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Femtosecond dynamic behavior of the methamethanol conversion by the bare ireaxo complex (Fe©)

is presented using the B3LYP density-functional-theory (DFT) method. We propose that the reaction pathway
for the direct methanemethanol conversion is partitioned into the H atom abstraction via a four-centered
transition state and the methyl migration via a three-centered transition state. It is demonstrated that both the
H atom abstraction and the methyl migration occur in a concerted manner in a time scale of 100 fs. The
concerted H atom abstraction and the direct H atom abstraction via a transition state with a fikdar C

O(Fe) array are compared. The direct H atom abstraction of methane is predicted to occur in a time scale of
50 fs. Isotope effects on the concerted and the direct H(D) atom abstractions are also computed and analyzed
in the FeO/methane system. Predicted values of the kinetic isotope effgks) for the H(D) atom abstraction

of methane are 9 in the concerted mechanism and 16 in the direct abstraction mechanism at 300 K. Dynamics
calculations are also carried out on the benzgsteenol conversion by the Fe@omplex. The general profile

of the electronic process of the benzempdenol conversion is identical to that of the methamethanol
conversion with respect to essential bonding characters. It is demonstrated that the concerted H atom abstraction
and the phenyl migration require 200 and 100 fs to be completed, respectively, in thbErZEne system.

Introduction SCHEME 1

The activation of the €H bond of hydrocarbons, especially HeL ¥
of methané; ® has attracted increased attention in recent years Feo*+CH, ~——> O—Fe'—CH, —= |0~ O —=
because of its scientific and technological importance. The direct Reactant complex Fe'
conversion of methane to methanol will be an important o TSt
chemical process in the coming 21st century because the direct |, HO-----CHg | ¥ Qe
process is energetically efficient and would reduce the number — “Fe—cH, — - H/O\W

, . ; . ) APA

of steps required, thus saving on capital costs in a commercial Hydroxy infermediate 152 Product complex

plant. Schider and Schwat2!! demonstrated that the bare
FeO" complex, generated from Feand NO under ion
cyclotron resonance conditions, reacts with methane in the gas — Fe" + CH3OH
phase to produce methanol in 41% vyield. The insertion
intermediate, HG-Fe"—CHjz, has been proposed to play a
central role in this interesting gas-phase reaction.

We have proposed from density-functional-theory (DFT)
computations that the methanmethanol conversion should
proceed as shown in Scheme 1 via the two transition states (TS i - .
and TS2)12 From detailed intrinsic reaction coordinate (IRC) P€€N proposed from DFT-computational analyses using di-
analysed? TS1 and TS2 were confirmed to correctly connect nucleay mode.%?t_hat the direct H atom abstraction shoqld take
the reaction pathway for the conversion of methane to methanol.Place in the initial stages of hydrocarbon hydroxylations by
The reaction efficiencies and the methanol branching rdtios SMMO. . . .
in the reactions of methane with MAOFeO", and CoO are Economical, dlrect_conversmn of benzen_e to phéruls also '
nicely explained on the basis of the two-step concerted attracted the attention of researchers in pure and applied

mechanisni2b This mechanism is in remarkable contrast to the chemlstry_for many years. Su_ch a d|re_ct process for the
so-called oxygen rebound mechani&mgin which a direct H hydroxylation of benzene was discovered in 1982 by_ I_wamoto
atom abstraction via a transition state with al&—O(Fe) aray ~ ©t 817 as a gas-phas_? proc?ss_over. various transition-metal
is assumed to occur in the initial stages of the mechanism. We OX!g?S supported on silica ge lIJ'Smg nltro(lijs OXI?]QQNaSha'mh
have applied this concerted mechanism to the methane hy-°X¢2IN9 reagent. ZSM-5 zeolite proved to show a higher
droxylation by soluble methane monooxygenase (SMNO), catalytic selectivity for the oxidation of benzene to phenol. A

proposing that the conversion of methane to methanol should SUTface o0xygen species generated or E8M-5 zeolite under
N»O-decomposition conditions has been proposed by Panov et

* To whom all correspondence should be addressed at Kyoto University, &> t0 be responsible for the high reactivity of the catalyst.
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take place in a similar fashion in a diiron model complehkat
involves an Fgu-0O), diamond core, a possible model of
intermediateQ of SMMO.!® However, several possible mech-
anisms have been suggested for the methane hydroxylation by
lEMMO from theoretical and experimental viewpoitidt has
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rebound mechanism and the two-step concerted mechanism in
the reactions of FeOwith methane and benzene.

