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Abstract

High level ab initio calculations at the G2(ZPE MP2) level have been used to characterize the potential energy surfaces
for rearrangement/fragmentation of variougifigN]* and [C;H,S]* isomers. In contrast to the behavior in the corresponding
[C5H,O]" system, it is found that ion—neutral complexes are only of minor importance in determining the fragmentation
characteristics. Either dissociation of such complexes occurs too fast due to a large barrier to their formgitigii] ([C
system), or alternative lower-energy rearrangement routes that do not involve ion—neutral complexes are avatglE ([C
system). Calculated thermochemical quantities such as heats of formation and reaction barriers are found to be in reasona
agreement with experimental results. Metastable ion product abundances and results of both deuterff@Hadaling
experiments are rationalized in terms of the calculated potential energy surfaces and rate constants obtained usit
Rice-Ramsperger-Kassel-Marcus theory. (Int J Mass Spectrom 194 (2000) 181-196) © 2000 Elsevier Science B.V.
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1. Introduction ments on the isoelectronic ions [QEH,NHCH,]*
and [CH,CH,SCH,]* have found that their behavior
In 1978, Bowen and Williams proposed that elim- is quite different from that of the corresponding
ination of water from the [CECH,OCH,] " metasta- [CH,CH,OCH,] " ion [4,5]. In particular, these ex-
ble ion occurs via a mechanism involving ion—neutral periments suggest that ion—neutral complexes may be
complexes as intermediates [1]. Since that time, less importantin the decomposition of the former pair
numerous examples of the intermediacy of ion—neu- of ions [4b,4c,4f,5].
tral complexes have been discussed [2] and explicit  Experimental studies of the metastable decompo-
support for their involvement in the rearrangement/ sition of the [CHCH,NHCH,] " ion have found that,
fragmentation of [CHCH,OCH,]* has come from in contrast to the behavior of [CJ&H,OCH,] ", only
high-level ab initio studies [3]. Interestingly, experi- ethylene loss is observed, with exclusive occurrence
of B-hydrogen transfer to nitrogen. On the other hand,
Torresponding author. E-mail: radom@rsc.anu.edu.au [CHSCHZSCH2]+ is found to behave more similarly
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Scheme 1. Originally proposed mechanism [4c] for rearrangement
and fragmentation of [gHgN]* ions

tion. However, again in contrast to the situation for
[CH,CH,OCH,] ", the mechanism proposed to-ex
plain this observation does not involve the participa-
tion of any ion—neutral complexes [5].

Relevant experimental studies of the fragmentation
of other metastable [EgN]* and [GH,S]" ions,
including several labeling studies, have also been
performed [4,5], and detailed mechanisms have been
proposed to explain the results of the various experi-

ments (Schemes 1 and 2) [4c,5]. There have also been

theoretical investigations on aspects of the potential
energy surface for the decomposition of several of the
[CsHEN]* isomers [4a,6]. We are not aware, how
ever, of any relevant theoretical studies reported to
date on the [GH,S]" system.

The present work aims to characterize the potential
energy surfaces for rearrangement/fragmentation of
several [GHgN] " and [GH,S]* isomers. Along with
Rice-Ramsperger-Kassel-Marcus (RRKM) calcula-
tions, these results are used to rationalize the experi-
mentally observed product abundances and labeling

[CH3CH,SCH,]* —= CH,CHy + [CHySH]*s— [CH,CHCH,SH]*

B

[CHaCHSCHgJ* ’ {

17a

f

=== [CHaCHCH,SHJ*

/ 17

[CH,CHCH,J* + HpS =— [CH,CHCHaSHol*  [CHaGHCHSH]*
19 16

+

g
/\
CH3CHCH,

13 18

Scheme 2. Originally proposed mechanism [5] for rearrangement
and fragmentation of [¢H,S]" ions
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patterns, as well as to make comparisons with exper-
imental thermochemical information. The potential
surfaces for the systems examined here and our
previous theoretical work on [Ei,0]" ions [3b]
allow us to identify some of the key factors that
determine the importance of ion—neutral complexes in
the rearrangement/fragmentation processes.

2. Methods and results

Standard ab initio molecular orbital calculations
[7] have been performed with the GAUSSIAN 94 [8]
and MOLPRO96 [9] programs using a modification of
the G2 method [10]. The G2 procedure has been
shown generally to predict thermochemical quantities
to so-called chemical accuracy: 10 kJ mol %) [11].

It uses a combination of Hartree-Fock (HF), second-
order Mgller-Plesset perturbation theory (MP2), and
guadratic configuration interaction with single, dou-
ble, and perturbative triple excitations (QCISD(T))
procedures and corresponds effectively to QCISD(T)/
6-311+G(3df,2p) single-point energy calculations
on MP2/6-31G€) optimized geometries with scaled
HF/6-31G(@) zero-point vibrational energies (ZPVE)
and a so-called higher level correction (HLC). We
have used a modified version of G2, namely
G2(ZPE= MP2) [12], which employs scaled MP2/
6-31G() frequencies rather that HF/6-316( be-
cause of some small differences between the HF/6-
31Gd) and MP2/6-31Gq) potential surfaces. We
will refer to G2(ZPE= MP2) simply as G2 for the
sake of brevity. The MP2 calculations are performed
with correlation of all electrons, i.e. MP2(full).

Heats of formation at 298 K have been calculated
using the atomization method, with temperature cor-
rections applied as described by Nicolaides et al. [13]
using an optimum low frequency scale factor of
1.0084 [14].

The energy dependence of the unimolecular rate
constantk(E) of a species has been calculated using
RRKM theory [15], which can be formulated as

oN*(E — Ep)

KB ="

(1)
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whereE is the internal energy (relative to the reac-
tant), E, is the energy of the transition structurejs
the reaction path degeneracM*(E — E,) is the
number of states in the transition structure with
energy less than or equal By p(E) is the density of
states of the reactant, ahds Planck’s constant. Both
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mol~. We also find a transition structurd@$:2 —
2') at 268 kJ mol? that will result in hydrogen
exchange within the C}CH group of2, as discussed
further below.

