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The hybrid density functional method B3LYP was used to study the mechanism of the methane hydroxylation
reaction catalyzed by the methane monooxygenase (MMO) enzyme. The key reactive coQuufuitO

was modeled byis-(H,O)(NH,)Fe-O),(>-HCOO) Fe(NH)(H,0), |, where the substrate molecule may
coordinate to the bridging oxygen atoms! &nd G, located on the KD and NH sides, leading to two
different mechanisms, O-side and N-side pathways, respectively. Previously we have detailed the N-side
pathway (Basch, H.; Mogi, K.; Musaev, D. G.; Morokuma, KXAm. Chem. S0d.999 121, 7249); here we
discuss the O-side pathway, and compare the two. Calculations show that, like the N-side pathway, the O-side
pathway of the reaction dfwith CH, proceeds via &ound-radical mechanisnit starts from the big(-oxo)
compoundl and goes over the rate-determining transition stit® for H abstraction from methane to

form a weak compleXV_O between the FafO)(u-OH)Fe moiety and a methyl radical. This bound-radical
intermediatdV_O converts to the oxemethanol compleX/|_O via a low barrier at transition stadé O

for the addition of the methyl radical to theOH ligand. Complex/l_O easily (with about 78 kcal/mol

barrier) eliminates the methanol molecule and produces the®¥e,VII_O, complex. During the entire
process, the oxidation state of the Fe core changes frdmfe in | to a mixed-valence FeFeV in the
short-lived intermediate/_O, and finally to F&' ~Fe" in VI_O andVIl_O . A comparison of the O-side and
N-side pathways shows that both include similar intermediates, transition states, and products. The rate-
determining step of both pathways is the H-atom abstraction from the methane molecule, which occurs by
23.2 and 19.5 kcal/mol barrier for the O-side and N-side pathways, respectively, in the §fostades of

the systems. Thus, the N-side pathway is intrinsically more favorable kinetically than the O-side pathway by
about 4 kcal/mol. However, experimentally in the enzyme the N side is blocked by unfavorable steric hindrance
and the actual reaction has to take place on the O side.

I. Introduction X-ray crystallographic studies of the enzyme frofethylo-
. coccus capsulatugBathf and Methylosinus trichosporium
Methane monooxygenase (MMO) is an enzyme that catalyzes 5g31$ have demonstrated that in MMGQHeach Fe center has

g‘e .con\;lersion O.f thehineerggeth;n? m.o'e‘f“'e tc(; Teli[hhr?ct;l. a six-coordinate octahedral environment (see Chart 1). The Fe
uring this reaction the ond of Q is cleaved, followe ions are bridged by a hydroxide ion, a bidentate @laar-

by reduction of one of the O atoms to water, and incorporation boxylate, and a water or hydroxyl molecule (or another

of the second one into the substrate to yield methanol: carboxylate). In addition, each Fe ion is coordinated by one
. His nitrogen ligand and one monodentate Glu carboxylate. The
CH,+ O, + NAD(P)H+H" — two Fe centers are different from each other in that one of them
CH,OH + NAD(P)" + H,O (1) (F€&) has an additional monodentate glutamate carboxylate,
while the other Fe (P¢ has one additional water molecule. Upon
reduction, one of the carboxylate ligands undergoes a so-called
“1,2-carboxylate shift” from being a terminal, monodentate
ligand bound to Feto being a monodentate, bridging ligand
between the two irons, with the second oxygen of this
carboxylate also weakly coordinated to?F& addition, the
fhydroxy bridge is lost, and the other hydroxy/water bridge shifts
from serving as a bridge to being terminally bound té. Pdso,
the terminal water bound to Fan the oxidized form of MMOH
seems to move out of the first coordination sphere upon
reduction of the cluster. Thus, in the reduced form of MMEQH
the ligand environment of the Fe ions becomes effectively five-
coordinated, which is reasonable since this is the form of the
cluster that coordinates and activates dioxygen.

 Emory University. The latest experimentahnd theoreticdlstudies have con-
*Bar llan University. firmed the above-mentioned high flexibility of the ligand
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The best-characterized forms of the soluble MMO (sMMO)
contairf*three protein components: hydroxylase (MMOH), the
so-called B component (MMOB), and reductase (MMOR), each
of which is required for efficient substrate hydroxylation coupled
to NADH oxidation. The hydroxylase, MMOH, which binds
O, and substrate and catalyzes oxidation, is a dimer, each hal
of which contains three types of subunits, (3, y) and a
hydroxy-bridged binuclear iron cluster in tieesubunit. In the
resting state of MMOH (MMOW,), the diiron cluster is in the
diferric state [F& ~Fe''], which can accept one or two electrons
to generate the mixed-valence [Fe~€'] or diferrous state
[Fe'~Fe'], respectively.
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CHART 1: Structural Representation of the Binuclear Fe Center of Diferric MMOH o4 and Diferrous MMOH (e4®
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a After ref 2a.