To the best of our knowledge, dynamics analysis has not yet
been carried out for the-€H bond activation of alkanes and
arenes catalyzed by transition-metal complexes. We therefore
decided to run molecular dynamics simulations on potential

energy surfaces at the B3LYP level of density functional

hydroxylation in the gas phase has been investigated bytheory?9v3OWe present some dynamic aspects of the methane
Schraler, Schwarz, and their collaboratdfsThe bare Fe® methanol and the benzenphenol conversions by the bare
complex reacts with benzene under ion cyclotron resonancefon—0xo complex. The behavior of the reaction intermediates
conditions, leading to the formation of HEHsOH in 56% and f[he undetecta}blg transition states along the interesting
yield. They discussed possible reaction intermediates involving f€action pathways indicated in Schemes 1 and 2 and its isotope
initial FeO"(CeHs) complexes of different structures. effects are specifically discussed. Th(_a direct H atom abstraction

We recently proposed that the direct conversion of benzene®f Methane by the FeOcomplex is also computed and
to phenol should occur also in the two-step manner with the @nalyzed. From the real-time dynamics analysis one can obtain
hydroxy intermediate, as indicated in Schen?& 2he reaction usefu_l_lnformatlon concerning the reaction pathways for the
intermediates and the transition states in this reaction pathwaytransition-metal catalyzed hydroxylations of methane and
are quite similar to those in the metharmeethanol conversion ~ Pe€nzene.

athway with respect to essential bonding characters. The .
Enecharxllism for thepgas-phase reactions mag/ have relevance t(l)VIethOd of Calculation
some catalytic and enzymatic processes concerning hydrocarbon We used the B3LYP method, a hybrid Hartré€ock/density-
hydroxylations if coordinatively unsaturated transition-metal functional-theory (DFT) method in this work. This hybrid
oxides are responsible for such important chemical reactions.method consists of the Slater exchange, the HartFeek

The kinetic isotope effeckf/kp) is an important measure in - exchange, the exchange functional of Begkéhe correlation
discussing how H atom abstraction of a hydrocarbon substratefunctional of Lee, Yang, and Parr (LYPJ,and the correlation
takes place in catalysts and enzymes. The oxygen reboundfunctional of Vosko, Wilk, and Nus&it and has been success-
mechanisnt*1%a widely believed radical mechanism, is sup- fully applied to many reactions catalyzed by transition-metal
ported by observed large kinetic isotope effects and considerablecomplexes. We can evaluate the applicability of this method
loss of stereochemistry at a carbon atom of the substrate. Thefrom the dissociation energy of tHfE" state of FeO; the
initial step of this radical mechanism is indicated in Scheme 3. B3LYP method behaves better than the QCISD(T) and the
However, on the basis of the measured short “radical” lifetimes CASPT2 methods for this quantity to give a value consistent
of 70-100 fs and regiochemical variations in enzymatic with an experiment, as indicated previoushfhus, the method
hydroxylations by cytochrome P450 and sMMO, Newcomb and of choice is appropriate for the subject of this paper. For the Fe
collaborator® recently suggested in both P450- and SMMO- atom we used the (14s9p5d) primitive set of Wackfers
catalyzed hydroxylations a possible transition state of oxene supplemented with one polarization f functiom & 1.05§3
insertion, which is essentially identical to the oxenoid model resultingina (6111111181111311j1) [9s5p3d1f] contraction.
of Hamilton?7 It is therefore of current interest to theoretically For the H, C, and O atoms, we used the 6-311G** basi® set
investigate the real time required for the abstraction of an H in the FeG/CH, system and the D95** basis $ein the FeO/
atom of the hydrocarbon substrate and its deuterium effects. CgHg system. Transition states were optimized and characterized

Filatov and Shaik computed and analyzed three possible from vibrational analyses; they were confirmed to have only
mechanisms, the oxygen rebound mechariisththe two-step one imaginary mode of vibration. The Gaussian 94 progfam
concerted mechanis#i¢and the oxene-insertion mechanidf,  was used for the DFT computations.
in the reaction between FeOand H, which leads to the Newton's equations of motion were solved to determine
formation of Fé and HO, and concluded that the first and the positions, velocities, and accelerations for each atom. We used
second mechanisms are likely and competitive in energy in the for the dynamics calculations a standard velocity Verlet
H—H bond dissociation. However, the oxene insertion in the algorithm?”
FeO'/H, system was characterized by a high energy barrier,

and its “transition state” was computed to have two imaginary Ml on, .n AP,

modes of vibration, implying that it is not a true transition state. o=t rAtt 2m )
In line with their statement, we have not yet succeeded in

obtaining a transition state for the oxene insertion into the4C I ﬁ(f_nﬂ +E7) )
bond of methane like in Scheme 4 and we now think that the ! to2m! !

oxene insertion should be an unrealistic mechanism. In this
study, we therefore confine our discussions on the oxygen in whichr; is the site of atom with massm, v is the velocity,
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fi is the force, and is the step number. We took a time interval

At of 0.5 fs, which is short enough compared to 12 fs for the
period of C-H stretching vibration. The forces were calculated
with the B3LYP DFT method according to eq 3, whéfeis

f'= —VE" 3)

the potential energy of a reacting system in title step. The
femtosecond dynamics calculations were carried out by solving
the equations of motion with a program written in our group.
To start the dynamics calculation, small kinetic energy was
supplied to a transition state toward both reactant and product
directions along the imaginary mode of vibration while the total
energy is conserved throughout the reaction. Thus, the reacting b
system has excess kinetic energy in both the reactant and the = 7©4fs) 8(471s) 9(621fs)
product whereas it has almost no kinetic energy in the vicinity
of the transition state. The trajectory obtained within the
framework of this methodology is close to the corresponding
IRC. Since the reacting system passes over the transition state
with infinitesimal velocity, the energy profile of the obtained
dynamic reaction coordinate is flat near the transition state, as
we see later in this paper. We therefore think that this procedure
would provide an upper limit of the minimum possible time
required for a chemical reaction. If the system has much kinetic
energy in the transition state, the reaction would be significantly
accelerated along the IRC.