The [CH,CH,NHCH,] " ion (1) can also rearrange
to 3 via a 1,3-hydrogen shiftTS:1 — 3), with a

the sum and density of states were obtained via direct barrier of 244 kJ mol®. Although we find no evi

count of the vibrational states using the Beyer-Swine-
hart algorithm [16]. The calculations employed MP2/
6-31G({) frequencies scaled using the optimum fre-
guency scale factor of 0.9427 [14]. For fragmentation
reactions, where no formal transition structure exists,
the transition structure for formation of the product
complex has been substituted.

dence for the existence of the previously proposad
(Scheme 1) as a stable intermedidfi§;1 — 3 does
bear some resemblance to such a structure. The
resulting ion3 is best represented as the proton-bound
complex [CHCH,---HNHCH,]". This complex
contains very long C-H bonds (2.232 and 2.273 A),
which are significantly stretched compared with those

Selected bond lengths are displayed in Figs. 1 and in the isolated (bridged) ethyl cation [1.305 A at

2 and schematic energy profiles for thefgN] * and
[C5H,S]" systems are displayed in Figs. &hd 4,
respectively. Unless otherwise noted, all relative en-
ergies refer to G2 valueg @ K and structural data
refer to MP2/6-31Gq) optimized geometries.

3. Discussion

3.1. Structural and energetic features of the
[C5HgN] ™ surface

The lowest energy conformer of the species
[CHCH,NHCH,] (1) is shown in Fig. 1. All ener
gies in the following section are given relative to that
of 1, unless otherwise noted.

We find two possible transition structures for the
rearrangement of [CHCH,NHCH,]"™ (1) to
[CH;CHNHCH,]* (2), which lies 38 kJ mol* below
1. The first, lower-energy structuref$a:l — 2)

corresponds to a 1,3-hydrogen shift and has a relative

energy of 234 kJ mol*. The secondTSh:1 — 2)

MP2/6-31G(l)]. lon 3 is stabilized by 40 kJ mol*
with respect to its isolated components £CHH, and
[NH,CH,] " and lies 87 kJ mol* abovel.

Reorientation of the two components of the com-
plex [CH,CH, - - - HNHCH,] " (3) can occur vial' S:3
— 4, with a relative energy of 105 kJ mdt,
corresponding to a barrier frogof only 18 kJ mol ™.
The resulting ion—neutral complek which is best
described as [CKCH, - - - CH,NH,] ", now has the
ethylene carbons weakly bonded to the carbon atom
from the [NH,CH,] " moiety, with long C-C bonds
(2.891 A). lon4 is stabilized by 25 kJ mol* with
respect to CHCH, and [NH,CH,] " and lies 102 kJ
mol~* abovel. Dissociation of eitheB or 4 results in
ethylene plus [CBNH,] " at 127 kJ mol ™,

The complex4 can undergo a concerted ring
opening and 1,3-hydrogen shift to give
[CH3CH,CHNH,] * (5) at —25 kJ mol . The transi
tion structure TS:4 — 5) for this process has an
energy 191 kJ mol* abovel.

lon 5 can rearrange to [C}iCHCH,NH,] ™ (6) via
TS:5 — 6 at a relative energy of 157 kJ mdl. The

involves concerted 1,4- and 1,2-hydrogen shifts and energy of6 (164 kJ mol'%), is actually higher than

lies at 289 kJ mol™.

Loss of molecular hydrogen from [GBHNHCH,]
(2) can occur vidl' S:2 — 9, which has an energy of 231
kJ mol %, leading t09. lon 9 is a weak complex
between molecular hydrogen and [EHNHCH,] ",
which is bound by less than 1 kJ mdl It dissociates

that of the transition structure for isomerization3o
once zero-point vibrational energies are included,
indicating that at bes6 lies in a shallow potential
well. It is also possible fo# to isomerize directly to

6 via TS:4 — 6, corresponding to a concerted ring
opening and 1,2-hydrogen shift, with a relative energy

to give these species, with a relative energy of 125 kJ of 222 kJ mol ™.
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Fig. 1. Selected MP2/6-31@) bond lengths (&) relevant to [EIgN] ™" ions.



A.J. Chalk et al./International Journal of Mass Spectrometry 194 (2000) 181-196 185

-+ -+
1617
1.144 g _1.824 2804 (s ©
\ s/
1.655
; 1.825 1183 2001
1.392

TSa:12—13 (Cy) TS:12—14 (Cy)

-+
1.620 ($)1.347
1.085

2104 | \2.373 2680 / \ 2,669
- 1\

1.345 FO—Gg
1.341

14 (C,) TS:14—15 (Cy)

a9+

17(Cy) TS:17-17' (C1)

1.882
1.851
! & 1464
1.501
TS:16-18 (C1) TS:12-18 (Cy) TS:13-18 (Cy) 18(Cy)
a* é *
k ,
;.
/ \

/N
2,962, \ 2.964

1‘3835 1.383 1.383

TS:18-21 (Cy) 19 (C1) TS:19-20 (C1) 20 (Cy) TS:15-21 (Cy)
—|+
1853
1339 2ad) t p
1539 .
Oy
21(Cy) (C) (Cs) (C)

Fig. 2. Selected MP2/6-31@) bond lengths (A) relevant to [El,S]" ions.

