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Methane elimination from ionized 1-butene
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Abstract

The elimination of methane from the 1-butene cation is characterized by B3LYP/6-31G(d) and ab initio theories. Thi
reaction effectively occurs in two steps (1) C-C bond cleavage with migration of methyl to the bond between the secor
carbon and the hydrogen on that carbon, and (2) transfer of that H from allyl to methyl. This pathway differs from previousl
characterized alkane eliminations by radical cations in that both C—H distances-iH-C- C are short around the point
where H is half transferred, and the associated angle is substantially bent. Also, the charge is delocalized over both fragme
during the course of the reaction, giving the migrating methyl considerable cationic character. The net unpaired spin is almq
completely on the allyl carbons, so the methyl has almost negligible radical character. The observed electron distribution
attributed to hybridization due to the similarity in energies oK,€8=CH,*" 4 CH3* and CH=C=CH, + CH3*, the species
the H is transferred between. Overlap population analysis reveals substantial bonding not only between the transferring
and the carbons it bridges, but also between the methyl carbon and the middle allyl carbon. In previously studied alka
eliminations from radical cations in the gas phase, H-transfer occurs with the C, H and C involved being close to “in line,
in contrast to the present H-abstraction essentially by attack by methyl on a C—H bond. (Int J Mass Spectrom 214 (20C
315-326) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction nature of that transition state is unknown, despite its
being for an important model reaction. Alkane elim-

The dissociations of gHg*™ ions have been ex- inations from radical cations in the gas phase gen-

tensively investigated in developing rate theories for
unimolecular dissociations [1-4]. The transition state
for methane elimination from Hg*+ was assumed to
involve 1,3-H transfers concerted with C—C bond rup-
ture (Scheme 1). A tight transition state was required
to obtain RRKM rates for methane elimination from
the 1-butene ion comparable to experimental ones [4].
However, associated efforts to locate a transition

erally take place through alkyl radical-ion complexes
in which bond-breaking and H-transfer are effectively
separate steps [5—7]. Alkane [8-12], alcohol [13,14],
ketone [13,15,16], amine [13,17], ether [18-22] and
enolate [23,24] ions all eliminate alkanes. Facile cleav-
ages that occur beta to the double bonds of olefin
ions [25] (Scheme 2) might generate ion—neutral com-
plexes akin to those that mediate other alkane elimina-

state for methane elimination from the 1-butene ion tions [5-7], suggesting that methane elimination from
(1) by ab initio means were unsuccessful, so the exact 1 is complex-mediated (Scheme 2).

* Corresponding author. E-mail: djmcadoo@utmb.edu

In light of the importance of the £Hg®*™ model sys-

tem and of the associated mechanistic uncertainties,
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we undertook an ab initio study of the dissociations
of 1 with emphasis on elucidating the pathway for
methane elimination. This starting point was selected
because methane elimination fromHg®** ions most
likely starts from1 rather than from another isomer
[4]. We found that that pathway goes through a very
unusual methyl-allyl complex that has its charge
spread substantially over both partners, quite differ-
ent from previously described simple ion—dipole and
ion-induced dipole complexes.

2. Theory

All computations were performed using the Gaus-

of ab initio theory. Transition states were located as
optima with a single imaginary frequency. Intrinsic
reaction coordinate (IRC) calculations [28,29] at the
B3LYP/6-31G(d) level of theory were used in ef-
forts to relate transition states to the stable minima
they connect. Zero point energies were obtained by
B3LYP/6-31G(d) theory because QCI theory does not
give analytical force constants. Zero point energies
were corrected by multiplying those derived from
frequencies produced by B3LYP/6-31G(d) theory by
the scaling factor 0.9806 [30].

3. Results and discussion

sian 94 and Gaussian 98W suites of programs [26,27] 3.1. The C4Hg®*™" potential surface

on Cobra Carrera Alpha and Dell Dimension 4100
computers, respectively. Hybrid B3LYP/6-31G(d) the-
ory was used for initial location of stationary points
followed by refined characterization at higher levels

The compound, several transition states and an en-
ergy minimum at an allyl-methyl compleR)were lo-
cated by theory on the pathway to methane elimination
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Fig. 1. Potential surface for the decompositions of the 1-butene ion based on energies obtained at the QCISD(T)/6-311G(d,p
QCISD/6-31G(d) level of theory.