SCHEME 1: Experimentally Proposed Catalytic Cycle Fe—Fe distance of 2.46 A. Compour@ has been proposed to
of MMO 2 be the key oxidizing species for MMO.

In the literature several mechanisi&! for the reaction of
(@) MMOH;eq with molecule Q and (b) intermediat€ with
alkane have been proposed. Despite these efforts, the mecha-
nisms of these catalytic reactions still remain unclear and need
additional and comprehensive study using different techniques.
Since the mechanism of the reaction of MM@#Wwith the &

/0 molecule and our latest contributidA$o that will be discussed
- S Fl MMOH;eq Fell L - Felt separately, here we contifdeur discussions on the mechanism

\ © of the reaction of intermediai® with a molecule of methane.

0. 0 MMOH,, Intermediate P OO Thus, the purpose of our series of papers is to study the
Y mechanism of the reaction
CH3OH‘\\ Intermediate Q
CHy v v 4 {Fe)(u-0);} g + CH, — {Fe,(u-O)(u-HOCH,)} —
~— {Feu-O)} +HOCH; (2)
o_ O

Y In general, the experimentally proposed mechanisms for the

aSee ref 2a. reaction of intermediat® with alkane can be divided into two

different classes: (1) radical and (2) nonradical mechanisms.

environment of Fe centers of MMOH. These studies show that 1N€ radical mechanism starts with abstraction of the hydrogen
the 1,2-carboxylate shift, as well as monodentatdidentate ~ &0M from the substrate to for@H (hydroxyl-bridged Q

rearrangement of a terminal carboxylate ligand, takes place verycompound) and free alkyl radical, while the nonradical mech-

easily in the MMOH. Moreover, these reactions can take place anism_implies a concert_ed pathway, _occurring via a four-center
reversibly, under the proper experimental conditions. In the ransition state and leading to a “hydridalkyl -Q" compound.

literaturé28this ligand flexibility has been postulated to be one The latest experimental studiéshow that the mechanism of

of the important factors for the proper functioning of the enzyme. EE'S reaction IS T(;red cfomplt(ajxf,f and tCOUId even .be (élfferlenlt fokr
Indeed, the flexibility of the carboxylate type of ligands (such € enzyme Isolated from ditierent organisms, radical cloc

as glutamates and aspartates) allows them to coordinate to thiggtsrgif?‘oprzjoeb densct)ug\f dse\;lv::tg f‘:’) l\r/lmgnlzggﬁ%? ;Wslu] bcgtpr’;r;argj;cal
Fe centers depending on enzymatic needs, as bidentate ligand ’

(bridging or chelating) when saturation of the first coordination while, for the enzyme isolated from. trichosporiumOBS3b,

sphere of Fe centers is required, and as monodentate (terminalgvidence for a substrate radical was detected. Thus, the
P q ’ S L lucidation of the true mechanism of this process and the factors
ligands when one or more vacant coordination sites in the Fe

affecting it are still open questions and require further studies.
S - . ®ro provide some insight into these nontrivial questions, we have
coordination) to enable a certain reaction step to take place. here performed quantum chemical calculations of the structure
It has been establish®that the diferrous state of hydroxy-  (poth geometrical and electronic) and energetics of intermediates
lase (MMOHeg) is the only one capable of reacting with and transition states of the reaction of intermedi@tevith a
dioxygen and initiating the catalytic cycle. It reacts very fast molecule of methane. However, to conduct quantum chemical
with O, and forms a metastable compou@gdwhich spontane-  research, one at first has to answer several nontrivial questions.
ously converts to compourfd (see Scheme 1). Spectroscopic  First, one has to choose a reasonable model for the intermedi-
studie8 indicate that compouni is a peroxide species, where  ate Q incorporating all available experimental findings. Ac-
both oxygens are bound symmetrically to the irons. Compound cording to our previous studi€d213the smallest reasonable
P spontaneously transforms to compou® which was model of compound) satisfying all experimental conditions
proposed to contain two antiferromagnetically coupled high- is cis-(H,0)(NH,)Fe(u-O)y(72--HCOO)Fe(NH)(H20), | (see

spin Fé&' centers. EXAFS and spectroscopic stugfié$ of Figure 1), which was also chosen to be our working model
compoundQ, which was trapped froriv. trichosporiumOB3b throughout this paper.
andM. capsulatushave demonstrated that compou@das a The second important question is the spin state of the system.