Another possible rearrangement of [GEH, - - - mol~1. The role of11in labeling experiments will be
CH,NH,]* (4) leads to protonated azetidinklj with discussed later.
a relative energy of 23 kJ mot. The transition More direct routes to the formation of

structure for this proces§6:4 — 11) lies at 226 kJ [CH;CHCH,NH,]* (6) from both 1 and 2 are also
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Fig. 3. Schematic energy profile for rearrangement/fragmentation $fJd* ions. Relative energies (kJ mdj given in parentheses.

possible. lond and2 can rearrange via 1,2-hydrogen
shifts to form protonated methylaziridingQ@) at 29 kJ
mol~*. Subsequent ring opening ViES:10 — 6 at
176 kJ mol * results in the formation o8. However,

A), indicating a strongly distorted allyl cation. Al-
though we find no evidence for the intermediégeof
Scheme 1, we do find a transition structli® 6 — 6’
at 236 kJ mol' that resemble$a. This transition

the transition structures for these pathways have structure results in exchange of hydrogens within the

relative energies of 299 kJ mal (TS:1 — 10) and
290 kJ mol'* (TS:2 — 10) that are significantly
higher than that required (244 kJ md) for formation
of 6 from 1 and2 via 4 and5, and will therefore most
likely not be competitive.

Isomerization of [CHCHCH,NH,]" (6) to
[CH,CHCH,NHZ]* (7) can occur via a 1,4-hydrogen
shift (i.e. viaTS:6 — 7) with an energy of 191 kJ
mol~*. lon 7 is characterized by a long C-N bond

ethylidene (CHCH) group of6.

Migration of the ammonia moiety in [CJCH-
CH,NHZ]* (7) to a bridging position vidS:7 — 8 at
189 kJ mol * gives8. lon 8 can indeed be described
as an ion—neutral complex between the allyl cation
and ammonia. It lies 184 kJ mot abovel and is
stabilized by 50 kJ mol* with respect to the sepa
rated species. Dissociation of the comp&ar direct
loss of ammonia fronT results in the allyl cation plus

(1.528 A) and therefore already resembles in some ammonia, lying 234 kJ mof* abovel.

respects a complex between the allyl cation and

ammonia. However, the C—C bond lengths7irare
still identifiable as single (1.409 A) and double (1.338

The mechanism shown in Scheme 3 reflects the
potential energy profile of Fig. 3. We find that the
speciesla and6a of Scheme 1 are actually transition
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Fig. 4. Schematic energy profile for rearrangement/fragmentation #f-f§]* ions. Relative energies (kJ md) given in parentheses.

structures, with6a having a relatively high energy. to be in good agreement with previous theoretical
Nevertheless, our calculations provide strong support work [4a,6].
for most aspects of the mechanism proposed by

Bowen et al. [4c]. Our calculated surface is also found .
3.2. Structural and energetic features of the

[C5H-S]* surface
[CHaCHNHCH,]*  — [E:f:::HNHCHZ] +

l‘\ / 3

The lowest energy conformer of [GBH,SCH,] *
(12) is shown in Fig. 2. All energies in the following
section are given relative to that @2, unless other-

J CHoCHy + [NH,CH,I* ]l
+ SN

CHa.
[CHECHCHNH,IF  —= gH?-”CHzNHz]*
2

e "

[CHaCHCHNH,]*
6

[CH,CHCH,NH3]* —— [CH,CHCH,]* + NH,
7

wise stated.

We find two possible pathways for the isomeriza-
tion of [CH;CH,SCH,]" (12) to [CH;CHSCH,] "
(13), which lies at—40 kJ mol* (Fig. 4). The first
occurs via a 1,3-hydrogen shifi$a:12— 13) at 172
kJ mol ! and the second occurs via concerted 1,4-
and 1,2-hydrogen shiftsTEb:12 — 13) at 207 kJ

-1
Scheme 3. Mechanism for rearrangement and fragmentation of mol ™~

[C3HgN] ™ ions based on the potential energy profile of Fig. 3

Alternatively, a 1,3-hydrogen shift ib2 can occur
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viaTS:12 — 14 at 204 kJ mol' %, resulting in14. This
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to hydrogen exchange withiti7 and lies at an energy

species is best described as an ion-neutral complexof 173 kJ mol 2.

[CH,CH,---HSCH,]", where the ethylene is
bridged by a proton, with long C—H bonds (2.104 and
2.373 A). lon14 has a relative energy of 117 kJ mol
and is stabilized by 41 kJ motl with respect to the
isolated species.

Reorientation within the complex [Ci@H, - - -
HSCH,] " (14) can occur vial' S:14 — 15to form 15,
which has an energy of 121 kJ mdl lon 15 is also
an ion—neutral complex, but in this case is best
described as [CKCH, - - - CH,SH]" where the ethyl

An alternative pathway for the formation of proto-
nated methylthiirane1@) has previously been sug-
gested starting fromk3 and involving a 1,2-hydrogen
shift from carbon to sulfur and ring closure [5]. We
find that this reaction can indeed occur, ¥i&:13 —

18, with a relative energy of 151 kJ mol. We also
find a pathway whereb§?2 can directly rearrange to
18 as previously suggested [5]. This also occurs via a
1,2-hydrogen shift 1S:12 — 18), having a relative
energy of 193 kJ mot*. The energies of the rate-

ene is bridged by a carbon atom, with elongated C—C limiting steps to direct isomerization 8 from either

bonds of 1.860 and 1.786 A. The C-S bond is also
extended by 0.160 A, indicating a strong interaction
between the two components of this complex. 1én
lying at 121 kJ mol?, is stabilized by 37 kJ mof
relative to the isolated species. Dissociation of either
14 or 15 results in ethylene plus [C}$H]", with a
relative energy of 158 kJ mot.

The [CH,CH, - - - CH,SH]" complex (5) lies in a
very shallow well with a barrier of only 3 kJ mot
for its rearrangement (viaTS:15 — 16) to
[CH;CH,CHSHI" (16) at —6 kJ mol ™.

lon 15 can also rearrange to form protonated
thietane 21) via TS:15 — 21 at 157 kJ mol™.
Protonated thietane?) lies at an energy of 1 kJ
mol~* and is important in**C-label exchange as
discussed below.

