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Abstract: The entire reaction pathway for the gas-phase metharethanol conversion by late transition-
metal-oxide ions, Mn®, FeO', and CoJ, is studied using an ab initio hybrid (HartreEock/density-functional)
method. For these oxo complexes, the methanethanol conversion is proposed to proceed via two transition
states (TSs) in such a way MOF CHy — OM™(CHy) — [TS1] —~ HO—M*—CHz; — [TS2] — M*(CH30H)

— M* + CH30H, where M is Mn, Fe, and Co. A crossing between high-spin and low-spin potential energy
surfaces occurs both at the entrance channel and at the exit channel foaRd@oJ, but it occurs only

once near TS2 for MnQ The activation energy from OMW{CH,) to HO—Mn*—CHj via TS1 is calculated

to be 9.4 kcal/mol, being much smaller than 22.1 and 30.9 kcal/mol for @ CoJ, respectively. This
agrees with the experimentally reported efficiencies for the reactions. The excellent agreement between theory
and experiment indicates that HM™—CHjz plays a central role as an intermediate in the reaction between
MOT™ and methane and that the reaction efficiency is most likely to be determined by the activation energy
from OM*(CHg) to HO—M*—CHjz via TS1. We discuss in terms of qualitative orbital interactions why MnO

(d* oxo complex) is most effective for methane-8 bond activation. The activation energy from HO
M*—CHz to MT(CH30H) via TS2 is computed to be 24.6, 28.6, and 35.9 kcal/mol for €d@O", and

MnO™, respectively. This result explains an experimental result that the methanol-branching ratio in the reaction
between MO and methane is 100% in Cd041% in Fed, and< 1% in MnO*. We demonstrate that both

the barrier heights of TS1 and TS2 would determine general catalytic selectivity for the methatianol
conversion by the M® complexes.

Introduction e.g., by methane monooxygenase (MM®)We have been

Th I f haie® h di d . interested in the conversion of methane to methanol catalyzed
e activation of metha as attracted increased attention by MMO from a theoretical viewpoirit

in recent years because of its scientific and industrial importance. The gas-phase €H and G-C bond activations of small

Ir; partlcu_lar, methanol cqnverted from methane is I!kelyr/] to be hydrocarbons (by various transition-metal-oxide ions and bare
of great interest as an important energy source in the 21St o5 cations) have been experimentally and theoretically
century. An industrial process for the production of methanol investigated in Schwarz3 and Armentrout’®® laboratories.

from natural gas that mainly consists of methane involves two- pegailed analyses of various gas-phase reactions of methane,
step reactions associated with the formation of synthesis gas'higher alkanes, alkenes, benzene, and other [C, H, O] com-
i.e., carbon monoxide. The so-called FischefTropsch reaction ' ' ' L

converts carbon monoxide into a mixture of long-chain alkanes

(10) Recent reviews on methane monooxygenase and other non-heme

diiron enzymes: (a) Wallar, B. J.; Lipscomb, J.Chem. Re. (Washington,

and alcohols. The conversion of methane to methanol is aIsoD.C‘) 1096 96, 2625. (b) Que, L. Jr.: Dong, YAcc. Chem. Res996 29,

known to occur very efficiently when catalyzed enzymatically,

T Kyoto University.
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pounds with transition-metal oxides have been carried out.

Among these important gas-phase reactions, the methane

Hydroxy intermediate

in the paper proceed via two kinds of important reaction
intermediates, HOFet—CH; and H-Fet—OCH;, as shown

methanol conversion by metal-oxide ions is of particular interest in Scheme 1. Our ab initio (Hartred=ock/density-functional)
since this process may be viewed as the simplest model forcalculations showed that the reaction pathway via the hydroxy

alkane hydroxylation. On the basis of experimentally deter-
mined isotope effects, Schiter and Schwatz2bhave suggested
that a reaction species, H@Fet—CHg, is a central intermediate
in the reaction between FéQand CH. Armentrout et al3i

intermediate (HG-Fe"—CHy) is energetically more favorable
than the other one via the methoxy intermediate-feét—
OCH). This result is consistent with the prediction by Schwarz
and collaborators that HOFet—CHs; plays a central role in

have investigated the mechanism and energetics involved in thethe gas-phase reaction between Fedd methane.

gas-phase methanenethanol conversion by CoOand its
reverse reaction. An insertion intermediate, HCo*—CHs,

The Berlin group? has systematically examined the ef-
ficiency and product branching ratio for the gas-phase reactions

has been also suggested to play an important role in this gas-yf yarious transition-metal-oxide ions with methane. Although

phase reaction. However, the efficiency of the reaction of CoO
with methane is low as compared with that of FeCRecently
related ion-molecular complexes of NCH,4) and C-H bond
activation of methane have been reported by many autfors.
On methane and-€H bond activation, there has been a large
amount of theoretical work by Saillard and Hoffmakn,
Goddard et al'é Siegbahn and Blomberg and their collabora-
torsl” Ziegler et all® Morokuma et all? Sakaki and lekf?
and Cundart! In a recent papetz we have proposed two kinds
of entire reaction pathways for the gas-phase metharethanol
conversion by Fe® on the basis of detailed IRC (intrinsic
reaction coordinatéjanalyses. The reaction pathways proposed
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1993 115 800. (f) Burger, P.; Bergman, R. G. Am. Chem. Sod 993
115 10462. (g) Schaller, C. P.; Bonanno, J. B.; Wolczanski, R1. Am.
Chem. Soc1994 116, 4133. (h) Zhang, X.-X.; Wayland, B. Bl. Am.
Chem. Soc1994 116, 7897. (i) Billups, W. E.; Chang, S.-C.; Hauge, R.
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A. M.; Kemper, P. R.; Bushnell, J. E.; Bowers, M. I. Am. Chem. Soc
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early transition-metal-oxide ions, S¢QTiO*, VO*, and CrQO,

