes.'® Both heme and non-heme
iron-oxo reactions involve competitive post-hydrogen atom

transfer/abstraction reactions, such as radical rebound,
dissociation, and desaturation reactions. In our DFT and
dynamics studies of heme iron-oxo reactions with ethyl-
benzene, different spin states including doublet, quartet, and
sextet states were all investigated. The HAA/OR process on
the doublet energy surface is nonsynchronous concerted,
which is consistent with the study of non-heme complex 4 by
Ess and Joy. The nonsynchronous dynamically concerted
process on doublet leads to fast rebound trajectories, which are
facilitated by a dynamic matching between the rotational
motion of the Fe—OH bond and the collision with the carbon
radical. In addition, reactions with different spin states have
different dynamic behaviors. In the gas phase study on the
doublet energy surface, 45% of the MD reactive trajectories
lead to the hydroxylated product, and 55% of the MD reactive
trajectories lead to the radical pair separation/dissociation,
which is likely exaggerated due to spin contamination that
mixes in higher multiplicities that will discourage rebound that
occurs in the pure doublet state. The percentage of reactive
trajectories leading to the separated radical pair is 98—100% on
high-spin (quartet/sextet) energy surfaces, which is signifi-
cantly higher than that on the doublet energy surface. In Ess
and Joy’s study, the quintet spin state was found to be the most
energetically favorable for the transition states and inter-
mediates with non-heme complexes 1—3, whereas complex 4
favored a doublet spin state. Our work and the work of Ess and
Joy are complementary and together provide a complete story
of dynamics of both heme and non-heme catalytic oxidations.

B CONCLUSIONS

DFT calculations and quasi-classical molecular dynamics
simulations have been carried out to study the iron
porphyrin-catalyzed hydroxylation of ethylbenzene. In the
DFT mechanistic study, we found that the H-atom abstraction
from ethylbenzene by the iron-oxo species is the rate-
determining step. There is a significant barrier for the oxygen
rebound step on the high-spin state energy surface, but it is
virtually barrierless on the low-spin state energy surface.

In the MD simulations, we found that the HAA transition
structure leads to the oxygen rebound and the radical pair
separation pathways even on the low-spin doublet surface. The
percentage of the oxygen rebound trajectories via *TS1 is
higher than that via *TS1 and °TS1. In the hydroxylation of
ethylbenzene, the low-spin state reactivity prevails and is
characterized by both concerted and stepwise dynamics. The
time interval between C—H bond cleavage and C—O bond
formation spans from 41 to 619 fs. Conversely, high-spin state
catalysis is an energetically stepwise process with a minimal
contribution to the production of hydroxylation products. In
the gas phase study on >TS1, 45% of the reactive trajectories
lead to the hydroxylated product, and 55% of the reactive
trajectories lead to the separated radical pair. In the implicit
solvent model study, the percentage of the reactive trajectories
leading to the hydroxylated product increases to 56%. The
percentage of radical pair separation trajectories in the doublet
state was overestimated due to the significant spin contami-
nation present, which favors dissociation. In the radical pair
separation trajectories, a few trajectories leading to the styrene
or hydroxylation products with inverted configuration can be
observed. In addition, the solvent can increase the average time
gap of the oxygen rebound pathway.

In conclusion, the iron-porphyrin-catalyzed hydroxylation
reaction of ethylbenzene on the doublet energy surface is more
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favorable than that on quartet and sextet energy surfaces. The
MD simulation results suggest that the reaction on the doublet
energy surface is both concerted and stepwise dynamically and
can lead to separated radicals. The time gap between C—H
bond cleavage and C—O bond formation ranges from 41 to
619 fs. By contrast, the high-spin state catalysis is an
energetically stepwise process, and the reaction pathways via
high-spin energy surfaces have a negligible contribution to the
formation of the hydroxylation product.
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