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Locating the Charge Site in Heteroaromatic Cations
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Abstract: Low-energy collision-induc-
ed dissociation (CID) and ion-mole-
cule reactions with 2-methyl-1,3-dioxo-
lane (MD) performed by pentaquadru-
pole (QqQqQ) mass spectrometry were
applied to locate the charge site in
isomeric heteroaromatic cations. The
2-, 3-, and 4-pyridyl cations are indistin-
guishable by CID. However, as suggest-
ed by MS? experiments and ab initio
calculations, the 2-pyridyl cation reacts
extensively with MD by a transacetali-
zation-like mechanism to afford a bicy-
clic dihydrooxazolopyridyl cation. The
3- and 4-pyridyl cations, on the contrary,

acetalization-like mechanism, whereas
proton transfer occurs predominantly
for the 4- and 5-pyrimidyl cations. The
ions thought to be the 2- and 3-furanyl
and 2- and 3-thiophenyl cations show in-
distinguishable CID and ion-molecule
behavior. This is most likely the result of
their inherent instability in the gas phase
and their spontaneous isomerization to
the corresponding butynoyl and butyne-
thioyl cations HC=CHCH,C=0O" and
HC=CHCH,C=S*. These isomeriza-
tions, which are considerably exother-
mic according to G2(MP2) ab initio
calculations, are indicated by a series of

experimental results. The ions dissociate
upon CID by loss of CO or CS and
undergo transacetalization with MD.
Most informative is the participation of
HC=CHCH,C=S" in a transacetaliza-
tion/dissociation sequence with replace-
ment of sulfur by oxygen, which is
structurally diagnostic for thioacylium
ions. It is therefore possible to locate the
charge site of the 2-pyridyl and the three
2-, 4-, and S5-pyrimidyl cations and to
identify the isomeric precursors from
which they are derived. However, rapid
isomerization to the common HC=CH-
CH,-C=0O(S)* ion eliminates character-

react predominantly with MD by proton
transfer, as does the analogous phenyl
cation. The 2-, 4-, and 5-pyrimidyl cati-
ons display characteristic CID behavior.
In addition, the 2-pyrimidyl cation re-
acts extensively with MD by the trans-

cations -

Introduction

Distinction of positional isomers has been a central issue in
mass spectrometry. It is desirable that the mass spectra of the
isomers contain unique structurally diagnostic fragment ions.
If not, then the collision-induced dissociation (CID)! behav-
ior or ion—molecule chemistry? of the molecular ion, the
protonated molecule, or adduct ions of the isomers may be
sufficiently distinct to allow structural elucidation. An alter-
native to these approaches is the analysis by CIDM or ion-
molecule reaction? of the structures of fragment ions that
could retain the positional information of the isomeric ions
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istic chemical behavior that could result
from different charge locations in the
heteroaromatic 2- and 3-furanyl and 2-
and 3-thiophenyl cations.

from which they are derived. This possibility exists for
isomeric heteroaromatic compounds. Location of substituents
in different ring positions leads to the generation of isomeric
heteroaromatic cations (Scheme 1) in which information on
substituent position may be re-
tained because of charge local- n —|+- .
ization in sp? o orbitals. Hence, @ R R [@ﬂﬂ
unique dissociation behavior or X X
ion—molecule reactivity might

. . . Scheme 1.
be displayed by isomeric hetero-
aromatic cations due to different locations of the charge site in
the aromatic ring. If the specific position of a substituent in
the precursor ion is revealed by a common fragment ion, then
such a strategy could be applied generally for the whole class
of substituted aromatic compounds.

Here we report a pentaquadrupole (QqQqQ) mass spec-
trometricPl study aimed at exploring the gas-phase chemistry
of the isomeric heteroaromatic pyridyl (1a—c), pyrimidyl
(2a—c), furanyl (3a,b), and thiophenyl (4a,b) cations. Com-
parisons are made with the chemistry of the phenyl cation (5).
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The low-energy CID
and ion-molecule be-
havior of the ions were
investigated with the
aim of finding unique
structural characteris-
tics of the ions that
would reveal the iden-
tity of their isomeric

+
| )

1a 1b 1c

(;} ( ) ( ) precursors. In addition,

ab initio calculations

+ were performed to ad-

O dress relative ion stabil-

ities and to gain insights

5 into the most likely re-
action mechanisms.