Energy (kcal/mol)

Methane—Methanol Conversion

Reaction Pathway for the Two-Step Concerted Mecha- 50
nism. The reaction pathway for the direct methameethanol -40 -20 0 20 40 60
conversion is partitioned into the H atom abstraction via the Time (fs)
four-centered TS1 and the methyl migration via the three- _. . .

P . . ... Figure 1. Dynamic reaction pathway for the concerted H atom

centered T,SZ' ,as |nd|c§ted in Scheme 1. Petalled descrlp'['Onsabstraction of methane in the F&(CH, system via the TS1 of the
of the reaction intermediates and the transition states as well aSsextet state and snapshots of structures of the reacting system. The
of the energetics can be seen in our previous papdrise first indicated relative energies are measured from the dissociation limit,
issue that we address in this paper is the femtosecond dynamicsH, and FeO (°<*). Bond distances indicated are in A, and bond
of the H atom abstraction, in which the-& bond dissociation angles (italic) are in degrees. An initial kinetic energy of 0.1 kcal/mol
and the G-H bond formation take place in a concerted manner. Was supplied to the TS1 toward both reactant and product directions.
Figure 1 presents a computed potential energy profile for the
H atom abstraction of methane in the FéOH, system via is an important step for the activation of the-8 bonds of
the TS1 along the dynamic reaction coordinate of the sextet methane in the concerted mechanism. The reacting system
state. The indicated relative energy is measured from the reaches up to the TS1 and down to the hydroxy intermediate at
dissociation limit of the reactants of the ground state, i.e4, CH aboutt = 60 fs. Thus, the concerted electronic process of the
and the bare FeOcomplex of the sextet statéX"). Snapshots C—H bond dissociation and the-H bond formation via the
of the structures of the system along the dynamic reaction TS1 in the FeQ/CH, system requires about 100 fs. Although
coordinate are also indicated in the illustration. The TS1 of the it is difficult to strictly define the starting and the ending points
sextet state was computed at thel@bond distance of 1.43 A due to the oscillating behavior of the potential energy, 100 fs
and at the G-H bond distance of 1.30 A. The activation barrier is likely a typical value for the time required for the H atom
for this step amounts to 31.1 kcal/mol when measured from abstraction in this concerted mechanism.
the reactant complex. This reaction starts with the formation of  Changes in the distances of the-B and the G-H bonds
the reactant (methane) complex and ends with the formation of are shown along the dynamic reaction coordinate in Figure 2a.
the hydroxy intermediate (HOFe"™—CHs). In the actual The oscillating behavior of the-€H and the G-H distances is
procedure of calculation, we supplied kinetic energy of 0.1 kcal/ clearly due to the molecular vibrations. Thus, the kinetic energy
mol to the transition state toward both reactant and product that the reacting system acquires in going down the slope of
directions in order to start the dynamic calculations. Here we the potential energy surface is mainly partitioned into theHC
defined the transition state as 0 fs in the time scale. Since thisvibrational energy in the reactant complex and the-HD
method conserves the total energy of the system, the sum ofvibrational energy in the hydroxy intermediate. Changes in the
potential and kinetic energy is constant and the change in Fe—O—H and the CG-Fe—O angles are shown in Figure 2b.
potential energy is distributed to intramolecular movements as We see the oscillating behavior of the-F@—H angle; thus,
kinetic energy. the kinetic energy is in part partitioned into the F@—H

Let us look in detail at the dynamic reaction coordinate of bending energy.
the reaction in the FEGCH, system. The methane molecule Let us next look at the H atom abstraction on the quartet
and the bare FeOcomplex come into contact to lead to the potential energy surface; the quartet state of F¢@) is only
OFe"(CH4) complex in the initial stages of the reaction. This 6 kcal/mol above the ground stat&() in our DFT computa-
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pathway for the H atom abstraction by the Fe€@mplex via the TS1

of the sextet state (see Figure 1). the sextet potential energy surface. Accordingly, the reaction

was computed to proceed slowly on the quartet potential energy

tions12b Figure 3 presents a computed dynamic reaction pathway sprfa_ce under t_he initial (_:o_nditi_on that we assumed. Since the
for the H atom abstraction of methane in the quartet state. Note KInetic energy is not sufficient in the reactant pathway of the
that we measure the relative energy from a summation of the Guartet state, it is not effectively partitioned into the-&
total energies of free methane and the Fe@mplex of the y|brat|onal energy. The ampllt_ude_of the-@l vibrational energy
ground state®&*) as a standard. Thus, the barrier height of the 1S therefore not remarkable in Figure 3.~