We find two pathways for the rearrangement of
[CH,CH,CHSH]" (16) to protonated methylthiirane
(18), which has a relative energy 6f21 kJ mol .
The first is a stepwise route involving an initial
1,2-hydrogen shift (vidS:16 — 17 at 95 kJ mol %)
to form [CH,CHCH,SH]" (17) at 93 kJ moi *. lon 17
can also be formed directly froib via TS:15 — 17
at 159 kJ molt. Subsequent ring closure {7 via
TS:17 — 18 at 95 kJ mol * results in18. The second
pathway viaTS:16 — 18 involves a 1,2-methyl shift
and is distinguished first by its higher energy (154 kJ
mol~ 1) and second by the fact that it will result in an
exchange of'°C labels. This is discussed further
below.

The ion 17a from Scheme 2 corresponds to the
transition structurel' S:17 — 17’, which contributes

12 (via TS:12 — 18) of 172 kJ mol* or 13 (via
TS:13— 18) of 151 kJ mol * are actually lower than
that for the rate-limiting step (viiS:12 — 14) for the
ion-neutral complex mechanism discussed above of
204 kJ mol ™.

A 1,4-hydrogen shift in protonated methylthiirane
(18) via TS:18 — 19 at 136 kJ mol?! results in
protonated allyl thiol [CHCHCH,SH,] " (19) with an
energy of 30 kJ mol'. As for the analogous
[C5HEN]* ion, we observe a long C-S bond (1.859
A), suggesting a structure with an ion—neutral-com-
plex character. However, the C—C bond4 #hare still
recognizable as single (1.487 A) and double (1.339
A), indicating considerable distortion in the complex
between HS and the allyl cation. lorl8 can also
isomerize viaTS:18 — 21 (152 kJ mol'?) to form
protonated thietane2() which is important in*3C-
label exchange.

Migration of the HS moiety in 19 yields the
H,S—allyl cation complex0) at 135 kJ mol* via the
transition structureTS:19 — 20 at 134 kJ mol™.
Dissociation of20 or direct H,S loss from19 leads to
H,S plus [CHCHCH,]*, with a relative energy of
159 kJ mol ™,

The mechanism shown in Scheme 4 is representa-
tive of the potential energy profile shown in Fig. 4.
The main difference that we observe between the
previously proposed mechanism of Scheme 2 and that
reflecting our calculations and shown in Scheme 4 is
the fact thatL6acorresponds not to a minimum but to
a relatively high energy transition structure. We find
that the “direct” pathways shown in Schemes 2 and 4
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[CHCHSCHg]* <——— [CHaCHoSCH,J* ——

/

/ 12CHZCH2 +[CH,SH]*
| * * 7N “ \

CH,
[CHCHCHSH]* =—= i 2:2:CH,SH
CH;

"
CHa.
i 2:5:HSCH,
CH

13 2 14

H
\
CHaCHCH,
18
[CHaCHCH,SHJ*
17

16 15
[CH2CHCHoSH,]* — [CH,CHCH,I* + H,S
19

Scheme 4. Mechanism for rearrangement and fragmentation of
[C3H,S]" ions based on the potential energy profile of Fig. 4

are actually lower in energy than the ion—neutral-
complex—mediated mechanism (i.e. isomerization via
14 and 15).

3.3. Comparisons with experimental thermochemical
data

Calculated and experimental heats of formation
(A¢H,gg) for [C3HgN] ™ ions and related species are
presented in Table 1. Agreement between our calcu-

Table 1
Calculated and experimental heats of formation fogHEN] ™
jons and related species (kJ mdl

Species G2 Experiméht

[CH,CH,NHCH,] * 1 671 653, 668

[CH;CHNHCH,]* 2 632 615, 631

[CH,CH,...HNHCH,]* 3 762

[CH,CH,...CHNH,]* 4 776

[CH;CH,CHNH,] " 5 644 636, 652

[CH,CHCH,NH,] * 6 835

[CH,CHCH,NHJ] * 7 679

[CH,CHCH, ... NHg " 8 860

[CH,CHNHCH, ... H,]* 9 804

1

[CH,CH,CH,NH,] * 10 690 698
1

[CH,CHCH,NH,] * 11 697 704

NH; + [CH,CHCH,] * 910 900

CH,CH, + [NH,CH,]* 801 797, 804

CH,NH + [CHLCH,| " 989 1037, 995

H, + [CH,CHNHCH,] 802

2 All experimental values are taken from [17] unless otherwise
noted.

P Values rederived in Hammerum and Sglling [18].

¢ Heat of formation for CENH from [19].
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Table 2
Calculated and experimental heats of formation fofH¢S]*
ions and related species (kJ md)
Species G2 Experimeht
[CH,CH,SCH,] * 12 770 803
[CH;CHSCH,] ™+ 13 731 778
[CH,CH,... HSCH]" 14 892
[CH,CH, ... CHSH]* 15 891
[CH4CH,CHSHI" 16 765 799
[CHZCHCH,SH]* 17 865 879

 —
[CH;CHCH,SH]*" 18 749 737,773
[CH,CHCH,SH,]* 19 801
[CH,CHCH, ... SH]* 20 912
—
[ CH,CH,CH,SH]* 21 769 749,799
H,S + [CH,CHCH,] " 935 925,920
CH,CH, + [CH,SH]" 933 914, 948
CH,S + [CH3CH,] " 1020 1007

2 All experimental values are taken from [17] unless otherwise
noted.
® From Broer and Weringa [5a].

lated results and the experimental values from Lias et
al. [17] is generally good but in some cases there are
differences greater than 10 kJ mdl Comparison
with the rederived experimental values of Hammerum
and Sglling [18] shows improved agreement, with all
values but one being within the target error margin
(+10 kJ mol'Y). For the CHNH plus [CH,CH,] "
pair, the discrepancy is 48 kJ mdl but this is
reduced to just 6 kJ mol when a more recent value
[19] for the heat of formation of CHNH is used.

