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Theoretical characterizations of novel C2H5O+ reactions
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Abstract

Assorted reactions of C2H5O+ isomers are characterized by theory, including tracing their courses by means of intrinsic reaction coordinate
computations. We establish that CH3CH=OH+ eliminates methane by transferring H from oxygen to a methyl hydrogen and then to the
CC bond to produce CHO+ + CH4. This adds to the limited knowledge of the involvement of hypervalent structures in the reactions
of cations in the gas phase. Second, we characterized the course of CH3CH=OH+ → H3O+ + HC≡≡CH. In this dissociation, H first
migrates from the methyl to the oxygen to give O-protonated vinyl alcohol, a stable intermediate. Then the H2O swings outward to over
the middle of the CC bond while one of the two hydrogens on the non-O-bearing carbon revolves to between the oxygen and the two
carbons, leading to formation of a [H3O+ HC≡≡CH] complex. This complex contains sufficient energy to dissociate its partners because
a high barrier is crossed in its formation. Third, we found that methane elimination from CH3O+=CH2 involves stretching of the CH3–O
bond and then rotation of the methyl so that a methyl hydrogen is pointed directly toward the oxygen. This reaction is completed by further
rotation of the methyl to abstract a methylene hydrogen to the opposite side of the methyl from that initially bonded to oxygen. This clearly
establishes that this dissociation takes place through an ion–neutral complex. Each of the reaction coordinates for the three preceding reactions
traverses a novel bonding stage involving H, evidence that such are not unusual in gas phase ion chemistry. Finally, we showed that in the
rearrangement CH3O+=CH2 → CH2=O+CH3, before Ht is transferred CH2 rotates around the C=C bond from being in the skeletal plane
to being perpendicular to it, and Ht remains in the skeletal plane throughout its transfer. This pathway appears to balance avoiding an orbital
symmetry-forbidden suprafacial transition state with minimizing the strain that would be present in an antarafacial transition state for a
1,3-H-shift.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The isomerizations and dissociations of C2H5O+ isomers
are of long-standing interest in gas phase ion chemistry
[1–3]; even so, they still have unusual and incompletely
understood features. For example, in methane elimination
from CH3CH=OH+ (1), H migrates from O to the CC bond
through a hypervalent stage by way of a methyl H[4]. How-
ever, this trajectory has not been fully described. Hypervalent
entities may be common but little recognized in unimolec-
ular gas phase ion chemistry. It is also not certain whether
methane elimination from CH3O+=CH2 (2) is ion–neutral
complex-mediated[3] or not, making1 and2 together a use-
ful model for exploring what determines the type of path-
way an elimination takes. Therefore, we here characterize
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methane eliminations from C2H5O+ isomers at higher lev-
els of theory than accomplished previously and by intrin-
sic reaction coordinate calculations (IRC). We also trace the
path of1 → H3O+ + HC≡≡CH. Despite much experimen-
tal study, this reaction is not fully understood, and to our
knowledge it has not hitherto been described by theory. This
reaction involves a novel simultaneous migration of a hydro-
gen and H2O. Finally, we determine whether the degenerate
isomerization CH3O+=CH2(2) → CH2=O+CH3(2′) is an-
tarafacial, which would conserve orbital symmetry, suprafa-
cial, possibly violating conservation of orbital symmetry
[5], or in between. All of these are pathways known to oc-
cur in 1,3-H-transfers in ions in the gas phase[6,7]. Pre-
vious theoretical studies showed that at the halfway point
in 2 → 2′ the migrating H is midway between the car-
bons in the skeletal plane and each CH2 is bisected by that
plane [8,9], consistent with reaction by the third possible
pathway.
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Table 1
Energies for CH3CH=OH+ → HCO+ + CH4 and CH3CH=OH+ → H3O+ + HC≡≡CH

B3LYP/6-31G(d)a B3LYP/6-311+G(d,p)b QCISD/6-311G(d,p)c QCISD(T)/6-311G(2df,p)c ZPE

