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The reactions of (1) CH+ MgO — MgOH* + CHz and (2) CH + MgO — Mg + CH3;OH have been
studied on the singlet spin state potential energy surface at the MP246=32dl,2p) level. These two reaction
channels, both involving intermediates and transition states, have been rationalized by the structures of the
species involved, natural bond orbital (NBO), and vibrational frequency analysis. We have considered two
initial interacting models between GHand MgO: a collinear €H approach to the O end of the MgO
forming the MgOCH complex withCs, symmetry and three hydrogen atoms of the methane point to the Mg
end of the MgO forming the OMgC}tomplex withC; symmetry. The calculations predict that reactions 1

and 2 are exothermic by 39.8 and 86.5 kJ molespectively. Also, the former reaction proceeds more easily
than the latter, and the complex HOMgEI3 energetically preferred in the reaction of MgOCHL,.

1. Introduction because this process can be justifiably regarded as providing
. . models for the more complicated processes of heterogeneous
Over the past few years, conversmn_of natural gas, mainly or enzymatic methane monooxygenase catalysis. It is obvious
composed of methane, into more easily handled and St.oredthat a better understanding of the details of the activation
prod.ucts, such as metr_lanpl or ethylelne,. has bee_n W'delyprocesses would be desirable in order to improve the catalysts.
studied* The partial oxidation and oxidative coupling of However, as far as we know, despite a few theoretical
methane, in particular, have attracted considerable attehtion. investiga',[ion of the ©H bond activation by bare MgO in the
Many metal oxide catalysts have been used for these reac-gas phas&24only the CHs radical formation from Ckiwas
tions?1%712 and MgO has been found to be one of the most focused on, and the molecutenolecule interaction between

i 2,13 .
effective catalysts? ) ) CH, and MgO and the CyDH formation from CH and MgO
To understand the nature of the interaction between methaney,sve not been studied.

and MgO, the adsorption and dissociation of methane on MgO |, the present study, the following reactions are studied in
catalyst have been extensively investigated experimeAt&fiy. 18 detail at the MP2/6-31£G(2d,2p) level.
In 1985, Driscoll and co-worke¥3!*found that when methane

is passed over MgO at temperatures above 800 kg’ Gidicals CH, + MgO — MgOH' + CH;’
are formed, then released into the gas phase, and detected after

collection in an argon matrix. Later, Ito and co-workér§ CH, + MgO — Mg + CH,OH
proposed that methane pretreated above 973 K on MgO could

be adsorbed in a heterolytically dissociated formzCbh Mg?* 2. Computational Details

and H" on O*~, even below room temperature. Irrespective of ) o .
the detailed mechanism of the coupling reaction, the dissociation FUll-parametric geometry optimizations, final energy evalu-

of methane is generally accepted as the initial step in methanedtion, and vibrational_ f_requency calculations for all equilibrium
activation® The rate-determining step in the conversion of structures and transition states were performed at the MP2/6-

methane to higher derivatives has been shown to be the311TG(2d.2p) level using the Gaussian-98 progrénAll
abstraction of hydrogen at the surfdce. vibrational frequencies were scaled by a factor of 0.8418.
To obtain further information about this process, many should be noted that all transition states have been verified by

theoretical studies of the interaction of methane with metal oxide the intrinsic reaction coordinate (IRC) analysis.
heve been performed using an oxometal cluster nigéét 21
and gaseous metal oxide molecul&=’ Of particular interest
is the direct oxidation of methane by metal oxide fragméhi¥, The total energies corrected by zero-point energy (ZPE) and
relative energies of various species in the Mg@H, reaction
* Corresponding authors. E-mail Addresses: Chang-Wei Hu, chwehu@ Calculated at the MP2/6-331G(2d,2p) theoretical level are

3. Results and Discussion

malfil.s_c.cninfo.m_at; Ning-Bew Wong, bhnbwong@cityu.edu.hk. listed in Table 1. The schematic energy diagram along the singlet
Sichuan University. reaction pathway using ZPE corrected relative energies of
* City University of Hong Kong. . L - o .
§ Chinese Academy of Sciences. various species is shown in Figure 1. The optimized geometries
B The Chinese University of Hong Kong. of various species on the singlet potential energy curve of the
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Figure 1. Potential energy profiles for the reaction between MgGCH, at the MP2/6-313+G(2d,2p) level. Relative energies for the reactants,
intermediates, transition states, and products relative to MgOH, are shown in parentheses.