Heat of formation data relevant to the dissociation
of [C5H,S]" ions and related species are listed in
Table 2. The calculated values are consistently 10—20
kJ mol ! greater than the values from Lias et al. [17].
The calculated heats of formation show even greater
discrepancies when compared with experimental re-
sults from Broer and Weringa [5a], the differences
being as large as 47 kJ mdl suggesting that
re-examination of the experimental data is desirable.

Comparisons with experimentally determined bar-
rier heights can also be made. The barriers obtained
[4c] from the appearance energies for ethylene loss
from 1 and5 of 293 and 296 kJ mol', respectively,
are significantly higher than the calculated values of
244 and 216 kJ mot'. However, since appearance
energies provide an upper bound to the true barriers,
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our results could be taken as being consistent with 8 T r T T T
experiment. The barrier to ammonia loss fratris

found experimentally to have a value of 255 kJ
mol ™!, again somewhat higher than our calculated 6 F
value of 225 kJ mol™.

Experimental barriers [5a] to ethylene loss from :% St
both12 and13 correspond to a relative energy of 222 K 4k
kJ mol %, again higher than the calculated values of
172 and 158 kJ mof* for the rate-limiting steps from 3
12 and 13 (via 18, respectively). Ethylene loss from 2 b

16 is found experimentally to have a barrier [5a] of
155 kJ mol %, quite close to the calculated value of
164 kJ mol . It should be noted that these barriers
were derived using the heats of formation from Broer
and Weringa [5a] with which we have noted signifi- Fig. 5. RRKM rate constants (lok) calculated as a function of
cant disagreement, and they would be altered by internal energy E) for the dissociation ofl to C,H, + NH,CH3

employing more accurate heats of formation for the (via isomerization to 3) and dissociation of2 to H, +

) CH,CHNHCH; (via isomerization t09). Energy is measured
relevant ions. relative to1.

240 260 280 300 320 340 360
Energy Relative to 1 (kJ mol-1)

3.4. Rationalization of fragmentation behavior curves for the isomerization dfto 3 and for2 going
to 9 (Fig. 5) show that the latter is over two orders of
There is extensive experimental information avail- magnitude smaller than the former in the internal
able concerning the fragmentation behavior of the energy range that is responsible for metastable disso-
[CsHgN] ™ and [GHS]" ions [4,5]. By examining the  ciation (corresponding to rate constants betweeh 10
calculated potential energy surfaces and results of and 16 s ). A full treatment of the kinetics of this
RRKM calculations, we attempt to rationalize the two-well portion of the surface would result in a net

various observations. rate constant for klloss that is even smaller th&(2
— 9) due to the competitive back reaction frdirto
3.4.1. [CH,CH,NHCH,] * (1) 1. This is consistent with the absence of elimina

The only observed metastable elimination product tion from 1 that is observed experimentally.
from [CH,CH,NHCH,]* (1) is ethylene [4]. This can
be readily explained by examining the schematic 3.4.2. [CH,CHNHCH,] " (2)
energy profile shown in Fig. 3. A substantial barrier The metastable ion [C]EHNHCH;] " (2) exhibits
exists for isomerization of to the ion—neutral com- a competition between elimination of ethylene
plex 3, and hence3 will be formed with significant (~70%) and hydrogen~30%) [4b,4f]. This is con-
excess energy. In a situation such as this, dissociationsistent with the surface discussed above for ion
will be favored over isomerization. Hence, fragmen- Even thoughk(2 — 9) is 100 times smaller that(1
tation of the complex, leading to the elimination of — 3), the backreaction frontl(— 2) will augment the
ethylene, takes place before rearrangements thatnet rate constant for jelimination. This accounts for
would result in the loss of other species can occur. the dependence of the observations on whether the ion
From the energy profile shown in Fig. 3 it would be initially formed is 1 or 2.
reasonable to conclude that loss of molecular hydro-
gen from 1 could occur after isomerization ta. 3.4.3. [CH,CH,CHNH,] * (5)
However, no such loss is observed experimentally  Yetanother distinct fragmentation pattern is shown
[4f]. Comparison of the calculated lolg versusE by the metastable ion [C}€H,CHNH,] " (5), which



A.J. Chalk et al./International Journal of Mass Spectrometry 194 (2000) 181-196 191

10 T T T T

Ethylene loss
via 5—4

log[k(sD)]
n

log[k(s'1)]

3
200 220 240 260 280 300
200 210 220 230 240 250

En Relative to 1 (kJ mol-!
i ¢ ) Energy Relative to 12 (kJ mol-1)

Fig. 6. RRKM rate constants (lok) calculated as a function of . .

internal energy E) for rearrangement/fragmentation processes 9. 7. RRKM rate constants (lo) calculated as a function of

from 5 and 7. Energy is measured relative 1o internal energy [f) for the rearrangement processeslaf Energy
is measured relative th2.

eliminates both ethylene and ammonia, with the latter

dominating [4]. It can be seen from Fig. 6 that the Mentally significant{10* s~ %) until a relative energy
rates of ammonia elimination frofhand ethylene loss ~ Of about 190 kJ mol* is reached. Thus, eliminations
from 5 (via TS:4 — 5) are similar in the rate constant from the two ions have different rate-limiting steps
region appropriate to metastable ions=# 10°—10° and kinetic energy releases.

