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Abstract

Structures, energies and reaction coordinates for much of jHg* € potential surface were obtained by ab initio and density functional
theories. Most gHg*t isomers are demonstrated to be mutually accessible below the threshold for the lowest energy dissociation, consistent
with inferences from earlier experimental data. The “virtual intermediates” (point that reactions pass through corresponding to a conventional
structure but lacking a corresponding potential minimum);@EHCH,CH,* and *CH,CH(CHs;)CH,* are found to be very important in
C4Hg** rearrangements. GHCHCH,CH,* is accessed from the 1-butene cation by a 1,4- and a 1,2-H-shift, the 2-butene cation by a
1,2-H-shift and the 1-methylcyclopropane cation by ring opening. All reactions through@HHCH,CH,* begin or end with a 1,2-H-shift
going to or from the 1-butene ion. The 1-butene cation appears to form rather than the more stable 2-butene cation because the minimum
energy pathways down from higher energy transition states go to the 1-butene cation side of the transition state that connects the 1-butene
and the 2-butene ions. Perhaps charge localization on the CH carbon directs these pathways to the 1-butene cation by a carbocation-like
rearrangement. Predicted competition between 1,3- and consecutive 1,2-transfers across double bonds, despite 1,2-shifts being energeticall
strongly favored over 1,3-shifts in other systems, is another interesting featugelgff'Geactions. The lowest energy isomerization found
in this work was a 1,5-H-shift in the 1-pentene ion. In contrast tg @H CH,CH,*, CH;*CHCH,CH,CH,"* appears to inhabit a potential
energy minimum, albeit a shallow one. The order of the critical energies for different ring sized transfers is 12 £,2,3 1,5 in the
C,H,,*" ions examined, differing from the order 1,3 > 1,4 > 1,2 > 1,5 established for other homologous series of aliphatic radical cations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction dissociations ofH and13C-labeled 2-methylpropene ions;
Meisels and coworkerf9,10] demonstrated that the ions
C4Hg* T dissociations have been extensively utilized to in- generated from the six4Elg isomers have indistinguishable
vestigate the dynamics of unimolecular dissociatidnrs)]. breakdown graphs near threshold, and fiy¢1€ " isomers
However, GHy,** isomerizations are less understood than display identical dissociation rat¢s]. All of this indicates
those of most other radical cations because extensive isodoss of identity of the isomers by extensive rearrangement at
topic exchange and loss of distinction prior to dissociation low energies. However, some distinctness of electron impact
obscure the details of Ei,*" reactions. McLafferty and  spectra, particularly for methylcyclopropane and cyclobu-
coworkers[6] concluded from differences among collision- tane cations, suggests decomposition from specific struc-
ally activated dissociations of 4Elg®* ions derived from tures at high energie8]. This likely reflects more rapid
different neutral precursors that isomerization is limited be- increases in rates of simple bond cleavages than of isomer-
low the threshold for gHg®** dissociation. However, Smith  izations with increasing internal energy.
and Williams[7] observed common metastable dissociation = McFadden attributed the occurrence of considerable H/D
spectra of GHg®*™ and GH12** isomers; Lin and Harrison ~ exchange in deuterated propene ions to their 1 and 3 posi-
[8] found extensive redistribution of labels in the low energy tions being rendered equivalent by a series of 1,3-H-shifts
[11]. In contrast, Millard and Sha{l2] concluded that hy-
drogen atoms rearrange by a series of 1,2-H shiftg g€+
* Corresponding author. Tek1 409 772 2939; faxi-1 409 772 3222, and GHio® ™ ions. They also concluded that 1,5-H-transfer
E-mail address: djmcadoo@utmb.edu (D.J. McAdoo). does not precede most ethene loss from the 1-pentene ion
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because deuterium labeling indicated preferential ethene los®. Theory

from the unsaturated end of that ion. Lin and Harri$8h

proposed skeletal isomerization by 1,3-ring closures to form  All calculations were performed by unrestricted theo-
methylcyclopropane ions followed by reopening, making ries using the Gaussian 98W package of progr®®.

both 1,2 and 1,3 H-shifts unnecessary, although not preclud-C4Hg** geometries were obtained by B3LYP/6-31G(d,p)
ing them. Theory reveals that the propene ion undergoeshybrid functional and QCISD/6-31G(d,p) ab initio theories.

degenerate isomerization via both a 1,3-H-sHif]] and by
two consecutive 1,2-H-shiff4.4,15]in which the trimethy-

B3LYP/6-31G(d,p), QCISD/6-31G(d,p), QCISD(T)/6-311-
G(d,p) and PMP3/6-311G(d,p) theories were used to obtain

lene radical cation may be a distinct intermediate. However, energies for GHg®* stationary points; QCISD(T) and PMP3

the shallowness of the well (ca. 1kJmbldeep) and the

energies were obtained at QCISD/6-31G(d,p) geometries.

low level MP2 theory applied make this uncertain. Nonethe- CsH100®* structures were characterized at the same levels
less, these results fors8s®* " rearrangements suggest that of theory as GHg*™ species, except at QCISD/6-31G(d)
both McFadden and Millard and Shaw were partly right. The in place of QCISD/6-31G(d,p) theory. Zero point energies
novelty of these reactions and the absence of their study inwere obtained by B3LYP/6-31G(d,p) theory and are un-
higher G,Hy,** ions make their further characterization of scaled. Transition states were all characterized by having
interest. Scheme 1 summarizegHg® " interconversions to  only one imaginary frequency. Values st were close to

be studied here and gives the numerical labels that are usedhe ideal value of 0.75 for ground states and B3LYP tran-
to designate each isomer. Jungwirth and BHIB] generated  sition states (onlyl and5 gave values as high as 0.78 for
a reasonable {Hg*™ potential surface by combining their any stable species, and only the methyl shift> 1” gave
results with thermochemical data and estimating some ener-a value as high as 0.78 for any B3LYP/6-31G(d,p) tran-

gies from theoretical results fors8g®** [15]. However, they

sition state. However, for QCISD (UHF theory) transition

did not directly characterize some reactions of uppermost states,;s> values ranged from 0.764(— 1) to 0.96 (L —

present interest, 1,2- and 1,3-H-shifts¢ 2), a 1,2-methyl
shift (1 — 3) and ring openings/cyclizationd (~ 4 and3
— 5). Therefore, we examined the reactions gHg** and
some GH1o®™ ions by ab initio theory, including intrinsic
reaction coordinate (IRC) tracirfd7,18], an approach that