TS1 in the quartet state is slightly higher than the initial potential YV Next turn our attention to how the kinetic energy of the
energy that the reacting system possesses: we therefore expeétySte_m is partitioned into vibrational mod_es aI(_)ng the dynamlc
that the quartet potential energy surface should provide a low- "€action pathway for the H atom abstraction via TS1. Figure 4
cost reaction pathway. The activation barrier for this step SNOWs changes in the amplitudes of normal coordinates along
amounts to 15.7 kcal/mol when measured from the reactantthe dynamic reaction pathway before and after TS1 in the sextet
complex. The spin inversion from the ground sextet state to _state. The tlm_e-depende_znt equation for the normal coordifates
the low-lying quartet state should therefore play an essential " the dynamics analysis can be written as

role in this reaction. General discussions on the so-called “two- aN

state reactivity’ have been given by Shaik et *&l.and QM) = ZWH A — X, (1) ﬁLﬁ 4)
computational results in the Fe@CH, system have been

described in our previous papéf813The reaction of the quartet

state is likely to proceed slowly compared to that of the sextet in which Q' is the ith normal coordinate Xy is the kth
state, while the general features of this reaction pathway are Cartesian coordinatery is the atomic mass corresponding to
identical to those of Figure 1. This result arises from the X, Lﬁi is the kth component of theth normal mode of the
restriction of our methodology. Because the total energy of the equilibrium geometry, andN is the number of atoms in the
reacting system of the quartet state is smaller than that of thesystem. Here we took a time intervAt of 7.5 fs. As can be
sextet state, the kinetic energy that the reacting system acquireseen from Figure 4, the amplitude of each normal coordinate is
on the quartet potential energy surface is smaller than that onsmall in the vicinity of TS1 and is significant near the reactant
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FeOf/CH, system via the TS2 of the quartet state and snapshots of
structures of the reacting system. The indicated relative energies are
measured from the dissociation limit, Cend FeO (5=*). An initial
kinetic energy of 0.1 kcal/mol was supplied to the TS2.

Figure 4. Changes in the amplitudes of normal coordinates along the
dynamic reaction pathway for the concerted H atom abstraction of
methane (a) before and (b) after TS1 in the sextet state.

complex and the hydroxy intermediate because the system lose$rom the hydroxy intermediate. Figure 5 shows how the methyl
kinetic energy in going up the transition state. The stretching migration occurs to lead to the product complex along the
modes of the €H bond and the ©H bond are enhanced before  dynamic reaction coordinate of the quartet state. Starting from
and after TS1, respectively. The amplitudes of these stretchingthe hydroxy intermediate, the reacting system goes up to the
modes are not significant, but their kinetic energies are greaterTS2 and down to the product complex at abbet 40 fs. We
than other modes of vibration because the force constants ofsee a jump of potential energy et 48 fs after the formation
these stretching modes are large compared to those of bendingf the product complex. This intriguing phenomenon arises again
modes. The kinetic energy that the system acquires after passingrom interconversion between the Kkinetic energy and the
TS1 is also partitioned into the F©O—H bending mode, the  compressive energy of the<D bond. The excess kinetic energy
amplitude of which is very large at= 30 fs. This is in good can be dissipated through nonradiative processes such as
agreement with the fact that the angle off@—H is 180 at intramolecular vibrational energy redistribution (IVReven
nearlyt = 30 fs, as shown in Figure 2. if the system has no interaction with external fields. IVR is an
Having described the dynamic reaction pathway for the important relaxation process for hot molecules. When the system
dissociation of the €H bond of methane, let us next look at has various interactions with external fields, the energy can be
the second half of the reaction pathway indicated in Scheme 1.dissipated through energy transfer to surroundings. If the energy
This reaction starts with the hydroxy intermediate and ends with is distributed by a solvent-assisted IVR process into low-energy
the formation of the product (methanol) complex. Since the vibrational modes, energy dissipation by the solvent should be
reacting system preferentially moves on the quartet energy a few picosecond process.
surface in this region of the reaction pathwadywe pay our The sextet potential energy profile along the dynamic reaction
attention to the reaction pathway of the quartet state. The pathway for the methyl migration is essentially identical to the
transition state (TS2) has a three-centered structure associateduartet one. The reader can see the dynamic reaction pathway
with the methyl migration, the FeC distance being 2.43 A of the sextet state in Supporting Information. Since the sextet
and the G-O bond distance being 2.02 A. The activation barrier potential energy surface lies about 10 kcal/mol above the quartet
for this step was predicted to be 28.6 kcal/mol when measuredsurface, the methyl migration should take place preferentially
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Fe—o0 Si@ce

on the quartet potential energy surface. In fact, the activation » ¢
barrier for this step was computed to be 36.2 kcal/mol in the
sextet state and 28.6 kcal/mol in the quartet St this way,
we conclude that the quartet potential energy surface should
play an essential role in the methammaethanol conversion in
the FeO/CH, system with respect to both the H atom
abstraction and the methyl migration.