s™1). However, the net rate constant for NHbss It remains to explain whyL3 and 16 have similar
from 5 will be reduced due to the competitive back- fragmentation patterns [5c] despite the difference in
reaction of7 to 5. Thus, the calculated surface appears their rate-limiting steps. The formation of idig from

to be inconsistent with a dominance of Nigss from 13will result in 18 (or 16) being produced with excess
5. This is addressed further in the light of isotopic intérnal energy, which would normally be expected to
labeling results (see Sec. 3.5.3). affect the product distributions. However, since the
dissociation limits and transition structure frequency
3.4.4. [CHCHSCH] " (13) and [CH,CH,CHSH]* factors for elimination of ethylene and hydrogen
(1.6). ' z sulfide are similar, the branching ratio will not change

The metastable ions [CJEHSCH]" (13) and greatly with interal energy.
[CH,CH,CHSH]" (16) both eliminate roughly 38%
ethylene and 62% hydrogen sulfide [5c]. However, 3.4.5. [CH,CH,SCH,] " (12)
different kinetic energy releases are observed, sug- The metastable ion [C}H,SCH,] " (12) elimi-
gesting different rate-limiting steps for the elimination nates both ethylene (57%) and hydrogen sulfide
from the two ions. At first glance, it seems that this (43%) [5c]. This surface is much more complicated
latter observation conflicts with our calculated surface than that for the nitrogen-containing ions because
(Fig. 4), which shows thal3 can rearrange td8 there are three competing isomerization reactions for
below the threshold for ethylene elimination, thereby this ion. By comparing the rate constants for these
suggesting that the kinetic energy released during three channels, we may get an approximate indication
ethylene elimination should be the same for both these of the product ratios. From Fig. 7 we see that when
species. However, we find that isomerizatiorl8fto ion 12 is initially formed, there is roughly a 50-50
18 does not occur with a sufficient rate to be experi- split between isomerization tb4 (and hence dissoci-
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ation to form GH,) and isomerization td3. Isomer
ization to 18 is a minor competitor. These results are
consistent with the observation of competition be-
tween GH, and H,S loss from this ion. To determine
the exact branching ratios predicted from our surface,
a full treatment of the kinetics would be necessary,
which is outside the scope of the present study.

3.5. Labeling experiments

A.J. Chalk et al./International Journal of Mass Spectrometry 194 (2000) 181-196

a mechanism has previously been shown to agree well
with the experimental results [4f].

3.5.3. [CH,CH,CHNH,] * (5)

For the metastable ion [CJ&H,CHNH,]" (5),
labeling experiments suggest that in the first field-free
region the nitrogen-bound hydrogens retain their iden-
tity but the remaining six hydrogens show complete
exchange [4f]. For example, during ethylene loss from
metastable [CHCD,CHNH,]" the observed abun

Numerous labeling studies have been carried out dances are 5% Cj&H,, 52% GHD, and 43%

on both deuterated arfdC-substituted isotopomers of
the [C;H,Z] " ions. Our calculations can assist in the
understanding of such experiments.

3.5.1. [CH,CH,NHCH,] * (1)

Labeling experiments have shown that during eth-
ylene elimination from [CHCH,NHCH,] * (1), B-hy-
drogen transfer to nitrogen occurs exclusively [4].
This is not surprising considering the mechanism
discussed in Sec. 3.4.1. The initial isomerization step
(via TS:1 — 3) involves transfer of g-hydrogen to
nitrogen (Fig. 1), and due to its high internal energy,
the resulting complex will dissociate almost immedi-
ately. Hence, no further reactions that could result in
label exchange occur.

3.5.2. [CH;,CHNHCH;] " (2)
Based on labeling experiments for ethylene and
hydrogen elimination from [CECHNHCH]* (2), a

C,H,D, [4f] compared with the values of 7%, 54%,
and 40%, respectively, expected for statistical ex-
change of all the alkyl hydrogens. Labeling experi-
ments suggest a different behavior in the lower-
energy second field-free region, with ethylene loss
from [CH;CD,CHNH,] " occurring in the proper
tions, 0% CHCH,, 63% GH3D, and 37% GH.D,
[4f]. This is close to the values of 0%, 67%, and 33%,
respectively, predicted if exchange is restricted to the
CX,CX moiety.

The mechanism proposed to explain the observed
label exchange irb involves sequential hydrogen
shifts [4c,4d], and can be rationalized in terms of our
calculated potential energy surface (Fig. 3). Revers-
ible rearrangement ob and 6 results in exchange
within the CH,CH group. This occurs below the
dissociation threshold and would therefore be ex-
pected to be rapid. In the lower-energy second field-
free region, exchange is restricted to the JCH
group. Further exchange with6) occurring viaTS:6

mechanism suggesting complete exchange of the— 6', which would result in a statistical distribution

hydrogen atoms within the CJ&H group has been
proposed [4f]. The transition structure for this ex-
change TS:2 — 2') has an energy of 268 kJ mdi,
which is somewhat higher than that for isomerization
of either2to 3 or 2to0 9 (TS:1 — 3 at 244 kJ mol*
andTS:2 — 9 at 231 kJ mol'?, respectively).

Loss of molecular hydrogen fror# involves ab-
straction of one hydrogen atom from each of the
methyl groups (se€S:2 — 9, Fig. 1). If the exchange
mechanisn? — 2" discussed previously is operating,
it would be expected that the N-methyl group would
contribute one hydrogen while the other hydrogen
would come randomly from the CJ&€H group. Such

of carbon-bound hydrogens i, would require a
relative energy of 235 kJ mot, or 44 kJ mol * more
than that required for ethylene elimination. Although
such exchange does not take place in the second
field-free region, rearrangement Vvic6:6 — 6’ be-
comes more favorable with the higher internal ener-
gies characteristic of the first field-free region, and
exchange of all carbon-bound hydrogens is observed.
Now we must address the question of label reten-
tion of nitrogen-bound hydrogens in the loss of
ethylene fronb. We find that rearrangement @fto 5
is faster than ammonia loss from (Fig. 6). This
would seem to suggest that reversible isomerization of
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7 and5, resulting in an exchange of nitrogen-bound
and carbon-bound hydrogens, could occur. In previ-
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as indicated by the preference for the additional
sulfur-bound hydrogen to originate from the methyl

ous theoretical work, a similar observation was made group.

