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Abstract: The hybrid density functional method B3LYP was used to study the mechanism of the hydrocarbon
(methane, ethane, methyl fluoride, and ethylene) oxidation reaction catalyzed by the complexes cis-(H.O)-
(NHp)Fe(u-0),(57>-HCOO),Fe(NH,)(H20), |, and cis-(HCOO)(Imd)Fe(u-0O)2(7?-HCO0),Fe(Imd)(HCOO) (Imd
= Imidazole), I_m, the “small” and “medium” model of compound Q of the methane monooxygenase (MMO).
The improvement of the model from “small” to “medium” did not change the qualitative conclusions but
significantly changed the calculated energetics. As in the case of methane oxidation reported by the authors
previously, the reaction of all the substrates studied here is shown to start by coordination of the substrate
molecule to the bridging oxygen atom, O* of I, an Fe(IV)-Fe(IV) complex, followed by the H-atom abstraction
at the transition state Ill leading to the bound hydroxy alkyl intermediate IV of Fe(lll)-Fe(IV) core. IV
undergoes a very exothermic coupling of alkyl and hydroxy groups to give the alcohol complex VI of Fe-
(In)-Fe(lll) core, from which alcohol dissociates. The HP-atom abstraction (or C—H bond activation) barrier
at transition state Il is found to be a few kcal/mol lower for C;Hs and CHsF than for CH4. The calculated
trend in the HP-abstraction barrier, CH4 (21.8 kcal/mol) > CH3F (18.8 kcal/mol) > C,Hs (18.5 kcal/mol), is
consistent with the C—HP bond strength in these substrates. Thus, the weaker the C—HP bond, the lower
is the HP-abstraction barrier. It was shown that the replacement of a H-atom in a methane molecule with
a more electronegative group tends to make the HP-abstraction transition state less “reactant-like”. In contrast,
the replacement of the H-atom in CH, with a less electronegative group makes the H-abstraction transition
state more “reactant-like”. The epoxidation of ethylene by complex | is found to proceed without barrier
and is a highly exothermic process. Thus, in the reaction of ethylene with complex | the only product is
expected to be ethylene oxide, which is consistent with the experiment.

I. Introduction Methylosinus trichosporiun®B3lL’ have demonstrated that it

Methane monooxygenase (MMO) is an enzyme that catalyzescomains three proteins: iron-containing hydroxylase (MMQH),
the oxidation of a wide variety of substrates including methane @ reductase (MMOR), and a regulatory or coupling component,
molecule and olefin&:® During these reactions the-@ bond protein B (MMOB). Although each of these three proteins is
of O, is cleaved, followed by reduction of one of the O atoms requwgd fo_r efficient substrate .hydroxylatlon cogpled to NADH
to water, and incorporation of the second one into the substrate 0Xidation, it has been established that the diferrous state of
X-ray crystallographic studies of the soluble MMO (sMMO) hydroxylase (MMOHRLy) is the only one capable of reacting with

enzyme from bothMethylococcus capsulatuéBathf and dioxygen and initiating the catalytic cycle. It reacts with O
and forms a metastable compou@ which spontaneously
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that it has a diamond core (Eg(u-O), structure with one short ~ mental findings show the high complexity of the mechanism
(1.77 A) and one long (2.05 A) FeO bond per Fe atom and a  of hydrocarbon hydroxylation by MMO, which could change
short Fe-Fe distance of 2.46 A. Previousl§” it was shown by changing substrate molecules.

that the Fe ions are bridged by two bidentate Gitarboxylates. To provide some insight into the reaction mechanism of
In addition, each Fe ion is coordinated by one His and one compound Q with different hydrocarbons, comprehensive
monodentate Glu carboxylate. computational approaches could be extremely useful. Previously,

The mechanism by which compou@reacts with substrates ~ we'?1722 and othe#*-2° theoretical groups have studied the
is the key to the monooxygenase chemistry. Although the mechanism of methane hydroxylation by compo@hdAs we
reaction ofQ with substrates may involve both binding and pointed out in 1999 and was supported latét methane
reaction step%’ no intermediates have been detected in the oxidation by compoundQ seems to occur via the “bound
reaction step itself. Despite that, in the literattire!%1lvarious radical” mechanism. However, the effects of substrate molecule
mechanisms for the reaction €f with a methane molecule  on this process, as well as the mechanism of olefin epoxidation
(alkane, in general) have been proposed, which can be dividedreaction, still remain unsolved. Therefore, in this paper we
into three different classes: (1) radical, (2) nonradical, and (3) discuss the mechanism of the reaction of intermediieith
carbocation-type mechanisms. The radical mechanism starts withmethane (previously describédd, methyl fluoride, and ethane
abstraction of the hydrogen atom from the substrate to form (with general formula of XChl where X= H, F, and CH,

QH (hydroxyl bridgedQ compound) and free alkyl radical, respectively), as well as with ethylene. The reactionsPof
while the nonradical mechanism implies a concerted pathway, compound (MMOHerox9 With ethylene will not be treated here
occurring via a four-center transition state and leading to and will be a topic of our future study.

“hydrido-alkyl-Q” compound. The latest experimental stud- Thus, the purpose of this paper is to study the mechanism of
iest213show that the reaction mechanism could even be more the reaction:

complicated and may involve carbocation-type species instead

of alkyl radicals. Because the lifetime of the formed intermedi- {Fez(”'O)Z}Q + XCH;—

ates is very short, the use of the spectroscopic methods for their {Fe,(u-O)(HOCXH,)}{ Fe,(u-O)} + HOCXH, (1)
identification is very problematic, and more indirect methods

are needed. and

Furthermore, extensive studies of the hydrocarbon hydroxy- ) .
lation by MMO for different substrates show a surprisingly large {Feu-Otq + CH,

diversity. For example, kinetic isotope effect studies for decay {Fe,(u-0)(HOCH,)} — {Fe,(u-O)} + HOC,H; (2a)
of c_ompou_an_sh_ow a large isotope effect for GMersus CDQ, — {Fe,(u-0)(OC,H,)} —

while no kinetic isotope effect was observed foiHg versus E o) + OCH. (2b
C,Ds (and many other large substratéd)* These results {Fe,(u-O)} CH, (2b)

indicate that the substrate-binding step could be rate-determining
for the decay ofQ for these substrates rather than the
bond cleavagé® Intramolecular KIEs for methane and chiral
ethane obtained by studying product ratios show a large substrat
difference, which could indicate the presence of a complex
mechanism for the decay of compoui and/or substrate
oxidation by pathways other than the decayQ#*1¢ Further 17
studies indicate that not only different substrates may react with )
Q in different ways, but that they may also react with different
oxygen intermediatesFor example, it is well established that ~ (19) Jorent, M Musaev, D. G Morokuma, K.; Basch, HPhys. Chem. B
methane hydroxylation occurs on compoupdHowever, there (20) Torrent, M.; Mogi, K.; Basch, H.; Musaev, D. G.; Morokuma, X Phys.

)

)

)

using the quantum chemical methods.

