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Methane loss from (CH3)3O+: An asynchronous,
concerted 1,2-alkane elimination

Charles E. Hudson, David J. McAdoo∗
Department of Neuroscience and Cell Biology, University of Texas Medical Branch, 301 University Boulevard,

Galveston, TX 77555-1043, United States

Received 10 August 2005; received in revised form 8 November 2005; accepted 8 November 2005
Available online 20 December 2005

Abstract

To advance our understanding of 1,2-eliminations, ab initio and density functional theories are used to characterize the elimination of CH4 from
(CH3)3O+. The reaction begins with the extension of a CO bond. Near the transition state, the carbon of the moving methyl (CMe) begins to approach
a hydrogen (Ht) in another methyl, and the original CHt bond begins to stretch. Finishing the transfer of Ht after the transition state is passed
completes the elimination. At the transition state, more than half of the positive charge is on the moving methyl, so the initial phase of methane
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limination resembles the beginning of heterolytic dissociation to+CH3 + CH3OCH3, a reaction that also occurs. There is no electron de
verlap between the C and O at the transition state, but there is significant overlap density between CMe and Ht. This and the charge distributi

ead to classification of methane elimination as a concerted but highly asynchronous process rather than as being ion-neutral complex-
ontrast to many alkane eliminations. The concertedness of this process probably arises from the threshold for partial dissociation of
o an ion-neutral complex being much higher than the endothermicity for methane elimination.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The varied and unusual nature of their transition states has
enerated interest in 1,2-H2 [1] and 1,2-alkane eliminations

2–4] from cations in the gas phase. This variety has been
ttributed[5,6] to the need to circumvent Woodward–Hoffmann
arriers[7] to concerted 1,2-eliminations. Bond-breaking and
ond-making for 1,2-eliminations are invariably quite asyn-
hronous, being initiated either by CH or by CC bond stretching.
ost 1,2-eliminations from cation radicals take place in essen-

ially two steps through intermediate ion-neutral complexes
2,8–12], defined in this context as fragments that are held
ogether by non-covalent attractions such that they can react with
ach other[9,12]. However, some closed shell cations undergo
oncerted, albeit asynchronous, 1,2-eliminations, the details of
hich vary with the system undergoing the elimination. At one
xtreme, loss of a carbon and four hydrogen atoms from the
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tetramethyl ammonium ion appears to produce•CH3 and H• as
separate fragments rather than as methane[13]. In other close
shell cations, H migrates through hypervalent configuratio
attack and replace an existing bond[1,3–6,14–16]. The product
of CH4 elimination from (CH3)3O+ are substantially lower i
energy than those from the simple loss of methyl, a situa
that might produce a concerted but nonsynchronous elim
tion [14]. It has been inferred from the appearance energ
methane elimination being close to that for+CH3 formation tha
CH4 elimination from (CH3)3O+ is highly asynchronous, with
transition state strongly resembling a [CH3

+ CH3OCH3] com-
plex [17]. To extend our understanding of 1,2-eliminations
closed shell species, we here use theory[18] to characterize th
transition state for CH4 elimination from (CH3)3O+.

2. Results and discussion

2.1. Ground and transition state geometries

QCISD/6-31G* theory produced a geometry for (CH3)3O+

with C3V symmetry, the oxygen being pyramidal with COC b
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.11.005
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Fig. 1. Transition state obtained by QCISD/6-31G* theory for the elimination of methane from (CH3)3O+. C3 is the carbon of the mobile methyl. Note that the
methyl is a long way from both the oxygen it is leaving and the hydrogen it is acquiring, whereas the CH bond to the hydrogen being transferred is only slightly
elongated. Thus the reaction is highly asynchronous.

angles of 113.6◦ and CO bond lengths of 1.484̊A. One hydrogen
of each methyl is nearly parallel to the C3 axis and pointing in
the opposite direction from the lone electron pair on the oxygen.
These hydrogens have CH bond lengths of 1.039Å and HCO
bond angles of 108.8◦. The other two hydrogens on each carbon
are on the opposite side of the ion with CH bond lengths of
1.090Å and HCO bond angles of 106.2◦.