diamond core (P¥),(u-O), structure with one short (1.77 A)  Spectroscopic studiéshow that compoun@ is diamagnetic,
and one long (2.05 A) FeO bond per Fe atom and a short suggesting that compoui@ contains two antiferromagnetically
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Figure 1. Calculated structures (distances in angstroms, angles in degrees) of the intermediates and transition states of the O-side pathway of the
reaction (NH)(H20)Fef-O)(77-HCOORFe(NH,)(H,0) + CH,; — (NH,)(H20)Fefu-O)(u-HOCH;)(72-HCOO)Fe(NH,)(H.0). Numbers for the
9A state are without parentheses, and those for*thestate are in parentheses.

coupled high-spin Fé atoms. The complex is EPR silent, and intrinsically very reactive. In the present paper, we discuss the
the exchange couplingiconstant is found to be relatively large, O-side pathway and compare the intrinsic reactivities of the two
>60 cnTL. This is also consistent with the short, 2.46 A-Fe  sides.

Fe distance of compoun@. Previously, several theoretical atteniftd” have been made
The third problem is the choice of adequate computational to model MMOH and to study the mechanism of the hydroxyl-
methods and approximations. Here, the problem comes fromation reaction. However, these early studies used either unre-

the representation of the open-shell low-spin couplir§21 alistic or small models, such as Fe® Fe(OH)s(H20)-

= 0) of the two paramagnetic centers by a single-determinant (HCOO){-O),1%2 Fex(OH)a(H20)4(u-O), %2 and (HO)Fefu-
method (such as DFT); the “restricted” calculations for the low- O)2Fe(H:0),'%" or low-level theoretical models such as the
spin state give the closed-shell singlet state, which cannot extended Hakel method. While Iater more realistic models were
represent open-shell atoms. An “unrestricted” calculation with Proposed and usedi®!’ these studies, however, concentrated
a low Ms value gives a heavily spin-contaminated state or a €ither on Q coordination and the ©O bond activation
symmetry-broken wave function, which do not represent a true Processes or on the structures and stabilities of the MMOH
eigenstate. Here, one should use a multireference method (sucr"imd MMOHx.

as MCSCF, CASPT2, etc.), which, unfortunately, is impractical ~ This paper is organized as follows: In section Il we briefly
for such large systems. Therefore, when the magnitude of thediscuss the computational procedures used here, section Il
spin coupling between the two centers is not strong, it is more mclu_des the main _conclusmns_ from our previous paper on the
practical to ignore the antiferromagnetic nature of these systems,Studies of the N-side mechanism of reaction 2, in section IV
and to perform spin-unrestricted open-shell single-determinant W€ discuss our results on the O-side mechanism, section V
calculations for ferromagnetically coupled high spin states. This Priefly compares N-side and O-side mechanisms, and, finally,
type of approach also retains the proper spins on individual metalln section VI we draw a few conclusions from these studies.
(Fe) atoms. Since the magnitude of the spin coupling between

the two centers of) is relatively small, as discussed above, we |l. Computational Procedure

expect that the mechanism of the reaction studied below is not

much influenced by the antiferromagnetic nature of the com- As mentioned above, on basis of available experimentat 8ata

| and our previous studiés?13we use our smallest reasonable
PIEXES. o ] model of compound), cis-(H2O)(NH,)Fe(-0)(72-HCOO)-

As seen in Figure 1, in general, the substrate methane Fe(NHy)(H20), | (see Figure 1), throughout this paper. Since
molecule may coordinate and react with the bridging oxygen the magnitude of the antiferromagnetic spin coupling between
atoms O and G located on the kD and NH sides, respec-  the two Fe centers of the diamagnetic compoQnig not strong
tively, of structurel. These two pathways are called below (see above discussion), we expect that the mechanism of reaction
O-side and N-side pathways, respectively. According to ex- 2 is not much influenced by the antiferromagnetic nature of
perimental dat&? the only valid pathway is by coordination of  the complex. Therefore, we performed spin-unrestricted open-
the substrate from the O side, because of the existence of theshell single-determinant calculations for ferromagnetically
substrate coordination pocket; the coordination of substrate fromcoupled high-spin states with multiplicities oMg + 1 = 9
the N side is sterically hindered and not available. Despite that, and 11°A and A, respectively. In these calculations we used
in our previous pape®e we found that the N-side pathway is the hybrid density functional method, B3LY:Pin conjunction
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with the StevensBasch-Krauss (SBK) effective core potentials  of | has, qualitatively speaking, an'FeFeV core, as suggested
(ECPs) and the standard split-valence 31G, CEP-31, andexperimentally foiQ, while the!'A state ofl has an F&~F€"
(8s8p6d/4s4p3d) basis sets for H, (C, O, and N), and Fe atoms,core and is less stable. Once the system reaches the bound-
respectivelyt® which we call the SBK basis set and which is radical hydroxyl intermediaté/ N, calculations for botfA
used for geometry optimization. The energies were recalculatedand 1A converge to the same electronic state with the same
at the B3LYP/SBK optimized geometries with two polarization structure and energy, corresponding to thé’ Fee'! mixed-
basis sets at the B3LYP level. SBK(O*) is the SBK basis set valence state interacting weakly with the methyl radical either
augmented by a polarization d functiom € 0.85) on all the ferro- or antiferromagnetically. In the product methanol complex
oxygen atoms except those on two terminal water molecules.VI_N, the 1A state is 8.4 kcal/mol lower than tH#& state.
The largest basis set SBK(CO*) adds to SBK(O*) a polarization Here, the preferred iron core is found to béd'F&€" and each
d function @ = 0.75) on the carbon atom of methane. Fe has five spins, which naturally gives th¥\ state when
Previously, the B3LYP method with a douhiequality basis ferromagnetically coupled.
set has been shown to be quite reliable in both the geometry (3) Therefore, the overall mechanism of reaction 2 is found
and energy of transition-metal complexés. to be