TABLE 1: Total Energies (hartree) Corrected by
Zero-Point Energy (ZPE) and Relative Energiesk; (kJ
mol~1) with Respect to Reactants [MgOtX) + CHy]
Calculated at the MP2/6-3141-G(2d,2p) Level of Theory of
Various Species in the Reaction of Cliwith MgO

species total energy, hartree  E;, kJ mol?

MgO(tx) —274.67176

CH4 —40.34808

MgO(tX) + CH, —315.01984 0.0
MgOCH; (a-IM1) —315.02226 —6.4
MgOCH; (a-IM1)? —4.5
a-TS1 —315.00964 +26.8
CHz —39.69002

MgOH* —275.34463

MgOH* + CHgz —315.03465 —38.9
OMgCH,; (b-IM1) —315.02185 —53
MgOCH; (a-IM1)? —24
b-TS1 —315.00216 +46.4
HOMgCH; (b-IM2) —315.13105 —291.9
CHs~ —39.68646

MgOH* —275.07683

CHz~ + MgOH* —314.76329 +673.3
OH~ —75.65512

MgCHs* —239.12276

OH~ + MgCHs" —314.77788 +635.0
b-TS2 —314.99837 +56.3
MgCH;OH (b-IM3) —315.05536 —93.2
Mg —199.62876

CHzOH —115.42404

Mg + CHzOH —315.05280 —86.5

3.1. Interaction between MgO and CH. In the = ground
state of MgO, the calculated MgD distance, 1.751 A, is in
good accord with the experimental value of 1.7495AAd-
ditionally, both covalent and ionic contributions to the bonding
are found from its atomic natural charges (Md®and 0149
and 1.995 e occupancy of B®Mg—O. These results are in
general agreement with those found in the literafdf8.The
calculated dissociation energd) of the 1= ground state of
MgO, 283.0 kJ moat?, is close to the value of 2466 20.9 kJ
mol~! determined by Freiser and co-work&from photodis-
sociation experiments.

According to the vibrational analysis, the isolated £CH
molecule is characterized by a triply degenerateHCasym-
metric stretching mode at 3028 cin(v3) and by a nondegen-
erate C-H symmetric stretching mode at 2907 ch{vy); the
two degenerate HC—H deformation modes are at 1505 ¢t
(v2) and 1293 cm! (v4). The symmetric stretching mode at 2907
cm~! and the deformation mode at 1505 chare IR forbidden
by symmetry but Raman active. These results are in good accord
with literaturel”1® These results indicate that the present
theoretical method of MP2/6-3%15(2d,2p) is appropriate for
the MgO+ CH, system.

Two models concerning the initial interaction between,CH
and MgO (Figures 1 and 2) are considered: (i) a collineaHC
approach to the O end of the M@ bond with the transferred
hydrogen, in which the receiving oxygen and the methane

aThe relative energy corrected by basis sets superposition error carbon lined up (MgOClicomplex a-IM1 withCs, symmetry),
(BSSE) with respect to reactants of Mg®( and CH.

MgO + CHg, reaction are depicted in Figure 2. Atomic natural
charges and atomic natural electron configurations, as well as
dominant occupancies of natural bond orbital (NBO) and
dominant stabilization energieg(2) between donors and
acceptors for various species by NBO analy$f@are presented

in Tables 2-4, respectively. Table 5 lists the vibrational
frequencies and corresponding IR intensities for reactants,

intermediates and

As shown in Table 1, as well as in Figures 1 and 2, there are .
two different reaction channels when MgO reacts with methane,

transition states.

and the first one results in the generation of ££H

CH, + MgO — MgOH'" + CH;’

@)

and (ii) three hydrogen atoms of the methane point to the Mg
end of the Mg-O bond (OMgCH complex b-IM1 with Cy
symmetry).

