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ABSTRACT: We report molecular dynamics simulations of
the reaction of dimethyldioxirane (DMDO) with isobutane.
The reaction involves hydrogen atom abstraction in the
transition state, and trajectories branch to the oxygen rebound
pathway, which gives tert-butanol and acetone, or a separated
radical pair. In the gas phase, only 10% of the reactive
trajectories undergo the oxygen rebound pathway, but this
increases to 90% in simulations in an implicit acetone solvent
(SMD) because the oxygen rebound becomes barrierless in
solution. Short-lived diradical species were observed in the
oxygen rebound trajectories. The time gap between C−H bond-breaking and C−O bond formation ranges from 30 to 150 fs,
close to the <200 fs lifetime of radical pairs from DMDO hydroxylation of trans-1-phenyl-2-ethylcyclopropane measured by
Newcomb.

■ INTRODUCTION

Dioxiranes afford efficient and stereospecific oxyfunctionaliza-
tions of unactivated C−H bonds of alkanes under extremely
mild conditions and without metal catalysts.1−5 Three
mechanisms have been proposed to rationalize the high
efficiency and stereospecificity of dioxirane C−H oxidation.
Murray and Curci suggested a concerted “oxenoid” mechanism
(shown in Scheme 1a) based on kinetics, H/D isotope effects,
selectivity, and stereochemical evidence.2,5−8 This mechanism
was challenged by Minisci, who showed that free radicals
(shown in Scheme 1b) are involved in the reactions by trapping

with BrCCl3 or by conducting the experiment under an argon
atmosphere.9−11 Others argued against the free radical
mechanism, citing stereospecific and stereoselective hydrox-
ylations of cis- and trans-1,2-dimethylcyclohexane,2 the lack of
ring opening in hydroxylation of isopropylcyclopropane,10 and
ultrafast radical clock experiments.12,13 This evidence, however,
does not directly prove whether hydroxylation occurs by an
oxenoid insertion reaction or by singlet radical pair formation
and subsequent collapse (H-abstraction-O-rebound mechanism
shown in Scheme 1c).
Bach, Fokin, Schreiner, Cremer, Sarzi-Amade, and Houk

have all studied computationally a prototype of dimethyldiox-
irane (DMDO) C−H oxidations: the hydroxylation of
isobutane.14−21 The H-abstraction-O-rebound mechanism
(Scheme 1c) was shown to be most favorable with an open-
shell singlet TS in the rate-determining step (i.e., C−H
abstraction). The diradical character of the TS originates from
homolytic O−O bond cleavage of DMDO. It is noteworthy
that in 1978, Goddard insightfully suggested that the dioxyl
diradical form, dioxymethane (OCH2O), could make a
contribution to the chemistry of the parent dioxirane.22

As shown in Figure 1,20 C−H abstraction results in a radical
pair, which leads to the hydroxyl product through a no-barrier
O-rebound transition state. Bach proposed a 7.3 kcal/mol
barrier based on G4 calculations.21 After the C−H abstraction,
oxygen rebound has to be rapid enough to prevent radical pair
diffusion; otherwise, stereoretention would be unlikely. There-
fore, the time scale of oxygen rebound, or the lifetime of radical
pair, is key to understanding the mechanism of DMDO
hydroxylation.
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Scheme 1. Possible Mechanisms of Hydroxylation of Alkanes
by Dioxiranes
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Newcomb conducted the DMDO hydroxylation of trans-1-
phenyl-2-ethyl-cyclopropane to estimate the lifetime of radical
pair. This ultrafast radical clock experiment, illustrated in
Scheme 2, is based on the fact that C−H abstraction would give

a radical known to rearrange with a rate constant of 1011 s−1.
The experiment gave very small amount of products identified
as 3a−c, giving a ratio of unrearranged to rearranged products
of at least 40 at ambient temperature. This indicates that the
rate constant for radical collapse is at least 4 × 1012 s−1. Thus, it
was proposed that the maximum lifetime of a putative radical
pair is 200 fs,12 a time scale only 3−4 times longer than that of
a transition state (∼60 fs).23a−d