[4a], and was rationalized by suggesting that the
calculated barrier for rearrangement dfto 5 was
underestimated. Our confirmation of the relative bar-
riers at a much higher level of theory would have
seemed to make this explanation less likely but we
note that, due to the steep nature of thekogersuse
curve for ammonia loss from (Fig. 6), only a modest
increase in the energy of the transition structure for
rearrangement of to 5 (via 6) relative to the energy
of the isolated allyl cation and ammonia would be
required to alter the ordering of the predicted relative
rates. Ammonia loss from [C}€H,CHNH,]" (5)
also displays a strong selectivity for retention of
nitrogen-bound hydrogens. Again, this is consistent
with an underestimation in the calculated barrier for
the rearrangement 06 to 7, relative to that of
fragmentation.

3.5.4. [CH,CH,CHSH]" (16)

3.5.5. [CH,CHSCH] " (13

A mechanism to explain the results of labeling
experiments associated with the loss of ethylene from
[CH,CHSCH; " (13) has previously been suggested
[5¢c]. This mechanism involves complete exchange of
all but one hydrogen, the latter originating from the
sulfur-bound methyl group. The isomerization 13
to 18 involves a hydrogen shift from exactly this
methyl group to sulfur.

3.5.6. [CH,CH,SCH,] " (12)

As discussed in Sec. 3.4.5, ethylene elimination
from [CH,CH,SCH,] " (12) is predicted to occur to
similar extents via rearrangement 1@ and to 13.

This would result in about 5098-hydrogen transfer
to sulfur from isomerization ofl2 to 14 and 50%
exhibiting the labeling behavior of iod3. Such a
mechanism has previously been suggested and found

On the basis of labeling studies on the metastable to be in good agreement with experimental results

ion [CH;CH,CHSH]" (16), a mechanism involving

incomplete exchange of the methyl hydrogens with
the remaining alkyl hydrogens and only a small extent
of exchange between sulfur-bound and alkyl hydro-

gens has been proposed [5b]. In contrast, our calcu-

lations suggest that the metastable ib& should
undergo complete exchange of all alkyl hydrogens.

[5b].

A mechanism for hydrogen sulfide loss from
[CH,CH,SCH,] " (12) that is consistent with experi
mental results has been proposed in which rearrange-
ment of12to 18 and subsequent loss o8l can occur
via two pathways [5b]. The first is rearrangement via
13 and 18, as discussed for ethylene elimination

Due to the low barriers to label-exchange processesabove, and secondly, a direct route frdi@ to 18.

such as isomerization df6 to 17 and 16 to 15, we

While the logk versusE curves in Fig. 7 show that the

would expect these processes to be rapid, resulting infirst pathway is about an order of magnitude faster

a statistical distribution of labels on the alkyl chain.
RRKM calculations support this conclusion, predict-

than direct isomerization df2 to 18, it is impossible
to predict the real branching ratios without a complete

ing that these processes should occur several orders ofinalysis of the kinetics in terms of coupled rate

magnitude faster than dissociation.
We might expect that reversible isomerization of
19 to 18, which also has a low barrier, would allow

equations.

3.5.7.%%Carbon label studies

exchange between alkyl and sulfur-bound hydrogens.  The study of'*C-labeled species can give insight

However, examination of the hydrogen sulfide loss into the skeletal rearrangements that occur during the
from [CH;CH,CHSH]" (16) shows that again there is  isomerization of metastable ions. No experimental
little exchange between the sulfur-bound and alkyl *°C-labeling results have been reported for the
hydrogens [5b]. There is also incomplete exchange of [C;HgN] ™ ions discussed here. However, on the basis
the methyl hydrogens with the rest of the alkyl-chain, of our calculated potential surface, we would expect
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little *°C-label exchange to occur in these systems. Table 3

: : . Relative proton affinitiesAPA)? of CH,Z and CH,CH,, binding
This type of exchange could potentially take place via energies of [CHCH, - - - HZCH,] * complexe& and barriers for

reversible isomerization of protonated azeditidé)( the rearrangement of [CJEH, - - - HZCH,]* to
and4. However, as discussed earlier, there are signif- [CH;CH,ZCH,]" (G2, kJ mol™?)

icant barriers to the formation off from either 7 APA Binding energy Barrier
[CH3CH,NHCH,] ™ (1) or [CH;CH,CHNH,]" (5), o 29 73 "
resulting in dissociation of the complex being faster s 98 41 87
than rearrangement processes, such as isomerizatiorNH 185 40 157
of 4to 11 aAPA = PA(CH,Z) — PA(CH,CH,).
Experimental **C-labeling studies on [¢H,S]" [C;Bgl;]i?g energy calculated with respect to BH, plus
LZH] .

ions have been performed and suggest tf@tlabel
exchange occurs to a small extent [5b]. A mechanism
to explain the results of these labeling studies sug- 3-6- When are ion-neutral complexes important?
gested [5b] isomerization of [C}€H,CHSH]" (16)

to protonated methylthiiranel®) via the primary We have noted several times in the present work
cation intermediate [CKCH(SH)CH;]*. This mech that corpplex'es'that. are formed with energy in excess
of the dissociation limit are likely to fragment before

they can be involved in any rearrangements. The
principal origin of this excess energy is the presence
of a reverse barrier for their formation. Hence, in
order for ion—neutral complexes to be mechanistically
significant intermediates, it is important that rear-
rangement to the complex occurs below the threshold
for dissociation. We now examine some of the factors
determining the relevant barriers for formation of
[CH,CH, - - -HZCH,]* complexes.