Direct H Atom Abstraction of Methane. We next address
a widely believed radical mechanism called the oxygen rebound
mechanisnt*15in which a direct H atom abstraction from the
substrate is assumed to take place in the initial stages of
enzymatic (especially cytochrome P450-catalyzed) hydrocarbon
hydroxylations. This mechanism is in remarkable contrast to
the concerted mechanism via the four-centered transition state
(TS1) discussed above in that the Fe ion plays no significant
role in this radical process while it is a major contributor in the
concerted process. Siegbahn and Crabtree and Basch%t al.
have proposed from DFT computations that the direct H atom 404
abstraction should take place in the nonet and higher-spin states -40 -80 20 -10 a 10 2
in diiron model complexes of soluble MMO following this Time (fs)
radical mechanism. This type of H atom abstraction occurs via Figure 6. Dynamic reaction pathway for the direct H atom abstraction
a nearly linear &H—O(Fe) transition state (TSd), as indicated of methane in the Fe@CH, system via the TSd of the sextet state and
in Scheme 3. Since determining the mechanism of catalytic andsnhapshots of structures of the reacting system. The indicated relative
enzymatic C-H bond dissociation is of current interest, making €nergies are measured from the dissociation limit, @i FeO (°=7).
a comparison between the concerted and the direct H atom,;r;tlgltlal kinetic energy of 1 kcal/mol was supplied to the transition
abstractions is a very interesting subject. We thus decided to '
compare the femtosecond dynamic behavior of the two different
mechanisms. In this subsection, we consider the dynamics offor the direct H atom abstraction is that the Grbital of FeO
the direct H atom abstraction of methane by the Fe@mplex. is singly occupied. Thus, the radical character of the oxo species

As indicated in our previous pap¥f the direct H atom is important for the direct abstraction. The computed spin density
abstraction of methane occurs via a linear transition state only of the oxygen atom of FeOis 1.14 in the sextet state, but the
in the high-spin sextet state of FeéCDespite our best efforts,  reader should note that the total spin density is partitioned into
such a transition state was not found in the low-spin quartet o andx components. The spin density, which can play an
state of the Fe@CH, system. This computational result may essential role in the direct abstraction, is about 0.4; therefore,
be reasonable in view of the frontier orbitals of Feid Scheme contrary to our expectation, theradical character of the oxo
5 because thedBorbital of Fed', the amplitude of which exists  species is not so significant as we expect. This is the reason
on the oxygen atom in some degree, is singly occupied in the that the transition state for the direct abstraction was predicted
sextet state and it plays a major role in the direct H atom to lie 4 kcal/mol above the TS1 of the quartet stéfévloreover,
abstraction. However, thiso3orbital is vacant in the low-spin ~ we think that the existence of the +€ bond in the four-
guartet state, and therefore the spin density on the oxygen atontentered TS1 should contribute to the preference of the two-
is significantly diminished in the low-spin quartet state. In fact, step concerted mechanism in the FéCH, system.
computed spin densities of the oxygen atom &®14 and The transition state was predicted at thekCbond distance
—0.63 in the sextet’Et) and the quartet*(\) states, respec-  of 1.23 A and at the ©H bond distance of 1.33 A. We present
tively. As a result, the direct H atom abstraction is reasonably in Figure 6 a computed dynamic reaction pathway for the direct
computed not to occur in the low-spin quartet state. H atom abstraction by the oxo moiety of the Fe@omplex

The partially filled 2r set should also play a role in the direct and femtosecond snapshots of the structures of the system as a
abstraction; this is conceivable from the fact that the optimized function of time. The system reaches up to the linear transition
transition state is considerably bent with respect to the Fe state and down to the dissociation into the'®¢l species and
O—H angle!?¢ However, the @ set has no contribution to the  the CH; radical species at= 6 fs. Thus, this direct H atom
direct H atom abstraction because thé has no orbital abstraction is faster than the concerted H atom abstraction
amplitude on the oxygen atom, due to orbital symmetry discussed above. Note that the formed methyl radical becomes
restriction. We therefore conclude that a requisite precondition nearly planar at about= 20 fs, indicating that the H atom

Energy (kcal/mol)
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abstraction is completely finished. If this methyl radical is not
bound, we can expect an inversion of configuration at the methyl
carbon to occur, but this carbon radical is not completely free
from the metal complex. It would be interesting to see whether ¢
such a bound carbon radical species can undergo an inversion
of configuration in transition-metal catalyzed reactions.

The oscillating behavior in the potential energy profile prior
to the transition state is clearly ascribed to the-HC bond
vibration of the methane molecule. We see a jump of potential
energy at = 8 fs after the G-H bond is formed, which arises
from transformation of the kinetic energy to the compressive
energy of the ©-H bond. We see from the significant oscillating
behavior that the interconversion between the kinetic energy
and the O-H compressive energy continues because the system
is isolated.

The result presented above was obtained when the initial 7 (521s)
kinetic energy of 1 kcal/mol was given to the transition state 10
toward both reactant and product valleys. However, when we
supplied an initial kinetic energy of 10 kcal/mol, the H atom
once abstracted by the oxo species came back to the methyl
radical to form the methane molecule again. Such a strange
phenomenon can occur in an isolated system because the excess
kinetic energy that is partitioned into a local vibrational mode
is not effectively dissipated to external fields in our calculations.