do not react with methane, it is well established that oxide ions
of late transition metals, Mn FeO", CoOt, and NiOf, react
with methane. Table 1 lists only a part of experimental results
reported in ref 12f. As seen in the table, Mh®as a high
reaction efficiency, but unfortunately the methanol-branching

(15) (a) Saillard, J.-Y.; Hoffmann, R. Am. Chem. Sod984 106 2006.
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Table 1. Reaction Efficiencie®) (%) and Product Branching Scheme 2
Ratios (%) for the Reactions of Methane with Late
Transition-Metal-Oxide lorfs

40

MO* ¢  MOH*+CH; MCH,"+H,O M*+ CHsOH 3  — —+ \ ——
2n
MnO* 40 100 <1 d-block - :t
FeO" 20 57 2 41 18
CoO" 05 100 b Y

aData from ref 12f. 121:: _H——H—_H—
+-

MnO* (32)

e

FeO* (52

w

CoO* (54)

ratio is very low. On the other hand, the reaction efficiency of lo

CoOQ" is very low, but its methanol-branching ratio is 100%.
For the reaction between Fé@nd methane there are two main
competitive reaction pathways that lead to FeOH*CH; and
Fe™ + CHsOH. Formation of water is a minor branch in the
reaction between the MOions and methane.

f-function (@ = 0.96 for Mn, 1.05 for Fe, and 1.17 for C8)
resultingina (61111111%1111311j1) [9s5p3d1f] contraction,
and for H, C, and O atoms we used the 6-311G** basis set of
In this theoretical work we would like to elucidate the Pop|e and co-worker®. These are referred to below as
selectivity of the reactions by these M@omplexes. If the  6-311G** following the basis set code of Gaussian 94. Transi-
reaction mechanism in Scheme 1 is true, one expects from Tabletion-state (TS) structures were also optimized at the same level

1 that the activation energy from OM(CH,) to HO—Mn*—
CHjs via TS1 should be small, but that from H®INT—CHs;
to Mn*(CH;0H) via TS2 should be large. In contrast, the
activation energy from Co{CH,) to HO—Co"—CHjs should

of theory. Glukhovtesev et &l recently reported excellent
performance of the B3LYP method (combined with effective
core potentials) for iron-containing complexes. Vibrational
frequencies were systematically computed in order to ensure

be large, but that from HOCo*~CHs to Co"(CHzOH) should  that on a potential energy surface all optimized geometries
be small. To understand the reason the reaction efficienciescorrespond to a local minimum that has all real frequencies or
and the prOdUCt branChlng ratios are different in different metal- a saddle point that has 0n|y one imaginary frequency' Zero-
oxide ions, we have theoretically investigated the reactivities point energy corrections were taken into account in calculating

of MnO™*, FeOf, and CoO with methane.

The formal charges of the metal active centers of MpO
FeOf, and CoO are +3, and therefore they are supposed to
be d, d®, and & electronic systems, respectively. It is likely

the total energies of the reactant complexes, intermediates,
product complexes, and TSs. Sextet and quartet spin states were
considered for FeOcases; quintet and triplet states for CoO
cases; septet and quintet states for Mn€ases. The spin-

to be of interest to broad area of chemistry to compare the unrestricted method was applied to such open-shell systems.
reactivities of these late transition-metal-oxide ions. A purpose Computed [$] values confirmed that spin contamination
in this paper is to explain how the reaction efficiency changes included in calculations was very small (within 0.4% after

as a function of the number of d electrons in transition-metal
complexes.

Method of Calculation

The two kinds of reaction pathways (from methane to

annihilation of spin contamination). To estimate the binding
energy for the formation of the reactant complex and the
dissociation energy toward the products, i.e., methanol and the
M™ ion, we calculated the electronic structures of the MO
complexes and the Mions within the framework of the B3LYP

methanol) indicated in Scheme 1 were computed using the method.