1”). Projecting out the contributions of statest 1 to s

+ 4 with PMP3 computations gaw values of 0.7500 for

all stationary points at their QCISD/6-31G(d,p) geometries.
However, this projection had little effect on the energies
obtained (Table 2). Degrees of bonding were assessed by

often reveals novel features of reaction coordinates inacces-Mulliken overlap population analyses. Reaction trajectories

sible by other meand 9-22]

were characterized by intrinsic reaction coordinate (IRC)

H
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methods[17,18] utilizing B3LYP/6-31G(d,p) theory. IRC
calculations employed mass weighted internal coordinates
and were limited to 200 steps.

3. Results and discussion
3.1. Sable structures

Stable structure$-5 are depicted irFigs. 1-5 and tran-
sition states are illustrated in association with following in-
dividual discussions of each reaction. All figures are from
QCISD/6-31G(d,p) results. Energies obtained at several lev-
els of theory are given iffables 1 and 2Throughout this
contribution, for simplicity we will usually only quote en-
ergies from QCISD(T)/6-311G(d,p) and PMP3/6-311G(d,p)
theory, although results for two lower levels of theory are
available in the tables. Two stable isomerslafiere found
(Fig. 1a and b a lower energy one with all four carbons
in the same plane and a 0.3 to 4.1 kJmohigher energy
one (la) with the methyl almost perpendicular to the plane
of the other three carbons. Onisans-2 was characterized
(Fig. 2), as we expected interconversion of that isomer with

Fig. 2. Geometry of thérans-2-butene ion2. As would be expected, the
carbons and the hydrogens attached to C2 and C3 are all in the same
plane.

Fig. 3. The 2-methylpropene ion at its QCISD/6-31G(d,p) geometry. The
hydrogens attached to C1 and all of the carbons are in the same plane.

RCIC2=1.414
C1C2C3=123.6

Fig. 1. (a) Geometry of the most stable configuration of the 1-butene
ion (1) according to QCISD/6-31G(d,p) theory. In this geometry, the four

carbons are in the same plane. (b) A slightly higher energy configuration
of 1 in which the methyl is approximately perpendicular to the plane of Fig. 4. The QCISD/6-31G(d,p) 1-methylcyclopropane ion. This structure
the other three carbons. is characterized by a substantially elongated RC1C3.
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*CH;’CH,’CH="CH," 'CH5;’CH=*CH"CH;"™ “(fH3
1 2 'CH

*CH; 2CH,—>CH,
'CH;’C=*CH,™ 4,5

Fig. 5. The QCISD/6-31G(d,p) 2-methylcyclopropane ion. This structure
is characterized by a lengthened RC2C3.

1 at lower energies than wittis-2. Structuresl-3 have no
unusual features, and, except fia; most of their structural  Fig. 6. The QCISD/6-31G(d,p) transition state for the interconversion
parameters match within 0.03 A and a few tenths of a degreeof 1 and 2 by direct 1,3-H-shifts. Note that Hs well away from C2
those obtained previously by Eriksson and COWOfI{é@. and clqser to C_l than to C3 in this transition state. Note a_Iso that_H_
As in earlier work[25], two isomers of the methylcyclo- approximately bisects the HCH and HCC angles of the reaction termini.
propane radical cation, one with an elongated bond between

C1 and C3 4) and another with a long bond between C2 3.2. CH3CH,CH=CH,** (1) - CH3CH=CHCH3z*" (2),

and C3 §), were found Figs. 4 and k Our results placd a 1,3-H-shift

very close tdl in energy, and is 22 kJ mott —24 kJ mot-®

abovel. Carbons are numbered as follows in the structures Paralleling the reactions of the propene radical cation
to be described throughout this work; the numbering in pre- [13-15] two pathways were found fdt — 2, one a sim-

cursors is retained throughout reactions. ple 1,3-H-shift Fig. 6), and one essentially two consecutive
Table 1
Ab initio energies (Hartrees) for £Elg*+ isomers and transition states
Species B3LYP/6-31G(d,p) QCISD/6-31G(d,p) QCISD(T)/6-311G(d,p) PMP3/6-311G(d,p) ZPVE (KYmol
2-Butené™ (2) —156.920074 —156.421368 —156.486800 —156.459178 276.0
1-Butené* (1) —156.895381 —156.400622 —156.465932 —156.438425 275.4
1-Butené* (1a) —156.896438 —156.401464 —156.467408 —156.438850 279.6
2-Methylpropeng* (3) —156.915602 —156.419996 —156.466320 —156.458023 275.1
1-Me-cyclopropant® (4) —156.894346 —156.400875 —156.468722 —156.440961 278.9
2-Me-cyclopropant™ (5) —156.879652 —156.389244 —156.457265 —156.429616 277.0
TS Q- 1)2 —156.845515 —156.342579 —156.415410 —156.384395 265.8
TS @ — 25) —156.872758 —156.369200 —156.439526 —156.411908 268.1
TS 1 — 2a) —156.839861 —156.347876 —156.418341 —156.389466 272.0
TS (@1 — 17)P —156.852344 —156.352654 —156.422702 —156.394962 273.6
TS 3 — 3) —156.858460 —156.360473 —156.431644 —156.405134 267.4
TS (1 — 4) —156.871920 —156.373037 —156.439796 —156.410859 269.4
TS@— 5 —156.847679 —156.346210 —156.416010 —156.387571 271.4
TS @ — 5) —156.879417 —156.388687 —156.456892 —156.428982 276.1
H* —0.498231 —0.498231 —0.499809 —0.499809 -
CH3CHCHCH, ™ —156.327553 —155.837349 —155.904614 —155.873253 247.6
H* 4 CH3CHCHCH* —156.825784 —156.335580 —156.404423 —156.373062 247.6
*CHz —39.842880 —39.713718 —39.732201 —39.726659 76.6
CH2CHCH, ™ —116.979592 —116.617407 —116.665936 —116.641724 176.3
*CHz + CH2CHCH; ™ —156.822472 —156.331125 —156.398137 —116.368383 252.9
a1,4-H-shift.