1(-109 fs)

Energy (kcal/m

Isotope Effects for H Atom Abstractions of Methane

The kinetic isotope effedty/kp is an important measure in
discussing how the electronic process for H atom abstraction
of substrate hydrocarbon takes place in catalytic and enzymatic
reactions. Such measurements have been extensively performed 40
in mechanistic investigations of hydrocarbon hydroxylations by -0 80 €0 40 20 0 20 40 60 B0
cytochrome P45&%15|n this section, we consider the isotope Time (fs)
e.ﬁeCtS on the time reqUire.d for our concerted H_ ato”_‘ abstrgction Figure 7. Dynamic reaction pathway for the concerted D atom
via the TS1 and for the direct H atom abstraction via the linear apsiraction of deuteriomethane in the FéCD; system via the TS1
transition state. Direct comparison of the real-time analysis for of the quartet state and snapshots of structures of the reacting system.
the two kinds of H atom abstraction is of great importance in The indicated relative energies are measured from the dissociation limit,
discussing how H atom abstraction takes place. CH4 and FeO (5™). An initial kinetic energy of 0.1 kcal/mol was

We first look at the H/D isotope effects on the concerted supplied to the TS1.
hydrogen atom abstraction via the four-centered transition state
(TS1). Figure 7 shows a computed potential energy profile for
the deuterium (D) atom abstraction in the FéOD, system
via the TS1 along the dynamic reaction coordinate of the quartet
state. We presented a corresponding energy profile for the H
atom abstraction in Figure 3. The potential energy profiles in
Figures 3 and 7 are, of course, essentially identical because of R 3 32
the analysis performed within the framework of the Bern kCH4 mcoﬁﬁm ICD4

Having described the isotope effects on the real-time analysis
for the concerted and the direct H(D) atom abstractions, we next
address the kinetic isotope effectkufip), which can be
calculated with the transition-state thedtyThe values oky/
ko were obtained from the following expressiéh.

Oppenheimer approximation, but the time scales in Figures 3 il ) | X
: : : keo,  \m, i cH
and 7 are clearly different, due to the difference in mass. 4 H, €D, 4
A computed dynamic reaction pathway for the D atom er e aon,| V2 dicn Ghen, Ecy, — Eco,

abstraction via the TS1 in the F&@D, system of the sextet T i 7 s exq— —RT (5)
state can be seen in Supporting Information. The general features IxCD4IyCD4|zCD4 Gych,Yvep,
of this dynamic reaction pathway are identical to those in Figure
1. We thus do not repeat similar discussions here. The D atomhere superscripts R antispecify the reactant methane and
abstraction is finished in 130140 fs. the transition state, respectively, for the molecular nmasthe

Let us next look at the H/D isotope effect on the direct moment of inertial, the vibrational partition functiom, and
hydrogen atom abstraction that occurs via the linear transition the activation energi. The last exponential term is dominant
state (TSd). As mentioned earlier, this reaction occurs only on in this equation because the other terms can be almost all
the high-spin sextet potential energy surface. We thus ran thecanceled between denominators and numerators. The numerator
dynamics calculations on the sextet potential energy surface.in the last exponential term comes from the fact thatHC
The reacting system goes up to the linear transition state anddissociation has a lower activation energy tharCdissociation
down to the dissociation into the F®H species and the GH on account of the former’s greater zero-point vibrational energy.
radical species at= 9 fs, as shown in Figure 8. Then the methyl Table 1 summarizes computed values lofkp for the
radical finally becomes planar at= 25 fs. concerted abstraction via TS1 of the sextet and the quartet states
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Figure 9. Dynamic reaction pathway for the concerted H atom
abstraction of benzene in the F&0sHs system via the TS1 of the
quartet state and snapshots of structures of the reacting system. The
indicated relative energies are measured from the dissociation limit,
Figure 8. Dynamic reaction pathway for the direct D atom abstraction CgHs and FeO (“A). Bond distances indicated are in A, and bond angles
of deuteriomethane in the FE@D, system via the TSd of the sextet  (italic) are in degrees. An initial kinetic energy of 1 kcal/mol was

-50 -40 -30 20 -10 0 10 20

Time (fs)

state and snapshots of structures of the reacting systegai@H-FeO supplied to the TS1 toward both reactant and product directions.
(5Z%). An initial kinetic energy of 1 kcal/mol was supplied to the
transition state. kinetic isotope effects which of our concerted mechanism and
TABLE 1: Computed Values of the Kinetic Isotope Effects the oxygen rebound mechanism is more appropriate.
(kn/kp) in the H(D) Atom Abstractions in the FeOt/CH(D),
System via TS1 and TSd as a Function of Temperature Benzene-Phenol Conversion

T(K TS1(sextet TS1(quartet TSd(sextet . . .