For both MgOCH and OMgCH molecule-molecule com-
plexes, the MP2 basis set superposition errors (BSSE) only
1.9 and 2.9 kJ mat, respectively, and CHis loosely bound
to MgO with small stabilization energies of 4.5 and 2.4 kJThol
respectively. As shown in Table 2, for the two complexes of
MgOCH,; and OMgCH, the total electronic charge of the ¢H
moiety or the MgO moiety is nearly neutral. These two
interaction models of Cliinteracting with MgO have not been
reported in the literature’d:2425Nevertheless, they are consistent
with experimental results.

In the case of MgOCHwith Cg, symmetry, the &H bond
close to the O end of MgO is elongated by 0.003 A, as compared

The second reaction channel also results in the formation of to the uncomplexed €H bond in the same complex. As shown
CHg, and it gives a clue to the formation of methanol as well. in Table 4, the small stabilization energies of BINIg—O —
The overall reaction in this case is

CH, + MgO — Mg + CH,OH

)

RY*(1)H(7) and BDE)C—H(7) — RY*(1)O indicate that there
is a weak hyperconjugative interaction in M@—H(7)—C.
These weak effects correspond to a faint stabilization interaction,

In the following we will discuss these two reactions in depth. thus increasing the ©H interaction, making the molecule
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3.601 (0.009)

MgCH;OH
©»

MgOCH, a-TS1
(o) (o)

6(3-2-1)=108.3
0(4-2-1)=135. 1

0(3-2-1)=111.5
0(4-2-1)=111.7

0(3-2-1)=105.6
0(4-2-1)=105. 8

0(3-2-1)=109. 7
0(4-2-1)=109. 7

0(5-2-1)=0.0 6(5-2-1)=0.0 0(5-1-2)=179.5 0(5-2-1)=31.1
0(6-2-1)=109. 7 0(6-2-1)=105.7 0(6-2-1)=111.5 0(6-2-1)=78.7
0(7-2-1)=0.0 0(7-5-2)=0. 1 6(7-5-1)=178.8 0(7-5-2)=109. 1

1(4-2-1-3)=120. 0
1(5-2-1-3)=-164. 8
1(6-2-1-3)=-120.0

1(4-2-1-3)=120. 0
1(5-2-1-3)=139. 8
1(6-2-1-3)=-120. 0

1(4-2-1-3)=120.0
1(5-1-2-3)=0. 3
1(6-2-1-3)=-119.9

1(4-2-1-3)=147.5
1(5-2-1-3)=101. 1
1(6-2-1-3)=-106. 7
t(7-5-2-1)=-152. 1

1(7-2-1-3)=-160. 0 1(7-5-2-1)=0. 0 1(7-5-1-2)=-107.0

b-TS2

(o)
0(3-2-1)=164.4 6(3-2-1)=138.5 0(3-2-1)=88.3
0(4-2-1)=79.9 6(4-2-1)=96. 4 0(4-2-1)=132.0
0(5-1-2)=126. 1 0(5-1-2)=77.5 0(5-1-2)=49. 1
0(6-2-1)=79.9 0(6-2-1)=96. 4 0(6-2-1)=93. 2
0(7-5-1)=45. 4 0(7-5-1)=67. 1 0(7-5-1)=127.8
1(4-2-1-3)=123. 4 1(4-2-1-3)=124. 7 1(4-2-1-3)=120. 3
1(5-1-2-3)=0. 0 1(5-1-2-3)=0. 0 t(5-1-2-3)=-138.9
1(6-2-1-3)=-123. 4 1(6-2-1-3)=-124.8 1(6-2-1-3)=-114.0
1(7-5-1-2)=0.0 1(7-5-1-2)=0. 0 1(7-5-1-2)=101. 2

Figure 2. Calculated structures for the intermediates, transition states, and products involved in the potential energy profiles displayed in Figure
1. Bond lengths are in angstroms, bond ang®sand dihedral anglesr) in degrees. The overlap populations from the Mulliken population

analysis are in parentheses.
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TABLE 2: Atomic Natural Charges and Atomic Natural Electron Configurations for Intermediates, Transition States and