b 1,3-Methyl-shift.
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Table 2

Ab initio energies (kJmol') for C4Hg** isomers and transition states

Species B3LYP/6-31G(d,p) QCISD/6-31G(d,p) QCISD(T)/6-311G(d,p) PMP3/6-311G(d,p) Experimentaf values
2-Butene** (2) 0 0 0 0 887
1-Butené™ (1) 63.2 53.9 54.2 53.9 945
1-Butene™ (1a) 65.6 55.9 54.5 57.0 -
2-Methylpropengt (3) 10.8 2.7 2.8 2.1 897
1-Methylcyclopropant™ (4) 70.4 56.7 50.4 50.7 938
2-Methylcyclopropant™ (5) 107.1 85.3 78.5 78.6 -
TSL—> 1) 196.7 196.7 177.2 186.1 -
TS (1 — 29 116.3 129.1 116.2 116.2 -
TS 1 — 2a) 119.8 120.3 116.8 120.3 -
TS @1 —> 1) 175.4 178.0 165.9 166.2 -
TS 83— 3) 206.6 189.0 175.7 179.0 -
TS 1 — 4) 153.2 151.3 136.2 133.3 -
TS3—5) 185.5 192.7 181.3 183.4 -
TS @ — 5) 106.8 85.9 78.6 79.4 -
CH3CHCHCH,* + H* 224.1 201.7 192.8 202.6 1079
CHCHCH,t + *CH;z 238.2 218.8 214.7 220.3 1091

20K values from ref[5].

1,2-H-shifts Fig. 7). At the 1,3-transition state, the transfer- js passed. (RC1C3: 1.843 A at the transition state versus
ring H is much closer to C3 (1.155A) than to C1 (1.600A), 2.551 A in2; throughout this textR = the distance between
i.e. the transition state is nearer to the higher energy specieswo accompanying atoms.) However, there is essentially no
1, in accord with Hammond's postulafe6]. (We will re- bonding between C1 and C3 at the transition state. (The
fer to the transferring hydrogen as ttroughout, although  QCISD/6-31G(d,p) overlap population between C1 and C3
it originates from different positions in different reactions.) equals—0.118).

Based on the IRC, Hstays near the C1C2C3 plane in  |n two stagel — 2, H; first moves from C3 to close
the course of this 1,3-shift, crossing this plane three timesto C2 and then to C1. At the closest approach eftél
before the C2C3C1Hdihedral angle exceed#2°. This C2, 1.148 A according to the IRC from B3LYP/6-31G(d,p)
angle finally goes to-10° as 2 is attained. The Chlde- theory, RC2H is close to a normal CH bond length. A
parted by H is almost symmetrical to the C1C2C3 plane B3LYP/6-31G(d,p) result is given because it was taken from
(the HC1C2C3 dihedral angles for methylene hydrogens an IRC trace obtained at that level of theory. This point is
are 93.4 and—96.2 at the transition state). Methylene is  near but not at the transition state. At the QCISD/6-31G(d,p)
also turned to perpendicular to the skeletal plane during TS (1 — 2), the overlap populations between &hd C1,
1,3-H-shifts between O and C during interconversions of c2 and C3 are 0.028, 0.538 and0.0393, respectively,
acetaldehyde, acetone and acetic acid radical cations withdemonstrating predominant bonding to of td C2 at that
their enol isomerg21,27], so present results further indi-  point. Thus, paralleling §Hg** reactions[14,15], this re-
cate the generality of this type of geometry for 1,3-shifts action is effectively two consecutive 1,2-H-shifts separated
across double bonds. C1 and C3 move toward each othergt CH;*CHCH,CH,*, even though this is a transition state
as the transition state is approached and then apart after itather than a stable intermediate. At this transition state, H
is closer to C1 (1.693 A) than to C3 (1.929 A), i.e. the tran-
sition state is closer t@ than to1, contrary to Hammond’s
postulate. We will discuss this feature further below.i$l
well above the C1C2C3 plane throughout its migration, with
the HC1C2C3 dihedral angle being 89.at the transition
state, making the reaction suprafacial. However, even if it is
suprafacial, since it effectively occurs in two steps, it is not
restrained by conservation of orbital symmetry, as would be
a direct 1,3-suprafacial H-transfgt1,28]

The transition states for both — 2 isomerizations are
well below the lowest energy fEig®** dissociationg5], so
these are important fEig®*™ reactions. The transition state
energies for the two pathways are within 10 kJ madf each
Fig. 7. The QCISD/6-31G(d,p) transition state for interconvertingnd other at_ all four levels of theory appllgd_, that _'S' Wlth"_] .the
2 by two consecutive 1,2-H-shifts. Note that I bonded to C2 at this  uncertainty of the calculations. The similarity in the critical
point, even though this structure is not at a potential minimum. energies for 1,2- and 1,3-H-shifts contrasts markedly with

CiC2C3 = 124.5°
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the situation in GH,0°* systems in which 1,2-H-shifts ~ what angled relative to that plangig. 80. Sincel is both
have moderate critical energigg89—-31] and 1,3-H-shifts  the reactant and the product, the stages can also take place

have high critical energigi21,32] in the reverse order.
In the second stage df — 1/, pathway tracing shows
3.3. CH3CH,CH=CH,**+ (1) — CHp=CHCH,CHs*+ that th(_e H, C3C2C1 dihedral angle changeq from 124
(1'), consecutive 1,4- and 1,2-H-shifts 89.5, i.e. Hy passes above the C3C2 axis whep $
approximately half transferred. At this point, the four car-
We found two degenerate isomerizations f by bons are nearly planar (C4C3C2C1 dihedral argle 7°),