All calculations were performed using the Gaussian-94
packagé! Since the systems studied here were too large for |, L,Fe” (u-O),Fe"L, + CH,— IlI_N, TS1 for
our computer resources, second-derivative calculations were not H-atom abstraction (rate-determining)

erformed. To confirm the nature of the calculated TS, quasi- v 1 > I
FRC (intrinsic reaction coordinate) calculations were carrigd out IV_N, LFe" (u-0")(u-O°H(-CHy)Fe"L,
in the following manner. The geometry of the transition state (bound-radical intermediatey
was at first shifted, toward both the reactant and the product V_N, TS2 for CH, addition—
sides, on the basis of the eigenvector of the imaginary frequency Il ~2 Wy Il
of the approximate Hessian, and then was released for gquilib- VLN, L4Fé (OHCHy)(u-O )Fé La
E'um opt|m|”zat|0n. In this manner, each transition state was During the reaction, the oxidation state of the Fe core changes
connected” to the reactant and the product of the respectlvefrom FdV-FaV in | to a mixed-valence B&Fell in the short-
step. . . . ) lived intermediatéV_N, and finally to F&' “Fé" in VI_N. Thus,

The energies given here and discussed below do not includey i, gh the methane activation takes place on one of the oxo
zero-point energy correction (ZPC) or any other spectroscopic oxygens, the iron atoms actively participate in the reaction and

or thermody_namic terms. Note that below we will discuss only manipulate the spin recoupling and bond breaking/formation
the energetics calculated at our best B3LYP/SBK(CO*) level during the overall reaction 2.

using B3LYP/SBK optimized geometries. As one can see from

Table S1 in the Supporting Information, SBK and SBK(O*) |y, Results and Discussion for the O-Side Pathway

basis sets provide qualitatively the same results as those with ) )

SBK(CO*). However, the calculated relative energies can differ The important geometrlcal parameters of the reactants,
up to 8 kcal/mol. The main differences appear in the methanol intermediates, and transition states calculated at the B3LYP/
dissociation energies, especially for tHa state. The general ~ SBK level are shown in Figure 1. Their full geometrical
tendency is that an improved basis set increases the methan@arameters are included in the Supporting Information. The
C—H bond activation barrier relative to the methane complex, €nergies of these structures calculated at the B3LYP level with

and increases the exothermicity of the methanol formation Pasis set SBK(CO*) are presented in Table 1. Table 2 shows

reaction. the calculated Mulliken spin densities of selected atoms and
fragments for the optimized structures. In Figure 2 we present
IIl. Summary of Our Previous Studies on the N-Side the potential energy profiles for tH& and A states of the
Pathway Mechanism O-side pathway of the reaction of compou@dvith a molecule
of methane.
From our previous studi€%on the N-side pathway of reaction Reactant Complex, |. The calculated structural parameters
2, one can draw the following conclusions. and energetics of complelx which is a model of compound

(1) The qualitative features of potential energy profiles of Q, have been discussed earfiéHowever, here we report new
the reaction of compoun@ with CH, are qualitatively similar  structures and energies for complexX he total energies of the
between th€A and!'A states. In both states, the reaction starts structures reported here are a few kilocalories per mole lower
from the bis(-oxo) compound (model ofQ) and goes over  than those reported in our previous paper, and considered to be
the rate-determining transition staté N corresponding to more accurate. In general, the conclusions drawn previously are
H-atom abstraction (by theZatom) from CH to the form a fully valid for the new structures of compleix presented in
bound-radical intermediat®y N in which the f:-O%(u-O?H) Figure 1. First, calculations show that compounaan be
moiety is complexed weakly with the methyl radical. This formally written as LFe(-O),Fels, where the “diamond core”
intermediatelV_N is presumably short-lived and is not likely = FeO, has an asymmetric structure; one of the diamond core O
to be easily detected experimentally, as it is connected via aatoms is located closer to one Fe center, and the second one is
low barrier at transition staté_N to the addition of the methyl closer to the other Fe center. Second, the ground state of
radical to theu-OH ligand to produce the oxemethanol compound! is the °A state, an FE~FeV complex, where a
complexVI_N. The entire reaction proceeds @dound-radical spin density of roughly seven out of the total of eight is localized
mechanism with the barrier for the rate-determining step, on the two Fe atoms, with about 0.74e delocalized onto the
methane H-abstraction, of 19 kcal/mol and an overall exother- bridging O atoms and the rest on the bridging carboxylates.