from 1. These correspond to stationary points expected TS(L — 2) has only one imaginary frequency and at
for the reactions in Scheme 2. Energies of the station- the same time is lower in energy th@nwhich is an
ary points obtained at several levels of theory are given apparent energy minimum. Althoughmay not be an

in Table 1, and a potential diagram depicting the rele- energy minimum, we nonetheless present a theoreti-
vant region of the gHg®*™ potential surface obtained cal description o because it provides a convenient
by QCISD(T)/6-311G(d,p)//QCISD/6-31G(d) theory point to characterize on the reaction coordinate and
is given in Fig. 1. The relative theoretical energies are because an ion—neutral complex need not be in a po-
similar to relative experimental ones where compar- tential minimum [9,31,32]. The geometries, including
isons can be made, the relative theoretical values be-pertinent bond angles and lengths, foundffand sta-
ing within 10 kJmot! of the corresponding relative tionary points along the reaction coordinate are given
experimental values (Table 2). At the stable minimum in Figs. 2-5.

2, a methyl is joined to the middle carbonA{)f al-

lene and the hydrogen atom’(+bn that carbon. Even 3.2, [(CH=),C.--H'---CHz] ** (2)

though several transition states were located that may

occur betweerl and?2, only one, designated TS As already noted? corresponds to a methyl joined
2), was chosen for detailed characterization. Although to allene through the hydrogen on the middle carbon
TS@@ — 2) is higher in energy tha2 without zero (Cy) of allene and by direct interactions with that
point energy corrections, incorporating zero point en- carbon (Fig. 3). The methyl carbon 2is close to the
ergies into the results lowers the energy of TS 2) plane of the other three carbons. The C—€& bond
below that of2, so2 may not be an energy minimum.  angle in2is 100.8, far from the approximate linearity
Two maxima appear betwedrand2 in Fig. 1 because  typical of X-H-X configurations in previously



Table 1

Energies (Hartrees) of stationary points related to the C4Hg®* potential surface

B3LYP/6-31G(d)? QCISD/6-31G(d)? QCISD/6-311G(d,p)/ QCISD(T)/6-311G(d,p)// ZPE® AE® species
QCISD/6-31G(d) QCISD/6-31G(d) (kJ mol~1) (kJ mol )

CH,=CHCH,CH3** (1) —156.883548 —156.338755 —156.447133 —156.466171 271.5 0

TS — CH,CHCH,* + CH;3*) —156.8236609 257.0

TS(2 — CH,CHCH,* + CH3*) —156.814408¢ 254.7

CH,CHCH,*+ —116.972219 —116.579154 —116.648589 —116.666123 176.9

CH3* —39.838292 —39.689122 —39.729163 —39.732301 76.8

CH,CHCH,* + CH3* —156.810511 —156.268276 —156.377752 —156.398424 253.7 160.1
(CH2),C---H---CH3** (2) —156.821341 —156.273057 —156.387687 —156.410016 261.5 137.4
TS(1 — 2) —156.821175 —156.272724 —156.386953 —156.409412 254.7 132.2
TS(Q2 — CH,=C=CHp** 4 CHy) —156.820992 —156.269079 —156.382364 —156.405060 258.0 146.9
CH,=C=CH,** —116.315722 —115.931995 —115.992087 —116.008277 136.6

CH, —40.518389 —40.353370 —40.401641 —40.405948 116.4

CH,=C=CH,** + CH,4 —156.834111 —156.285365 —156.393728 —156.414225 253.0 117.9
CH,=C=CH,** + CH3* —156.154014 —155.621117 —155.721250 —155.740578 213.4 0°
CH;*t —39.480388 —39.345965 —39.378981 —39.381142 81.5

CH,=C=CH, —116.657676 —116.268026 —116.337973 —116.356694 142.9

CH,=C=CH, + CH;3* —156.138064 —155.613991 —155.716954 —155.737836 224.4 18°

4 Structure and cnergies obtained at the same level of theory.

b Obtained at the B3LYP/6-31G(d) level of theory.

¢ Derived from the results at the QCSID(T)/6-311G(d,p)//QCISD/6-31G(d) + ZPE level of theory.
4 This transition state was not found at higher levels of theory.