H-transfers. One of them. the consecutive 1.4-H - and the hydrogens on C1 and C2 are nearly in this plane.
1,2-H-shifts (. — 1), also traverses a G CHCH,CH,® When Hy, is close to half transferred, the two hydrogens

structure. this time between the 1.4-H- and 1.2-H-shift on C4 are also both near the skeletal plane (dihedral angle
stages. Again, this point is not a potential energy minimum, H1C4C3C2= ~12.5" and H2CAC3C2= 169.2. The hy-
but it differs in geometry from TSI(— 2). In 1 — 1/, H drogens on C1 and C2 move toward or away from the skele-

is first transferred between C1 and C4. At the transition 1@l Plane as ki moves from and to the carbon on which
state Fig. 8, which occurs during the 1,4-H-shift, (Hs they reside. Most likely the overall reaction occurs in two

closer to its destination (C1, 1.289 A) than to its origin (C4, stages because it is impossible to accommodate the disparate
1.503A), but Hy the hydrogen that migrates from C3 to geometries required for the 1,4-and 1,2-shifts in the same
C2in thé second stage of this reaction, is not yet moving structure. This contrasts with 1,2-H-shifts that in concert

significantly (RHnC = 1.098A). At TS @ — 1) the C2 with bond-breakings form secondary rather than primary

and C4 methylenes are approximately bisected by the plangC@rpocation$33-37] presumably because the geometries of

containing C1, C4 and Hwhile the C1 methylene is some- those transition states provide no impediments to concerted
processes.

TS 1 — 1)) is 61-70kJ mot! higher in energy than TS
(1 — 2). This is rather surprising because in most radical
cations 5-membered ring H-transfers are substantially lower
in energy than 4-membered ring H-transf¢s8,39] The
energy at TS1 — 1) is below the dissociation thresholds,
so this reaction should contribute to the H-reshuffling that
precedes gHg*™ dissociations.

3.4. CH3CH2CH:CH2°Jr (1) — CHZZCHCH2CH3'Jr
(1), a 1,3-methyl-shift

A transition state for another degenerate isomerization
of 1, the 1,3-methyl shifl. — 1”, was also foundHig. 9).

Fig. 8. The transition state (QCISD/6-31G(d,p) theory) for the degenerate
isomerizationl — 1'. (a) Facial view. Note that Hs closer to C1 than to
C4, and that the hydrogen ¢l on C3 that will migrate to C2 has not yet
begun to move. (b) Edge on view of T$ {> 1') showing orientations of

CH bonds relative to the approximate CCCC plane. HC1H is somewhat Fig. 9. The QCISD/6-31G(d,p) transition state for the 1,3-methyl ghift
rotated relative to the approximate CCCC plane, and HC3H and HC4H — 1”. The methyl carbon is halfway between C1 and C3 (see text) and
are approximately perpendicular to that plane. above C2 relative to the C1C2C3 plane.
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The IRC calculation shows that during— 17, RC1C4
steadily decreases and RC3C4 simultaneously increases.
All of the following parameters forl — 1’ are from
QCISD/6-31G(d,p) theory. At TS1(— 1”), the itinerant
methyl is located symmetrically between C3 and Eiy(9).

The moving methyl is much closer to C2 (1.754 A) at the
transition state than to the migration termini (2.392A),
suggesting that, as in suprafacial 1,3-H-shifts characterized
in this work, there is substantial methyl-C2 bonding at this 1.08¢
point. Overlap populations between the migrating methyl
carbon and C1, C2 and C3 ef0.028, 0.534 and-0.028
confirm this, demonstrating that there is bonding only be-
tween the methyl carbon and C2. Charge and spin are
equally concentrated on C1 and C3 at the transition state:
charge densities gummgd to h.e.avy E.itoms are 0.330 _anq:ig. 10. The QCISD/6-31G(d,p) transition state for the 1,3-H-sift>
0.330, CorreSpondmg spin densities without such SUMMING 3 "Note that the four carbons and the hydrogens attached to C1 and C3
are 0.683 and 0.683. Similar distributions were found for are roughly planar, and that s almost a normal bond length from C2.

the other branched transition states, so for these there are: is directly above a point on the skeletal plane between a line between
not separated charge and radical sites. The HCCC dihedraffl and C3 a}nd the Ioca_tion of C2. The reaction occurs essentially by
angles for the hydrogens on C1 and C3 range froh8.7 two consecutive 1,2-H-shifts.

to 173.4, i.e. nearly flat, so at the transition statgHg

approximates an allyl structuréify. 9). The C4C3C2C1  35. CH3C(CH3)=CH2** (3) — CH>=C(CH3)CH3**

dihedral angle traced by the IRC starts -a85.4 and (3, another 1,3-H-shift

reaches-107.7 after the transition state, which starts and

ends atla in our IRC. The migrating methyl stays on the We also located a transition state R~ 3, a degenerate
same side of the plane of the other three carbons through-isomerization of the 2-methylpropene ion by a 1,3-H-shift
out the reaction. At the transition state, the methyl carbon (Fig. 10. At the suprafacial transition state, all of the car-

is equidistant from H6 and H8 (2.884 and 2.885A), H5 bons and hydrogens attached to C1 and C3 are close to being
and H9 (2.949 and 2.946A) and C1 and C3 (2.398 and in the same plane, forming another allyl-like unit. The IRC
2.392A). (H6 and H8 are on C1 and C3 respectively and calculation shows that ¢stays above this plane throughout
cis to the hydrogen on the middle carbon; H5 and H9 are the course of the reaction and is approximately over C2 at
correspondingly trans.) Thus, the methyl carbon is approx- the transition state. Hs symmetrical to C1 and C3 (1.712 A
imately above the middle carbon at this transition state from each carbon) and to the hydrogens on those carbons