Products by Natural Bond Orbital Analysis

Mg C H(3) H(4) (0] H(6) H(7)
species char. 3s char. 2s 2p char. 1s char. 1s char. 2s 2p char. 1s char. 1s
MgO 145 0.49 145 198 5.46
CHa 0.72 114 356 0.18 082 0.18 0.82 0.18 082 0.18 0.82
MgOCH, 149 046 073 115 357 016 084 016 084 148 198 549 0.16 084 024 0.75
a-TS1 119 078 067 119 345 017 083 017 083 132 192 539 017 083 031 0.68
CHg 041 118 322 014 086 0.14 0.86 0.14 0.86
MgOH* 1.00 0.88 149 182 5.62 049 0.51
OMgCH, 153 042 077 115 360 022 078 018 082 153 198 554 018 082 019 081
b-TS1 157 040 107 122 382 024 076 017 083 142 094 546 017 083 034 0.65
HOMgCH; 174 024 135 129 402 019 081 019 081 144 181 562 019 081 049 051
3~ 134 126 399 011 089 011 0.89 0.11  0.89
MgOH* 1.95 0.02 1.48 1.83 0.53 047
OH~ 1.37 1.86 5.49 0.37 0.63
MgCHz* 147 053 111 127 381 021 078 021 0.78 0.21 0.78
b-TS2 028 169 020 118 300 019 081 018 082 113 185 522 019 081 049 0.0
MgCH;OH 0.02 197 0.10 107 300 014 08 014 08 08 170 512 0.16 084 048 051
CH;OH 009 106 301 013 087 013 0.87 0.15 085 046 054
TABLE 3: Dominant Occupancies of Natural Bond Orbital for the Intermediates and Transition States by Natural Bond
Orbital Analysis

occupancy
bond orbital MgOCH a-TS1 OMgCH b-TS1 HOMgCH b-TS2 MgCHOH
BD(6)MgO 1.995 1.892 1.997 1.875
BD(0)MgC 1.996
BD(0)CH(3) 1.999 1.993 1.997 1.988 1.999 1.996 1.997
BD(0)CH(4) 1.999 1.993 1.999 1.998 1.999 1.997 1.997
BD(0)CO 1.996 1.999
BD(0)CH(6) 1.999 1.993 1.999 1.998 1.999 1.996 1.994
BD(0)CH(7) 1.993 1.703 1.997 1.910
BD*(6)MgO 0.307 0.114
BD*(0)CH(7) 0.166 0.220
BD(0)OH(7) 1.999 1.998 1.993
BD*(0)MgC 0.039
BD*(0)CO 0.226

TABLE 4: Dominant Stabilization Energies E(2) between
Donors and Acceptors for Intermediates and Transition
States by Natural Bond Orbital Analysis

species donor acceptor E(2), kJ mot?®
MgOCH;, BD(0)MgO RY*(1)H(7) 13.7
BD(0)CH(7) RY*(1)O 1.6
a-TS1 LP(3)O BD*¢)MgO 55.5
BD(0)MgO BD*(0)CH(7) 252.1
LP(3)O BD*(0)CH(7) 282.4
BD*(0)MgO BD*(0)CH(7) 88.7
BD(0)CH(7)  BD*(c)MgO 395.9
OMgCH;, BD(0)MgO BD*(0)CH(3) 35
b-TS1 LP(3)O BD*¢)MgO 109.7
BD(0)MgO BD*(0)CH(7) 250.6
LP(3)0 BD*(0)CH(7) 342.2
BD(0)CH(7) BD*(0)MgO 144.5
HOMgCH;  LP(3)0 BD*(0)MgC 146.4
b-TS2 LP(1)Mg RY*(1)O 104.6
LP(1)Mg BD*(0)CO 186.7
MgCH:OH  LP(1)Mg RY*(1)O 325
LP(1)0 RY*(1)Mg 7.4

complex MgOCH stable. As shown in Table 5, according to
the vibrational analysis, upon interaction of methane with an
MgO molecule, frequencies of 3015 and 2995 énwhich are
assigned to the HC—H asymmetric stretching modes of ¢H
moiety, and a frequency of 2882 ci which is assigned to
the H-C—H symmetric stretching mode of the Gkhoiety,
are lower than those for free GKB028 and 2907 cr¥). These
indicate that the bonds of the Ghhoiety have been weakly
activated by the MgO molecule. The vibrational frequency of
3015 cmil, representative of the HC—H asymmetric stretching
mode of the CH moiety in the MgOCH complex, is 13 cm?
lower than that for the free CHmolecule (3028 cmt). These

results are in fairly good agreement with the experimental results
(3008 vs 3019 cmt 17 and 3002 vs 3020 cm 18). Frequencies
of 1505 and 1305 cnt are attributed to the HC—H deforma-
tion modes of the Cidmoiety, 1273 cm? to the convolution
of the MgOH moiety stretching mode and €hioiety deforma-
tion mode; 925 cm! to the convolution of MgO moiety
stretching mode and CH moiety deformation mode, and 155,
102, and 41 cm! to the deformation modes of MgOGH