Free radicals were clearly excluded by radical clock
experiment, but whether and how short-lived radical pairs are
involved in the DMDO oxidation remains unknown. Many
assumptions were proposed for the oxygen rebound process.
On one hand, solvent-caging effects,24−28 consisting of steric
hindrance and dipole stabilization, were generally assumed to
facilitate rapid oxygen rebound. Steric hindrance could
effectively inhibit radical pair dissociation, and solvent polarity
might stabilize the dynamical species during the transformation
from a moderately polar radical pair to very polar products
(tert-butyl alcohol and acetone). On the other hand, non-
statistical effects might be involved in the reaction, making the
nascent radical pair carry dynamical memory, thus resulting in
the products with stereoretention.29−35 To explore how solvent
effects and dynamics effects influence the oxygen rebound, we
performed direct molecular dynamics (MD) simulations36−39

on the DMDO C−H oxidation of isobutane in the gas phase
and in implicit acetone. The solvent effect discussed here is
only limited to solvent polarization because of the lack of
explicit solvent molecules in implicit model.

■ COMPUTATIONAL METHODS
MD simulations were performed both in the gas phase and in implicit
acetone solvent. For the gas phase MD studies, the open-shell singlet
transition state (TS-1 shown in Figure 1) for the reaction was located
by QM method in Gaussian 09.40 UB3LYP/6-31G(d) with HOMO−
LUMO mixing for the initial guess was used in both transition state
optimization and dynamics simulation. (U)B3LYP/6-311++G(d,p)
single point energies were computed on the (U)B3LYP/6-31G(d)-
optimized structures. We have previously shown that this method gives
similar energetics compared to the multiconfigurational second-order
perturbation method CASPT2 for this reaction.20 The Cramer-Truhlar
SMD solvation model was used for the implicit solvent calculations.41

Quasiclassical direct-dynamics simulations were then initialized within
the region of the potential energy surface near TS-1, adding zero-point
energy for each real normal mode in TS-1, plus a Boltzmann sampling
of thermal energy available at 300 K with a random phase. (The
distribution of sampled transition state geometries is shown with
overlay in Figure S1.) The trajectories were propagated forward and
backward until the emergence of the final products (tert-butanol and
acetone) (OD−HB < 1.15 Å and OD−CB < 1.59 Å, where D stands for
DMDO and B stands for isobutane), radical pairs (OD−HB bond <
1.15 Å and OD−CB bond > 3.00 Å), or separated reactants (OD−HB
bond > 5.00 Å). The classical equations of motion were integrated
with a velocity-Verlet algorithm using Singleton’s program Progdyn,42

with the energies and derivatives computed on the fly by the UB3LYP
method using Gaussian 09. The step length for integration was 1 fs.
The MD simulations in implicit solvent followed the same protocol as
the gas-phase MD studies, except that the location of the reaction
saddle point and the propagation of trajectories were carried out in
conjunction with a continuum solvation model.

■ RESULTS AND DISCUSSION
The free energy profile of DMDO C−H oxidation of isobutane
with implicit acetone solvation (shown in Figure 2) was

obtained to compare to that in the gas phase (Figure 1).
Implicit solvation has only a minor effect on the barrier of
reaction (ΔΔG⧧ = 0.6 kcal/mol) and does not change the
geometries of TS-1 and Intermediate significantly. The
oxygen-rebound transition state TS-2 found in the gas phase
(Figure 1) cannot be located with solvation. Unrestricted
single-point calculations with implicit solvent on the gas phase
optimized TS-2 geometry result in a substantially lower energy
than that of Intermediate (∼10 kcal/mol). In addition, its

Figure 1. Free energy diagram of isobutane oxidation by DMDO in
the gas phase.20 Energies reported are in kcal mol−1.

Scheme 2. Ultrafast Radical Clock Experiment

Figure 2. Free energy diagram of isobutane oxidation by DMDO in
implicit solvent (acetone). Electronic energies are given in
parentheses. TS-2 cannot be located with solvation so that the energy
reported in red is a single point based on the gas phase TS-2 geometry.
All energies reported are in kcal mol−1.
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stable wave function shows no diradical character (⟨S2⟩ = 0).
The estimated ∼10 kcal/mol energy difference likely reflects an
overestimate of the solvent stabilization, but the solvent effect is
likely to be quite large. These results indicate that the oxygen
rebound is barrierless in implicit acetone solvent. This
originates from a crossover from singlet diradical character to
zwitterionic character, which is better stabilized by polar
solvation. (Shown in Figure S2.)
Figure 3 shows snapshots of two typical reactive trajectories