¢ Values are relative to each other.
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Table 2
Pertinent experimental heats of formation (kJ il
Species AH¢2 Relative energy
CHp=CHCH,CHg** 924 0
CH,CHCH,* 945.6
CH3* 145.8
CH2CHCH,* + CHg® 1091.4 167
CH>CHCH,* 161
CHs™t 1093.3
CH2CHCH,® + CHa*t 1254 330
CHy —74.5
CH,=C=CH,*+ 1126
CH,=C=CH,** + CHy 1051.5 128
CH,=C=CH, 191
CH,=C=CH,** + CHs* 1271.8
CH,=C=CH, + CH3* 1284

a[46].

bRelative to the 1-butene ios 0.

described ion—neutral complexes [16,33-37]idfar

out of the plane of the carbons #11n 1, the carbons
and the hydrogens onj@Gnd G are all in a plane, so
there is substantial movement of Huring transfor-

mation from1to 2. The two C—H bonds to Hin 2 are
similar in length (1.216 A to gand 1.268 A to @e),

that is, H is close to halfway between the two carbons
in this complex. These distances are longer than nor-
mal C—H lengths (the C—H distances in the departing
methyl in2 are 1.086-1.096 A), but much shorter than
the longer of two C—H distances to the H being trans-
ferred in previously characterized ion—-methyl com-
plexes for [CH®* CH3CHTCHs] 3.831A [9], [CHs*
CH3CO*"] 2.537 A [16], [CHs® CoH57] 1.983 A [11]

and 2.657A in [CH®* CH3CH=0"TCHjz] [20]. Ex-
cepting the complex containing,8s™ in which the
hydrogen connecting the partners also bridges the
ethyl carbons, the short C—H bonds to the connecting
hydrogen in these complexes average 1.11 A in length,
i.e., are nearly normal. Its two short Ctiistances
distinguish2 from previously described cation-alkyl
radical complexes. The methyl C is almost equidis-
tant from the end carbons of they@agment, 2.737
and 2.757 A. We regar@ as a complex because the
lengthened and essentially equal C—C distances from
the methyl to G and G at TS(L — 2) demonstrate

Fig. 2. Structure of the 1-butene ion at the QCISD/6-31G(d) level of theory. Distances are in angstroms (A) and angles are if)degrees |
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Fig. 3. Structure of T(— 2) at the QCISD/6-31G(d) level of theory.

that the C-C bond inl to the moving methyl is  carbons moved apart a< rhoved toward a line be-
completely broken before is reached. However, tween them. In the others with frequencies of 1776
2 is quite different from the ion-induced dipole and 2025 cm?, there was little motion of the carbons
bound complexes that have been described previouslyas H moved toward their connecting axis. In one of
[6,7,39]. these, H also had substantial simultaneous motion to-
Analysis of the vibrational motions @ revealed ward G, and in the other it moved toward the methyl
three modes involving substantial motion dftdward carbon. Given that the lowest frequency motion 6f H
the approximate plane of the four carbon atoms. In toward the C—C axis was accompanied by movement
one with a frequency of 166 cm, the G and methyl of the carbons away from each other, near linearity

Fig. 4. Structure of [(CH)2C- - - H---CHgz]** at the QCISD/6-31G(d) level of theory.
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Fig. 5. Structure of TS{— C3H4*" 4+ CHy) at the QCISD/6-31G(d) level of theory.

of C-H—C appears to require a longer C-C distance charge is assigned to the methyl, and the net spin is
than that in2; that is, the G—Cye attractions force H largely dispersed over the C—C—C moiety2aPrevi-
out of the plane of the carbons. ously characterized complexes containing methyl part-
Charge and spin distributions on all four carbons ners have according to theory the unpaired spin largely
and on H based on Mulliken population analysis at assigned to the methyl and the charge to the incip-
stationary points are given in Table 3. Charge dis- ient ion (in [CHs®* CH3CH'TCHjz] the total of the
tributions are given as sums of those on carbon and net atomic charges in the propyl moiety 49.907,
its attached hydrogens to reduce the arbitrariness ofand the total spin density on the methyl radical is
the division of charge densities between atoms that 0.905 [9]; in [CH® C,Hs™] the charge on ethyl is
this procedure employs [38]. These distributions fur- +0.985 and the spin density on methyl is 0.970 [11],
ther differentiate2 from previously described ion-alkyl  in [CH3* CH30T™=CHCHjz] the net charge is-0.965
radical complexes in that approximately half a unit on the ion and the total spin density on the methyl is

Table 3
Charge and spin locatiohst stationary points on the,Elg** potential surface
C1 Cz C3 CMe H