Abstract in Portuguese: Dissociacoes induzidas por colisdo
(CID) de baixa energia e reagdes ion/molécula com 2-metil-
-1,3-dioxolano (MD) realizadas atraves de espectrometria de
massas pentaquadrupolar (QqQqQ) foram empregadas com o
objetivo de localizar o sitio de carga de cdtions isémeros
heteroaromadticos. Os cdtions 2-, 3-, e 4-piridila se mostram
indistinguiveis por CID. Porém, experimentos MS’ e cdlculos
ab initio sugerem que o cdtion 2-piridila reage com MD via
um mecanismo tipo transacetalizacdo formando um cdtion
biciclico di-hidrooxazolopiridila. Porém, os cdtions 3- and
4-piridila, semelhantemente ao cdtion fenila, reagem com MD
principalmente por transferéncia de proton. Os cdtions 2-, 4-, e
S-pirimidila apresentam comportamentos dissociativos por
CID bastante distintos. Alem disto, o cdtion 2-pirimidila reage
prontamente com MD via o mecanismo tipo transacetalizagdo,
enquanto que transferéncia de proton predomina para os
cdtions 4- e 5-pirimidila. Os ions postulados como os cdtions
2- e 3- furanila e tiofenila, provavelmente devido as suas
inerentes instabilidades na fase gasosa e isomeriza¢do espon-
tdinea para os cdtions butinoila e butinotioila, ou seja,
HC=CHCH,C=0(S)", apresentam comportamento dissocia-
tivo por CID e reatividade quimica indistinguiveis. Uma serie
de resultados experimentais sugerem a ocorréncia destas
isomerizagoes, as quais sdo substancialmente exotermicas
de acordo com cdlculos ab initio G2(MP2). Os ions
HC=CHCH,C=0(S)" perdem CO e CS por CID, respectiva-
mente, e reagem com MD via transacetalizacdo. Ainda mais
informativa € a participagio de HC=CHCH,C=S* em uma
sequéncia de transacetaliza¢do/dissociagdo, diagnostica para
estruturas idnicas tioacilicas, pela qual se procede a troca de um
dtomo de enxofre por um de oxigénio. E possivel, portanto,
localizar o sitio de carga do cdtion 2-piridila e dos trés cdtions
2-, 4- e 5-pirimidila, e identificar assim os precursores isémeros
dos quais estes ions sdo formados. A rdpida isomerizac¢do
para HC=CH-CH,-CO(S)™ elimina, porem, comportamentos
quimicos distintos que poderiam resultar da localiza¢do da
carga em posigoes diferentes nos ions heteroaromdticos 2- e
3-furanila e 2- e 3-tiofenila.
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Experimental Section

The MS? and MS? experiments were performed with an Extrel pentaqua-
drupole (QqQgQ) mass spectrometer.! The QqQqQ consists of three
mass-analyzing quadrupoles (Q1, Q3, Q5), in which ion-mass selection and
analysis are performed, and two reaction quadrupoles (q2, g4), which are
used to perform either low-energy ion—molecule reactions or CID. For the
two-stage MS? experiments, the ion of interest was generated by
dissociative 70 eV electron ionization (EI) of the following precursors: 1a
(2-chloropyridine), 1b (3-chloropyridine), 1¢ (4-chloropyridine), 2a (2-
chloropyrimidine), 2b (4-methylpyrimidine), 2¢ (5-bromopyrimidine, 3a
(2-bromofuran), 3b (3-bromofuran), 4a (2-bromothiophene), 4b (3-
bromothiophene), and 5 (chlorobenzene). After ion-molecule reactions
with 2-methyl-1,3-dioxolane or CID with argon in g2, Q3 was scanned to
record the product-ion spectrum, while Q5 was operated in the non-mass-
analyzing rf-only mode. The target gas pressures in q2 and q4 corresponded
to a typical beam attenuation of 40-60%, that is, multiple-collision
conditions. However, lower reaction yields but similar product distributions
were always observed at lower pressures in g2, that is, under single-collision
conditions.