CH3CH=OH+ (1t) −154.136706 −154.186802 −153.779357 −153.872570 176.8
CH3CH=OH+ (1c) −154.136033 −154.185821 −153.778532 −153.871786 177.1
TS(1t → 1c) −154.100523 −154.152487 −153.738745 −153.834221 167.2
TS(1c − CH4) −154.022641 −154.077260 −153.668618 −153.766083 157.4
HCO+ −113.545291 −113.581797 −113.321057 −113.385130 42.6
CH4 −40.518389 −40.533933 −40.401643 −40.425593 116.4
HCO+ + CH4 −154.063680 −154.115730 −153.722700 −153.810723 159.0
CH2=CH–OH2

+ (3) −154.090736 −154.147900 −153.740974 −153.835158 174.9
TS(1t → 3) −154.015982 −154.073907 −153.659065 −153.758473 156.7
H3O+ −76.689085 −76.731072 −76.557913 −76.596595 88.3
HC≡CH −77.325646 −77.356646 −77.126990 −77.180451 68.6
H3O+ + HC≡≡CH −154.018652 −154.087718 −153.684903 −153.777046 157.1
[HC≡CH H3O+] (4) −154.051068 −154.120091 −153.713597 −153.807931 159.2
TS(3 → 4) −154.032360 −154.098289 −153.686077 −153.780272 153.6
CH3CH=OH+ (1t) 0 0 0 0
CH3CH=OH+ (1c) 2 3 2 2
TS(1t → 1c) 85 81 97 91
TS(1 − CH4) 280 268 271 260
HCO+ + CH4

d 174 169 131 145
CH2=CH–OH2

+ (3) 119 102 99 96
TS(1 → 3) 297 276 296 279
H3O+ + HC≡≡CH 290 240 228 231
[H3O+ HC≡≡CH] (4) 207 158 155 152
TS(3 → 4) 251 209 222 219

Values in the upper section are in hartrees; corresponding values in the lower section are in kJ mol−1. The latter are all relative to the corresponding
energies for1t.

a At B3LYP/6-31G(d) geometries.
b At B3LYP/6-311+G(d,p) geometries.
c At QCISD/6-31G(d,p) geometries.
d Experimental: 168.1 kJ mol−1.

2. Theory

All calculations were performed using the Gaussian 98W
package of programs[10]. Geometries were obtained by
B3LYP/6-31G(d) and B3LYP/6-311G+(d,p) hybrid func-
tional theories and QCISD/6-311G(d,p) ab initio theory.
Energies were obtained by those and B3LYP/6-311+G(d,p),
B3LYP/6-311+G(2df,p), QCISD(T)/6-311G(d,p) and
QCISD(T)/6-311G+(2df,p) levels of theory. Stable species
at energy minima were identified by having only positive

Table 2
Energies for CH3O+==CH2 → HCO+ + CH4 and CH3O+==CH2 → CH2==O+CH3

B3LYP/6-31G(d) B3LYP/6-311+G(2df,p) QCISD/6-311G(d,p) QCISD(T)/6-311+G(2df,p) ZPE

CH3O+=CH2 (2) −154.112474 −154.164579 −153.751737 −153.844775 178.2
TS(2 − CH4) −154.008523 −154.063432 −153.646487 −153.732242 156.3
HCO+ −113.545291 −113.587861 −113.321057 −113.385130 42.6
CH4 −40.518389 −40.535248 −40.401643 −40.425593 116.4
HCO+ + CH4 −154.063680 −154.123109 −153.722687 −153.810723 159.0
2 → 2′ −154.037712 −154.086034 −153.679167 −153.776652 168.6
CH3O+=CH2 0 0 0 0
TS(2 − CH4) 251 244 254 228
HCO+ + CH4

c 119 90 67 70
2 → 2′ 187 197 181 169

Values in the upper section are in hartrees; corresponding values in the lower section are in kJ mol−1.
(a) At B3LYP/6-31G(d) geometries. (b) At QCISD/6-31G(d,p) geometries (c) Experimental: 94 kJ mol−1.