However, as was mentioned in our previous papets;??
to conduct quantum chemical research, first one has to answer
%everal nontrivial questions. First, one has to choose a reasonable
model for the intermediateQ incorporating all available

Basch, H.; Mogi, K.; Musaev, D. G.; Morokuma, B. Am. Chem. Soc.
1999 121, 7249.
(18) Basch, H.; Musaev, D. G.; Mogi, K.; Morokuma, K. Phys. Chem. A
2001, 105, 3615.
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Yoshizawa, K.; Yamabe, T.; Hoffmann, Riew J. Chem1997 21, 151.
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i iotP i- 564. (g) Yoshizawa, K.; Shiota, Y.; Yamabe, @rganometallics1998
support this conclusioff. Thus, these and many other experi 37 2895 (1) Yohizawa. K Inorg. Biochema000 T8 23, (3 voshizaws,
K.; Ohta, T.; Yamabe, TBull Chem. Soc. Jpri998 71, 1899, 80862. (j)
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expensive and impractical for such large compounds. On the
other hand, in the less-expensive single-determinant methods
(like DFT) it is difficult to represent the open-shell low spin
coupling (B + 1 = 0) of the two paramagnetic metal centers,
each having the multiplicity @+ 1 =5 (Fe(IV), d or 6 (Fe-
(1), d). Here exist two alternatives. The first is the broken
symmetry approach developed by Yamaguchi et’ and
Noodlema#® where the Heisenberg exchange coupling constants
were calculated from the energy difference of the high spin state
and the broken symmetry low spin state using spin-projection
methods. The second one is to perform the spin-unrestricted
open-shell single-determinant calculations for ferromagnetically
»Small” Model coupled high spin states when the magnitude of the spin
I < coupling between the two metal centers is not strong. As
previously discusset,the second approach which retains the
proper spins on the individual metal (Fe) atoms is more practical.
Therefore, below we performed spin-unrestricted open-shell
single-determinant DFT calculations for ferromagnetically
coupled high spin states such%sand A (see section Il for
more detail).
As seen in Figure 1, the substrate molecule may coordinate
and react with the bridging oxygen atoms &nd & of model
| (or I_m) located on the KD (or HCOO) and NH (or Imd)-
sides, respectively. These two pathways will be called the O-side
and N-side pathways, respectively. According to experimental
datal®5 the only valid pathway is the coordination of the
substrate from the O-side because of the existence of the
Medium® Model substrate coordination pocket; the coordination of substrate from
I'm - the N-side is sterically hindered and not available. Despite that,
Figure 1. The model systems used in the paper. in our previous papetdl7-18we have studied both the O-side

experiment findings. According to our previous studies the and the N-side pathways, and have found that the N-side
smallest reasonable model of compouf satisfying all pz_athway |s_|ntr|n3|cally more reactive. However, to be gons_lstent
experimental conditions isis-(H;0)(NHy)Fe-0),(72-HCOO)- with expenm_ental studies, in the present paper we will discuss
Fe(NH)(H-0), | (see Figure 1). The particular choice of this ©nly the O-side pathway.

model has been explained in detail previoddlyhis model
was successfully usét!®to describe the reaction @ with
CH,. One should note that recently Friesner and co-wofRe&rs As mentioned above, in this paper we use the sroiai(H,0)(NH,)-

have published their studies of the mechanism of theHC  Fe{u-O)(#>-HCOOXFe(NH)(H-0), I, and mediumgis-(HCOO)(Imd)-
activation reactionr{Q + CH,} using a very large model  Fe{-O)(»*HCOOFe(Imd) (HCOO),|_m (see Figure 1), models.
including about 100 atoms. Their findings and conclusions are Because the magnitude of the antifer_romagnetic _spin coupling between
nearly the same as those of our previous paper that used thd"e o Fe-centers of the diamagnetic compo@ni$ not strong (see
same small model]. Also, our recent studiés using an above discussion), we expect that the mechanism of reactions 1 and 2

extremelv large model including about 1000 atoms unambidu- is not much influenced by the antiferromagnetic nature of the complex.
ylarg 9 g. Therefore, we performed spin-unrestricted open-shell single-determinant
ously demonstrated the usefulness of our small model in

- h X - - calculations for ferromagnetically coupled high spin states with
describing the ligand environment of the active sites of MMOH  ytiplicities of 2Vis + 1 = 9 and 11,°A and A, respectively. In

and MMOHeq Despite that, we would like to validate our small  these calculations, we used the hybrid density functional method,
modell once again by recalculating the reaction mechanism of B3LYP2° in conjunction with the SteversBasch-Krauss (SBK)

Il. Computational Procedure

the compound with CH, using a medium size modetjs- effective core potentials (ECP) and the standard split-valence 31G, CEP-
(HCOO)(Imd)Fe-0)2(17?>-HCOORFe(Imd)(HCOO) (Imd = 31, and_ (8s8p6d/4s4p3d) basi; sets for H (C, O, and N) and Fe atoms,
imidazole),| _m (see Figure 1), which we previoudiused respectivel§® (below, we call it the SBK basis set), for geometry
successfully in a study of “1,2-carboxylate” shift in MMQu optimization. The energies were recalculated at the B3LYP/SBK

Other important questions are the spin state of the system@Ptimized geometries with two polarization basis sets, SBik(o) and
P q P Y SBK(+dcn,0), at the B3LYP level; SBK{dc o) is the SBK basis set

and the choice of adequate computational methods. Spectro-

SCOpI(.Z studies .ShOW that CF)mpOUI@i IS. dlam.agnetlc agd (27) (a) Yamaguchi, K.; Fukui, H.; Fueno, Them. Lett.1986 4, 525. (b)

contains two antiferromagnetic coupled high-spitY Fegoms?: Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. Bhem. Phys. Lett.
. . ; 1988 149, 537.

Qis EPR S|Ienlt, and the exchange c_ouplmg)nstant is fpund (28) Noodieman. LJ. Chem. Phys1981, 74, 5737.

to be>60 cnTl. Use of multideterminant methods, which are (29) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ. Am.

; B Chem. Soc1993 115, 1372. (c) Becke, A. DJ. Chem. Phys1993 98,

the most appropriate methods for such systems, is extremely 5648, (d) Lee, C.. Yang, W.: Parr. R. @hys. Re. B 1988 37, 785,

(30) (a) Stevens, W. J.; Basch, H.; Krauss, MChem. Phys1984 81, 6026.

(26) Torrent, M.; Vreven, T.; Musaev, D. G.; Morokuma, K.; Farkas, O.; (b) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, PCén. J. Chem.

Schlegel, H. BJ. Am. Chem. So@002 124, 192. 1992 70, 612.
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augmented by a set of polarization d-functions on all oxyges =€
0.85) and carborofc = 0.75) atoms. The largest basis set SBK¢ n.0)
adds further to SBK{dco) a set of polarization d-functionsx( =
0.80) on the N atoms. Note that in our previous calculafibfisve

used the same SBK basis set for the geometry optimizations, but ay

slightly different SBK{-dcc) basis set for the energy calculations,

where polarization d-functions were added only on the methane carbon

as well as all oxygen atoms, except those on two terminal water
molecules, which below we call SBK(dc o). Previously, the B3LYP
method with a doublé-quality basis set has been shown to be quite
reliable both in geometry and in energy.

All calculations were performed using the Gaussian98 package.
Second derivative (frequency) calculations were carried out for all
equilibrium and transition state structures. In addition, to confirm the
nature of the calculated TS2 structures, quasi-IRC (intrinsic reaction
coordinate) calculations were carried out in the following manner. The
geometry of the transition state was at first shifted, both toward the

reactant and toward the product side, and then was released for

equilibrium optimization. In this manner, each transition state was

“connected” to the reactant and the product of the respective step. For

the TS1 structures, analytical IRC calculations were carried out to

connect reactants and products. The energies given here and discussed

below do not include zero point energy correction (ZPC). Below, we
discuss the energetics calculated at the B3LYP/SRI§() and B3LYP/
SBK(+dcno) levels, while B3LYP/SBK energies are given in the
Supporting Information (Tables S1 and S2).