As in the case of OMgCH the C-H bonds of the three
hydrogen atoms pointing to the Mg end of MgO are weakly
elongated, as compared to the uncomplexeeHhond. The
molecule-molecule interaction of the two building blocks brings
about an elongation of the MgD bond length by 0.017 A, as
compared with free MgO. The closest “complexed” hydrogen
atom of methane, which is 2.595 A away from the Mg atom, is
to be abstracted preferentially upon collisional activation. This
is to be borne out in the reaction as it proceeds. Based on the
very small stabilization energy of BB{Mg—O — BD*(0)C—
H(3) in the NBO results, there appears to be a very weak
interaction between MgO and GHAccording to the vibrational
analysis of OMgCH in Table 5, frequencies of 3018, 3006,
and 2989 cm?, which are assigned to the asymmetric stretching
modes of CH moiety, and frequency of 2878 crh which is
assigned to the symmetric stretching mode of,@tbiety, are
lower than those in free CH(3028 and 2907 cri). These
indicate that the bonds of the Ghhoiety have been weakly
activated by the MgO molecule. The vibrational frequency of
3018 cn1?, representative of the-HC—H asymmetric stretching
mode of the Ch moiety in the OMgCH complex, is 10 cm?
lower than those for free CHmolecule (3028 cml). These
results are in fairly good agreement with the experimental results
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TABLE 5: Calculated Vibrational Frequencies and IR Intensities for All the Species Involved in the Reaction between MgO and Cil

frequencies, ciiIR intensities, Debyeamut A—2

2907/0.0

species
CH,

3028/17.9 3028/17.9 3028/17.9
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(3008 vs 3019 cm,17and 3002 vs 3020 cm®). Frequencies
of 1509, 1501, 1300, 1298, and 1277 ¢nare ascribed to the
deformation modes of the GHmoiety, 883 cm! to the
convolution of the MgO moiety stretching mode and-ig
moiety deformation mode, and 178, 78, 55, 46, and 30'am
the deformation modes of OMgGH

3.2. First Reaction Channel: MgO+ CH,; — MgOH* +
CHgz® via a-TS1. This reaction is composed of two steps. As
mentioned previously, the first step is the formation of
molecule-molecule complex MgOCH

CH, + MgO — MgOCH, 3)

The second step involves a—&l bond cleavage, yielding the
products MgOHM + CHjz* via a transition state a-TS1.

MgOCH, — a-TS1— MgOH'" + CH," (4)

In this step, there are an activation energy of 31.3 kJ ol
and an exothermicity of 34.4 kJ mdl Such a low activation
energy makes this step proceed easily, and thus gas-phase methyl
radicals have been observed when methane was passed over
MgO at appropriate temperature¥:11 This activation barrier
is not far from that obtained by the CEQ method in the
literature (45.6 kJ mott),22 although it is markedly lower than
that obtained by the semiempirical method in a previous study
(130.0 kJ mot1).2* The formation of MgOM and CH is
exothermic by 38.9 kJ mot with respect to the reactants GH
+ MgO. This result is in agreement with experimental value
(29.7 kJ mot?)?225 and the theoretical result (33.4 kJ myl
by the more sophisticated CEQ calculationg? although it is
considerably less than that obtained by the semiempirical method
in the literature (74.0 kJ mot).24