for the hydroxylation of isobutane by DMDO in implicit

acetone. Figure 3a is an oxygen-rebound trajectory, and Figure
3b is one in which the radical pair separates. The bond lengths
of the OD−HB and OD−CB bonds are labeled on the graph,
where the subscript D stands for DMDO and B stands for
isobutane. Both trajectories involve similar transition states with
H transfer from C to O, and O−O bond breaking. At 0 fs, the
starting point for the trajectories in both directions, the forming
OD−HB bond length is 0.98 Å for the oxygen-rebound
trajectory, and 1.10 Å for the radical pair separation trajectory.
The OD−CB bond length for the oxygen-rebound trajectory is
2.50 Å at 0 fs, 2.45 Å at 31 fs, and 1.58 Å at 80 fs. This shows
that the oxygen on DMDO rebounds immediately after C−H
abstraction and gives the final products, tert-butanol and
acetone. We have defined “dynamically concerted” as reactions
in which formation of two bonds in less than 60 fs, the time it
takes to pass through a transition state.23a−d In the radical pair

separation trajectory, the OD−CB bond length increases from
2.51 Å at 0 fs, to 2.61 Å at 35 fs, and to 3.55 Å at 200 fs; there is
clear separation of the radicals.43

Results for DMDO C−H oxidation of isobutane trajectories
are summarized in Figure 4.44 Figure 4a shows typical oxygen-
rebound and radical pair separation trajectory represented by
the OD−HB and OD−CB bond lengths. In the gas phase, 10% of
the reactive trajectories directly lead to the alcohol (Figure 4b),
while in implicit acetone solvent, the percentage increases to
90% (Figure 4c). Since oxygen rebound is barrierless in implicit
acetone solvation, trajectories tend to propagate downhill to
give the final product subsequent to the generation of the
radical pair Intermediate. In contrast, gas-phase trajectories
propagate on a relatively flat potential energy surface. They will
give final product only after crossing the TS-2. Or even more
likely, radical pair may drift apart during the propagation.
Noticeably, spin contamination is significant when the radical
pair separates. This might be another reason for the high
proportion of radical-separation trajectories observed in the gas
phase. Even so, the oxygen rebound trajectory observed in the
gas phase does indicate a very rapid rebound, much faster than
the rotational motion of the alkyl radical that would be needed
to erode stereoselectivity.
Figure 4d displays the distribution of time gaps between the

formation of OD−HB and OD−CB bonds in the oxygen-
rebound trajectories propagated in implicit acetone solvent. We
have previously defined two terms, “dynamically concerted”
(time gap of formation of two bonds τ ≤ 60 fs) and
“dynamically stepwise” (time gap of formation of two bonds τ >
60 fs), to describe reaction mechanisms in a time-resolved
fashion. Unlike the traditional concept of “concerted” and
“stepwise”, which focus on the existence of an intermediate on
the PES, the new definitions are concerned about the
involvement of fleeting intermediates in reactions based on
dynamics.45−47,23 The oxygen-rebound process is dynamically
concerted (τ ≤ 60 fs) and stepwise (τ > 60 fs). Only 35% of the
time gaps are shorter than 60 fs, and 65% are longer than 60 fs.
This duality of mechanism is exemplified in Figure 4e,f. Figure
4e shows a 45 fs-time-gap trajectory in which, subsequent to
the formation of OD−HB bond, OD−CB bond oscillates around
2.5 Å for about one vibrational period of OD−HB bond and
then decreases to 1.6 Å. This dynamical behavior indicates that
no well-defined radical pair intermediate is generated along the
trajectory, suggesting a dynamically concerted mechanism.
Figure 4f displays a 115 fs-time-gap trajectory where,
subsequent to the formation of OD−HB bond, the OD−CB
bond increases to about 3.0 Å and undergoes several vibrational
motions of the OD−HB bond before the formation of OD−CB
bond. This trajectory involves a fleeting radical pair, which
geometrically resembles the Intermediate shown in Figure 2,
suggestive of a dynamically stepwise mechanism.
The implicit acetone model provides qualitative under-

standing of how solvent polarity influences oxygen rebound.
However, the model has some limitations. The model
intrinsically treats dynamical species using a fully adiabatically
optimized equilibrium continuum surrounding. In reality,
however, solvent reorientation and relaxation may take several
picoseconds or even longer.48−52 On the time scale of oxygen
rebound, the solvent will be approximately stationary, which is
inconsistent with the adabatic behavior assumed by implicit
solvation. In addition, the implicit solvation does not account
for the steric hindrance with solvent cage. These facts highlight