Ill. Results and Discussions

A. Comparison of “Small” and “Medium” Model Studies
for the Reaction of Q with CH4. As mentioned above,
previously the reaction mechanism of the comp@xvith the

methyl radical. This intermedial®¥/ is presumably short-lived
and is not likely to be easily detected experimentadNy.goes
over a low barrier at transition statefor addition of the methyl
radical to theu-OH ligand to give the oxo-methanol complex
The latter easily eliminates the methanol molecule and
produces the FatO)Fe, VIl , complex.

(2) During this process, the oxidation state of the Fe core
changes from Fé-FeV in | to a mixed valence P&Fé" in
short-lived intermediatév/, and finally to Fé'-F€" in VI and
VIl :

I, L,Fé" (u-O),Fe'L, + CH,— I,
weak prereaction complex
— Il , TS1 for H-atom abstraction (rate-determining)
— 1V, LFe¥ (u-O%)(u-O'"H(-+-CHy))Fe"L,
(“bound-radical” intermediate)
—V, TS2 for CH, addition— VI,
L,Fe" (O'HCH,)(u-OY)F€"L,

— VI, LFe" (u-0,)Fe"L, + (O'HCH,)

Below, in our studies of reactions 1 and 2a, we will follow
the same pathway described above. Before describing the
mechanisms of these reactions in more detail, we would like
first to address the roles of the basis sets and models used in
our previous papers once again. To examine the effects of the

molecule of methane has been actively studied by several basis set, we have recalculated the energies of all intermediates
theoretical groups including us. In general, the obtained results @Nd transition states of the reaction of mokfelith the methane

are qualitatively the same, while the calculated energetics differ
somewhat depending on the methods and models used. Briefly,

by using the “small” model, and B3LYP/SBK and B3LYP/
SBK(+dco) methods for the geometry optimization and
energetics, respectively, Weé8previously found the following:

(1) The reaction of complek with a molecule of methane
proceeds via a “bound-radical” mechanism. It starts from the
bis-(u-ox0) compound (model ofQ), forms a weak prereaction
complexIl, and goes over the rate-determining transition state
Il for H-atom abstraction from methane to form @&@)(u-
OH) intermediatelV which is weakly complexed with the

(31) (a) Musaev, D. G.; Morokuma, K. Phys. Chem1996 100, 6509. (b)
Erikson, L. A.; Pettersson, L. G. M.; Siegbahn, P. E. M.; Wahlgren].U.
Chem. Phys1995 102 872. (c) Ricca, A.; Bauschlicher, C. W., Jr.
Phys. Chem.1994 98, 12899. (d) Heinemann, C.; Hertwig, R. H;
Wesendrup, R.; Koch, W.; Schwarz, 5#.Am. Chem. Sod995 117, 495.
(e) Hertwig, R. H.; Hrusak, J.; Schroder, D.; Koch, W.; SchwarzChiem.
Phys. Lett.1995 236, 194. (f) Schroder, D.; Hrusak, J.; Hertwig, R. H;
Koch, W.; Schwerdtfeger, P.; Schwarz, BrganometallicsL995 14, 312.
(9) Fiedler, A.; Schroder, D.; Shaik, S.; Schwarz, HAm. Chem. Soc.
1994 116, 10734. (h) Fan, L.; Ziegler, . Chem. Phys1991, 95, 7401.
(i) Berces, A.; Ziegler, T.; Fan, L1. Phys. Chenil994 98, 1584. (j) Lyne,
P. D.; Mingos, D. M. P.; Ziegler, T.; Downs, A. lhorg. Chem1993 32,
4785. (k) Li, J.; Schreckenbach, G.; Ziegler,JI. Am. Chem. S0d.995
117, 486.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. Asaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(32)
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molecule at the B3LYP/SBKfdc o) and B3LYP/SBK{dc n o)
levels at the B3LYP/SBK optimized geometries and compared
with the previous B3LYP/SBKtdc o) energies. As seen in
Table 1, improvement of the basis set from SBid¢ o) through
SBK(+dc 0) to SBK(+dc n.o) only slightly changes the calcu-
lated energetics; the value of the rate-determining H-atom
abstraction barrier lies in the range of ca—23 kcal/mol, while

the C-0O bond formation barrier at TS2 lies in the range of
3—4 kcal/mol. The methyl and methanol dissociation energies
calculated from the corresponding complé¥, (1*A) and VI
(1A), respectively, change within 4:2.6 and 7.2-4.6 kcal/
mol. The observed energetic changes are larger upon going from
SBK(+dc,0) to SBK(+dc,0) than from SBK(+dc o) to SBK-
(+dcn,0)- Therefore, in the discussions of activation of other
molecules in the following sections, we will use only the SBK-
(+dc,0) basis set for energy calculations.

To elucidate the effect of the “small” modelused in our
previous papers, here we have reoptimized the geometries and
recalculated the energetics of all intermediates and transition
states for the reaction @ with CH, using thel _m complex
(Figure 1) as the “medium” model of compou€d The obtained
energies of all intermediates and transition states of the reaction
|_m with CH,4 are presented in Table 1 and Figure S1 of the
Supporting Information, while their reoptimized geometries are
given in Figure 2. As seen in Table 1, improving the model
system by going from “small’}, to “medium”, 1 _m, signifi-
cantly changes the calculated energetics; it reduces the calculated
rate-determining H-atom abstraction barrier from 22.8 to 13.3
kcal/mol, which is in excellent agreement with the experimental
values, 14-17 (free energy of activation) and 8 (enthalpy of
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Table 1. Total (in ltalic, in hartree) and Relative (in kcal/mol, Relative to the °A Reactants) Energies of Various Intermediates and Transition
States in the °A and 1A States for the Reaction of “Medium”, I_m, and “Small”, I, Models with CH,, Calculated with Different Basis Sets at
the Optimized Geometries with the SBK Basis Set?

small model medium model
structures basis set SBK(+dco') SBK(+dc o) SBK(+dcn0) SBK(+dc o)
9A-state
reactants | + CH, 0.0 0.0 0.0 0.0
—419.775345 —419.799347 —419.813096 —518.012089
CH4 complex 1l -1.5 -1.0 —-1.2 -0.7
TS1 (C-H) 1] 23.2 21.8 22.8 13.3
OH:--CHs complex \% 11.3 9.5 10.6 1.7
TS2 (O-CHjy) \ 20.6 19.0 18.5 8.4
CH3OH complex VI —41.8 —43.7 —-42.9 —48.4
CH3OH dissociation VIl -34.3 —39.0 —-38.1 —42.1
CHg dissociation VIII 15.8 111 13.3 3.4
L1A-state
reactants | +CH, 5.4/0.0 3.7/0.0 4.8/0.0 5.6/0.0
—419.766739 —419.793418 —419.805528 —518.003234
CHscomplex 1 4.2/-1.2 2.7+1.0 3.8+1.0 4.7+0.9
TS1 (C-H) 1] 24.4/19.0 22.2/18.5 23.2/18.4 17.1/11.5
OH:---CH3z complex \% 11.3/5.9 9.4/5.7 10.7/5.9 2:38.3
TS2 (O-CHg), Vv 18.6/13.2 18.8/15.1 22.7/17.9 9.6/4.0
CH3OH complex \Y| —53.9/-59.3 —54.1+-57.8 —52.8-57.6 —61.9/-67.5
CH3OH dissociation Vil —46.7~52.1 —49.5(-53.2 —48.2(-53.0 —50.2/-55.8
CHjs dissociation VIl 15.5/10.1 11.1/7.4 13.3/7.5 342.2

aThe numbers after slash are relative to th& reactants? These results are taken from our previous paper, where d-functions were included only on
the O-atoms of @fragment and C-atom of the methane molectifEhese results were obtained by including d-functions to all C and O atbRrsviously,
this number was reported to be 23.7 kcal/mol, which corresponded to the eS&itadte ofVIIl lying 8.2 kcal/mol higher than the groudfA state.