For the triple-stage MS® experiments, the reaction product of interest was
selected in Q3 and dissociated by collision with argon in q4, while Q5 was
scanned to record the sequential product spectrum. The collision energies,
calculated as the voltage difference between the ion source and the
collision quadrupole, were typically near 0 eV for ion—molecule reactions
and 15 eV for CID in both MS? and MS? experiments.

Molecular orbital calculations were performed with GAUSSIAN 94.5
Structure optimization and the total energy of the ions were obtained with
the high-accuracy G2(MP2) model® or at the MP2/6-311G(d,p)//6-
311G(d,p) + ZPE level of theory.” The G2(MP2) model achieves high
accuracyl® by adopting a composite procedure based effectively on
QCISD-(T)/6-311G + (3df,2p)//MP2(full)/6-31G(d) energies (evaluated
by making certain additivity assumptions) together with ZPE and isogyric
corrections.

Results and Discussion

CID behavior: The three isomeric pyridyl cations la-c¢
display indistinguishable collisional dissociation behavior, as
shown by their practically identical CID product-ion spectra.
Upon 15 eV collisional activation with argon, 1a—c dissociate
by consecutive loss of HCN and H to give fragment ions of
m/z 51 and 50, respectively, as shown for 1a in Figure 1a. Note
that the same fragments are formed from the analogous
phenyl cation (5) by a similar dissociation route, namely,
consecutive loss of acetylene and H (Figure 1b). That the
fragment ion of m/z 50 (C,H7) is formed (at least in part) by H
from the ion of m/z 51 (C,HY) loss is confirmed by the triple-
stage mass spectrum of the m/z 51 ion (Figure 2).
Characteristic CID behavior is displayed by the three
isomeric pyrimidyl cations 2a—c. Loss of acetylene from 2a
(Figure 3a) yields a unique and abundant fragment of m/z 53.
Ion 2b (Figure 3b) fragments exclusively by HCN loss to
afford the m/z 52 ion, whereas 2¢ (Figure 3c) forms two
fragments of m/z 52 and 51 by consecutive loss of HCN
and H. These characteristic dissociations can be easily
rationalized in terms of the influence of the charge site and
its location on the heteroaromatic pyrimidine ring of 2a—c¢
(Scheme 2). Isomeric C;H,N* ions of m/z 52 are probably
formed from 2b and 2¢, as expected from the structures of
their precursor ions and the dissociation mechanisms depicted
in Scheme 2. The ion of m/z 52 from 2c¢ (Figure 3c) readily
loses a hydrogen atom, whereas that from 2b (Figure 3b) is
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Figure 1. Double-stage (MS?) 15eV CID product spectra of a) the 2-
pyridyl cation (1a) and b) of the phenyl cation (5). The spectra of the
isomeric ions 1b and 1¢ are practically identical to that of 1a and are not
shown. In the terminology used to describe the type of MS" experiment and
scan mode employed, a filled circle represents a fixed (or selected) mass,
and an open circle, a variable (or scanned) mass. The neutral reagent or
collision gas that causes the mass transitions are shown between the circles.
For more details on this terminology, see J. C. Schwartz, A. P. Wade, C. G.
Enke, R. G. Cooks, Anal. Chem. 1990, 62, 1809.

50
Ar
51
Ar
20 30 40 50 60 70 80

m/z

Figure 2. Triple-stage (MS®) sequential product spectra for the fragment
ion of m/z 78 formed by 70 eV EI of the 2-pyridyl cation (1a).

stable towards further dissociation under the applied collision
conditions. Our suggestions of possible structures for these
fragment ions, which help to rationalize different dissociation
behaviors, are presented in Scheme 2.

The ions thought to be the isomeric 2- (3a, Figure 4a) and 3-
furanyl (3b) cations and the isomeric 2- (4a, Figure 4b) and 3-
thiophenyl (4b) cations display pratically identical CID
behavior and are therefore indistinguishable by low-energy
collisional dissociation. The putative ions 3a, b (m/z 67)
dissociate mainly by loss of C,H, (m/z 41) and CO (m/z 39),
whereas loss of CS (m/z 39) dominates for the ions 4a,b.