118.7

(Table 3. cis (2.757 A) and trans (3.546 A) to the methyl at the tran-
The threshold forl — 1” is above those for 1,2- and sition state. As inl — 2 and the methyl shift il — 17,
1,3-H-transfers, below that for five-membered ribhg— H; develops substantial bonding while passing the middle

1’ and substantially below those for the lowest energy carbon (distance at the TS 1.196 A and overlap popula-
C4Hg** dissociations Tables 1 and 2 Thus, this reac-  tions between Hand C1, C2 and C3= —0.006, 0.514 and
tion should contribute to the redistributions of carbons —0.006). This transition state is about 60 kJ mdhigher in
and hydrogens that accompany the decompositions ofenergy than that for the suprafacial 1,3-H-shift> 2. The
CyHg*t. higher energy of this transition state is probably due to con-
centration of charge at primary sites in T8-{ 3') versus
a secondary site in G CHCH,CH,®. A 1,3-H-shift tran-
sition state for3 — 3’ was sought, but not found.

Table 3

Charge and spin densities in branch-chain transition states based on .

QCISD/6-31G(d,p) theory 3.6. 1—Methy|cycloqopane c_atlon (4). — .

Structure o1 o o3 CH3CH,CH=CH>** (1), a ring opening—1,2-H-shift

TS1—- 17 cd 0.330 —0.006 0.330 This pathway is analogous to that for the cyclopropane—
S 0.683 -0.138 0684 propene radical cation interconversion found by Borden and

TS (3— 3) ca 0.311 0.156 0.311 coworkers[15]. The ring of the methylcyclopropane cation
S 0.677 —0.149 0.677  with a long bond between C1 and C2) (opens by fur-

TS(5— 3 ca 0.416 0.0009 0.367  ther extension of that bondFig. 11). As in1 — 1, forma-
S 0.527 —0.093 0.694 tion of the distonic structure, in this case by ring opening,

aCharges on hydrogen atoms summed to the carbon to which they arelargely precedes the transition state, and H-transfer occurs
attached. after the transition states. Betweéand the transition state,



112 C.E. Hudson et al./International Journal of Mass Spectrometry 236 (2004) 105-116

Table 4

Transition state parameters for reactions that pass through
CH3T"CHCH,CH,*

Transition state E (kJmol 1) RHC1 (A) RHC3 (A)

TS @ — 29) 129.1 1.693 1.929

118 55.7 2.129 2.055

TS @4 — 1) 151.3 2.140 1.977

aFor the point where the B3LYP/6-31G(d,p) IRC stopped Tor 1/,
a CHy"CHCH,CH,* structure, but not a transition state. Further tracing
of the pathway from this point led td&'. All other parameters are from
QCISD/6-31G(d,p) theory.

1.071,-0.086, 0.104 and-0.003. Thus, the radical site re-
sides largely on the terminal carbon, and C1 carries the most
Fig. 11. The transiton state for the ring opening — 1, positive charge. This distribution may cause the reaction to

QCISD/6-31G(d,p) theory. Note the migration of flom C3 to C1 that . ;
will complete the reaction is not yet significant. Also, the C3 methylene procee_d from CWCHCHZCHZ to higher energyt rather
than directly to the more stabiz

is still almost perpendicular to the C1C3C2 plane, but the C2 methylene +
has rotated substantially relative to its orientation in the ring. However, CH™CHCH,CH* would not be expected to

have a strong bias to go tbrather thar?2 becausel — 2
through that structure is the lowest energy H-transfer that
RC1C3 elongates from 1.857 A to 2.484 A, approaching its we found {Table 2. Since the transition state energies for
distance in1, 2.560A. RC3H increases from 1.086A at — 1’ and4 — 1 are higher than that fat — 2, reactions
4 to 1.113A at the transition state to 3.253 AlatAgain, starting out on those pathways should also be able to branch
CH3zTCHCH,CH,* is not a potential energy minimum. to 2. We attribute the IRCs going tb rather than ta? to
Even though there are paths to it from 2 and 4, we TS (@ — 1) and TS 4 — 1) being closer to the geometry
never found a Cgit CHCH,CH,*® energy minimum. Except  of 1 than of2 (seeTable 4, i.e. those pathways go down
for a 1,2-shift going fromml to the distonic structure, a shift  the side of the TS1(— 2) barrier towardl. Based on the
that does not have a transition state, each of these pathwayselative transition state energies, it is likely that in reality
passes through a transition state with a substantially differ- and 4 isomerize directly t@ as well as tol because after
ent CHs" CHCH,CH,* structure, reflecting the different lo-  transiting their transition states they would contain enough
cations and energies of the barriers they have to cross fromenergy to travel above the minimum energy pathway.
their points of origin.
The energy for TS4 — 1), 133-136 kJ mGIl, is lower 3.8. 1-Methylcyclopropane cation (4) —
than that for any of the other reactions except 2 and4 — 2-methylcyclopropane cation (5)
5. Given that the energy of T3 (~ 4) is 57 — 69 kJ mot?!
below the threshold for Hloss, interconversion af and4 In 4 — 5, the elongated RC2C3 simply shortens and
undoubtedly occurs below the onsets of dissociation. RC1C3 lengthens until isomerization is complete. The tran-
sition state for this reaction is pictured Fig. 12 At a

3.7. Why do reaction pathways go to 1 rather than 2?

It is noteworthy and perhaps surprising that the minimum
energy pathways through GHCHCH,CH,* from both 1
and4 lead to higher energg rather than to lower energy
2. This may result from the distributions of charge and spin
densities in CHTCHCH,CH,*. Barriers for 1,2-shifts are
very high in energy in alkyl radicalg9,40,41] intermedi-
ate for radical cation§28—30] and negligible for primary
to secondary 1,2-H-shifts in carbocatiod®]. At the dis-
tonic point in4 — 1, the Mulliken charges on carbons C2,
C3, C1 and C4 are respectiveh0.200,—0.328, 0.157 and
—0.417 (numbering as fa¥). Three of these values are neg-
ative, and together they sum to far less thah00 because
the Mulliken analysis allocates substantial positive charge
to.hydmgens' However’ Clis the most posltlvely charged "? Fig. 12. Transition state for the interconversion of the methylcyclopropane
this treatment, i.e. has the most carbocation character. Spinsomers. Note that in this transition state RC2C3 is shorter and RC1C2
densities allocated to the heavy atoms in the same order areés longer than in the 2-methylcyclopropane idfig. 5.
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Fig. 13. The QCISD/6-31G(d,p) transition state for the ring operiing
— 5 by elongation of RC2C3. Note that;Has not moved toward C2 at
this point.

critical energy of 79kJmof (Table 9, 4 — 5 is the low-
est energy GHg*™ isomerization. Redistribution of carbon
atoms in the GHg®*™ system likely occurs primarily byt
— 4 —5— 4— 1, as the critical energies fdr— 4 and

4 — 5 are both below that for the othersBg** skeletal
rearrangemen§ — 3.