Chargé&

TSA — 2) 0.239 —0.014 0.239 0.537 0.408

(CHp)2C---H---CHs** 0.219 0.060 0.218 0.502 0.374

TS@2 — CHy;=C=CH,** + CHa) 0.255 0.200 0.247 0.297 0.226
Spirf

TS — 2) 0.743 —0.268 0.743 0.036

(CHp)2C- - -H---CHs** 0.732 —0.296 0.753 —0.021

TS@2 — CHy;=C=CH,** + CHa) 0.640 —0.226 0.670 0.051

2Values were obtained at the QCISD/6-311G(d)//QCISD/6-31G(d) level of theory using the QCI density.

b Charges were obtained by summing Mulliken charge densities on carbons and hydrogens attached to them. The chamges on H
divided evenly between £and CMe in each case.

¢ Spins are the net spins on each carbon obtained by Mulliken population analysis.
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Table 4
Overlap populatiorfsbetween the transferring H and the carbons it is moving between

H'-C, H'—Cive Cve—Co c- C-He
TS — 2) 0.438 0.102 0.224 0.708 0.712
2 0.223 0.341 0.222 0.748 0.708
TS(2 — CgHs™*+ CHy) 0.190 0.436 0.085 0.833 0.705

a8Sums of the two values obtained at the QCISD/6-31G(d) level of theory.

b Average of values for the two C—C bonds.
¢ Average of values for all C—H bonds except those to H

0.965 [20]). The electron delocalization over both part-
ners prevent® from being an “orbiting pair,” in con-
trast to electrostatically-bound ion—neutral complexes
that have hitherto been described [32]. A fixed struc-
ture is expected in complexes in which the partners
are held together by a hydrogen bond [31,39].
Overlap populations (Table 4) show the existence
of substantial covalent bonding of’Ho both the
methyl carbon and £in 2. At the QCISD/6-31G(d)
level of theory the H-C, overlap is 0.223 and the
H'—Cyve overlap is 0.341. An overlap of 0.222 be-
tween Gue and G demonstrates that there is also

7kImol! CHz™ + CH,=C=CH,. ZPE corrections
increase this difference to 18kJmd| a value in
quite good agreement with the corresponding dif-
ference of 12.5kJmol between the experimental
values. Zero point energies would not influence the
theoretical description of the geometry 2f When

H’ is about half transferred, the charge would have
a comparable tendency to be associated with either
C3Hg4 or CHg, resulting in its distribution over both.

It has been suggested that when two partners in an
anion—neutral complex have similar electron affini-
ties, the complex becomes a hybrid of the species

significant bonding between those carbons. This and with the charge located on each partner [40].

the overlap between g and H demonstrates that
Cwme essentially methylates the;€H bond in2. The
average overlap for the remaining C—H bondgiis

The covalent interactions of’Hvith both Gye and
C, likely makes the C—Hbond distances i@ much
shorter than the longer X—H distances already noted

0.708, providing a measure of overlap for a normal in previously characterized complexes. This indicates
C—H bond. Interactions betweernn,Cye and H are considerable covalent interaction in the C-hterac-
substantial because these overlaps are much greatetions in2. Based on van der Waals radii of 1.06 A for
than those between non-bonded atoms. The latter areH and 1.53 A for C [41], simple contact between H
mostly small negative numbers, and the most positive and C would give a C—H distance of 2.59 A, much
overlap for a non-bonding interaction this 0.0017. longer than the C-H'- .- C, C-H distances if2. In
The C - - H- - - C geometry oR likely derives from the other ion—neutral complexes, the long C-H distances
methyl interacting with @ and H simultaneously. found by ab initio methods are similar to the sum of
We attribute the delocalization of the charge and the van der Waals radii of the atoms involved. This
spin during H transfer to hybridization arising from suggests that the most stable configuration of partners
the similarity in energy of CHEC=CH,** + CH3* in a typical ion—neutral complex has the partners just
vs. CH=C=CH, + CHz™ (Table 2). Based on ex- “touching” each other.
perimental values (Table 2), GM+ CHy=C=CH,** The energy required to dissociageto CHz® +
(1271.8kImot!, Table 2) and Ch' + CH,=C= Cs3Hs™ at the highest level of theory that we applied
CH, (1284.3kJmot?) differ in stability by only is 22.7kJImotl. This is comparable to the binding
12.5kImot?. Neglecting ZPE corrections, QCISD- energies in other methyl-containing ion—neutral com-
(T)/6-311G(d,p)//QCISD/6-31G(d) theory, the high- plexes: [CH®* CH3COt] 20.5kJ mot? [16], [CHs®
est level we applied, places GH+ CH,=C=CH,** CoHst] 39kdmot?! [11], [CH3®* CH3CH=0"CHj]
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Table 5
Characteristics of structurésiear the pathway to methane elimination from the 1-butene cation