micity of 39 kcal/mol. However, the newly calculatet!A state with an F&-Fe!
(2) At reactantl, the °A state is lower than th&'A state by complex and 10 unpaired electrons is only 5.4 kcal/mol higher
8.8 kcal/mol, which is reduced to 3.7 kcal/mol at TBIL N in energy vs 8.8 kcal/mol reported previously. As seen in Table

corresponding to the hydrogen abstraction step. ¥state 1, this difference between the current and previously calculated
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TABLE 1: Total (in ltalics, hartrees) and Relative (kcal/ the methane Q complex, structurél_O . Since the interaction
m?el'r n?gél?g;/eestgntge‘rigniﬁﬁncrfasnttast)egn?c:rggﬁsa(r)\{j\{?pr\losu;tes between methane and structuteis extremely weak, the
for the Reaction of Complex | with a Molecule of Methané, geometries of the Cl_-landl fragments in comple)_kI_O are

Calculated at the B3LYP/SBK(CO*) LeveP very close to those in the free GHind |, respectively. The

complexation energy is calculated (relative to the corresponding

structure O side N side reactants) to be 1.5 and 1.2 kcal/mol for fdeand 1A states,
°A State respectively. Because of unfavorable zero-point energy and
reactants | +CH, _41%'275345 —418.375082 entropy factors, it is very likely thai_ O does not exist in
CH, complex I 15 ~07 reality, and therefore, we will not discuss it in detail.
TS1 (G-H) 1 23.2 19.5 Transition State, Ill_O, and Product, IV_O, for C —H
OH~CHg complex IV 113 11.4 Activation. Our calculations show that the activation of the
-CI—:IS-|2(§IC-|)_CC(:)|:13)Iex xl —4212'2 _;ff methane C-H bond takes place via transition stdte O . As
CHon dissgc VI —343 ' seen from Figure 1, in the transition stéie O the C-H bond
CH; dissoc Ivd 23.7 13.5 to be broken is elongated from 1.103 AlinO to 1.328 and
1A State 1.344 A for the®A and 1!A states, respectively. Furthermore,
reactants I+ CH, 5.4/0.0 8.8/0.0 the O—H bond is nearly formed at 1.207 and 1.203 A at the
CHa complex ' _412'27 261729 —412;/6_1(%6 TS. Comparison of the geometrieg ibf O for 9A.and 1A
TS1 (C-H) m 24.4/19.0 23 2/14.4 states shows that they are very similar for the actlye parts. The
OH~CHz complex IV 11.3/5.9 11.8/3.0 geometrical parameters indicate clearly thktO is a TS
TS2 (O-CHs) \Y 18.6/13.2 17.6/8.8 corresponding to the H-abstraction process for béth gnd
gnsgﬂ gpmplex x:l *ig-glfigg-i —39.8/-48.6 1IA) states. The “quasi-IRC” calculations actually confirm that
3 ISSOC —40. . i iti i i
CH, dissoc Vd 155101 —13.4/4.6 structurelll_O is the transition state connectifigO with the

productIV_O for both °A and 1A states. The H-abstraction
2 Corresponding energies calculated at the B3LYP/SBK and B3LYP/ barriers are calculated to be 24.7 and 20.2 kcal/mol foghe
SBK(O*)_ levels for the O-side pathway are given in the Supporting  and1A states, respectively, relative to the corresponding CH
Ilrllformauon, Table S1. The numbers after the slash are relative to the complexIl_O. These values of the barrier are in fairly good
A reactants. . . . .
agreement with available experimental estimates; Itkcal/
TABLE 2: Mulliken Atomic Spin Densities (e) for the mol.14
Various Intermediates and Transition States for the O-Side Overcoming this transition state leads to the product complex
Pathway of Reaction 2 of MMO with Methane, Calculated P
at the B3LYP/SBK Level IV._O, which is an oxo/hydroxykmethyl complex, formglly
written as LFe(u-O)(u-OH~CHs)Fels, with the methyl radical