Gaussian 94 ab initio program pack@jeWe compared the
reactivities of Mnd, CoOf, and FeG with methane. We
optimized local minima (on a potential energy hypersurface)
corresponding to the reactant complexes, @®&H,), reaction
intermediates, HGM™—CH;z and H-M™—OCH;, and product
complexes, M(CH;OH), using the hybrid (HartreeFock/
density functional theory) B3LYP method. It consists of the
Slater exchange, the HartreBock exchange, the exchange
functional of Becke’® the correlation functional of Lee, Yang,
and Parr (LYPY® and the correlation functional of Vosco, Wilk,
and Nusaif’” The contribution of each energy to the B3LYP
energy expression was fitt€kempirically on a reference set of

General Electronic Features of Transition-Metal Oxide
lons

Before describing the conversion of methane to methanol by
MnO*, FeO', and Cod, we refer to the general electronic
features of transition-metal-oxide ions. Carter and Goddard
predicted the general bonding characters of first-row MO
complexes from generalized valence bond calculations. The
reactivity of MO" complexes has been proposed to be under-
stood by considering how the d-block orbitals are occupied
early transition metals form strong, unreactive triple bonds and
late transition metals form weak, reactive biradical double bonds.

molecules. For Mn, Fe, and Co atoms we used the (14s9p5d)Moreover, Schwarz's grodgeh calculated (using a density

primitive set of Wachter§ supplemented with one polarization

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,

G. A;; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-

Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian Inc.:
Pittsburgh, PA, 1995.

(25) (a) Becke, A. DPhys. Re. 1988 A38 3098. (b) Becke, A. DJ.
Chem. Phys1993 98, 5648.

(26) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785.

(27) Vosco, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(28) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

functional method) the electronic structures of late transition-
metal-oxide ions, FeD-CuOt, and examined the reactivity of
FeO" with dihydrogen.

Scheme 2 shows the molecular orbital diagrams for the
ground states of MnO(5="), FeOf (6*), and CoJ (5A). For
MnO™, the lowest-lying®>*+ state has been calculated to be
slightly below the’IT (10%220%17*16%27130%) state, and théll

(29) Raghavachari, K.; Trucks, G. W. Chem. Phys1989 91, 1062.

(30) Krishnan, R.; Binkley, J. S.; Seegar, R.; Pople, 1.AChem. Phys
198Q 72, 650.

(31) Glukhovtsev, M. N.; Bach, R. D.; Nagel, C.Jl.Phys. Chem. A
1997, 101, 316.

(32) Carter, E. A.; Goddard, W. A. IJ. Phys. Chem1988 92, 2109.
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TS1(s) 1815/ om’’'

TS2(s) 303/ em”’

Product complex(s) Product complex(a)

Figure 1. Geometries of the reactant complex, hydroxy intermediate, product complex, and transition states (TSs) along the reaction pathway,
FeO" + CH; — Fe™ + CHsOH, in the (a) sextet and (b) quartet states. Atomic distances in A and bond angles (italic) in degrees are indicated.

(16220217316227230"Y) and®A; (16220%17*10327°307) states are Scheme 3
high-lying in energy as compared with the nearly-degenerate
53F and®II statest2hi The low-lying low-spin excited states of

H
H

H
+ '}. + \_ _.H + \
O——M—H—C"  O—M—OQ O——M——G—

H

FeO" and CoO are *A (10%20%17%16327%30% and 3=~ /" WH Y
(16220217*15*27%309), respectively. These low-spin states have H H
been proposed to be comparable to the readivgstate of End-on CH, mode 12-CH, mode 1-CH, mode

dioxygen and play a significant role in their reactivity with
methane?" as we will see later in this paper. ~ product complex. This is an important conclusion from our

We calculated the electronic structures of these metal-oxide |rc analyse@? Let us look at the reaction pathway via the
ions within the framework of the B3LYP/6-311G** method to hydroxy intermediate, HOFe*—CHs. Figure 1 shows the
evaluate the binding energies for the reactant complexes. Theoptimized geometries of OF6CH,), HO—Fef—CHs, Fe"(CHy-
results are, of course, qualitatively consistent with previous OH), and TSs along the preferred reaction pathway in the high-
density functional calculations at a different level and higher- spin sextet and low-spin quartet states, respectively. Important
level CAS—SCF (complete active space, self-consistent field) ztomic distances and bond angles are indicated in these
calculationg?d.e" illustrations. Transition vectors and corresponding imaginary
frequencies are shown in the TS structures.

We previously reported these geometries optimized at the
Each reaction pathway for the methamaethanol conversion ~ B3LYP/3-21G* levef? so that we do not discuss these in the
by FeO basically includes one intermediate and two TSs as present paper. The geometries optimized at the 3-21G* and
well as reactant and product complexes, as indicated in Schemes-311G** levels are essentially not different. Only in the
1. We have recalculated all the reactant complexes, intermedi-reactant complex we found a slight difference between the
ates, product complexes, and transition states (TSs) in both the3-21G* and 6-311G** structures. The structure of the reactant

sextet and quartet states at the level of BSLYP/6-311G**. The complex optimized with the 6-311G** basis set hag@rCH,
energetics of the present higher-level calculations is essentiallybinding mode in contrast to the 3-21G* structure with:gn
not different from our previous B3LYP/6-311G**//B3LYP/3- CH,4binding mode; see Scheme 3. We think that this difference
21G* calculationg? The first reaction pathway, including an  would arise from a set of p-type polarization functions added
important insertion intermediate species, HEEt—CHjz, was to hydrogen in the 6-311G** basis set. The coordinated
confirmed again to be energetically more favorable. The secondmethane is significantly deformed from the-fype structure
reaction pathway via a different intermediate;-Fe"—OCH;, with H—C—H angles of 109.5 The H1I-C—H2 and H3-C—
that is high-lying in energy was less important in the present H4 angles of the coordinated methane indicated in Figure 1 were
higher-level calculations. We therefore concentrate here mainly optimized to be approximately 12@nd 112, respectively. The
on the reaction pathway via the hydroxy intermediate. The other geometry of the methane in thg?-CH, mode belongs ap-
reaction pathway via the methoxy intermediate will be discussed proximately to theD,q (more preciselyC,,) point group and
separately in a future study. that in then3-CH, mode to theCs, point group??