Cve—C3 Cve—C1 Co—H' Cme—C2 Cme—H' AE
1 1.524 3.061 1.091 2.588 3.558 0
TS@@) 2.473 2.343 1.094 1.734 2.146 112.0
TSQ) 2.602 2.594 1.157 1.607 2.115 115.7
TS — 2) 2.735 2.735 1.194 1.893 1.330 163.7
2 2.812 2.812 1.251 2.018 1.249 163.3
TS@ — C3Ha™* + CHy) 2.913 2.926 1.321 2.182 1.210 164.2

20Obtained by B3LYP/6-31G(d) theory.

11.7kImot? [20], [CH3* CH3CH*CHs] 13.0kJ
mol~1 [9].

3.3. Transition states

Attempts to connect transition states to stable min-
ima using IRC methods yielded a complex picture of
the potential surface arourtl Because of this com-
plexity, the IRC calculations typically halted after
going short distances. At least five transition states
were located nea2 by IRC methods. To character-
ize a pathway to methane elimination, we ordered
the stationary points located in terms of increasing
C,o—H' and decreasing @—H' distances (Table 5).
In all pathways located starting fro®, the methyl
remained very near a plane of symmetry through C

with a long bond between L£and G of 1.84A by
B3LYP/6-31G(d) theory. In addition, for species char-
acterized here the GHgroups are nearly coplanar
with the G—Cy—C3 plane until twisting to an allene
geometry starts to occur at TB{ CgHs*T + CHy).

The CH are nearly perpendicular (withia-2.1°)

to the ring in the methylcyclopropane cation with
the long bond between the unsubstituted carbons by
B3LYP/6-31G(d) theory.

AtTS(1 — 2), the allyl group is bisected by a plane
of symmetry that contains the methyl carbon, the mi-
grating H and the middle carbon of the allyl group. As
would be expected, Hs closer to G in TS1 — 2)
(1.168 A from G and 1.382 A from @e) and closer
t0 Cve in TSR — CgH4*" 4 CHj) (1.418 A from G
and 1.172 A from @e). Relative to2, the C-H—-C an-

over the distances we traced. In order to locate a gle is narrower in TSk — 2) (90.5’) and wider in the

pathway from2 to 1, the methyl had to be shifted
slightly away from2 toward 1, so a continuous path
from 2 to 1 was not actually located. A pathway that
ended up at the 2-methylpropene ion was also lo-
cated by an IRC calculation starting from 1St 2)
followed by ordinary optimization. The stationary
points located around superficially resemble a form
of the methylcyclopropane ion that has a long bond
between G and G [42] (C; and G in our
nomenclature for species arou®. However, our
structures can be distinguished from ionized methyl-
cyclopropane isomers by1EC3 distances of at least

transition state fo2 — products (126.9. Thus, the
C-H-C angle opens steadily a< lshoves from the
second carbon of the butene ion to methyl. The C-C-C
angle also increases over the course of methane elim-
ination (from 125.5 in 1 to 133.8 in 2 to 180 in

the allene ion). The distances between the methyl C
and the end carbons of thes@roup in TSL — 2)

are 2.683 and 2.684 A. Thus, the initial C—C bond
is completely broken by the time the system reaches
TS@ — 2). Therefore, like ion—neutral complex-
mediated reactions [6,32,43] eliminates methane in
two steps, C—C bond breaking followed by H-transfer,

2.52 A in all species characterized here vs. published rather than in a concerted process as assumed previ-

values of 1.49-1.81 A for corresponding distances in
ionized methylcyclopropane isomers [42]. We found
a G-—Cg distance in the methylcyclopropane ion

ously [4]. In 2 and the transition states, the methyl
is interacting with the g-H' bond. Thus, the methyl
acquires H essentially by attacking the C—H bond
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(3), in contrast to the pulling of Haway by attack
from the side of M opposite G (4), as usually oc-