() ( ) @ ) ( ) In this section we turn our attention to the femtosecond
ggg %g'gg ﬁ'gg ‘Z‘g'gg dynamic reaction pathway for the direct conversion of benzene
300 0.68 8.82 16.07 to phenol by the FeOcomplex. Determining how this reaction
350 7.67 7.11 11.96 takes place is of great use from the technological viewpoint
400 6.34 5.96 9.40 because of a demand for the direct process of the benzene

phenol conversioRl® Detailed descriptions of the reaction

intermediates and the transition states as well as of the energetics
and for the direct abstraction via TSd of the sextet state in the in the benzenephenol conversion by FeCcan be seen in our
FeO"/CH(D), system as a function of temperature. At 300 K, recent papet® The general profile of the reaction pathway is
the value for the concerted abstraction is 9.68 and 8.82 in the quite similar to that of the metharenethanol conversion with
sextet and the quartet states, respectively, and that for the directespect to the H atom abstraction (TS1) as well as of the phenyl
abstraction in the sextet state is 16.07. The predicted isotopemigration (TS2), as indicated earlier in Schemes 1 and 2.
effect is more significant in the direct abstraction than in the  Since in this reaction the low-spin quartet potential energy
concerted abstraction, as expected. But the concerted mechanisrsurface plays a dominant role to provide a low-lying reaction
gives rather large isotope effects. Fron? NMR analysis,  pathway?® which is slightly different from the methane hy-
Floss, Lipscomb, and their collaborattrsbtained a value of  droxylation, we computed only the dynamic reaction pathway
4.2 £ 0.2 for an intramolecular primary kinetic isotope effect on the quartet potential energy surface. We present in Figure 9
for hydrogen abstraction by sSMMO, thus suggesting that the a computed potential energy profile for the-8 bond dis-
reaction may not be concerted. The kinetic isotope effects for sociation of benzene in the Fé@Hs system. The four-
P450-catalyzed hydrocarbon hydroxylations give laniggkp centered TS1 of the quartet state was predicted at thel C
values, but it is rare that observigkp values exceed 15 (see  bond distance of 1.36 A and at the-® bond distance of 1.32
refs 15). Therefore, it is impossible to determine from measured A. This reaction also starts with the formation of the reactant
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and so the barrier height for the TS1 does not look very high
when measured from the reactant complex. However, the
potential energy of the TS1 in the F&{@H, case is slightly
higher than that of the dissociation limit. This fact shows a
striking difference in the reactivities of methane and benzene.
Therefore, the reactivity of FeOtoward methane is likely to
be lower than that toward benzene.

The oscillating behavior before and after the TS1 in Figure
9 is again due to the €H vibration of the benzene molecule
and the O-H vibration, respectively. Thus, the kinetic energy
that the system acquires in going down the potential energy
surface is mainly partitioned into the-&1 vibrational energy
in the reactant complex and the-® vibrational energy in the
hydroxy intermediate. Femtosecond snapshots of the structures

7 of the system show that the iron and the oxygen atoms move

7iazts) 8 (46 15) significantly along the dynamic reaction coordinate of this
-40 single-step reaction. As can be seen from snapshet i
Figure 9, the Fe O—H bending motion is also remarkable after
passing over the TS1.

The second half of the benzenghenol conversion starts with

1(-641s) 2 (-44fs)

= 504 the hydroxy intermediate and ends with the formation of the
% product (phenol) complex, as shown in Figure 10. This concerted
- electronic process can be viewed as a phenyl migration or an
8 OH migration. The transition state (TS2) is a typical, three-
L% 604 centered structure at the F€ distance of 2.05 A and at the

C—0 bond distance of 1.88 A in the quartet state. The activation
barrier for the TS2 was predicted to be 28.7 kcal/fidThe
time required for the chemical processes of theGCbond
formation and the FeC bond dissociation was computed to
60 -40 20 0 20 40 be about 100 fs. From our experience gained in this study, 100
fs is likely a typical time scale for bond formations and
dissociations catalyzed by transition-metal complexes, except

Figure 10. Dynamic reaction pathway for the phenyl migrationinthe  for the C—H bond dissociation of benzene, which requires about
FeO"/CsHs system via the TS2 of the quartet state and snapshots of oo fs,

structures of the reacting system. The indicated relative energies are

measured from the dissociation limitgls and FeO (*A). An initial .

kinetic energy of 1 kcal/mol was supplied to the TS2 toward both Conclusions

reactant and product directions.