In the course of the entire reaction pathways in Scheme 1, Koga and Morokum®&2 compared different binding modes
concerted hydrogen and methyl migrations lead to the final of the methane RhCI(PHs), complex using an ab initio ECP

Methane—Methanol Conversion by FeO
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FeO*(*A) + CH,4

Fe* (“F) + CH;0H
FeO*(°%) + CH,

Fe* (°D) + CHzOH

28.6 31.1

FeOH"* (°A') + «CH,
18.6

O—Fe*—CH,
Reactant complex

*Fe—CHs

/

HO
Hydroxy intermediate
Product complex

Figure 2. Potential energy diagrams along the reaction pathway; FeO
+ CHy — Fe" + CH30H, in the sextet and quartet states. Relative
energies are in kcal/mol.

(effective core potential) method and concluded that ke
CH,4 mode is energetically most stable and that the end-on mode
is unstable. The computed energy difference betweemthe
andz3-binding modes is rather small (4 kcal/mol), and we think
that these structures may coexist very closely on a potential
energy surface. However, we do not pursue detailed geometry
optimizations for the metharé~eO" complex because our main
concern is to obtain the important potential energy surfaces along
the methanemethanol conversion. The F€ bond distances
of 2.2—2.3 A'in both spin states are reasonable for these kinds
of complexes.

The formation of the FeC bond as well as FeH bonds in
the OF€(CH4) complex is theoretically quite interesting. Both
the interaction between the HOMO of the coordinated methane
(C—H bonding) and the unfilled orbitals of Fe€Oand the
interaction between the LUMO of the methane-& antibond-
ing) and the filled orbitals of FeOplay an essential role in the
formation of this comple*®> Once this complex is formed, the
C—H bonds of the coordinated methane are significantly

weakened, due to both orbital interactions, as discussed later in

this paper.

One of the hydrogens in the coordinated methane shifts to
the ferryl oxygen in a concerted manner via a four-centered
transition state, TS1, giving rise to the hydroxy intermediate,
HO—Fe"—CHs. If the reactions, FeO+ CHy — OFer(CHy)

— HO—Fet—CHj, proceed very rapidly, one may think as if a
hydrogen atom of the hydrocarbon is directly abstracted by the
ferryl “oxygen”. However, the real situation is that the hydrogen
abstraction follows the formation of the reactant complex, as
we saw above. The FeO distance in this intermediate is rather
short; 1.730 and 1.696 A in the sextet and quartet states,
respectively. Since the total charge of the OH group is almost
neutral, these short distances seem very reasonable. Moreove
a methyl migration occurs to form a-@ bond also in a
concerted manner via a three-centered transition state, TS2, t
lead to the product complex, FECH;OH).

In Figure 2, we show the potential energy diagrams in the
sextet and quartet states along the entire reaction pathway, FeO
+ CH; — Fet + CH30H, in which one important reaction
intermediate and two TSs as well as reactant and product
complexes are included. The potential energy surface of the
quartet state is flat as compared with that of the sextet state s
that the quartet potential energy surface probably provides a
low-energy reaction pathwah

We find two important crossings between the sextet and
quartet potential energy surfaces near the reactant complex an
the product complex, as shown in Figure 2. Danovich and

(o]

Yoshizawa et al.

Shailké® recently carried out detailed spiorbit coupling
calculations along the reaction pathway for the conversion of
Hz to H,O by FeO'; FeO" + H, — OFe"(H,) — Fef(H,0) —

Fet + H,O. This process also involves two spin-inversion
junctions between the sextet and quartet surfaces near the OFe
(Hz) complex at the entrance channel and near theH)
complex at the exit channel. The spin inversion near the reactant
complex in the metharemethanol conversion by F€Qs quite
similar to that in the BH—H,O conversion. However, it is a
little different in the exit channel for the CHCH;OH and B—

H,O conversions. The crossing between the two surfaces of
the FeGO—CH, reaction in the exit channel occurs when
Fet(CH3sOH) dissociates; in contrast, that of FE©H, occurs
before the formation of FgH,0). Study of spir-orbit coupling

in the reaction between FéCand methane seems to be very
interesting. Detailed analysis of the seam of crossing between
the sextet and quartet potential energy surfaces is also important
to understand the spin inversion process for the methane
methanol conversion, as one of the reviewers of this paper
suggested. According to the discussion on the dihydrogen
activation by Fe0,33 the system would not necessarily invert
the spin at the lowest energy crossing point under gas-phase
conditions.