C.E. Hudson, D.J. McAdoo/ International Journal of Mass Spectrometry 214 (2002) 315-326

to experimental rates of dissociation. At the highest
level of theory we applied, the transition state energy

curs in alkane eliminations [9,11,16,20]. Thus, there for methane elimination was 13.2 kJ mélbelow the
are at least three ways in which alkane eliminations threshold for dissociation to 4Els* + CHs®, in the
can occur from cations in the gas phase, through anrange of the 12—21 kJ mot of such values for disso-

“orbiting” pair [6,7,31], by attack on a C—H bond as

found here, and through a high energy, highly strained

transition state [44]:

H +.
,E \::CH3 C\I?z +
c >C—--H---CH3
cft, TN CH, ch,
3 4

InTS(1 — 2), the summed overlap equals 0.438 for
H’—C, and 0.102 for H-Cye at the QCISD/6-31G(d)
level of theory (Table 4). Thus, at this point’ hs
still strongly bound to the C it is leaving and weakly

ciation from ion-alkyl radical complexes [9,18,20].
Baer and coworkers found an entropy of activation
of —15.9Imof1K~! at 1000K for methane elimi-
nation from the butene ions [4] utilizing frequencies
required to produce a good fit of RRKM results to
their experimental data. We calculated a much smaller
entropy difference of —0.5Jmot1K-1 between
TS@ — CzH4*™ 4+ CHy) and 1, a value suggesting
little tightening of that transition state. The present
transition state is quite different in its nature from the
concerted 1,3-H-shift that they assumed; among other
differences, it is the methyl rather than the H that
shifts. Our transition state may appear “looser” than
they predicted because we considered the dissociation
to occur only from1, whereas GHg** is actually
quite labile, rapidly interconverting among 1-butene,
cis- andtrans-2-butene, 2-methylpropene and methyl-

bound to the one it is approaching. In the transition cyclopropane ions relative to its rate of dissociation
state for methane elimination, the pattern is reversed [45]. Taking the latter into consideration in determin-

(H'-C, = 0.190, H-Cye = 0.436). The overlap

ing the reactant entropy would increase the density of

populations demonstrate that there is substantial states for the reactant substantially relative to those

covalent bonding between’Hand both associated
carbons during the actual H-transfer. Thg&Co
overlap is 0.224 in T4(— 2) and 0.085 in the transi-

tion state for methane elimination, so overlap between

Cwme and G diminishes steadily as’His transferred. In
TS@ — 2) the overlaps betweenyfe and both G

employed in our calculation, thus making the entropy
of activation much more negative, perhaps explaining
the value obtained by Baer and coworkers [4].

We found a transition state for methyl loss frdrat
the B3LYP/6-31G(d) level of theory, but not at higher
levels. Baer and coworkers were unable to find such a

and G are small negative numbers, demonstrating transition state by 3-21G theory. We did find a distinct

that covalent bonding betweenyg and G is com-
pletely broken off before T3(— 2) is reached, and

transition state for the dissociation of the comp&x
to CH,—CH-CH" + CHgz® at the B3LYP/6-31G(d)

therefore before the H-transfer to form methane is level of theory. However, QCISD optimization starting

very far along. As in2, the methyl carries substantial
positive charge that diminishes a$ koves closer to

from this B3LYP geometry gave the transition state
for 2 — CH4+4C3Hs®™, s0 TSR — CH3z® 4 C3Hs™)

Cwme (Table 3). The unpaired spin remains associated probably does not exist either. Thus, methyl may be

with the allene portion of the system throughout.
TS@ — CHg + CaHs*™) is 29kImot?! above

lost from1 along a pathway of continuously increasing
energy until dissociation is complete without passing

the corresponding products, in reasonable agreementa saddle point. The absence of a conventional transi-

with the corresponding value of 22 kJ mélestimated
by Baer and coworkers [4] by fitting RRKM results

tion state for methyl loss is consistent with the ear-
lier conclusions [2,4] that minimum entropy transition



C.E. Hudson, D.J. McAdoo/ International Journal of Mass Spectrometry 214 (2002) 315-326 325

states rather than saddle points control the rate of this[10] J.C. Traeger, C.E. Hudson, D.J. McAdoo, J. Am. Soc. Mass
[11] S. OQlivella, A. Solé, D.J. McAdoo, J. Am. Chem. Soc. 118
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4. Summary (1998) 10798.
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