atomic spin densities (e) weakly interacting via a O#C interaction (see Figure 1). The
structure lFe? LaFe 0> O HY  CHg Fel~02 bond elongates from 2.000 to 2.050 A, while thé @2
9A State bond is shortened from 1.729 to 1.700 A upon going filor®
[ 3.44 355 0.44 0.30 to IV_O for the °A state. The FEO'H and F& O'H bonds
::I—% 2-‘5‘3 32421 8-:‘13 _003-?1 0.06 —0.55 are 2.189 and 1.979 A in structut¥¢_O, compared to the
V0 464 351 043 008 0.00-099 corresponding FeO distance of 1.779 anq 1.920 A in structure
vV O 4.58 323 038 020 0.00-0.73 Il_O for the °A state. The corresponding changes are less
VI_O 4.54 292 035 0.00 000 0.00 significant for thel?A state.
|\</”d_% j'gg i'gg 8'22 8'8(7) 8'88 8'88 The spin densities for structurds O andIV_O are found
- ' . ' ' ' ' to be similar to each other within their respectf% and A
| 462 A Séaﬁ 103 043 states, except for those on thé-®l~CHs fragment. The spin
' ) ' ' iti i 1A states are of the same
IO 4.62 347 103 043 densmes of this group for th and'A's : :
In_o 4.63 352 043 0.55-0.07 0.59 magnitude but opposite sign. In Ti® O a radical center begins
IV_O 4.67 358 043 010 000 098 todevelop onthe Ckgroup, with spin densities 6f0.55 and
V_O 4.57 3.97 050 001 001 081 1059 for the?A and 1A states, respectively. In intermediate
VI_O 4.48 459 066 000 000 000 "% o . dical with <pin densities of
VI_O 4.54 454 067 0.00 000 0.00 _O, the CH group is now a radical with spin densities o
Ivd_O 4.65 454 042 008 000 099 —0.99 and+0.98 for the®A and A states, respectively. The

formal oxidative states of Feand F& in IV_O can be

Here, LFe stands for the (D)(NH;)Fe fragment. This table does considered to correspond to'Favith four spins and P& with

not include the portion of spin densities located on the bridging

carboxylate ligands, each of which may have about €La5e spin.  five spins for both states. Thus, in going frdnto IV_O, the
bH atom located between?Gand CH fragmentst The number for oxidation state goes from FeFéV to Fe'"FeV for the °A
the entire CH fragment. state, while for thé'!A state the oxidation state remains to be

Fe" “FéV. Since the two Fe centers are coupled ferromagneti-

SA—1IA energy gap is mainly due to stabilization of theé cally in both°A and 1A states, the spin of the GHadical in
state ofl. Upon going fronPA to A, the spin densities on the  bothlll_O andIV_O has to couple antiferromagnetically (with
Fe centers are increased by one and those on the bridging Ohegative spin) and ferromagnetically (with positive spin) to make
centers are also increased by 0.72e, indicating thatAhe~ the total spin 3+ 1 equal to 9 and 11, respectively.
1A transition corresponds to moving one electron fromaweakly  As seen in Table 1, the bound radical complex lies energeti-
Fe—O bonding orbital of the F©; core to its weakly anti-  cally 12.4 and 4.2 kcal/mol below the dissociation limife-
bonding (or nonbonding) partner. All these conclusions are (,-O)(u-OH)Fely(structurelVd_O) + CHs for the®A and 1A
consistent with the available experimental findirigs. states, respectively. With consideration of the entropy effects,

Methane—Q Complex, II_O. The coordination of a methane  this CH; binding energy will be reduced roughly by about 10
molecule to the ®atom on the O side of compoumdeads to kcal/mol, and the Cklbinding free energy will be only a few
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Figure 2. Potential energy profile (kcal/mol) at the B3LYP/SBK(CO*)// B3LYP/SBK level for both Yaestate and thé'A state of the methane

activation reaction via O-side and N-side (after slash) pathways:;)(NED)Fe-O)y(7>-HCOORFe(NH)(H,0) + CHy — (NH2)(H.0)Feu-0O)-
(u-HOCHg)(72-HCOOXFe(NHy)(H-0).