activation) kcal/mol, reported by Lippard and co-work&?s. respectively, and the calculated spin densities on theedter

It only slightly (by 1.2 kcal/mol) reduces the -@© bond are 0.24 e and 0.38 e for tA& and A states, respectively. In
formation barrier at TS2, which is found to be only-8 kcal/ other words, it could be expected that upon going from model
mol. The “bound-radical” complelV is stabilized by 89 kcal/ | to modell_m, the G-center (O-side mechanism) will become
mol, while the methyl dissociation energy calculated from this more reactive than the%xenter (N-side mechanisri)18 That
complex is reduced only slightly to 1.94) and 1.1 {A) kcal/ is an another reason why below we study only the O-side
mol. The increased methanol dissociation energy from 4.6 to mechanism of the reactio@ + substrate.

11.7 keal/mol for*A state is more noticeable. The second reason of why the calculated energetics dthe

These large changes in the calculated energies upon going+ CH, reaction were significantly different between model
from modell to | _m could be a result of several factors. The and modell_m could be the existence of several additional
first factor is the change in the electronic properties of the hydrogen bonding (H-bonding) interactions in the intermediate
brldglng d—center, directly involved in the reaction, due to the and transition state structures in them model. |ndeed, as
change in ligand environment of the Fe-centers. Indeed, in the seen in Figure 2, where we have presented the calculated
“small” model, I, the O-center is located trans to the strong  intermediates and transition states and their geometrical param-

NH,~ ligands which forms strong FeNH, covalent bonds,  eters, the “open leg” of the terminal carboxylate ligands tends
while in the “medium” model] _m, the ligands located trans  tg form weak H-bonds in structure®/, VI, and VIII . In

to the G-center are imidazoles, which form relatively weak structure VIl one of the terminal carboxylates moved to a
donor-acceptor bonds with the Fe-centers. Ligands located cis pridging position between two Fe-centers. All these additional
to the C-center in modell are water ligands which form  siryctural changes, found in the “medium” model studies, were
relatively weak bonds with Fe-centers, while the carboxylate not seen in the “small” model studies reported previothy.
ligands of model _m located cis to the Bcenter form stronger Concluding this section, improving the basis set from SBK-

bonds wiéh_ F_?-ct;alnt(;rs. The ca:]culaéed atomic spior|1 do_lensitigs,(+dcyd) to SBK(+dc o) and SBK(-de.x o) does not significantly
presented in abie <, s_upportt €a ovejpresente_ ISCUSSIonchange the calculated energetics. The observed changes are
Indeed, the spin density (e.g., electronic properties) of the

S : ) - ) larger upon going from SBKfd¢ o) to SBK(+dc o) than from
bridging G-center directly involved in the reaction changes SBK(+dc.) to SBK(+den.o). Therefore, below we will use
significantly upon going from modélto modell _m, especially onlv the SBKf-de ) basis set for ener ’calc lations. The use
for the 11A states. As seen in Table 2, in the “small” model, y trdc.o) ! 9y urations. u

the O'-center (from where the O-side pathway starts) has spin of the “medium” model,l_m, in these studies also did not
densities of 0.30 e and 0.43 e, while th&@nter, which was change our qualitative conclusions made on the basis of “small

found” to be more reactive (N-side mechanism), has relatively model, |, studies, while it significantly changed the calculated
NYSEE ' energetics. These studies once again demonstrated the usefulness
large, 0.44 e and 1.03 e, spin densities forhand'A states, 9 9

. o f “ II” model, which id litatively th
respectively. In the modél_m, it is the G-center that has large, ?es(l)JlIJtrs ;;nfrlnecri?tj)m? orW“Ialltr? e’F’)rr(r)l\(;I deezli q:;tlh:voef zvhifhst:Ir(nees
0.30 e and 1.17 e, spin densities, for fife and 1A states, g '

into account protein environment beyond the first shell.
(33) Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmondson, D. E.; Therefore, b_elow we WIH use Only the “small” model for
Salifoglou, A.; Lippard, S. JJ. Am. Chem. S0d.995 117, 10174. compoundQ in our studies. We are aware that the calculated
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Figure 2. The calculated important bond distances (in A) of the intermediates and transition states of the reaction of icampléth methane for both
the °A and the!'A (in parentheses) states.

energetics for these “small” model studies could be significantly the prereaction compldk, goes through the H-atom abstraction
(up to 9-10 kcal/mol) different from their most realistic value, transition statdll (TS1) leading to the bond-radical complex
but the correctness of the qualitative conclusions based on thelV, followed by the C-O bond formation transition staté
relative changes in the barrier heights between different (TS2) to form the product compleXl. We believe that the
substrates is without doubts. Thus, below, throughout of this comparison of results for ethane and methyl fluoride with those

paper, we use “small” model, for compoundQ, with the for the methane molecuféwill allow us to elucidate the effects
B3LYP/SBK method for geometry optimization and the B3LYP/ of the X-group of XCH in the hydrocarbon hydroxylation
SBK(+dc 0)//B3LYP/SBK method for the energetics. reaction catalyzed by compou@ where X= H (for methane),

B. Effects of Substrate Molecules. Reaction of | with GHg F (for methyl fluoride), and Ckl(ethane). In Table 3, as well
and CHsF, and Comparison with CH4. Below, we report our as Figure 3, we present all the calculated energetics of the
results on the mechanism of the reaction of compo@Qnaith reaction ofl with CH,4 (for comparison), ChkF, GHs, and

the ethane and methyl fluoride molecules proceeding via the compare them with each other. In Figures 4 and 5 we present
O-atom insertion into the €H bond, reaction 1. We follow  the structures and geometries of the calculated intermediates
the same reaction path reportétf for the reaction ofl with and transition states for substrategigand CHF, respectively;
substrate CHl It starts with the asymptotic+ substrate, forms  those for CH were reported in our previous papér.
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Table 2. Mulliken Atomic Spin Densities (in e) for the Various Intermediates and Transition States of Reaction of “Medium” (before Slash),
I_m, and “Small” (after Slash), |, Models with Methane, Calculated at the B3LYP/SBK Level?