The binding energies for the reactant complex, QE#,),
described above were calculated to be 22.8 and 22.2 kcal/mol
in the sextet and quartet states, respectively. The ground state
of this complex is a sextet. The most important activation
energy from OF&CH,) to HO—Fet—CHz via TS1 was
calculated to be 31.1 kcal/mol on the sextet potential surface;
however, it is significantly decreased to 22.1 kcal/mol if a
sextet-quartet spin inversion occurs, as shown in Figure 2.
Although one would need to estimate a sporbit coupling
constant for a more detailed understanding, a spin inversion is
most likely to occur, while the reaction proceeds from OFe
(CHg) to HO—Fet—CHjs. TS1 is associated with a-@H bond
cleavage of methane, but these activation energies, especially
the value derived from a spin-inversion process, are rather small
as compared with a-€H bond energy of more than 100 kcal/
mol.1~8 These small activation energies will be ascribed later
in this paper to &H bond activation by significant orbital
interactions in the reactant complex. The reason we prefer the
concerted mechanism for the methameethanol conversion is
based on the computed energetics indicated above.

On the other hand, the activation energy from Q&H,) to
the methoxy intermediate indicated in Scheme 1;A¢"—
OCHs, was computed to be quite large: 61.5 and 39.7 kcal/
mol in the sextet and quartet states, respectively. These values
are greater than activation energies of 31.1 and 15.7 kcal/mol
for the creation of the hydroxy intermediate in the sextet and

Puartet states, respectively. From the structures of TS1 and TS3

in Scheme 1, we think that the F€ bond in TS1 contributes

do its greater stability rather than the-Hd bond in TS3. Thus,

the reaction pathway via the methoxy intermediate is energeti-
cally less favorable and is unlikely to play a role in the
methane-methanol conversion by FeOso that we do not
discuss the methoxy intermediate pathway in this paper.

Let us next consider the reaction mechanism how the hydroxy
intermediate, HG-Fet—CHeg, is formed. Itis important to note
that this intermediate is not created from a direct hydrogen
abstraction of methane by the ferryl “oxygen”. Before al€
bond dissociation, the methane in the reactant complex is
significantly activated through the formation of an-Re bond

d’als well as Fe-H bonds, due to the important orbital interactions

(33) Danovich, D.; Shaik SI. Am. Chem. Sod 997 119, 1773.
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mentioned above. The methane activation that occurs through

the formation of the reactant complex significantly weakens the
C—H bonds and facilitates the concerted hydrogen shift with a
low activation energy.

The ground state of HOFe"—CH;z is a low-spin quartet,
lying 1.1 kcal/mol below the sextet state, as shown in Figure 2.
As we will see later in this paper, the ground state of - HO
Cot—CHjs is also a low-spin triplet that lies about 5 kcal/mol
below a high-spin quintet. These calculational results are
consistent with the energetics for a similar intermediate for the
H,—H,0 conversion by FeQ the ground state of HOFe™-H
was calculated to be a low-spin quartét.

Since HG-Fe"™—CHjs is low-lying in energy, the activation
energy from HG-Fe"—CHjs to Fe"(CH3OH) via TS2 that would
determine the methanol branching ratio is unfortunately rather
high: 36.2 kcal/mol in the sextet state and 28.6 kcal/mol in the
guartet state. In contrast to the process from Q€el,) toward
HO—Fet—CHj, a spin inversion is unlikely to play an essential
role here. This activation energy must be small if we expect
an efficient methanemethanol conversion. The product branch-
ing ratios in FeO shown in Table 1 suggests that there might
exist another reaction pathway that leads to the formation o
methyl radical: HG-Fet—CH; — HO—Fe" + *CH;. We also
calculated the dissociation energy for this reaction; it is
comparable to the activation energy from HBe"—CHs to
Fet(CH3OH). We will discuss this dissociation pathway from
HO—Fe"™—CHjs in a later section of this article.

Let us finally look at the process for an elimination of
methanol from the product complex. As shown in Figure 2, a
spin inversion occurs again during this process. The dissociation
energy was calculated to be 58.6 kcal/mol on the sextet potential
surface, and it is decreased to 37.4 kcal/mol if we take a crossing
between the sextet and quartet surfaces into account. The energ
splitting between Fe (6.D) and Fé& (*F) was calculated to be
11.2 kcal/mol; this is qualitatively consistent with an experi-
mental value of 6.4 kcal/mol.

f

Methane—Methanol Conversion by MnO* and CoO"

Having described the reactions between Fe@d methane,
let us next look at the reactivity of MnO(and Cod) with
methane. We report for the first time ab initio quantum
chemical analyses for the methatmaethanol conversion by
MnO* and Cod. A comparison of the reactivity in these
metal-oxide ions would be quite important for the molecular
design of a high-quality catalytic system that converts methane
to methanol efficiently. We have confirmed that the reaction
between MnO (CoO") and methane is essentially similar to
the prototype reaction by FEO

Experiments carried out in Schwarz’s gré#ijnave shown
that MnO' reacts with methane more efficiently than any other
first-row transition-metal-oxide ions, to predominantly afford
MnOHT + *CHs, with a small fraction of methanol, as listed in
Table 1. Thus, if we expect only formation of methanol, MnO
is not efficient compared with FeQdespite its high reactivity.
According to high-level ab initio calculations on the reaction
of MnO* with dihydrogent?hi single-state reactivity in Mn©
would play a dominant role in activating €4 bonds of
hydrocarbons in contrast to FE©CuO" in which two-state
(high-spin and low-spin) reactivity through spiorbit coupling
is very important.