For the transition state a-TS1, the—®(7) distance is
exceedingly shorter, and the—Ei(7) distance becomes con-
siderably longer and the MgO slightly longer, than the
corresponding distances in MgOGH hese results indicate that
the CG-H(7) and Mg-O bonds have been weakened and the
interaction G-H(7) has been strengthened. The transition state,
a-TS1, could be described as being “late” because thélC
bond is almost broken and the transference of the hydrogen atom
to the oxygen atom is almost complete. Bgrve et?and
Stiakaki et aP* also studied the model of GHhteracting with
the O end of MgO and found that the reactants proceed directly
to the corresponding transition state, without passing through
the molecule-molecule complex of MgO and CHBgrve et
al22 kept the CH fragment rigid at the SCF, CASSCF, and
CCIHQ levels and found a similar transition state as that
presented above, in which the-®I(7) and C-H(7) distances
are 1.31 and 1.22 A, respectively. Stiakaki e¥*adopted full
optimization and carried out semiempirical PM3 and MNDO
methods and found the transition state, in which the Mg, O, H
and C atoms are not linearly arranged. Obviously, in the present
study the structure of the transition state a-TS1 is close to that
obtained by Barve et &% and completely different from that
obtained by Stiakaki et &' As shown in Table 3, the
occupancies of antibond orbitals [0.166 e for BBC—H(7)
and 0.307 e for BD*)Mg—O] underline that both €H(7)
and Mg—0O bonds are weakened. As shown in Table 4, the large
stabilization energies [BD{)C—H(7) — BD*(o)Mg—0, LP-
(3)0— BD*(0)C—H(7), and BDgG)Mg—0 — BD*(0)C—H(7)]
emphasize that the dominant hyperconjugative interaction in
Mg—O—H—C may increase the interaction of-®I(7) and
weaken the interactions of MgO and C-H(7). As shown in
Table 5, the vibrational trend of the unique imaginary frequency
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of 1686i cnttis that H(7) gets gradually closer to O and farther counts for the stability of the transition state b-TS1, which is
away from C. This stresses that the transition state a-TS1 couldreflected in the low activation barrier.
be described as “late”, thus the-€i(7) bond is going to rupture For HOMgCH;, both O-H(7) and Mg-C distances are
and the G-H(7) bond is ready to form. remarkably shorter than those for the transition state b-TS1,

From Table 2, it can be seen that a total electronic charge while their overlap populations are considerably larger. These
amounting to 0.13 e is transferred from the methane moiety to are the characteristics of the M@ and G-H(7) single bonds,
the MgO moiety in the transition state a-TS1. This charge which are verified in Table 3 by the occupancies of 1.966 and
transfer is reflected in both the lower net positive charge on 1.999 e for BDgG)Mg—C and BDg)O—H(7), respectively. As
the Mg atom and the higher net negative charge on the O atom,shown in Figure 2, the €H(7) distance is prominently longer
when compared with those of the isolated MgO molecule. than that in the transition state b-TS1, indicating that théH(7)
Moreover, an appreciable positive net charge is accumulated atbond has been completely cleaved. This intermediate, HOMgCH
the H(7) atom, which is to be abstracted. According to the above which formally corresponds to the insertion product of Mg in
results, it is apparent that the abstraction reaction proceeds bythe C-O bond of methanol, can be viewed as the result of a
the formation of a three-center two-electron bond—3e) o-methathesis process between aKCbond of methane and
between oxygen, hydrogen, and carbon centers. Thi28c an Mg—0 bond, followed by structural relaxation to yield the
bond then becomes the-® bond in the product hydroxide.  species withCs, symmetry. The structure of HOMgGHs

3.3. Second Reaction Channel: MgO+ CH; — Mg + similar to that of HOFeCHt" in the dissociation of Cldon FeO
CH30H and MgOH* + CHgz". This reaction channel can be reaction?®> From the atomic natural charges in Table 2, the

divided into several steps, as described in eg8.9n the first electronic features support the view that HOMgCtan be
step, the reactants form moleculmolecule complex OMgCH described as either GH interacting with MgOH or OH~

interacting with MgCHT™, since both the Ckland OH moieties

CH, + MgO — OMgCH, (%) are close to-1 valence and both MgOH and MgGlrhoieties

are close tot+1 valence. These interactions are so large that
The next step is an oxidative addition, cleaving theC the HOMgCH molecule is especially stable. This can also be
bond and yielding an insertion product HOMggHhia the afforded by the exceedingly large dissociation energies (965.2
transition state b-TS1. The intermediate HOMgQEpresents and 926.9 kJ mot) in the formations of ChI™ + MgOH™ and