3.9. 2-Methylcyclopropane cation (5) —
CH3C(CH3)=CH,*™ (3), another ring opening—L,2-H-shift

Similarly to4 — 1, in 5 — 3 along C2-C3 bond opens
and then an H shifts, this time from C1 to C2 to foBnAt

113

Table 5
Structural parameters for branched chain transition states
Parameter 3> 3 1-1 5 - 3 Ring
1,3-H-shift 1,3-Me-shift opening
RC1C2 1.435 1.431 1.449
RC2C3 1.435 1.431 1.480
RC2C4 1.516 1.754 1.549
RC1C3 2.488 2.509 2.427
RC1C4 2.553 2.393 2.557
RC3C4 2.553 2.392 2.552
RC2H5 1.186 1.088 1.120
RC1H5 1.712 2.142 2.002
RC3H5 1.711 2.143 2.025
RC4H6 3.546 2.949 3.554
RC4H7 2.757 2.884 2.774
RC4H8 3.546 2.946 3.304
RC4H9 2.757 2.885 3.084
Angles
cicacs 120.1 1225 111.9
H5C2C4 115 101 108
H5C2C3 83.5 115.8 101.7
Dihedral angles
H6C1C2C3 25 13.4 —46.0
H7C1C2C3 —184.0 —173.6 132.6
H8C3C2C1 -25 173.4 —28.4
H9C3C2C1 —175.9 -13.7 143.4

— 3 and5 — 3 are more similar Kigs. 9, 10 and 13
than the transition states on different pathways through
CH3TCHCHy,CH,*. The transition state for methane elim-
ination from the 1-butene ion also resembles the present
branched transition stat¢43]. For comparison of the ge-
ometries of those transition states, pertinent structural pa-
rameters of the former are given Tiable 5 Corresponding

the transition state for this reaction, the breaking CC bond is parameters for transition states for hydrogen versus methyl

lengthened from 1.827 AF{g. 5) to 2.427 A while the CH
bond, at 1.120 A (versus 1.089 A B), has scarcely begun
to lengthen Eig. 13. This*CH,CH(CHz)CH,** also is not
at an energy minimum. Thus, as in— 1’ and3 — 3,
in 4 — 1 and5 — 3 ring opening/closing and H-shifting

transfer are quite similar, except in one case the methyl is
moving above the approximate plane of most of the rest of
the ion and in the other case the H atom is so moving. As
for Hy, this brings the methyl closer to H6 and H8 at the

transition state for its migration versus when it is stationary

are distinct stages rather than steps in the reaction. For theon C2. Bond lengths in the transition state for ring open-

H-shift in 5 — 3 to occur, the C2C3 bond has to break and
the CH to which the H is transferred rotates from being

ing/closing are rather similar to those in T8 & 1”) and
TS 3 — 3), but the CH groups are much more twisted

symmetrically bisected by the plane of the ring carbons to relative to the skeletal plane in TS & 3), reflecting that

being nearly in that plane.Hessentially begins to transfer
from C1 only when the methylene is nearly in the CCC
plane. (The HC2C1C3 dihedral angles are 9a8d—91.9
at5, 175.2 and —13.1° at the point at which RCH has
increased by 0.1 A, 173%nd 0.5 when RCH is 1.455 A
and the CH closest to being in the skeletal plane, and at
151.6 and 23.5 in the newly formed methyl.)

Energetically, TS§ — 3) is 50-55 kJ mot? higher than
TS (4 — 1), so the former reaction is probably less frequent
than the latter. Howevef — 3 probably does occur, since
its threshold is 12 — 19 kJ ot below that for H loss, the
lowest threshold dissociation ofs8g°™* [5].

Although still distinct, the transition states for the path-
ways leading througtt CH,CH(CHg)CH, ™, 1 — 17, 3

they have rotated, but not yet completely into the skeletal
plane at this transition state.

3.10. CH3CH2CH,CH=CH,** (6) —
*CH,CH2CH,TCHCH3 (7)

Six-membered ring transfers (1,5-shifts) are perhaps the
most prominent isomerizations in gas phase ion chemistry
[44]. Since they cannot occur inyBg® T ions, we character-
ized the 1,5-H-shift in the 1-pentene ioRigs. 14 and 1{

i.e. the first step of the McLafferty rearrangement, to com-
pare a 1,5-H-shift and thesElg** rearrangements. The size
of the 1-pentene ion and the complexity of theHzp*+ po-
tential surface made it impractical to treajtfo* * reactions



114 C.E. Hudson et al./International Journal of Mass Spectrometry 236 (2004) 105-116

Table 6

Ab initio energies (Hartrees) for the McLafferty rearrangement oCH,CHoCH=CH,**

Species B3LYP/6-31G(d,p) QCISD/6-31G(d) QCISD (T)/6-311G(d,p) PMP3/6-311G (d,p) ZPVE (k3)mol
CH3(CHy)2CH=CH"** (6) —196.217516 —195.519704 —195.684072 —195.646932 353.5
CHz(CHy)2CH=CH,** (6a) —196.213945 —195.517551 —195.680970 —195.645295 350.6
CHCHCH,CH'CH3 (7) —196.203554 —195.501089 —195.667397 —195.629151 348.9