kilocalories per mole, suggesting that a fraction of bounds CH are elongated significantly for both states; they are calculated
radical can dissociate before conversion to the methanol complexto be 3.607 and 4.098 A for tH& state, and 3.820 and 4.068
takes place. The present analysis clearly demonstrates that thé for the A state. In other words, structurél_O can be
methane oxidation proceeds via a bound-radical mechanism,formally written as a weakly bound methanol complex of
which is in good qualitative agreement with the radical clock LsFeu-O?)Fely. The overall reactiod + CH; — VI_O is
probe experiments of Lippard et#&lon the oxidation of ethane  calculated to be exothermic by 41.8 and 53.9 kcal/mol for the
and butane, where it was shown that only—7B% of the %A and A states, respectively. The calculated methanol
reaction takes place with retention of configurations. complexation energy with the,Eeu-0O?)Fel, fragment, struc-
The entire process + CH; — IV_O is calculated to be  tureVII_O, is 7.5 and 7.2 kcal/mol for th#A and 1A states,
endothermic by 11.3 kcal/mol for bofA and A states. The respectively. This is consistent with the above-presented ge-
general conclusion from the above-presented results is that theometries of complexVl_O, as well as complexVIl_O;
O-side reaction of compour@ with a methane molecule occurs  dissociation of the methanol molecule, MtH;, from VI_O
via a “bound-radical” mechanism. The same conclusion was does not change geometries. Indeed, as seen in Figure 1, the
drawn for the N-side pathway in our previous paper. important geometric parameters\df_O andVII_O are very
Transition State, V_0O, and Product, VI_O, for Methanol close. Table 2 shows that, in th®\ state, upon going from the
Formation. In the next step of the reaction, the-© bond is hydroxyl complexlV_O to the methanol compleXl_O, Fé
formed between the carbon atom of the methyl radical and the changes its formal oxidation state from"Favith four spins to
O! atom of the GH bridge, which is found to occur via  Fé'" with five spins, while the spin density on the methyl radical
transition state/_O. As seen in Figure 1, this transition state is completely annihilated upon forming a covalent bond between
is an early TS since the geometries of the “active part” are very CHz and OH. The transition stat¥_O has a spin distribution
close to those of intermediaté¢_O: the G~CHjz bond that is between those dfv_O andVI_O for both electronic states.
being formed is calculated to be 2.227 and 2.410 A for%he On the other hand, in tH& state, upon going from the hydroxyl
and A states, respectively. As the methyl radical approaches complexIV_O to the methanol compleXl_O, the spin density
from the top of the core FOF€?0O? plane to the hydroxyl ligand ~ on Fé is reduced by about 0.6, corresponding to the disap-
O'H, the H atom of the latter bends down, to create a tetrahedral pearance of roughly one unpaired electron. Sincéiseot a
tetracoordinate ©environment. Apparently this bend costs some stable species, it is most likely Fehanged its formal oxidation
energy. The barrier heights for the gitddition to the hydroxyl state from F& with four spins to F& with five formal d
ligand calculated relative to the intermeditfe O are calculated electrons. Because of the restrictio® 2 1 =9, i.e., the total
to be 9.3 and 7.3 kcal/mol for tH& and!'A states, respectively.  number of unpaired electrons must be eight within thé e
Obviously, this step of the reaction is not rate-determining, and core, Féin VI_O chose to form one d lone pair with only three
can occur rather fast. spins remaining. This compléx_O is thus higher in energy
Overcoming the barrier a_O leads to the methanol complex than the corresponding'!A complex VI_O in violation of
VI_O. As seen in Figure 1, upon reaction of the methyl group Hund’s rule. As expected, the spin density distribution in
with the diamond H® group, the F&O! and Fé~O! bonds complex VII_O is very similar to that in complexX/|_O



Methane— Methanol Conversion Reaction J. Phys. Chem. A, Vol. 105, No. 14, 2003621

SCHEME 2: Spin Recoupling Scheme in the The reaction starts by coordination of the £substrate to a
Intermediates of the Reaction bridging O atom: @ located on the same side with the water
o F Y o HCH, LRV AN o> H-CHs (glutamate and aspartate ligands, in the real enzyme) molecules
I T LS H=te L W P in the O-side pathway or the?@tom located on the same side
with the NH; (His ligands in the real enzyme) molecules in the
PR 1) O’ CHy . N-side pathway. It then proceeds via the corresponding H-
Fe™ M 444 K go(?lgi 1y FV HH ~e om . CH abstraction transition statd$, O andlll_N, and leads to the
iy YA < o Cnfe) Fe {444y =<5y bound-radical intermediatey/_O andIV_N, respectively. This

ST T step of the reaction is calculated to be the rate-determining step
and proceed through 23.2 and 19.5 kcal/mol barriers for the
11y R HO-CH, 1y Ee M HO-CHy O-side and N-side pathways, respectively, in the gro®kd
re A4 M4 N Fel L ! states. In other words, the N-side pathway is kinetically more
favorable than the O-side one by about 4 kcal/mol. This
(presented above) for both electronic states, and will not be difference in the activation barriers on thé énd G centers
discussed in detail (see Table 2). most likely relates to the difference in their spin densities; as
The formal spin-recoupling scheme in the entire reaction seen in Table 2, the &xenter has a more radical character and
pathway is schematically shown in Scheme 2. One can clearly presumably is more reactive than thé €enter. The entire
see that, in the €H activation step) (°A) — IV (°A), the reactionl + CH,— IV is calculated to be endothermic by 11.3
electron pair in the €H bond is broken and am electron (and  and 11.4 kcal/mol, for the O- and N-side pathways, respectively.
a proton) in the bond is transferred téQto form an electron  gypsequently, the methyl radical binds to the bridging OH group
pair in the new G-H bond, while anc electron on _@ 1S via relatively small barriers for both pathways and leads to
transferred to FE. In IV (°A), the spin flip on CH to give IV formation of methanol complexas . The entire reaction of
(1*A) takes place easily. Then theelectron on CH forms a + CHy4 — VI is calculated to be exothermic by 53.9 and 39.8