atomic spin densities (in e)

structures L,Fe? L,Fel 0?2 ot HP CHy®
9A-state
| 3.57/3.55 3.52/3.44 0.24/0.44 0.30/0.30
1l 3.57/3.52 3.52/3.43 0.24/0.44 0.30/0.31
] 3.46/3.54 4.45/3.59 0.40/0.40 —0.40-0.37 0.02/0.06 —0.32-0.55
v 3.43/3.51 4.46/4.64 0.43/0.43 0.26/0.08 0.01/0.00 —1.17/0.99
\ 3.31/3.23 4.45/4.58 0.33/0.38 0.30/0.20 0.00/0.00 —0.93+~0.73
\Y/| 2.87/2.92 4.31/4.54 0.42/0.35 0.03/0.00 0.00/0.00 0.00/0.00
Vil 2.76/2.95 4.56/4.52 0.40/0.38
Vil d —/1.69 —14.52 —/0.56 —/0.07 —/0.00
LIA-state
| 3.33/3.47 4.48/4.62 0.38/1.03 1.17/0.43
1 3.33/3.47 4.48/4.62 0.39/1.03 1.17/0.43
1] 3.39/3.52 4.50/4.63 0.42/0.43 0.78/0.55 —0.02/-0.07 0.50/0.59
v 3.43/3.58 4.57/4.67 0.42/0.43 0.25/0.10 0.00/0.00 1.17/0.98
\% 3.67/3.97 4.70/4.57 0.44/0.50 0.17/0.01 0.01/0.01 0.98/0.81
VI 4.34/4.59 4.32/4.48 0.71/0.66 0.07/0.00 0.00/0.00 0.00/0.00
Vil 4.37/4.54 4.25/4.54 0.75/0.67
VIl 3.42/4.54 4.57/4.65 0.42/0.42 0.26/0.08 0.00/0.00

aHere, LyFe stands for the (HCOO)(Imd)Fe-fragment. This table does not include the portion of spin densities located on the bridging carboxylate
ligands, each of which may have about 0-1025 e spin? H atom located between'@nd CH; fragments® The number for the entire GHragmentd For
the complexVIll we have calculate8A (only at the “small” model studies) andA spin states.

Table 3. Total (in Italic, in hartree) and Relative (in kcal/mol, Relative to the °A Reactants) Energies of Various Intermediates and Transition
States, for °A and 1A States, for the Reaction of Complex | with Methane, Methyl Fluoride, and Ethane, Calculated at the B3LYP/
SBK(+dc,0)//B3LYP/SBK Level?

structure CH, FCH; C,Hg
9A-state
reactants XChH+ 1 0.0 0.0 0.0
—419.799347 —443.373829 —426.651169
XCH3z complex 1l -1.0 —4.1 0.2
TS1 (C-H activation) 1] 21.8 18.8 18.5
OH:---CH,X complex \Y 9.5 4.2 51
TS2 (O-CHX formation) \% 19.0
CH2XOH complex VI —43.7 —52.2 —50.5
CH2XOH dissociation VIl —39.0 —49.9 —42.1
CHgX dissociation VIl 111 7.6 7.1
L1A-state
reactants XCH+ 1 3.7/0.0 3.7/0.0 3.7/0.0
—419.793418 —443.367900 —426.645240

XCHszcomplex 1] 2.7~-1.0 2.3F1.4 4.0/0.3
TS1 (C-H activation) 1] 22.2/18.5 22.3/18.6 22.7/19.0
OH:---CH,X complex \% 9.4/5.7 7.4/3.7 2.5/1.2
TS2 (O-CHyX formation) \Y 18.8/15.1
CHXOH complex \Y| —54.1/-57.8 —68.3~72.0 —65.569.2
CH,XOH dissociation \ii —49.5/-53.2 —60.4/-64.1 —52.6/-56.3
CHX dissociation VI 11.1/7.4 7.6/3.9 7.1/3.4

aThe numbers after slash are relative to th& reactants.

Because the electronic and geometrical structures of complexcomplex, as compared with GHand CHF. The 3 kcal/mol

| have been discussed in our previous papéere we will not difference in the stabilization energies of methane and methyl
repeat those discussions. Here, once again, we would like tofluoride complexation could be the result of several factors
point out that of the calculateth and 1A states, théA state including the following: (1) The existence of an H-bonding
is lower in energy by 3.7 kcal/mol at the B3LYP/SBKdc o)// interaction between terminal water and F atom. The calculated
B3LYP/SBK level used throughout the present paper. HOH::-FCHs distance is 1.689(1.719) A. This HOHFCH;

As was mentioned above, the reaction bfwith the interaction is ubiquitously present in all the calculated FCH

hydrocarbons starts with coordination of the hydrocarboh to  substrate complexes and transition states. (2) The existence of
to form the prereaction compleX,. This process is found to  the stronger interaction between the negatively charg€da2

be exothermic by 1.0(1.0) and 4.1(1.4) kcal/mol for methane e) O-center and Bratom of FCH than in the CH complex

and methyl fluoride, respectively, while it is slightly, 0.2(0.3) because of the difference in the electronegativity of the F and
kcal/mol, endothermic for ethane. Note that throughout this H atoms and in the €HP bond energies of these substrates.
paper the numbers given without parentheses correspond to théndeed, as it was expected, the replacement of the terminal H
9A state, while those in parentheses to fAA state. These  with F redistributes the electron density in the substrate and
differences in the reaction energies could be explained in termsmakes the bridging Matom relatively more positively charged

of larger steric repulsion betweenlds and the rest of the  in FCH;, +0.19 e, than in HCh +0.17 e. (3) Difference in
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Figure 3. Schematic representation of the potential energy profile (in kcal/m@&h ¢olid line) and™A (dashed line) states of reaction of complewith

methane, ethane, and methyl fluoride calculated at the B3LYP/$HK)//B3LYP/SBK level. Note that TS2s for the reactionlofvith ethane and methyl
fluoride molecules were not studied.

2044
(1989)

Figure 4. The calculated important bond distances (in A) of the intermediates and transition states of the reaction of cwiitiplethane for both thea
and the''A (in parentheses) states.

the C—HP bond energied?! which are 104.8k 0.2 kcal/mol in

Figure 5, the calculated’©-HP bond distances are 2.179(2.278)
the CH, and 101.2+ 1 kcal/mol in FCH. As a result of the

A for FCHs, while previously it was calculated to be 2.699-
factors (2) and (3), the Hinteracts stronger with a negatively  (2.896) A for CH,.
charged @ center in FCH than in HCH. Indeed, as seen in

The next step is the €H(HP) bond activation via the ™
(34) CRC Handbook of Chemistry and Physi¢&nd ed.; Lide, D. R., Ed.; CRC atom abstraction by the bridginglatom at the transition state
Press: Boca Raton-Ann Arbor-Boston, 1991992.

I, TS1. As was previouslshown, this is the rate-determining
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Figure 5. The calculated important bond distances (in A) of the intermediates and transition states of the reaction of lcoitipleethy! fluoride for both
the °A and thel'A (in parentheses) states.