J. Am. Chem. Soc., Vol. 120, No. 3, 19959

Mn* (°S) + CHz0H
7S) + CH3OH

Mn*O (°%*) + CH,4
\
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Mn—!
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Figure 3. Potential energy diagram along the reaction pathway, MnO
+ CH; — Mn™ + CH3OH, in the quintet state. Relative energies are

in kcal/mol.

are very similar to those of FeOshown in Figure 1, except
for the reactant complex. In OMICH,), the binding of
methane is of;3-type in contrast to the binding in OFECH,)
that displays any?-CH, binding mode. As suggested by
Morokuma and collaboratof82¢f these two binding modes
are close in energy and it depends on spin states which of the
two is energetically more favorable. At present it seems to be
difficult to say which is preferred in the OMCH,) complexes
of different transition-metal-oxide ions with different spin states.
We should mention that in both the structures the methane is
significantly deformed from the gtype geometry of free
methane into @,y (more preciselyC,,) or Cs, structure, due
to complex formation.
Figure 3 shows the potential energy diagrams along the entire

reaction pathway, Mn© + CH; — Mn™ + CHzOH, in the

eptet and quintet states. The general features of Figure 3 are

uite different from those of the potential energy surfaces for
the Fed case shown in Figure 2. Since the high-spin septet
potential energy surface lies above the low-spin quintet one, a
crossing between the septet and quintet surfaces occurs only
once near TS2, in contrast to the Fe@nd CoJ cases. This
is consistent with the prediction for the reaction between MnO
and H, as discussed in refs 12h and 12i. Thus, only the quintet
state plays an essential role in the first half of the entire reaction,
i.e., a C-H bond cleavage step via TS1. The septet state would
contribute to the reaction in the final dissociation step in which
the product complex dissociates to methanol and thé Mn.

Very interestingly, the activation energy from OMICH,)

to HO—Mn*™—CHs via TS1 is only 9.4 kcal/mol. This value is
much smaller than 31.1 and 22.1 kcal/mol for the Fefases.
As we will see later, this activation energy is also much smaller
than those for Co® cases. We therefore think that the
activation energy from ONM(CH,) to HO-M*t—CHjs via TS1
would determine the reaction efficiency of metal-oxide ions with
methane. Table 1 would suggest that the products shown there
are created from the hydroxy intermediate, HEt—CHjz.12ab
The low activation energy of 9.4 kcal/mol that we obtained
would explain the high reaction efficiency of MAGf we
assume that the efficiency of the reaction between the metal-
oxide ions and methane is associated with the formation of the
hydroxy intermediate, HOM*—CHs. That one can explain
the reaction efficiency of MO complexes on the basis of the
barrier height of TS1 is one of the most significant points we
would like to state in this paper.

The geometries of the reactant complex, intermediate, product The activation energy from HOMn™—CH; to Mn*(CHs-
complex, and TSs in the septet and quintet states along theOH) via TS2 was computed to be 35.9 kcal/mol. Interestingly,
reaction pathway, Mn® + CH; — Mn™ + CH3OH, can be this value is greater than the 28.6 kcal/mol for the TS2
seen in Supporting Information of this paper. The structures connecting HG-Fe"™—CHz and F&(CH;OH) in the quartet state,
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CoO*(M) + CH, reactivity and catalytic selectivity of CoO Our calculations
Co0*(°) + CH, rationalize the fact that the methanol-branching ratio in €oO
is very high, whereas the reaction efficiency of Cofd low.
Co" (°F) + CH30H This clearly demonstrates that the low-spin triplet energy surface
CoOH'(*A) ++CHs g+ (3F) + CH,0H greatly contributes to the methanmethanol conversion by

'73- CoO", especially near the reaction pathway betweent@o+—

CHs and Co(CH3OH), since the quintet activation energy is
high compared with those of Fé@nd MnO". Thus, the spin-
inversion processes at the entrance and exit channels play a very
significant role in order to afford small potential energy barriers.

The remarkable contrast between the reactivities of MnO

0—Co—CH, and CoO with methane is quite interesting considering the two
Reactant complex “Go—CHg Ts2 T 288 M kinds of activation energies from OMCH,) to HO—M+_—CH3
e .CO__({ and from HO-M*—CHjz; to M*(CHzOH). The two activation
Hydroxy intermediate H energies, i.e., the barrier heights of TS1 and TS2, appear to

Product complex

characterize the general features of the methamethanol
Figure 4. Potential energy diagrams along the reaction pathway,"CoO  ¢gnversion by the MO complexes.
+ CH, — Co" + CHsOH, in the quintet and triplet states. Relative

energies are in kcal/mol. Reaction Pathway to Methyl Radical Formation

whereas the activation energy from OMEH,) to HO—Mn*— From Table 1, the formation of methanol competes with that
CHj is smaller than that from OFCH,) to HO—Fet—CH. of the methyl radical in the gas-phase reaction between metal-
We think that these calculational results in Mh@nd FeO oxide ions and methane, especially in FeCOrhe methy! radical

beautifully explain the reason the methanol-branching ratio in iS thus a byproduct for efficient methanmethanol conversion
MnO* (FeQ") is low (high) despite the high (low) reaction by metal-oxide ions. Therefore we need to consider the energy
efficiency of MnO" (FeO'). Of course, we should consider ~required for the dissociation reaction, H®*—CH; —~ MOH*

the bond dissociation energy for HM*—CHz — HO-M* + + *CHs, to compare between the two competitive reaction