The trajectories taken by key atoms during elimination of
CH4 from (CH3)3O+ along the minimum energy pathway were
characterized by transition state finding and intrinsic reac-
tion coordinate (IRC)[19,20] routines. The transition state is
depicted inFig. 1. During methane elimination from (CH3)3O+,
a CO bond stretches from 1.484Å in the ground state to 2.441̊A
at the transition state (QCISD/6-31G* theory). As it leaves the
oxygen, the migrating methyl begins to approach a hydrogen
(Ht) on another methyl (The CHt distance equals 1.914̊A at the
transition state), and the original CHt bond lengthens slightly
from 1.090 to 1.127̊A (Fig. 1). Thus C O bond breaking largely
occurs before and transfer of Ht occurs mostly after the tran-
sition state is passed, confirming that the reaction is highly
asynchronous. Interestingly, transition states for HX elimination
from neutral haloethanes have similar geometries to the one just
described, with a greatly extended CX bond (2.0–3.4̊A), some
interaction between X and Ht, and some extension of the CHt
bond[21–24].
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over the same segment of the reaction coordinate. This larger
change is largely due to accommodation of the addition of the
fourth hydrogen to the carbon rather than to twisting of the
methyl/methane. Simultaneously, the methyl carbon goes from
being 155◦ to 95◦ to the CO double bond at a point 0.52Å
from the oxygen and 0.89̊A from the carbon of that bond. The
methane carbon moves steadily away from both termini of the
developing double bond after the system passes the transition
state. The maintenance of the orientation of the moving methyl
to the rest of the ion over the course of the reaction contrasts with
the rolling over of methyls observed in the course of two other
methane elimination reactions considered to involve ion-neutral
complex intermediates[3,25]. The ability of at least one partner
to flip over relative to the other is a criterion for the existence of
an ion-neutral complex[26], one that the present system does
not fulfill on its minimum energy pathway.

2.2. Charge distribution and bonding

At the (B3LYP/6-311G** ) transition state, the total charge
on the migrating methyl is 0.72 (natural population analysis) to
0.68 (Mulliken charge distributions). In previous methane elimi-
nations from cation radicals through ion-neutral complexes con-
taining methyl radicals, charge was more concentrated on one
partner (97% on CH3O+ CHCH3 in the elimination of methane
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There is little rotation in any direction of the itinerant met
ver the entire course of the reaction, as the distances be
he hydrogens on that methyl and the carbon bearing Ht change
ittle between the ground and transition state (10%,−8% and

1%). This is demonstrated after the transition state by
f the HCOC dihedral angles that each include one hydr

n the shifting methyl, the carbon of the shifting methyl,
xygen and the carbon in the remaining methyl varying
y 18.2◦ and 9.9◦ between the transition state and the diss
ted products (IRC calculations). The third HCOC dihedral b
ngle changes from−123.0◦ at the transition state to−174.8◦
n
rom ionized isopropyl methyl ether[27] and 91–97% on th
sopropyl moiety in [(CH3)2CH+ •CH3] complexes leadin
o CH4 elimination [28]). Thus the charge is much more d
ributed over both incipient fragments of (CH3)3O+ than would
e expected if the transition state were an ion-neutral com
nd the CO bond is cleaving heterolytically, as it must to
uce CH3OCH3 + +CH3 from (CH3)3O+. (These products, b
ot the higher energy CH3OCH3

•+ + •CH3 pair, are produce
y dissociation of (CH3)3O+.) Initiation of heterolytic cleav
ge of (CH3)3O+ in methane elimination from (CH3)3O+ was
uggested previously[17].
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According to the Mulliken overlap population, there is essen-
tially no CO bond to the migrating methyl at the transition
state. Theory places this population in the range−0.00646
(QCISD/6-31G* ) to 0.02568 (B3LYP/6-311G** ), so the CO
covalent bond essentially disappears before the transition state
is reached. Corresponding values are 0.26047 and 0.38436 for
the CO bond in the ground state of (CH3)3O+. However, the
CHt overlap population, 0.08400 (QCISD/6-31G* ) to 0.1066
(B3LYP/6-311G** ), demonstrates some binding of the C with
Ht at the transition state. The breaking CHt bond is beginning
to weaken at the transition state, as the Mulliken overlap in
that bond at the transition state is 0.624367 (QCISD/6-31G* )
to 0.67851 (B3LYP/6-311G** ), lower than corresponding val-
ues of 0.70865 and 0.80092 for the overlap in another CH bond
to the same carbon at the same levels of theory. The transition
states for elimination of HX from haloethanes are similar to the
ones just described; they have little to no CX bonding, more
HtX bonding and considerable remaining HtC bonding[21,23].

The large distances at the transition state of the methyl from
both the oxygen it is leaving and the hydrogen it is abstracting
confirm the supposition of Wang et al.[17] that the transition
state strongly resembles a [CH3

+(CH3)2O] complex. However,
the distribution of charge between the fragments and the overlap
population in the CHt bond at the transition state demonstrates
that the developing fragments are held together in part by cova-
lent attractions, i.e., the transition state is not an ion-neutral
c

2
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Fig. 2. Potential energy diagram for the elimination of methane and the for-
mation of CH3

+ + CH3OCH3 from (CH3)3O+. Energies were obtained by
QCISD(T)/6-311G** //QCISD/6-31G* theory.

Table 1, and a potential diagram inFig. 2summarizes those ener-
gies from QCISD(T)/6-311G** //QCISD/6-31G* theory. The
transition state for methane elimination is 210–230 kJ mol−1

above the thermochemical threshold for this elimination and
in the range 86 kJ mol−1 (QCISD/6-31G* ) to 91 kJ mol−1

(QCISD(T)/6-311G** ) below the energy required for dissoci-
ation to+CH3 + CH3OCH3. The computed differences between
the thresholds for the losses of methyl and of methane are some-
what larger than the 30± 30 kJ mol−1 previously derived from
experimental data[17]. The consistency of our values across
levels of theory supports their reasonable accuracy.