TS ® — 7) —196.199972 —195.494961 —195.666006 —195.629775 347.3

CH,=CH, —78.593808 —78.313352 —78.384226 —78.367386 134.2
CH3CH=CH,*+ —117.573840 —117.157311 —117.249421 —117.229465 201.0

Table 7

Ab initio energies (kJmol') for the McLafferty rearrangement of GBH,CH,CH=CH,**

Species B3LYP/6-31G(d,p) QCISD/6-31G(d) QCISD(T)/6-311G(d,p) PMP3/6-311G(d,p)
CHz(CHy)2,CH=CH,** (6) 0 0 0 0
CHz3(CH,)2CH=CH,** (6a) 6.4 2.8 5.2 1.4
*CH,CHCH,CH'CH3 (7) 32.0 443 39.2 42.1

TS6—>7) 39.9 58.8 41.2 38.8

CH,=CH, + CH3CH=CH,** 112.6 110.5 114.1 113.2

as comprehensively as we have those of theld®" ions.
Energies are given ifables 6 and .7Two forms of6 quite
close in energy and similar in structure were found. Our re-
sults place the distonic intermedig@H,CH,CH,CTHCH;3

(7) at an energy minimumHg. 16. However, at our two
highest levels of theory requires only —0.4 to 5 kJ mot

to return to6, so whethef7 is at an energy minimum is not
certain. As in1 — 1/,in TS 6 — 7) H is closer to the
carbon it is approaching (1.215A) than to the one it is de-
parting (1.585 A).

The critical energy obtained fé&— 7 is 36—-37 kJ mot?.
However, the dissociated products are 109-112 kJ Mol
above 6, at or very close to the energy required for
1,3-H-shifts and cyclizations in Eig** reactions. Thus,
the threshold for this 1,5-H-shift is below the energy for
subsequent dissociation and any othegHE™ reaction.
Therefore, six-membered ring H-transfer should be an im-
portant GHo,*T reaction wha n > 4. HoweverMillard

Fig. 14. The QCISD/6-31G(d,p) structure for the lowest energy isomer
of the 1-pentene ion.

C3C4C5=111.9

Fig. 15. The QCISD/6-31G(d,p) transition state for 1,5-H-transfer in the
1-pentene ion. Note thatHs moving to and from the faces of the
methylene reaction termini. Fig. 16. The distonic product of a 1,5-H-shift by the 1-pentene ion.



C.E. Hudson et al./International Journal of Mass Spectrometry 236 (2004) 105-116 115

and Shaw provided very good evidence for a greater im- [2] W.J. Chesnavich, L. Bass, T. Su, M.T. Bowers, J. Chem. Phys. 74
portance of 1,2-H-shift§11]. As they proposed, the latter (1981) 2228. , ,
reactions are probably entropically favored, depleting the [ G:C-Meisels, G.M.L. Verboom, M.J. Weiss, T. Hsieh, J. Am. Chem.

K L Soc. 101 (1979) 7189.
1-pentene ion more rapidly than the 1,5-H-transfer takes [4] M.T. Bowers, M.F. Jarrold, W. Wagner-Redeker, P.R. Kemper, L.M.

place at and above the dissociation threshold. Bass, Faraday Discuss. Chem. Soc. 75 (1983) 57.
[5] J.A. Booze, M. Schweinsberg, T. Baer, J. Chem. Phys. 99 (1993)
4441.
4, Summary [6] T. Nishishita, F.M. Bockhoff, F.W. McLafferty, Org. Mass Spectrom.

12 (1977) 16.

Present work systematically characterized the rearrange- g} ﬁé imﬂ‘] '2"("3' Vlﬂr'ﬁgésn Jé;heJm'C ig; 85£1(917967)4§512891'3
ments t?ft. take place below the threShqld for dISSOCIaFlon [9] G.G. Meisels, J.Y. Park, B.G. Giessner, J. Am. Chem. Soc. 91 (1969)
of C4Hg®*™ ions. The most common reactions are 1,3-shifts 1555,
and hydrogen transfers by consecutive 1,2-H-shifts. Given [10] T. Hsieh, J.P. Gillman, M.J. Weiss, G.G. Meisels, J. Phys. Chem. 85
that these reactions have low critical energies and also take  (1981) 2722.
reactions. In the 1,3-H-shifts, H is transferred approximately [12] B-J- Millard, D.F. Shaw, J. Chem. Soc. B (1966) 664.
in the skeletal plane, whereas in consecutive 1,2-shifts ™ ’f'é;' (ngi‘;nz’zé' Landuyt, L.G. Vanquickenborne, Chem. Phys. Let.
H-motion is approximately perpendicular to the skeletal [14] T. Clark, J. Am.l Chem. Soc. 109 (1987) 6838.
plane. In each case the migrating group goes approximately[i5] P. Du, D.A. Hrovat, W.T. Borden, J. Am. Chem. Soc. 110 (1988)
between the atoms bonded to the destination carbon, but in ~ 3405.
one case sigma bonding places these bonds approximatelyt6! P- Jungwirth, T. Bally, J. Am. Chem. Soc. 115 (1993) 5783.
perpendicular to the skeletal plane and in the other case[ig] g gonza:ez, E'E‘ gc:ege:, j g:em'c';hys' ZZ (iggg) gégg
m-bonding at allyl-like transition states puts those bonds {19} C:E. o:jgsizr;’ |_ beie:;"eb_ '\/anyZ'lstynir’n'D.J_(McAd)OO’ J.'Am.
near the skeletal plane. These geometries cause the mi-  goc. Mass Spectrom. 5 (1994) 1102.
grating entity to move close to the skeletal plane or nearly [20] C.E. Hudson, D.J. McAdoo, J. Am. Soc. Mass Spectrom. 9 (1998)
perpendicular to it. Of particular interest is that, although 138.
1,2-H-shifts and their tandem reactions iﬁ]H@"" occur in [21] ;:72 Hudson, D.J. McAdoo, J. Am. Soc. Mass Spectrom. 15 (2004)
sepqrate stages, those stages are separated by virtual mte 22] C.E. Hudson, D.J. McAdoo, Int. J. Mass Spectrom. 232 (2004) 17.
mediates (points that reactions pass through corresponding,s; v 5. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
to a conventional structure but lacking a corresponding J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomergy Jr., R.E. Strat-
potential minimum) rather than by energy minima. This mann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N.
separation stems from differing geometric requirements for ~ Kudin, M.C. Strain, O. Farkus, J. Tomasi, V. Barone, M. Cossi, R.
the successive stages of the reactions. The virtual interme- sclfilmg,l& BF-’e'\tA:rzgsECII’DS ;;;;"('5 C(': lﬁdzmﬁbf;kﬁxfsrg i ?A‘;'I‘itcekr'
diates and the pathways through them for different reactions  , 5 I.?a.buck, K R;lghévachar’i, 1B. ,’:m'esman’ 3 C’:ioélo.wski, IV
to the same product are each distinct according to theory, Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
demonstrating different minimum energy pathways travers- I. Komaromi, R. Gomperts, R.L. Martin, D.J. Fox, T. Keith, M.A.
ing nearby regions of the same potential surface. A variety =~ Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W.
of reactions with virtual intermediates occur in cations in Gill, B. Johnson, W. Chen, M.W. Wong, J.L. Andres, C. Gonzalez,
the gas phas€l5,19,20,22] demonstrating that such re- lI;/Iu.rHead—Gordon, E.S. Replogle, J.A. Pople, Gaussian Int., Pitts-