anism results in exchange of the and 8 carbons
within 16. Although we find no evidence for an
intermediate of this type, we do find a transition
structure corresponding to it $:16 — 18). However,
the energy requirement for this pathway is 59 kJ
mol~* higher than that for an alternative route via
TS:16 — 17 andTS:17 — 18 that does not result in
exchange of**C labels. Nevertheless, the energy
required for rearrangement (ViES:16 — 18) is still
below the dissociation limit so, although we would For both Z= S and NH. we find that the isomer-

not expect Fhere. to be a Iarge. amouptlat-label ization of [CH;CH,ZCH,] " to the ion—neutral com
exchange via this pathway, it is feasible that some plex [CH,CH, - - - HZCH,]* occurs above the disso
exchange could occur. ciation limit, whereas forZ = O the isomerization

It is also possible tha1.13C-.IabeI exchange can a5 found to occur below the dissociation threshold
oceur via reversible isomerization oflprotonated meth- 3] since [CHCH, - - -HZCH,]" is a proton-bound
ylthiirane (18) or the complex15 with protonated  complex, it would be reasonable to suggest that its
thietane 21). The intervention ofTS:15 — 21 is binding energy may in part be determined by the
distinguishable from the other possible mechanisms yg|ative proton affinities of CKCH, and ZCH.. It can
by virtue of the fact that it will result in exchange of  pe seen from Table 3 that there is indeed a correlation
all carbons. We cannot distinguish between these petween the binding energy of the complex and the
alternatives based on the available experimental data.relative proton affinites APA). More closely
Although the barriers to the isomerization processes matched proton affinities, i.e. lower values SPA,
via 21 of 157 and 152 kJ mol', respectively, are just  allow greater sharing of the proton and hence a greater
below the dissociation threshold, they must compete binding energy.
with many other low-energy processes, and therefore |t can be seen from Table 3 that there is also a
we would not expect a large extent of rearrangement correlation between the relative proton affinities and
to 21. Hence, this route should also not lead to the barriers for rearrangement of [QEH,: - -
substantiaf*C-label exchange. HZCH,] " to [CH,CH,ZCH,] *. Lower values ofAPA
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are found to correspond to lower barriers. This result
is not surprising when we examine the transition
structures corresponding to this isomerization. It can
be seen from Figs. 1 and 2 that transition structures
TS:1 — 3andTS:12 — 14 both resemble complexes
between [CHCH,]* and CHZ, as was previously
found for Z = O [3]. A lower value ofAPA results in
the complex [CHCH, - - - ZCH,] *, and therefore the
barrier, being lower in energy relative to [GEH,
-+ +HZCH,]". Hence, the barrier for rearrangement
of [CH,CH, - - -HZCH,] * to [CH;CH,ZCH,] * will
tend to be low if the species GBH, and ZCH, have
similar proton affinities.

The rearrangement of [CJ&H, - - - CH,NH,] " (4)
to [CH;CH,CHNH,] " (5) has a significant barrier (89
kJ mol %) and occurs above the threshold for ethylene
elimination (Fig. 3). In contrast, the corresponding
rearrangements of [CJ)€H,---CH,OH]" and
[CH,CH, - - - CH,SH]" (15) occur with much smaller
barriers (18 and 3 kJ mot, respectively) [3b], i.e. at
energies below the dissociation limit.

We find that the barrier for rearrangement of the
complex [CHCH, - - - CH,ZH] " to [CH;CH,CHZH]"
can be related to the structure of the complex. The
complex15 (Fig. 2) has relatively short bridging C-C
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resulting in the observed similarity in fragmentation
behavior for these two ions.

4. Concluding remarks

lon—neutral complexes are found not to play an
important role in the fragmentation/rearrangement
mechanisms of the isomeric J8gN] " and [GH,S]*
ions. In the case of [HgN] "™ systems, this is a
consequence of the presence of significant reverse
barriers to the formation of the important ion—neutral
complexes § and 4), with the result that the com-
plexes undergo dissociation in preference to isomer-
ization. For the [GH,S]* systems, on the other hand,
the ion—neutral complexes are not mechanistically
important in determining the product abundances
because there are lower-energy pathways via conven-
tionally bonded intermediates. However, our results
do suggest that the ion—neutral compléxcould play
a role in deuterium-label exchange. Apart from a few
minor differences, the essential features of the mech-
anisms based on our potential energy surfaces
(Schemes 3 and 4) are very similar to those previously

bonds (1.860 and 1.786 A) and bears some resemblanceproposed solely on the basis of experimental informa-

to the transition structur@S:15 — 16. Consequently,
the barrier is low (3 kJ matY). In contrast, complex
has very long bridging C—C bonds (2.891 A) and its
structure is quite different from that ofS:4 — 5,
resulting in a larger barrier (89 kJ md). Intermediate
behavior in relation to both the structure of the complex
(bridging C—C bond lengths of 1.932 and 1.946 A) and
barrier height (18 kJ mot) was previously observed in
the case of Z= O [3b]. This suggests that in situations
of this type, the ion-neutral complex [GBH,- - -
CH,ZH] " can potentially play a more important role if
it is tightly bound, i.e. if it has short bridging C—C bonds.
The lack of intervention by ion—neutral complexes
can explain the observation that the ions
[CH,CH,NHCH,]* (1) and [CH,CH,CHNH,]* (5)
exhibit quite different behavior [4], as discussed
earlier. In contrast, the ions [G8H,CHOH]" and
[CH,CH,OCH,] " can access these ion-neutral com
plexes and can therefore isomerize relatively easily,

tion (Schemes 1 and 2).

The calculated potential energy surfaces together
with RRKM analyses lead to predictions that are
consistent with most of the observed abundances of
metastable ion dissociation products and with the
results of labeling experiments. Our calculated heats
of formation and barrier heights are also generally in
satisfactory agreement with experiment, although in a
few instances an experimental re-examination would
be desirable.
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