A transition state for+CH3 formation from (CH3)3O+ with
an energy of−194.537774, a ZPVE of 286.6 kJ/mol and an
energy of 286.0 kJ mol−1 above that of (CH3)3O+ was located

T
E

) (CH3)2O +CH3 CH3O+ CH2 CH4

B 413 −155.025051 −39.480387 −154.112475 −40.518313
B 948 −155.071928 −39.491365 −154.155033 −40.533748
Q 848 −154.538618 −39.345965 −153.653945 −40.353370
Q 260 −154.668086 −39.381142 −153.767611 −40.405948
/ 713 −154.675664 −39.381280 −153.770655 -40.401976
/ 206.8 81.4 178.1 116.4
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omplex as defined above.

.3. Energies of stationary points

The energies of pertinent stationary points on the C3H9O+

otential surface obtained at several levels of theory are giv

able 1
nergies of stationary points on the C3H9O+ potential surface

(CH3)3O+ TS( CH4

3LYP/6-31G* a −194.657241 −194.550
3LYP/6-311G** −194.711716 −194.607
CISD/6-31G* −194.034415 −193.919
CISD(T)/6-311G** −194.199833 −194.086

/QCISD//6-31G* b QCISD(T)/6-311+G** −194.204802 −194.092
/QCISD//6-31G* b ZPVE 314.3 294.7

Relative energies

TS( CH4) (CH

3LYP/6-31G* 260.9 372
3LYP/6-311G** 252.8 363
CISD/6-31G* 281.2 367
CISD(T)/6-311G** 278.6 369
CISD(T)/6-311+G** 274.7 362
xperimentalc 909.3 (366) 582

a (CH3)3O+ could only be optimized at the B3LYP/6-31G* level by includi
able were obtained with inclusion of the ULTRAFINE command. The QC
b Optimum geometries and energies for other species were calculated
CISD(T)/6-311G** and QCISD(T)/6-311+G** theories to QCISD/6-31G* ge
c Based on the following values obtained from Ref.[29]: CH3OCH3 −184.0,+C
etween product and reactant heats of formation.
d From Ref.[17].
+CH3 CH3O+ CH2 + CH4 (CH3)3O+

49.5 0
40.4 0
51.4 0
49.2 0
64.7 0

0) 523d (0)

e command INT = ULTRAFINE. Therefore all B3LYP results presented i
and QCISD(T) calculations were unaffected by this problem.
e same levels of theory, but the energies for these species were obtainlying
ries.
093.3, CH3O+ CH2 657, CH4 −74.5. The values in parentheses are differe
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by B3LYP/6-31G* theory. Several attempts to find this TS at the
B3LYP/6-311G** level and an attempt at the QCISD/6-31G*

level failed. Thus it is doubtful that such a potential maximum
occurs on the reaction coordinate for simple dissociation, and the
threshold for dissociation is likely at the energy of the products
(Table 1).

2.4. The reaction coordinate

The reaction coordinate for the elimination of methane from
(CH3)3O+ might be expected to be quite similar to that for elim-
ination of the elements of methane from (CH3)4N+. However,
the two reactions instead contrast markedly in that the former
is a CH4 elimination and the latter is a loss of CH3 followed
by H [13]. The latter is attributable to the threshold for methane
elimination being above that for methyl loss, opposite to the
order for (CH3)3O+. However, we also found a higher energy
transition state for methane elimination from (CH3)4N+ with
properties similar to the transition stated described above for
methane elimination[13]. The latter transition state is probably
largely inoperative due to its higher energy.

The elimination of CH4 from (CH3)3O+ is a rare example in a
closed shell ion of a 1,2-elimination in which a methyl migrates
to a hydrogen in the course of the dissociation, although simi-
lar H migrations are common in 1,2-H2-eliminations[1]. As in
the elimination of CH from CH CH OH+, the parallel forma-
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31G* , B3LYP/6-31G* and B3LYP/6-311G** theories. Energies
were obtained at the geometries obtained at the same level
of theory, except for QCISD(T)/6-311G** //QCISD/6-31G* and
QCISD(T)/6-311+G** //QCISD/6-31G* energies. The similar-
ity between the values produced by the last two levels of theory
demonstrate that it was not necessary to use diffuse functions
to obtain reasonable energies. Stable species at energy minima
were identified by having only positive vibrational frequencies,
and points with one imaginary vibrational frequency were con-
sidered to be transition states. Reaction pathways were traced
by IRC methods[19,20] with a B3LYP/6-31G* basis set. Zero
point energies were obtained by multiplying those derived from
B3LYP/6-31G* frequencies by the scaling factor 0.9806[31].
Relative energies were consistent within 20 kJ mol−1 across lev-
els of theory and were therefore reasonable (Table 1).
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