bonding pair With.th&ﬁ electron on the OH.g'roup, while the kcal/mol for the O-side and N-side pathways, respectively.
o electron on OH is transferred to the remaining'F¢o convert . . .
The spin density analysis (Tables 2 and S2) and the

it to FEY in VI (MA). If the two Fe centers are antiferromag- ; X
netically coupled to form (A), essentially the same electron- comparison of the PEP of the reactibr- CH, — VI for the

transfer processes take place fafA) — IV (1A) — IV (*A) 9A and 1A states show that in both cases it starts from%e

without spin flip. state ofl with an F&V~FeV core and reaches the radical complex
Thus, the above-presented data and potential energy profilelV with FeV~Fe!' mixed-valence Fe centers, where the(ke

(PEP) for the O-side pathway of the reactior- CH; — VI 0?)(u-O'H) core interacts with the methyl radical either ferro-

given in Figure 2 show that PEP does not differ much between or antiferromagnetically. Then, a spin crossing occurs between
the®A and!!A states. In both states, the reaction proceeds from the°A and*!A potential surfaces and the reaction produces the

I (model of Q) via H abstraction on the bridging'Center, methanol comple¥!| with the 1A ground state and He Fé'

which is the rate-determining step, and is followed by the core, where each Fe has five spins.

formation of methanol between the methyl radical and the  Thus, the calculations show that both pathways proceed via
bridged GH group. When examined in detail, there are some  the hound-radical mechanism. From the computational point of
differences in the energetics between the two states, and ongie\, the N-side pathway is preferable to the O-side pathway.
can see clear changes in the preferred electronic states of th?—lowever, as mentioned above, experiméashow that the N

Fe core as the reaction proceeds. At readtatfite ground state  gjqe of the enzyme is not accessible for the substrate because

is °A, lower than'A by 5.4 kcal/mol, which is reduced to 1.2 P . :
' ' of steric hindrance and the reaction has to take place only via
9
kcal/mol at TS1I1ll_O. The ®A ground state ofl has, the O-side mechanism.

qualitatively speaking, an Pe'FeV core, as suggested experi-

mentally forQ, while the!A state ofl has an F¥~Fe!' core .
and is less stable. Once the system reaches the bound-radicaf!- Conclusions
complexIV_O, the energy gap betwedA and A is reduced ) .
to zero. Formally, complel/_O is an F&~Fell mixed-valence From the abo_ve-present(_ad results and discussions, one may
complex for both°A and A states, where the B@:-O?)(u- draw the followlng conclusions. ) .

O'H) core interacts with the methyl radical either ferro- or (1) The O-side pathway of the reaction of compo@auith
antiferromagnetically. In the product methanol compiéxO, a molecule of methane proceeds via a bound-radical mechanism.
the ground state becomé¥A, which is 12.1 kcal/mol lower It starts from the big(-oxo) compound (model ofQ) and goes
than®A. Here, the preferred iron core is an'FeFe' and each over the rate-determining transition stdteO for H abstraction

Fe has five spins, which naturally gives th#\ state when from methane to form auO)(u-OH) intermediatdV_O which
ferromagnetically coupled. In the dissociation lirkil_ O + is weakly complexed with the methyl radical. This intermediate
HO'CHj; the 1*A state with two high-spin P& centers remains  1V_O is presumably short-lived and is not likely to be easily
the ground state, and tHA state with one high-spin and one  detected experimentally, as it is converted via a low barrier at

low-spin Fd' center lies 8.2 kcal/mol higher. transition state/_O for the addition of this methyl radical to
_ _ _ theu-OH ligand to produce the oxemethanol comple¥/I_O.
V. Comparison of N-Side and O-Side Pathways The latter easily, with about-78 kcal/mol energy, eliminates

The comparison of the above-presented results on the O-sidethe methanol molecule and produces theuF®jFe, VII_O,
pathway of the reactio® + CH,, with those on its N-side ~ complex. During the process, the oxidation state of the Fe core
pathway, discussed in our previous papand briefly presented ~ changes from Fé-FéeV in | to a mixed-valence P& Fe' in
in section llI, Table 2, and Figure 2, shows that both pathways short-lived intermediat&/_O, and finally to F&' ~Fe' in VI_O
proceed via similar intermediates, transition states, and productsandVII_O .
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