vibrational frequencies, and points with only one imagi-
nary vibrational frequency were considered to be transition
states. Reaction pathways were traced by IRC methods
[11,12] with a B3LYP/6-31G(d) basis set. Zero point en-
ergies were obtained by multiplying those derived from
B3LYP/6-31G(d) frequencies by the scaling factor 0.9806
[13]. The three highest levels of theory applied generally
gave relative energies consistent within 20 kJ mol−1, and
therefore quite satisfactory (Tables 1 and 2). However, when
acetylene was involved, B3LYP/6-31G(d) theory gave rel-
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ative energies differing substantially from those at higher
levels of theory, suggesting problem with triple bonds at
that level of theory.

3. Results and discussion

3.1. CH3CH=OH+ (1) → HCO+ + CH4

Characterization of the appropriate transition state pre-
viously demonstrated that H (Ht) migrates from O to the
methyl carbon by way of a hypervalent methyl hydrogen
(Hh) during methane elimination from1 [4], but the reac-
tion coordinate for this pathway has not been traced. Pre-
viously, a high energy, hypervalent intermediate was found
in this reaction by restricted Hartree-Fock theory, whereas
only a transition state was located by MP2 theory[4]. There-
fore the reaction coordinate of this interesting reaction was
not hitherto fully established. Energies obtained at several
levels of theory for stationary points on this pathway are
given inTable 1, and the geometries of ground and transition
states are given inFig. 1. We located a transition state but
no local minima along this pathway by B3LYP/6-31G(d),
B3LYP/6-311+G(d,p) and QCISD/6-31G(d,p) theories (the
only theories used to obtain geometries), so it is very un-
likely that there is a high energy intermediate in the course
of this reaction. Thus, hypervalent configurations arising in
the course of gas phase ionic reactions may not generally be
stable minima.

As in our previous study in which only stationary points
were characterized[4], in results of IRC calculations Ht first
migrates from the O to a hydrogen on the methyl (Hh) of
1, rendering Hh hypervalent. The OHt, HtHh and CHh dis-
tances along this pathway are plotted as a function of the
CC distance inFig. 2. Both Ht and Hh are in the skeletal
plane in the ground state of1 and the HhCCO dihedral angle
is 0◦; those atoms remain in this orientation throughout the
reaction. In the first stage of the reaction, Ht transfers from
the oxygen to Hh to form a hypervalent structure. During
this stage, ROHt (R denotes interatomic distances through-
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Fig. 2. Changes in the OHt, CHh and HtHh distances in the course of the methane elimination from 1 (“HtHh” occurs in the course of methane elimination
from CH3CH=OH+).

Fig. 1. (a) Geometry of the “cis” (1c) form of CH3CH=OH+. All geome-
tries given in this and remaining figures are at the QCISD/6-311G(d,p)
level of theory. (b) The geometry of TS(1c → HCO+ + CH4). Ht moves
from O to a methyl hydrogen (Hh) to the CC bond in this reaction.

out) increases from 0.980 to 1.780 Å, as RCC increases from
1.453 to 1.554 Å (from 1 to the transition state). These val-
ues differ from those in Fig. 1a because the former were
obtained by B3LYP/6-31G(d) theory and those in the figure
by QCISD/6-31G(d,p) theory. At the same time, RHtHh de-
creases from 2.355 to 0.889 Å. The “corresponding” equilib-
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rium bond length for H2 is 0.742 Å (the length of the unper-
turbed H–H bond in H2 [14]). Thus, at the transition state,
Ht is closely associated with Hh such that an H2 molecule
is almost fully formed when the CC bond is only begin-
ning to lengthen. A similar “H2” exists in CH5

+ [15,16].
The HtHh “bond” in the reaction coordinate for 1 → 2 is
in the same plane as the axis of the CC bond; H2 elimi-
nation from a 1-propyl-like configuration of C3H7

+ occurs
with H2 similarly aligned to a CC bond [17]. The pres-
ence of “H2” in the preceding systems suggests that it is a
favorable motif in closed shell cations. The occurrence of
H2 · · · CH2X+ stages along the reaction coordinates for H2
elimination from CH3XH+ (X = NH2, OH, F, SiH, Cl) sup-
port this [18]. Other reactions with hypervalent stages are
methane elimination from C4H9

+ [17] and methane elimi-
nation from C4H8

+ [19]. Thus such stages may not be un-
common in gas phase ion chemistry.