Figure 3. Snapshots of two typical reactive trajectories for the
hydroxylation of isobutane by DMDO in implicit acetone. (a) An
oxygen-rebound trajectory, in which DMDO hydroxylation of
isobutane gives tert-butanol and acetone through oxygen rebound
mechanism. (b) A radical pair separation pathway, in which tert-butyl
and 2-oxidanylpropan-2-ol separate after C−H abstraction. The 0 fs
panels correspond to the transition state geometry where trajectories
are initiated.
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the necessity of dynamics simulations with explicit solvent,

which is ongoing work in our group.
In Newcomb’s radical clock experiment (Scheme 2), the

substrate (1) generates the more complex secondary radical.

We have computed the energetics of the reaction with DMDO.

The results are shown in Figure 5. In the gas phase, the H-

abstraction step has a free energy of activation of 26.2 kcal/mol,

very close to that of isobutane oxidation (Figure 1, 26.6 kcal/

Figure 4. (a) A typical oxygen-rebound and recrossing trajectory represented by the OD−HB and OD−CB bond lengths. The labels are consistent
with Figure 3. (b) Distribution of 100 reactive trajectories propagated in the gas phase. (c) Distribution of 100 reactive trajectories propagated in
implicit acetone. (d) Distribution of time gap between formation of the OD−HB and OD−CB bond. The time gap is extracted from the oxygen-
rebound trajectories propagated in implicit acetone solvent. The criteria for OD−HB and OD−CB bond formation are set as 1.2 and 1.6 Å,
respectively. (e) An oxygen-rebound trajectory with 45 fs time gap. (f) An oxygen-rebound trajectory with 115 fs time gap. Blues dots labeled in (a−
c), (e), and (f) are sampled transition state used to initiate trajectories.

Figure 5. Computed gas phase energetics of DMDO hydroxylation of trans-1-phenyl-2-ethylcyclopropane (Newcomb’s radical clock experiment).
Energies reported are in kcal mol−1.
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mol). Once the radical pair forms, it may collapse (O-rebound)
to form alcohol 2a, or rearrange to form radical pair Int-3a (as
well as its cis isomer, not shown).
The O-rebound has a barrier of 1.3 kcal/mol in the gas

phase, but the barrier disappears with implicit acetone solvent,
similar to the isobutane case. The radical rearrangement has a
barrier of 2.0 kcal/mol, in good agreement with the rate
constant measured by Newcomb (1011 s−1) based on transition
state theory. The experimental ratio of unrearranged to
rearranged products is greater than 40:1,12 which indicates
that the energy barrier of O-rebound is 2.2 kcal/mol lower than
that of rearrangement at ambient temperature. This further
supports that the O-rebound step has no barrier in solvent. The
lifetimes of radical pairs computed for the isobutane case are
shown in Figure 4d; the time spans of radical pairs involved in
DMDO C−H oxidation of isobutane are between 30 and 150
fs. These are consistent with the lifetime of radical pairs
measured by Newcomb from DMDO C−H oxidation of trans-
1-phenyl-2-ethylcyclopropane (<200 fs).12

■ CONCLUSION
We have studied the molecular dynamics of DMDO C−H
oxidation of isobutane. The free energy profile of the reaction
was calculated, and indicates that the oxygen rebound is
barrierless in acetone solvation. In MD simulations, oxygen-
rebound and radical pair separation pathways were identified.
The percentage of oxygen-rebound trajectories is 10% in the
gas phase and 90% in implicit acetone solvent. This indicates
that the solvent influences the oxygen rebound, by response to
the polarity change during hydroxyl group transfer. Analysis of
oxygen rebound trajectories indicates that both dynamically
concerted and stepwise mechanisms are observed. The time
gaps of oxygen rebound (i.e., the lifetime of radical pairs) from
DMDO C−H oxidation of isobutane range from 30 to 150 fs.
For comparison, Newcomb estimated the lifetime of the radical
pair to be <200 fs in his radical clock experiment involving
DMDO C−H oxidation of trans-1-phenyl-2-ethylcyclopro-
pane.12
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