step of the entire methane activation process. As is seen fromFigure 4, the calculated’®HP and G-HP distances are 1.253-
Table 3 and Figure 3, the Patom abstraction barrier at  (1.223) A and 1.289(1.326) A for tHe+ ethane reaction, while
transition statéll is a few kcal/mol lower for ethane and methyl these values are 1.207(1.203) A and 1.328(1.344) A for the
fluoride than for the methane substrate; TS1 is calculated to bemethane substrate. This effect could be explained in terms of
18.8(18.6) kcal/mol for CkF, 18.5(19.0) kcal/mol for &Hs, the reduced positive charge of ldtom upon going from the
and 21.8(18.5) kcal/mol for CH from the reactant of the = methane moleculef0.17 €) to ethane0.13 e), which results
respective spin state. Concerning only the grotdtate, the  in the weaker interaction with the negatively chargéecenter.
trend in the calculated abstraction barriers, CH21.8 kcal/ Transition statéll for the CHsF substrate is found to be more
mol) > CHsF (18.8 kcal/mol)= CHe (18.5 keal/mol), is  «product-like™; the calculated &-HP and G-HP bond distances
consistent with the €H° bond strength in these substrates, 61 130(1.153) and 1.404(1.389) A, respectively. The “product-
which is found to be 104.& 0.2, 101.2+ 1'03 and 100.3t like” nature of the TS1 for CkF as compared with the ethane
1.0 kca_l/moIA for the methane, methylbfluonde, and ethane, and methane nicely fits the above given explanation based on
respfpctlvelﬁ Thus, thg weakgr the H° bond, the lower is the charge distributions within the substrate molecules. Indeed,
the H-abstraction barrier. At first glance, our data for ethane the replacement of H atom in GHby F atom makes the '

and methane molecules seem to contradict the available L .
. - o o atom more positively charged in GH +0.19¢e , as compared
experimental finding4,indicating that the kinetics for methane . . . . .
: ) with +0.17 e in CH, and results in the stronger interaction of
are faster than any other alkanes reacting with MMO. However, .
the negatively charged&enter,—0.22 e.

the recent experimental studiesuggest that the rate-determin-

ing step of the reaction d® with S depends on many factors Thus, the above_—presented data clearly show that the replace-
including (a) the size of the substrate, (b}-8 bond strength, ment of a H-atom in a methane molecule with more electrone-
and (c) protein dynamics. Because our studies take into accountd@tive groups (or atoms) tends to increase the positive charge
only one of these factors,-H bond strength, our data cannot N H’, and makes the Mabstraction transition state less
be directly compared with the available experiments. However, ‘feactant-like”. In contrast, the replacement of the H-atom in
our results allow one to draw the conclusion that the weaker CHa With less electronegative groups (or atoms) reduces the
C—HP bond, the smaller is the fhbstraction barrier by  positive charge on Hatom and makes the "Habstraction
compoundQ. transition state more “reactant-like”.

The calculated geometries of TS1 for ethane are more The frequency calculation for structurdls confirms that they
“reactant-like” than those for methane substrate; as is seen inare real transition states with one imaginary frequency of
(35) Brazeau, B. J.; Wallar, B. J.; Lipscomb, J. D.Am. Chem. So001, 1388_(1690) Cm_% and 128&17(?]) cm-* for etha_ne a_nd_ methyl

123 10421. fluoride, respectively. The main components in this imaginary
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frequency mode are the forming®©HP and broken GHP 1.989 A, and one of the “legs” of the bridged carboxylate is
stretches corresponding to thé-ekom abstraction process. opened with a strong H-bond formed with the ethanol molecule
Overcoming TS1 leads to the formation of the bound-radical With the OC(H)Q--HO C;Hs distance of 1.450 A.
complex, V. The ground electronic state of this complex is Geometries of the HOC#fF-complex, structur®/| in Figure
found to bel!A state for the ethane substrate, while it i%a 5, also show distinct differences between tAeand''A states.
state for methyl fluoride and methane substrates. In any case,n the °A state FCHOH is attached to the Peenter, and
the calculated?A and L!A states oflV are energetically very ~ H-bonded to one of the terminal (on¥rearboxylates with the
close to each other. This suggests that these two electronic state;CH,—OH bond distance of 2.083 A. In tHéA state FCH-
9A and 1A, cross each other in the vicinity &¢ . The calculated OH is only H-bonded to rest of the molecule, with the-Fe
Mulliken spin densities indicate that Fe-centers of the complex OHCH:F distance of (3.773) A, and it effectively is located in
IV are a five-spin F¥lIl) with spin densities of 4.54.6 e the outer sphere.
directly on Fe (with the rest delocalized), and a four-spi& Fe In the last step of the reaction the alcohol molecule dissociates
(V) with spin densities of 3.23.3 e directly on Fe. The alkyl ~ from complexVI to give complexVIl . The proces¥| — VII
radical has almost one unpaired spin parallel and antiparallel 4 alcohol is calculated to be endothermic by 7.5(7.2), 8.4(12.9),
to the spins of the Fe-centers in the case offdestate and and 2.3(7.9) kcal/mol for the HOGHHOGC;Hs, and HOCHF,
the °A state, respectively. The proceks- substrate— IV is respectively. Because we have discussed comyléxin our
relatively less endothermic for ethane and methyl fluoride than previous papet?-8we will not discuss it in more details again.
for methane substrate. The calculated (ca:54kcal/mol) Here, we only would like to point out that the ground state of
difference in the relative stability (relative to the corresponding complexVIl is an Fd'-Fé"" complex with two high-spin Fe’s
reactants) of the corresponding biradical compleRésfor in the 1A state, while one Feis a high-spin F&, and Féis a
ethane, methyl fluoride, and methane, most likely, is a result low-spin Fd' in the °A state. Because the intraatomic spin
of the lack of the H-bonding interaction in the latter. The coupling in the F# center is energetically costly, tRA state
calculated G-HP distance in bound-radical compléx is 2.418- of complexVIl lies energetically higher than tHa state.
(3.427) A for ethane, and 2.484(2.561) A for methane substrates. e also have calculated the alkyl radical dissociation from
On the other hand, for C#ff as shown in Figure 5, the FGH  the bound radical compld¥ leading to comple¥/Ill and alkyl
radical is effectively dissociated and held by the HOHACH; radical. Because comple¥ is Fd'-FeV complex with two
H-bond. high-spin iron atoms for botPA and®!A states, for the product
As was shown previoush;18the next step of reaction should complexVIIl we have calculated only tH&A state correspond-
be G-0! bond formation between the carbon atom of the alkyl ing to Fd"-Fe€V. The results presented in Table 3 show that the
radial and the ®atom of the @H-bridge. Unfortunately, we  processV (ground state®A for CH, and CHF, 1A for C;He)
were not able to locate the transition state (TS2) corresponding— VIl (1°A) + R (doublet) is endothermic by 1.7, 3.8, and
to this process for the ethane and methyl fluoride substrates.(4.6) kcal/mol for R= CHs, CHyF, and GHs, respectively. The
All our efforts to find TS2 for ethane substrate led to either the few kcal/mol difference in the radical dissociation energies could
formation of ethanol comple¥!| or the transition state for  be explained in terms of the existence of H-bonded interactions
H-atom transfer from gHs to O'H to give water and an ethylene in the CHF and GHs complexes, which is lacking for GH
complex. Similarly, Siegbahn and co-work&fould not find (see Figures 4 and 5). One should note that readti@a) +
TS2 for the same reaction and explained that the radical RH— VIII (1°A) + R (doublet) is calculated to be endothermic,
rebinding step becomes a cation rebinding step (after H- and its endothermicity increases via RHC;Hs (7.1 kcal/mol)
abstraction) due to electron transfer from the incipient radical < CHsF (8.0 kcal/mol)< CH,4 (11.1 kcal/mol). This trend is a
to the Fe-centers. In the case of §Hall our attempts to locate  direct reflection of the strength of the-&4 bond, GHe (100.3
the C-0 bond formation transition state led to either complex = 1.0 kcal/mol)< CHgF (101.2+ 1.0 kcal/mol)< CH,4 (104.8
IV or complexVI. Because we have shown previodgif for + 0.2 kcal/mol)®4 that is, the stronger the-€H bond, the more
the methane substrate that the alcohol formation process is noendothermic is the process.
the rate-determining step of hydrocarbon hydroxylation cata- C. Reaction of Model | with Ethylene. Keeping the above-
lyzed by complex, here we did not further pursue the search presented discussions in mind, let us discuss the mechanism of
for TS2 for ethane and methyl fluoride substrates. We expect the reaction ofl (model of complexQ) with the ethylene
that the transition state TS2 is geometrically very close to molecule. In general, this reaction may proceed by two distinct
intermediatelV with a small barrier of only a few kcal/mol.  pathways: either via the insertion of the bridgetiabom into