Fig. 3. (a) Geometry of the transition state for 1t → CH2 = CHOH+
2 (3); (b) geometry of 3; (c) geometry of TS(3) → [HC≡≡CH · · · H · · · OH2]+ (4);

(d) geometry of 4.

In the second stage of the elimination of methane from
1, RHtHh increases and RHtC decreases as Ht inserts into
the CC bond and CH4 and HCO+ separate. Throughout this
stage, HtHh is above the methyl carbon and stays coplanar
with the CC axis. Simultaneously, the other two hydrogens
on C2 maintain symmetric locations on opposite sides of
the skeletal plane. Thus, the transition state for this reaction
contains a pentavalent carbon with bonds to the two hydro-
gens in “H2” , two normal CH bonds, and a CC bond.

3.2. CH3CH=OH+ → H3O+ + HC≡CH

The formation of H3O+ from 2 has received consider-
able experimental attention [1–3], but to our knowledge has
not been described by theory. Energies obtained by present
work are given in Table 1; structures of intermediates and
transition states comprise Fig. 3 and a potential diagram for
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Fig. 4. Potential energy diagram for the pathway CH3CH=OH+ → H3O+ + HCCH.

the pathway is given in Fig. 4. We found here that the reac-
tion is initiated by transfer of a methyl H to the oxygen to
form protonated vinyl alcohol, CH2=C(H)–OH2

+ (3), a sta-
ble species connected to 1 by a transition state (Fig 3a). This
species was previously identified as being stable by Radom
and coworkers [8]. In 3, all atoms except the two hydrogens
on the oxygen are in a plane with the latter being symmetric
on opposite sides of that plane (Fig. 3b).

In the second step, 3 → 4, H2O swings outward to above
the center of the CC bond while a methylene H from the op-
posite end simultaneously swings over that center but much
closer to the CC axis (Fig. 3c). This places H between the O
and HC≡≡CH, forming H3O+ that is H-bonded to the acety-
lene triple bond in an (H3O+ · · · HC≡≡CH) complex (4, Fig.
3d). This complex is a stable species with a binding energy
of about 73 kJ mol−1 (Table 1). The geometry of TS(3 → 4)
is given in Fig. 3c and changes in bond angles and distances
to the itinerant species over the course of the reaction are
plotted in Fig. 5. In this reaction O moves outward as it re-
volves. Revolution of H follows that of O and lengthening
of the CH bond occurs last of all. Dissociation is assumed
to occur from 4; the energy for this would be supplied by
TS(1 → 3) being at a higher energy than needed to disso-
ciate 4 (Fig. 4). The formation of 4 is novel, although shift
of an H to a bridging position generally accompanies for-
mation of intermediate complexes containing C2H5

+, some-
times with the other partner moving to the outside of the
bridging hydrogen [20–22]. These shifts are driven by the
greater stability of the bridged C2H5

+ ion than of its classical
form.

3.3. CH3O+=CH2 → HCO+ + CH4

The geometries of the ground and transition state for 2 →
HCO+ + CH4 are given in Fig. 6. In the ground state of 2,

the methylene hydrogens are in the skeletal plane, and the
methyl is bisected by this plane with one methyl hydrogen
(Hs) in that plane cis to the CO bond. Methane elimination
from CH3O+=CH2 to generate HCO+ is initiated by CH3–O
bond stretching (a minor amount of HOC+ is also produced
[3]). The methyl rotates Hs toward the oxygen as the CO
bond lengthens. The CHsO angle equals 172.9◦ at the IRC
transition state and 180.0◦ at a short distance toward the
products from the transition state. The HsOC angle equals
92.7◦ at the transition state and does not change very dra-
matically throughout the reaction (from 97.7o at 2 to 87.8◦
and then to 99.5◦ on the way to the transition state and back
to 86.1◦ near the separation of the products, i.e., the methyl
swings around Hs during the reaction. Beyond the transition
state, continued rotation brings the methyl C to where it can
abstract the cis H from CH2. The remainder of the reaction
is energetically downhill, guiding the methane elimination
to completion. The methyl swing causes Ht to be abstracted
by the side of the methyl carbon opposite to that to which
oxygen had been bonded. We attribute the swing around
Hs to Hs being held in a confined area by attraction to the
oxygen.