-70

Time (fs}

We performed femtosecond dynamics analyses on the meth-
ane-methanol conversion by the bare ireoxo complex
(benzene) complex and ends with the hydroxy intermediate (FeO") using the B3LYP density-functional-theory (DFT)
(HO—Fet—C¢Hs). The reactant complex thus formed in the method. The dynamic behavior of the reaction intermediates
initial stages of the reaction iszacomplex, not as complex. and the transition states along the two-step concerted reaction
The binding energy of the OF&CsHg) complex with anz?- pathway in Scheme 1 was discussed in detail. The concerted H
binding mode is large compared to that of the methane complexatom abstraction via the four-centered transition state (TS1) and
because of the good interaction between the benzene HOMOthe direct H atom abstraction via the transition state with the
and the B and the Z orbitals of the bare FeOcomplex?® linear C-H—O(Fe) array (TSd) were investigated on the sextet

As can be seen in Figure 9, the reaction pathway for theiC  and the quartet potential energy surfaces of the ‘#e@,
bond dissociation of benzene is extraordinarily long and the system. The concerted H atom abstraction is slightly preferred
movement of the oxo species is significant, but it was confirmed in energy to the direct H atom abstraction, due to the existence
from this dynamics analysis that this electronic process is a of the Fe-C bond in the concerted transition state (TS1). The
single-step reaction via a single transition state (TS1). We showtwo-step, concerted H atom abstraction and methyl migration
from the dynamics analysis that the system goes up to the TS1lead to the conversion of methane to methanol. We demonstrated
and the H atom abstraction of benzene requires about 200 fs tothat both the concerted H atom abstraction and the methyl
be completed. The reader can see how long the reaction pathwaynigration occur in a time scale of 100 fs in the concerted
is with respect to this H atom abstraction as compared to the H mechanism. The isotope effects of the concerted and the direct
atom abstraction in the FEQCH, case. The indicated relative  H(D) atom abstractions in the Fe@CH, system were also
energy is measured from the dissociation limit of the reactants, computed and analyzed. Predicted values of the kinetic isotope
i.e., GHe and FeO (*A). Since the binding energy between effect ku/kp) for H(D) atom abstraction are about 9 in the
benzene and the Fé@omplex is quite large~60 kcal/mol), concerted mechanism and about 16 in the direct abstraction
the barrier height for the TS1 looks very high when measured mechanism at 300 K. Dynamics calculations were also carried
from the reactant complex. However, the potential energy of out on the direct benzerg@henol conversion by the FeO
the TS1 in the Fe@Cg¢Hg system lies well below the dissocia- complex. The general profile of the benzemenol conversion
tion limit, suggesting that the H atom abstraction of benzene is identical to that of the methanenethanol conversion with
should take place easily. In contrast, the binding energy betweenrespect to essential bonding characters; the two-step, concerted
methane and the FeQtomplex is approximately 20 kcal/mol, H atom abstraction and phenyl migration lead to the conversion



Methane-Methanol and BenzerePhenol Conversions J. Phys. Chem. A, Vol. 104, No. 12, 2002661
of benzene to phenol. We also demonstrated that the concerted (1h7) (a) Yoshizawg, K.J. Bif(f)l- Inorg. Chem-r1]998 3, 318. (b)

; i i ; Yoshizawa, K.; Yamabe, T.; Hoffmann. Rlew J. Chem1997 21, 151.
H atom .abStraCtlon oceurs m. 200 fs and the phenyl migration (c) Yoshizawa, K.; Ohta, T.; Yamabe, T.; Hoffmann,RAm. Chem. Soc.
occurs in 100 fs. The reaction pathway for the-l€ bond 1997 119 12311. (d) Yoshizawa, K : Ohta, T.; Yamabe, Hull. Chem.
dissociation of benzene is extraordinarily long, but it was Soc. Jpn.1998 71, 1899. (e) Yoshizawa, K.; Suzuki, A; Shiota, Y.;
confirmed from a dynamics analysis that this process is a single- Yamabe, T.Bull. Chem. Soc. Jpnin press. (f) Yoshizawa, KJ. Inorg.

S : oo Biochem.200Q 78, 23.
step reaction via a single transition state (TS1). (18) Shu, L. Nesheim, J. C.; Kauffmann, K.."Mek, E.: Lipscomb, J.

D.; Que, L., Jr.Sciencel997, 275 515.
(19) Commentaries on the mechanism of sMMO: (a) Deeth, R. J,;
iantifi iori “ i _ Dalton, H.J. Biol. Inorg. Chem1998 3, 302. (b) Whittington, D. A,;
ISCIEr}tIfIC Rtﬁse?/'l’(:h Ct)n th? Fézont){[.AreaS M0|eCUIaSr Bl?metald Valentine, A. M.; Lippard, S. JJ. Biol. Inorg. Chem1998 3, 307. (c)
ICs” rom the '_nls ry o UC"’_‘ Ion, >cience, oports, an Siegbahn, P. E. M.; Crabtree, R. H.; Nordlund,JPBiol. Inorg. Chem.
Culture of Japan in support of this work. Thanks are also due 1998 3, 314. (d) Yoshizawa, KJ. Biol. Inorg. Chem1998 3, 318. (e)
to the Institute for Fundamental Chemistry for its support 8htelané:]n,JA-BA-ll IBI0|- ln&:g- %23213?9383% 325. (f) Lipscomb, J. D.;
“ ” ue, L., Jr.J. blol. Inorg. em y .
thrqugh the Research.for the thure Program from the Japan (20) () Siegbahn, P. E. M. Crabtree, R.HAm. Chem. S0d997,
Society for the Promotion of Science (JSPS-RFTFQGPOO?OG). 119, 3103. (b) Siegbahn, P. E. Nhorg. Chem1999 38, 2880. (c) Basch,
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