the absolute minimum of the potential energy curve. OH~ + MgCH;z™ from the HOMgCH molecule, respectively.
This holds true, in particular, for the HOMgGHmolecule
OMgCH, — b-TS1— HOMgCH, (6) residing in a deep potential well. This model of EHnteracting

with MgOH™ is similar to that proposed by Ito et 16 As

This step involves an activation energy of 48.8 kJ Thaind a shown in Table 4, the large stabilization energy for LP(3YO
massive exothermicity of 289.5 kJ mél This activation barrier BD*(0)Mg—C indicates that there is a large hyperconjugative
is close to the value (43.7 kJ md) obtained on the interaction  interaction in O-Mg—C and subsequently accounts for the
of methane with the MgD, cluster model by Ito et &€ The stable HOMgCH molecule. Therefore, the intermediate
formation of HOMgCH is exothermic by 291.9 kJ mol with HOMQgCH; is predicted to be the energetically preferred config-
respect to the reactants ¢H MgO. uration in the gas-phase reaction of MgOCH,. According to

For the transition state b-TS1, wi@® symmetry, the Mg-C the vibrational analysis, the frequency of 3841 éns assigned
and O-H(7) distances are remarkably shorter than those for to the O-H stretching mode, 2973, 2972, and 2889 ¢érnp
OMgCH;,, while their overlap populations are larger. The the asymmetric stretching modes of €hioiety, 1392, 1104,
C—H(7) and Mg-O distances are longer than those for and 550 cm! to the deformation modes of GHnoiety, 760
OMgCH;,, while their overlap populations are smaller. This and 456 cm? to the stretching modes of HOMgCHs, and 135
indicates that the interactions of M@ and G-H(7) have been and 82 cn! to the deformation modes of HOMgGH
reinforced and the €H(7) and Mg-O bonds have been The third step of the reaction under study is a reductive
activated. The transition state, b-TS1, could be best characterizeck|imination leading to an atormolecule complex MgCEOH
as an “early” transition state, since the-€(7) bond is only where a methanol is weakly bound to Mg via the transition state
partially formed and the €H(7) bond is ruptured only to a  p-TS2.
small degree. As shown in Table 3, the occupancies of antibond
orbitals [0.220 e for BD*¢)C—H(7) and 0.114 e for BD%)- HOMgCH; — b-TS2— MgCH,OH @)
Mg—0Q] underline that both €H(7) and Mg-O bonds are
weakened. As shown in Table 4, the large stabilization energiesFor this step, the activation energy is 348.2 kJ Thaind there
[BD(0)Mg—0 — BD*(0)C—H(7), BD(0)C—H(7) — BD*(0)- is an endothermicity of 198.7 kJ mdl This large potential
Mg—O, LP(3)O— BD*(0)C—H(7), and LP(3)O— BD*(0)- barrier separates HOMgGHrom the elimination products of
Mg—O] indicate that the dominant hyperconjugative interaction CHz;OH and Mg, and it indicates that the third step is the rate-
exists in the Mg-O—H—C four-membered ring. Subsequently, determining step of the whole reaction. The formation of the
this effect may increase the interactions of B(7) and Mg-C MgCH3OH complex is similar to that of other metal complexes
and weaken the interactions of M@ and C-H(7). The such as FeCyDH™ 22 and PtCHOH™ 34from the corresponding
vibrational trend of the unique imaginary frequency of 1362i insertion step.
cmtis that H(7) gets gradually closer to C and farther away  For the transition state b-TS2, both the Mg and Mg-O
from O. This underlines that the transition state b-TS1 could distances are longer and the-O one is shorter than those in
be described as “early”. According to atomic natural charges HOMgCHs. It appears that the bonds of M& and Mg-O
of the transition state b-TS1, there is a charge transfer from have been weakened and the @ bond is being formed. This
Mg to C and from H of the €H bond to cleave the O atom, can be confirmed in Table 3 by the emerging of 1.996 e
and afterward it results in a transfer of 0.15 e from MgO moiety occupancy for BD§)C—O. Synchronously, the €O bond has
to the CH, moiety. Consequently, the contribution of covalent been activated according to the 0.226 e occupancy for antibond
stabilization of the four-center four-electron metallocycle ac- BD*(¢)C—0O. The transition state, b-TS2, could be best
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characterized as “early” transition state, since theGQCbond The MgO reaction with methane to form Mg CH3;OH is
is only partially formed and MgO bond is only slightly exothermic by 86.5 kJ mot. Furthermore, the calculated results
ruptured. As shown in Table 4, the large stabilization energies strongly suggest that the possibility of MgO reacting with/,CH
in LP(1)Mg— RY*(1)O and LP(1)Mg— BD*(0)C—0 indicate proceeding all way to form C¥OH and Mg is highly unlikely
that there is a dominant hyperconjugative interaction in the-Mg when the barrier to reductive elimination is considered. The
C—0 three-membered ring. Subsequently, this effect may calculations find the transition state b-TS2 lies 142.8 kJ+hol
increase the interatomic interaction in M@ and weaken the  higher than the final products and 56.3 kJ mohbove the
interatomic interaction in €0. The transition vector of the reactants. Thus, MgO does not react with methane to produce
unique imaginary frequency of 749i crhindicates that the CH CH3OH under the experimental condition report€everthe-
moiety moves gradually away from OH moiety. This implies less, the formation of HOMgCHfrom MgO + CH, is
that the transition state b-TS2 can be described as “early.” predicated to be possible.
According to atomic natural charges of the transition state Computational information is available for the reaction path
b-TS2, there is a charge transfer from O and C to Mg as following the HOMgCH by simple bond cleavage, leaving
compared to those of HOMgGHand afterward it results ina  MgOH* + CHs® as end products with an endothermicity of 253.0
transfer of 1.15 e from the GHnoiety to the MgOH moiety as  kJ mol!. As mentioned above, the formation of MggbH
compared to that of HOMgC# According to the above results,  from HOMgCH; requires an energy barrier of 348.2 kJ miol
it is apparent that the elimination reaction proceeds by the Comparison of these energy barriers indicates that the reaction
formation of a three-center, two-electron {3¢e) bond between  of HOMgCH; — MgOH* + CHgz® is easier to occur. In other
the O, Mg, and C centers. This-32e bond becomes the«D words, the reaction proceeding all way to §HH elimination
bond in the product methanol. becomes highly unlikely when the high barrier is considered.
The structure of MgCKEDH with C; symmetry is unlike that
of MgTCH3zOH with Cs symmetry?> For MgCHOH, both C-O 4. Summary
and O-H(7) distances are considerably shorter than those for  The following key points may be made from the results
the transition state b-TS2, whereas the Mg and Mg-O presented here.