Audier et al. [3] obtained a transition state similar to ours,
although their CHsO angle was more bent than the one we
found, and their CMeHt bond was slightly longer (2.837 Å
versus 2.493 Å). (Audier et al. used HF/6-31G(d) theory;
our values are from QCISD/6-31G(d,p) theory). They did
not trace the reaction coordinate, and so did not establish
whether the methyl rolls over in their pathway. Methyl also
turns over in the interconversion of CH3CH2CHCH=OH+
and CH2=CHCH(CH3)OH+•) [23], so such somersaulting
may not be unusual in methyl shifts.

In the vicinity of the transition state there is no covalent
bonding between the methyl carbon and the oxygen, as the
overlap population between those atoms is negative (−0.06
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+ to [HC≡≡CH · · · H · · · OH2]+.

The CCH angle changes sooner than the CH distance, indicating that the H revolves around the C and then moves away from it. The X-axis values are
numbers of steps the computation has taken along the reaction coordinate, a combination of geometric parameters of the system.

to −0.10) according to four different levels of theory. There
is some covalent interaction between Hs and O, as that over-
lap population is positive (0.12–0.20; overlap for a normal
CH bond is 0.7–0.8). The lack of covalent bonding between
the O and C together with the temporal separation of bond
cleavage and H-transfer clearly demonstrate that this reac-
tion as ion–neutral complex-mediated. Furthermore, the ro-
tation of the methyl during the course of the reaction neatly
satisfies the “Reorientation Criterion” of Morton for iden-
tifying an ion–neutral complex; this criterion states that a
complex exists when one of the partners is able to rotate
around an axis perpendicular to a line between the partners
[24]. Thus, present results verify the supposition of Audier
et al. [3] that the reaction passes through a complex.

The very different mechanisms for methane elimination
from 1 versus 2 provides insight into when an elimination
reaction from a cation in the gas phase will go through a hy-
pervalent intermediate rather than an ion–neutral complex,
the latter occurring in most 1,2-eliminations from ions in the
gas phase [25]. In methane elimination from 2, cleavage of
the CH3–O bond is the lowest energy reaction available to 2,
so reaction proceeds by cleavage to form a complex. How-
ever, cleavage of the C–C bond in 1 would require much
more energy, enough that H-transfer to form a hypervalent
species becomes a lower energy process than C–C cleavage,
and therefore occurs [4].

3.4. CH3O+=CH2 → CH2=O+CH3

Reaction 2 → 2′ is facile at the dissociation threshold, as
demonstrated by randomization of isotopically labeled car-
bons and hydrogens in the metastable decomposition of 2
[3]. Our goal was to establish whether 2 → 2′ is antarafacial
(Ht moves from one side of the skeletal plane to the other
in the course of the reaction), as in the homologous reaction
CH3CH=O+CH3 → CH3CH2O+=CH2, or whether methy-
lene rotates to perpendicular to the skeletal plane followed
by Ht migration with Ht never leaving that plane. Enol →
keto 1,3-H-shifts in radical cations, such as CH2CHOH+ →
CH3CHO+, take the latter type of pathway [6]. Previous
work established that near the halfway point the planes of
both CH2 moieties are perpendicular to the skeletal plane in
2 → 2′ [8,9], but whether Ht leaves the skeletal plane or re-
mains in it while approaching and departing from this point
was not established.