gh, PA, 1998.

actions should be added to the recognized categories Ofj24] LA, Eriksson, S. Lunell, R.J. Boyd, J. Am. Chem. Soc. 115 (1993)
isomerizations of cations in the gas phase. Critical energies  6896.
for H-transfers decrease in the order 1,4 >%3,2> 1,5 [25] K. Krough-Jespersen, H.D. Roth, J. Am. Chem. Soc. 114 (1992)
in the G,Ho,** ions examined, differing from the order 1,3 8388.

. . . . [26] G.S. Hammond, J. Am. Chem. Soc. 77 (1955) 334.
> > >
1,4>1,2> 1,5 in other homologous series of aliphatic |7 ~'c" |1 4o D3, McAdoo, Int. J. Mass Spectrom. 219 (2002)

radical cations. 295.
[28] R.B. Woodward, R. Hoffmann, Angew. Chem. Int. Ed. 8 (1969)
781.
Acknowledgements [29] C.E. Hudson, D.J. McAdoo, Tetrahedron 46 (1990) 331.

[30] G. Bouchoux, A. Luna, J. Tortajada, Int. J. Mass Spectrom. lon
We thank Jason Dunsmore and Debbie Pavlu for help in Process. 167-168 (1997) 353.

preparing the manuscript. [31] 215 Hudson, D.J. McAdoo, Int. J. Mass Spectrom. 210-211 (2001)
[32] D.J. McAdoo, Mass Spectrom. Rev. 19 (2000) 38.
[33] T. Takeuchi, M. Yamamoto, K. Nishimoto, H. Tanaka, K. Hirota,
References Int. J. Mass Spectrom. lon Phys. 52 (1983) 139.

[34] E.L. Chronister, T.H. Morton, J. Am. Chem. Soc. 112 (1990) 133.
[1] T. Baer, D. Smith, B.P. Tsai, A.S. Warner, Adv. Mass Spectrom. A [35] H.W. Zappey, S. Ingemann, N.M.M. Nibbering, J. Chem. Soc. Perkin

7 (1978) 56. Trans. 2 (1991) 1887.



116 C.E. Hudson et al./International Journal of Mass Spectrometry 236 (2004) 105-116

[36] S. Olivella, A. Solé, D.J. McAdoo, L.L. Griffin, J. Am. Chem. Soc.  [40] C. Walling, in: P. de Mayo (Ed.), Molecular Rearrangements, Inter-

116 (1994) 11078. science, NY, 1963, p. 407.

[37] J.C. Traeger, C.E. Hudson, D.J. McAdoo, J. Am. Soc. Mass Spec- [41] L.B. Harding, J. Am. Chem. Soc. 103 (1981) 7469.
trom. 7 (1996) 73. [42] W. Koch, B. Liu, J. Am. Chem. Soc. 111 (1989) 3479.

[38] L.L. Griffin, K. Holden, C.E. Hudson, D.J. McAdoo, Org. Mass  [43] C.E. Hudson, D.J. McAdoo, Int. J. Mass Spectrom. 214 (2002) 315.
Spectrom. 21 (1986) 175. [44] D.G.l. Kingston, J.T. Bursey, M.M. Bursey, Chem. Rev. 74 (1974)

[39] B.F. Yates, L. Radom, J. Am. Chem. Soc. 109 (1987) 2910. 215.



	C4H8+ isomerizations by theory
	Introduction
	Theory
	Results and discussion
	Stable structures
	CH3CH2CHCH2+ (1)  CH3CHCHCH3+ (2), a 1,3-H-shift
	CH3CH2CHCH2+ (1)  CH2CHCH2CH3+ (1´), consecutive 1,4- and 1,2-H-shifts
	CH3CH2CHCH2+ (1)  CH2CHCH2CH3+ (1), a 1,3-methyl-shift
	CH3C(CH3)CH2+ (3)  CH2C(CH3)CH3+ (3´), another 1,3-H-shift
	1-Methylcyclopropane cation (4)  CH3CH2CHCH2+ (1), a ring opening-1,2-H-shift
	Why do reaction pathways go to 1 rather than 2?
	1-Methylcyclopropane cation (4)  2-methylcyclopropane cation (5)
	2-Methylcyclopropane cation (5)  CH3C(CH3)CH2+ (3), another ring opening-1,2-H-shift
	CH3CH2CH2CHCH2+ (6)  CH2CH2CH2+CHCH3 (7)

	Summary
	Acknowledgements
	References