The ground state of the resultant alcohol compésis found a C—H bond to give the HOgH3 product (reaction 2a, below
to be thel!A state, which lies 50.5(65.5) kcal/mol and 52.2- it will be called the C-H bond insertion pathway), or via the
(68.3) kcal/mol lower than that of the reactants faiHg and epoxidation (with the oxygen atom bridging the olefinic carbon
FCHs, respectively. As seen in Figure 4, there are distinct atoms) pathway leading to the ethylene oxide,B£product
structural differences for thEBA and °A states of complew! (reaction 2b, below it will be called the epoxidation pathway).

for the ethane substrate. In tA&A state, the formed ethanol  The calculated intermediates and transition states of these two
molecule is almost dissociated from the complex, with the Fe  reactions, 2a and 2b, are presented in Figures 6 and 7,
O(H)(C;Hs) distances of (3.960) and (5.158) A. Also, one of respectively, while their energies are given in Table 4 and Figure
the terminal water molecules (on¥fés almost dissociated with 8.

the Fé—OH, distance of (3.895) A. On the other hand, in the For reaction of model with the ethylene molecule we located
9A state, the ethanol molecule is relatively strongly coordinated the prereaction complek, the formation of which is exothermic

to the Fé-center with the F&-O(HOGHs) bond distance of by 5.2(4.7) kcal/mol. As expected for a substrate with a double
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. — 1/

0457 1.988
2.043)§(1.988)

1919 1,781
1914) (2.179)

Figure 6. The calculated important bond distances (in A) of the intermediates and transition states of the reaction of lcartipkethylene via G-H bond
insertion mechanism for both tfé and thel!A (in parentheses) states.

Figure 7. The calculated important bond distances (in A) of the intermediates and transition states of the reaction oflcoitipkshylene via epoxidation
mechanism for both th&A and thel!A (in parentheses) states.

bond, the stability of this prereaction complex is larger than Because the weakly bonded compléxs not likely to make a
that for the aliphatic substrates studied in the preceding sectionssignificant contribution to the reaction mechanisms, below we
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Table 4. Total (in ltalic, in hartree) and Relative (in kcal/mol, Relative to the °A Reactants) Energies of Various Intermediates and Transition

structure

States, for °A and 1A States, for the Reaction of Complex | with Molecule of Ethylene, Calculated at the B3LYP/SBK(+dc o) Level?

9A-state HA-state
insertion into C-H bond
reactants eHs+ | 0.0 (—425.406704) 3.7/0.0 (-425.400775)
C,H4complex 1] —-5.2 —-1.7-4.7
TS1 (C-H activation) 1] 20.1 23.3/19.6
hydroxy vinyl complex \% 104 10.6/6.9
TS2 (O-CHCH;, formation) \Y 21.9 19.6/15.9
C,H30H complex \i —53.7 —61.9/-65.6
C,H30H dissociation Vil —50.6 —61.0~64.7
C,H3 dissociation fromV VIl 16.7 16.7/13.0
epoxidation
C,H4O complex IX —44.7 —62.7
TS (GH40 dissociation) X —29.8 —54.6
C,H40 dissociation XI —-39.3 —53.5
aThe numbers after slash are relative to k& reactants.
300-1 DE 300— DE
(kcal/mol) 23.3
) ' 19.0 (kcal/mol)
20.04 20.0
10.0— 10.0—
37
e
0.0— 0.0 — ==
‘ 0.0
-10.0 C-H bond insertion -10.0— Epoxidation
20.0 : 20.0—
-30.0— ' 300—|
-40.0— : -40.0— :
-50.0— ; 208 00—
| ' Jpp—
: v 546 535
-60.0— L - -60.0— L
-61.9 -61.0 -62.7
I | | 1 ] ] | |
I IILI,TS1 IV  V,TS2 VI

VII + HOC,H; 1 IX X,TS3 XI
Figure 8. The potential energy profiles (in kcal/mol) of the reaction of compl&ith ethylene via C-H bond insertion and epoxidation pathways for both
the %A (solid line) and the'!A (dashed line) states.

will not discuss it in more detail, and we will start our

discussions from the reactants, complexand the ethylene  that the C-H bond strength is slightly larger in;8,4, 106 kcal/
molecule. mol 34 than in CH, 104.84+ 0.2 kcal/moPP* The structure of

First, let us discuss the-€H bond insertion pathway. This  the transition statéll in Figure 6 suggests that theorbitals

pathway includes the intermediates and transition states similarof ethylene are interacting with a metal center, providing extra
to those of the above-studied reactions forsOEHsF, and GHe. stabilization to lower the barrier.

From complex! (or from the reactants) the reaction proceeds  Overcoming the transition stalié leads to the hydroxy vinyl
via TS1,lll , corresponding to the Hatom abstraction process,

mol, is slightly smaller than 21.8(18.6) kcal/mol for Gdespite

complexIV, formally written as LFe(u-O)(u-OH)(CH3)Fely,
as shown in Figure 6. As shown above, the increase in the with the vinyl radical weakly interacting via a GHC,H3
positive charge on Matom increases the’HO! interaction,

and makes the 'Mabstraction transition state more “product-

like”. Because HMis slightly more positively charged ins84,
+0.18 e, than in Ch +0.17 e, one expects that TS1 fosHG
is more “product-like”. The calculated’®HP and G-HP bond

for methane. The calculated barrier fogHG, 20.1(19.6) kcal/
4146 J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002

interaction (see Figure 6). The geometries for YAeand 1A
states are very close to each other, indicating a weak interaction
between the vinyl radical and complexlll . Indeed, the

calculated vinyl complexation energhy — VIII + CyHs, is
only 6.3(6.1) kcal/mol.
distances are 1.120(1.124) and 1.420(1.424) A for ethylene, and In the next step of the reaction, the-© bond is formed

1.207(1.203) and 1.328(1.344) A for methane, respectively, between the carbon atom of the vinyl radical and tHea®m
indicating that TS1 is more “product-like” for ethylene than of the O'H-bridge, which is found to occur via transition state

V. As seen in Figure 6, transition stale TS2, has the geometry
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of the “active part” very close to that of intermedidk¢, and reaction of compleX with ethylene is the OgH, molecule.

the O—CHCH, bond that is being formed is calculated to be Given the industrial importance of epoxidation reactions, dimetal
2.166(2.150) A. This indicates thstis an early transition state,  bridged oxo compounds should be investigated as efficient
reflecting the large exothermicity of the step. Vhthere is a catalysts for such reactions.

weak H-bonded interaction between the vinyl ligand and the  One should note that recently Shaik and co-wordénave
right-hand side terminal water with a<@HO distance of 1.988- shown that epoxidation of ethylene ¥Rorp)Fed, model of
(2.051) A, which apparently additionally stabilizes the transition compound! in the Fe-heme, also occurs without energetic
state. The barrier height for the vinyl addition to the hydroxyl barrier. In this aspect, models of non-heme and heme Fe proteins
ligand calculated relative to the intermedid¥é is 11.5(9.0) behave similarly.