*CHs along the competitive reaction pathway; we will discuss Mechanisms. o

this later. As already shown in Figures—21, we have calculated the
Let us finally consider the reactivity of CoQwith methane. lowest dissociation energy for the formation of methyl radical

The mechanisms and energetics in the methanethanol from the hydroxy intermediate in each metal-oxide ion. Letus

conversion by CoO have been extensively examined in first look at the dissociation energy for the formation of methyl
Armentrout's groug3 CoO' reacts with methane less ef- radical in the CoO cases in which the methyl-radical branching
ficiently than MnO" and Fed'; however, its methanol branching r?“? is 0%. As we see in Figure 4, the energy for CoOH
ratio is interestingly very high. Let us look at how our (*A")+ CHslies 21.9 kcal/mol above TS2 (on the triplet energy
computations can serve to explain these experimental resultsSurface) that leads to the C@€H;OH) complex. This dis-
The optimized geometries of OCECH,), HO—Co"—CHs, sociation energy is also higher than the dissociation energy from
Co*(CHsOH), and TSs along the preferred reaction pathway the produqt complex toward the formation of Cand methanol'
in the high-spin quintet and low-spin triplet states are shown in PY approximately 10 kcal/mol. Thus, the methanol-branching
Supporting Information. The structures and energetics are quitePathway is likely to be energetically more preferred from the
similar to those of the FeDcases. potential energy profile for the reaction between Coénd
Figure 4 shows the potential energy diagrams along the entireMethane. , _
reaction pathway, CoO+ CH,; — Co* + CHsOH, in the On the other hand, the energy for Mr@lﬁPA) + *CH;s lies .
quintet and triplet states. The general profiles of the high-spin Ny 7-2 kcal/mol above TS2 in the quintet state, as shown in
and low-spin potential surfaces in Figure 4 are quite similar to Figure 3. This energy difference in MriGs small compared
that of the Fe® case. Note that two spin-inversion junctions With 21.9 Iicatillmol in CoO. Moreover, the dissociation energy
between the quintet and triplet surfaces are also involved nearfof MNOH™ (°A’) + *CHg is lower than that for the formation

the OCG (CHs) complex at the entrance channel and near the ©f Mn™ and methanol. On the basis of the relative energy
Co*(CHyOH) complex at the exit channel. The important differences, one can conclude that Mh@refers the methyl-

activation energy from OCHCHj) to HO—Co*—CHs is 36.2 radical branching pathway. The remarkable contrast between
kcal/mol on the quintet potential surface, and it decreases toh€ calculated potential energy profiles of Co@nd MnO",
30.9 kcal/mol if we consider a quintetriplet spin inversion shown respectively in Figures 3 and 4, is chemically significant

near TS1. These values appear to be larger than those ih FeO for the prediction of their catalytic selectivity.
as well as in MnO. These calculations readily explain an We do not repeat a similar discussion for FeQAs the reader

experimental result that the reactivity of Co® lowest among ~ ¢@n see from the potential energy profile in Figure 2, the
the three metal-oxide ions in Table 1. In this case, the crossingMethanol and methyl-radical branching pathways are competi-
between the quintet and triplet energy surfaces does not lead tdiVe in the reaction between Feé@nd methane.
a significant lowering of the activation energy, in contrast to
the FeO case.

The second activation energy from H@o™—CHs to We have discussed the preferred reaction pathway for the
Co"(CH3OH) is 37.6 kcal/mol in the quintet state and 24.6 kcal/ methane-methanol conversion by MnQ FeO", and CoJ;
mol in the triplet state. Although the quintet activation energy the first step in the proposed mechanism is an encounter in
is rather large, the triplet one is smaller than 28.6 kcal/mol in which the MO" complex and methane come into contact to form
the quartet state of FeéCand 35.9 kcal/mol in the quintet state the reactant complex that has an-F&bond as well as FeH
of MnO*. These calculational results thus readily explain the bonds. After the formation of the reactant complex, the

Methane Activation by Transition-Metal Oxides
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Table 2. Activation Energies from OM(CH,) to HO—M*—CHjs
(AEy) via TS1 and HO-M*—CH; to M*(CH;OH) (AE,) via TS2
along the Reaction Pathway, MGF CH; — M* 4 CH3;OHP

MO (spin state) AE; (kcal/mol) AE; (kcal/mol)
MnO* (quintet) 9.4 35.9
FeO' (sextet) 311 36.2
FeO' (sextet-quartet) 22.1
FeO' (quartet) 157 28.6
CoO" (quintet) 36.2 37.6
CoO' (quintet-triplet) 30.9
CoOf (triplet) 8.6 24.6

a Although AE;s on the low-spin potential surfaces of Fe@nd
CoOt are small, they do not contribute to the formation of the hydroxy
intermediates, due to two-state reactivity, as shown in Figures 2 and 4.
b For AE; of FeO" and Co0, sextet-quartet and quintettriplet spin
inversions are taken into consideration.