Different levels of theory previously gave different results
as to whether the halfway point in 2 → 2′ is an intermedi-
ate or a transition state [8,9]. In an effort to get consistent
results, we characterized the TS(2 → 2′) by higher levels
of theory than previously applied and by IRC calculations.
The geometry of the transition state for 2 → 2′ is given in
Fig. 7. We located only a transition state by B3LYP lev-
els of theory. However, QCISD and QCISD(T) treatments
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Fig. 6. (a) Geometry of CH3O+=CH2 (2); (b) geometry of the transition
state for abstraction of a hydrogen from CH2O by CH3 in the elimination
of methane. The side abstracting the H is opposite to the side to which
CH2O was originally bonded.

gave all positive frequencies, classifying the halfway point
as an intermediate. However, nearby energy maxima were
only 0.076, 0.045 and 0.194 kJ mol−1 higher than the tran-
sition states (QCISD/6-31G(d), QCISD(T)/6-31G(d) and
QCISD(T)/6-311G(2d,2p)//QCISD(T)/6-31G(d) theories,
respectively), and zero point energy corrections made the
symmetric point the highest energy point at all levels of
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Fig. 8. Plots of the changes in the HCOC dihedral angles as a function of increasing CHt distance during H-transfer from methyl to methylene in
2 → 2′ and of the system energy over the course of that reaction. Degrees and kJ mol−1 have coincidental numerical values on the Y-axis. Note that the
methylene hydrogens are symmetric to the skeletal plane over much of the H-transfer, and that rotation of CH2 takes place at the very end (beginning if
reaction in the opposite direction is considered) of H-transfer. Also note that most of the required energy goes into CH2 rotation (left side of the plots),
and that once CH2 is perpendicular to the skeletal plane, little additional energy is required by the H-transfer.

Fig. 7. Transition state for CH3O+=CH2(2) → CH2=O+CH3(2′).

theory. Therefore, we conclude that there is only a transition
state near the symmetric, halfway point in 2 → 2′.

In this study, IRC tracing demonstrated that, as in
1,3-H-transfers in enolic radical cations ([6], Hudson and
McAdoo, unpublished), in 2 → 2′ the methylene rotates
from being in the skeletal plane to being perpendicu-
lar to it before H-transfer begins, and the newly formed
methylene rotates back into the plane after H-transfer ends
(Fig. 8). Thus, �-bonding is essentially broken off before
H-transfer commences. In contrast to CH3CH=O+CH3 →
CH3CH2O+=CH2, but as in enol → keto isomerizations
of radical cations by 1,3-shifts, H-transfer occurs with Ht
moving in the skeletal plane throughout the reaction. Thus,
this is another 1,3-shift that is neither suprafacial nor an-
tarafacial, but at the boundary between the two. Presumably
the reaction evades the barrier imposed on a suprafacial
pathway by the conservation of orbital symmetry while at
the same time minimizing the strain that would be involved
in an antarafacial transition state. Its demonstration in a
closed shell system strengthens the hypothesis [6,7] that
conservation of orbital symmetry is a factor causing radical
cations to take this pathway, opposing doubts that conser-
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vation of orbital symmetry influences reactions of radical
cations.

Nearly all of the energy expended in reaching the transi-
tion state is used to twist the methylene; once this geometry
is attained, H-transfer requires very little additional energy
(Fig. 8). However, in 1,3-shifts in enol radical cations com-
parable portions of the critical energy are needed to twist the
methylene and then to transfer the hydrogen (Hudson and
McAdoo, unpublished results). This difference is undoubt-
edly due to more energy being required to twist a �-bond
containing two versus only one electron.

Detailed characterization of reaction coordinates in this
work revealed informative features of reactions of C2H5O+
isomers. The first three reaction characterized went through
stages in which noncovalent bonding, either involving hy-
pervalent entities or hydrogen bonding, was important. The
last reaction demonstrates that orbital symmetry restraints
can be avoided in closed shell species by taking a path-
way along the boundary between being suprafacial and
antarafacial. Future tracing of reaction coordinates will un-
doubtedly add further to our understanding of gas phase ion
chemistry.
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