kcal/mol. Obviously, this step of the reaction is not rate-

determining and can occur rather fast. IV. Conclusions

Overcoming the barrier aV leads to the vinyl-alcohol From the discussions given above, we may draw the following
complexVI. As seen in Figure 6, the structure of this complex ¢qnclusions:

for the °A state is different than that for théA state. For the (1) The improving basis sets from SBK€cq) to SBK-
ground staté'A, the formed vinyl alcohol molecule is nearly (+deg) and SBKf-deno) do not significantlil change the
dissociated from the binuclear Fe-center. On the other hand’calcdlated energies of the reactibr- CH,. Therefore, we use
for the excited stat®A, there is vinyl alcohol bound as the first SBK(+dco) for energy calculations o.f the inter,mediates
shell ligand to Féwith the Fé_O(H)CfH3 b”ond distance of o nsition states, and products of the reactiorl gfodel of
2.145 A. In doing so, one of the “legs” of the bridging compoundQ) with hydrocarbons

carboxylate is dissociated from ¥and H-bonded to the HO (2) The improvement of the m;JdeI system to the “medium”
bond of vinyl alcohol. These geometrical differences are I_m, did not change our qualitative conclusions made on th’e

reflected in the dissociation energy of vinyl alcohol froh, . W g . o
which is calculated to be 3.1(0.9) kcal/mol. basis of the “small” modell, stL_Jdles, while it significantly
changed the calculated energetics.

m;—lzg IS;E epo?ﬁe zatctw.v;gt.g; rf:g;'g:. T:W'tge tE.e er;h);lenehbh (3) The H-atom abstraction (or €H bond activation) barrier
ueis poxidat ism (s igure 7), whi at transition statéll , which was previously reported to be a

Zlci(iz/:t:irtf bHyof/C:vce?ofrgrlqﬁitéonact)r:\}\?; ?(t)hylrizgensolﬁgué?htﬁ(:gg rate-determining step for the entire reaction of compduwith
' ' P ytop ' y the methane molecule, is found to be a few kcal/mol lower for

gﬁ'gcg'e ;lhogld gozrdinatedt_o the br(ijdg;)n@-@?hter Withdi_ts i C:Hs and CHF than for CH substrate. The calculated trend in
— double bond. As was CIScussed above, the coordinalion y,q yp apstraction barrier, CH(21.8 kcal/mol)> CHsF (18.8
of C;H,4 to the diiron active site gave only one weakly bound kcalimol)= CoHg (18.5 kcal/mol), is consistent with the-Gb

prereaction compleX , where the ethylene molecule is bound bond strength in these substrates. Thus, the weaker t€C
to the G-center with one of its H-atoms. Therefore, for the bond. the lower is the Mabstraction blarrier If the rate-

epoxidation reaction to proceed either th? ethylene molecule in determining barrier of the reaction bifs the H-atom abstraction
the _complexll should rearrange to mak_e |ts=€(2_ do_uble bond step for all these substrates, then one should expect faster
available for O-center (may be called isomerization process), kinetics for the ethane rather than for the methane molecule.

or't:;[ fhgu_ké ccjjlssglc '?)te an tlrllec? dr_ecoo_rtil_nate to tHe:éhéter However, according to experimental studies, the overall kinetics
WIth 1tS ouble bond (called dissociation process). Because of the reaction ofQ with methane are faster than any other

both of these Processes, Isomerization anq d|ssquat|on, arekanes reacting with MMO. This suggests that the overall rate-
expectgd 0 pr.OC(.e.ed with very smalllenergetlc b.amers and nOtdetermining step of the reaction @ with ethane and methane
to contribute significantly to the reaction mechanism, below we molecules is different, and, possibly, the substrate transport to

}N'" n?ht dlscufs ttt;ese dptrr? ceiiels  We V\?” stlart OL:; d}ﬁ(;)U;smn the active site is the rate-determining step of the overall kinetics
rom the reactants, and the ethylené moleculé, and Wil bring ¢ yhe reaction ofQ with the ethane molecule.

the ethylene molecule to the!@enter via its &C double bond. . .
y (4) Replacement of a H-atom in a methane molecule with

Our calculatlorjs _show_that the coordination of the ethylene more electronegative groups (or atoms) tends to make e H
molecule to O with its C=C double bond leads to formation abstraction transition state less “reactant-like”. In contrast, the

of the ethylene oxide O, complexIX, without barrier. This — onjacement of the H-atom in GHwith less electronegative

process is found to be a highly exothermic, by 44.7(62.7) keall o, ns (or atoms) makes thé-Bbstraction transition state more
mol. For the ground"A state of IX the ethylene oxide  «aqctantlike.
dissociates .to an outer sphere Ilgand a}nd binds to.the'FEe (5) The epoxidation of ethylene by compouQds expected
core only with H-bond (not shown in Figure 7), while in the - . - . :

to proceed without (or with a very small) barrier and is a highly

9 . .
Atﬁtateggigg:? n;pltecule 'Sf gii%d; Igectl)ll o tf;fhﬁesr'ge.r exothermic process. Considering the existence of a substantial
with an 2l CISTANGCE Of 2. - ©Oneleg otine briaging 5 rier for c-H activation, one can expect that the only product

- bonae teracion wih th teninal wate molecul, Because ®| {18 1636801 of compiet (model of Q) vith etryere s
' ethylene oxide, which is consistent with the experiment. Given

this epoxidation process starts from the same prereactlonthe industrial importance of epoxidation reactions, it is suggested

gom_plex as t'lgr? EH msertlorlll p()jgthwa}yt_and occurs W_'thct)_Ut that diiron bridged oxo compounds could be efficient catalysts
arrier (or with a very small dissociation or isomerization for the alkene epoxidation process.

barrier), the C-H insertion reaction with its TS1 and TS2
transition states cannot compete with the epoxidation reactlon.(%) De Visser, S. P.: Ogliaro, F.. Harris, N.: Shaik,JSAm. Chem. S02001,
Therefore, one may conclude that the only product of the 123 3037.
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(6) In the present study, the protein environment around the  Supporting Information Available: Figure S1: The potential
active site is completely neglected. Although the inclusion of energy profile (in kcal/mol) at the B3LYP/SBK(dcn o)/
the protein environmental effects on the enzyme reactivity is a B3LYP/SBK level for both the?’A and the'A state of the
formidable task, such a study for the structure of the active site methane activation reaction by model compou@dor “me-
has been published.It is likely that soon the reaction at the  dium” and “small” models. Table S1: Total and relative energies
active site will be studied taking into account the protein of various intermediates and transition states, for spin multiplici-
environment. ties of 4+ 1 = 9 and 11, for the reaction of MMO with

Acknowledgment. The present research is in part supported Methane on the O-side. Table S2: Mulliken atomic spin
by a grant (CHE-9627775) from the National Science Founda- densities for the various intermediates and transition states of
tion. Acknowledgment is made for generous support of comput- the N-side pathway + methane reaction. Table S3: Cartesian
ing time at Bar llan University Computer Center. Acknowl- coordinates of all the structures optimized at the B3LYP/SBK
edgment is also made to the Cherry L. Emerson Center of Emorylevel (PDF). This material is available free of charge via the
University for the use of its resources, which is in part supported Internet at http://pubs.acs.org.
by a National Science Foundation grant (CHE-0079627) and
an IBM Shared University Research Award. JA0176393

4148 J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002