Scheme 4
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energetics of TS1 and TS2 determines the reactivity and catalytic

selectivity for the reaction between MCand methane. We
list in Table 2 the two activation energies from O{CH,) to
HO-M*—CHs; via TS1 and from HG-M*—CHs to M*(CHs-
OH) via TS2. We took a spin inversion effect into account for
the former activation energy. The activation energy from the
reactant complex to the hydroxy intermediate in Mh@as
computed to be much smaller than those in Fe@d CoO.
Thus, ¢ oxo complexes would most efficiently activate methane.
Let us consider why we can conclude so.

This finding may be rationalized in terms of orbital interac-
tions, following the discussion of Saillard and Hoffmaltms
indicated in Scheme 4, both the interaction between the t
HOMO of methane (€H bonding) and the unfilled orbitals of
transition-metal-oxide ions, encircled 1, and the interaction
between thet LUMO of methane (C-H antibonding) and the
filled orbitals of transition-metal-oxide ions, encircled 2, play
an essential role in the formation of the reactant complex from
which methane activation is most likely to proceed. These
3-fold degenerate HOMO and LUMO may be slightly split, due
to deformation of the coordinated methane.

Both the interactions, encircled 1 and 2, significantly weaken
the C—H bonds of methane because of the depopulation-dfiC
bonding orbitals and the occupation of—@& antibonding
orbitals, respectively. If the two interactions, encircled 1 and
2, work in approximately equal weight?> domplexes may be
most effective for the activation of methane. However, since
the LUMO of methane is much higher in energy than the d-block
orbitals of the MO complexes, the interaction encircled 1 is
more dominant than encircled 2 from a qualitative point of view
of second-order perturbation theory. Thu$,osto complexes
are rationalized to be most appropriate for methard¢i®ond
activation in terms of qualitative orbital interaction analyses.
In future work we will systematically examine this hypothesis
on the basis of high-level ab initio calculations and qualitative
orbital interaction analyses.
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The above discussion may be useful to understand the
enzymatic functions of cytochrome P-£8@nd MMO1° The
active species of these enzymes, compound | of P-450 and
intermediate Q of MMO, involve one or two*dre(IV)=0
(ferryl) moieties. In the catalytic cycle of cytochrome P-450
and MMO, abstraction of an H atom from substrate hydrocarbon
that leads to the formation of carbon radical is widely believed
to occur in the first step; however, neither intermediates nor
transition states have been confirmed in the direct hydrogen
abstraction process. Our two-step concerted pathway via TS1
and TS2 is in remarkable contrast to the conventional radical
mechanism for hydroxylations by P-450 as well as MMO (so-
called oxygen rebound mechanistt)Although in our calcula-
tions neither important ligand effects nor protein environment
has been taken into account, we expect that a similar two-step
mechanism should play a role in enzymatic hydroxylations if
coordinatively unsaturated ferryl species is created in the active
site of the iron-based enzym#s.

Summary and Conclusions

We have theoretically studied the conversion of methane to
methanol by the transition-metal-oxide ions, M@ CH,; —
M™* + CHsOH, where M is Mn, Fe, and Co. In conclusion,
the methane methanol conversion by the late transition-metal-
oxide ions proceeds in such a way

[TS1] [TS2]

HO-M"—CH,——
M*(CH,OH) —M" + CH,OH

MO + CH,—~ OM™(CH,)

On the basis of the two activation energies from QIH,)
to HO—M*—CHjz via TS1 and from HG-M*—CHz to M*(CHs-

OH) via TS2, we have successfully explained the reactivity and
selectivity of the reaction between metal-oxide ions and
methane, especially for the methanol-branching pathway. We
have demonstrated from high-level density functional calcula-
tions that the HO-M*—CHjs intermediate plays the most
important role in the reactions between M@nd methane. The
efficiency of the reaction between M@omplexes and methane

is likely to be derived from the activation energy from OM
(CHg) toward HO-M*—CHjz. A spin inversion between high-
spin and low-spin potential energy surfaces greatly contributes
for the reaction of Fe®and CoO with methane in the process
from the OM"(CH,) complex to TS1, in contrast to MnOThe

high (low) reactivity of MnO" (CoO) is rationalized by the
activation energies: 6.4 kcal/mol for MrnQ22.1 kcal/mol for
FeO", and 30.9 kcal/mol for Co@ We have also suggested
from qualitative orbital interaction analyses thataetal-oxide
ions are likely to be most efficient for methane-8 bond
activation.

The methanol-branching ratio that is 100% in Co@1% in
FeO, and<1% in MnO" has also been rationalized from the
activation energy from HOM™—CHs to MT(CH3OH): 24.6
kcal/mol in the triplet state in CoQ 28.6 kcal/mol in the quartet
state in Fe®, and 36.3 kcal/mol in the quintet state in MhO
Furthermore, we have calculated the dissociation energy from
HO—M*—CH; to MOH" + *CHz and compared the two
competitive methanol and methyl-radical branching pathways.

Our calculational results completely agree with experimental
results on the reaction efficiency and the product branching ratio
shown in Table 1. We have clarified that the barrier heights of

(34) Cytochrome P450: Structure, Mechanism, and Biochemi&imng
ed.; Ortiz de Montellano, P. R., Ed.; Plenum: New York, 1995.

(35) Yoshizawa, K.; Ohta, T.; Yamabe, T.; Hoffmann,RAm. Chem.
Soc.1997 119 1231112321.
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