distances become distinctly longer. It appears that th®@@nd Concerning the initial interaction between ¢eind MgO,
O—H(7) bonds have been formed, and the-Mg and Mg-O two interaction models are proposed: (i) a collinearkC
bonds have been entll’e|y broken. These results can be Ver|f|edapproach to the O end of the M.@ bond with the transferred
in Table 3 by the occupancies of 1.999 and 1.993 e for BD- hydrogen, in which the receiving oxygen and the methane
(0)C—0 and BDE)O—H(7), respectively, and by the absence carbon lined up (MgOCkcomplex withCs, symmetry), and
of occupancies for B)Mg—C and BDE)Mg—O. This i) three hydrogen atoms of the methane point to the Mg end
complex could be regarded as the result of the interaction of of the Mg—0O bond (OMgCH complex withC, symmetry).
methanol molecules with Mg atoms, according to the atomic  The reactions of Cki+ MgO — MgOH" + CHs" and CH,
natural charge of MgCkOH (0.02 for Mg and-0.02 for CHs- + MgO — Mg + CH;OH are exothermic by 38.9 and 86.5 kJ
OH) in Table 2. In this species, complexation of methanol by o1 at the MP2/6-312G(2d, 2p) level, respectively. The
the Mg atom does not significantly alter the geometry of the former reaction proceeds more easily than the latter. The
organic part; only the €O bond is elongated by 0.013 A, as  complex HOMGCH is predicted to be the energetically
compared to free C¥OH molecule. As shown in Table 4, the  preferred configuration in the reaction of Mg® CHa.
comparatively small stabilization energies of LP(1)MgRY*-
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