It has been shown by experiment!” and theory!'* !l that the
aromatic cyclopropenyl cation and the aliphatic propagyl
cation are the most stable C;Hi isomers. Therefore, the
dissociation pathways depicted in Scheme 3 are proposed for
the loss of CO and CS from 3ab and 4ab, respectively,
by which the corresponding C;H;C=0O" and C;H;C=S" ions
(3¢, d and 4cd, respectively) are formed. Note, however,

Chem. Eur. J. 1998, 4, No. 7
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Figure 3. Double-stage (MS?) 15 eV CID product spectra of the isomeric
a) 2-pyrimidyl (2a), b) 3-pyrimidyl (2b), and c) 4-pyrimidyl (2¢) cations.
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Scheme 2.

that isomerization of the primary 2- and 3-furanyl and 2- and
3-thiophenyl cations may either be induced by the collisions
or occur spontaneously prior to collisional dissociation.
Isomerization prior to collisional activation is suggested by
ab initio calculations and the ion—molecule chemistry of the
ions (see below).

Ion—molecule behavior: The position of the charge site in the
heteroaromatic ring may influence considerably the electron-
ic structure and consequently the ion—molecule behavior of
the isomeric heteroaromatic cations. A recent study'? has
shown for 1a, 2a, and 2b that very effective overlap occurs
between the fully occupied sp? nitrogen orbital and the
adjacent and coplanar empty sp? orbital of C*. Such effective
orbital overlap leads to the prevalence of heteroarynel'”
structures for la, 2a, and 2b that are characterized by
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Figure 4. Double-stage (MS?) 15 eV CID product spectra of the putative
a) 2-furanyl (3a) and b) 2-thiophenyl (4a) cations. The spectra of the
corresponding 3-isomers 3b and 4b are practically identical and are not
shown. The ions 3a,b and 4a,b are probably unstable in the gas phase, and
isomerize to the same acylium (3d) and thioacylium (4d) ions (see text).
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—
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Scheme 3.

substantially shorter N—C* bond lengths (1.19-1.23 A) and
extensive resonance stabilization on the order of 18-
28 kcalmol~'. Hence, as predicted by Kauffmann et al.,["¥

1a, 2a, and 2b are most appro-

D) @@ priately regarded as ortho-aza-
i R
O @ i @‘ benzynium ions. No substantial
5@ @ orbital overlap occurs for the 2-
& 4 furanyl (3a) and 2-thiophenyl
1a 2b

(4a) cations.'

In addition, a series of stud-
ies has shown that acylium ions
(RC™=0 <~ RC=0") and their
sulfur analogues, the thioacyli-
um ions (RC'=S«~ RC=S"),
react extensively in the gas phase with cyclic acetals and
ketals by transacetalization!™ (Scheme 4) and ketalization.!'%]
The electronic structure of 1a, as well as those of 2a and 2b,
are similar to those of acylium ions in that a positively charged
carbon atom is adjacent to a heteroatom, so that exten-
sive orbital overlap and therefore resonance stabilization
can occur. Considering this similarity, the ortho-azabenzyni-
um ions la, 2a, and 2b can be expected to react with
cyclic acetals to afford bicyclic dihydrooxazolopyridyl

@+ o

N
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cations by a transacetalization-like mechanism (Scheme 5).
This reaction is not expected, however, for isomers 1b,c and
2c¢ due to the separation between the charge site and the
nucleophilic heteroatom.

Yy o}
-~ >—CHs |YX  GH, (§ HJL '
kNj o kN ’J\j\ - ) Cg)\o CHs %N ’k
N % \J
=5
1a; X,Y=CH HeC
2a; X=N, Y=CH
2b : X=CH, Y=N
Scheme 5.

The product spectra for the reaction of the isomeric pyridyl
cations la-c¢ with 2-methyl-1,3-dioxolane are shown in
Figure 5. Reactions of 1a (m/z 78, Figure 5a) yield an abun-

(a) g 122
Q* 89 ?EO%CHS
78 O
Al .
9} To-
887 122 O
(©) . 89
| \/ ?EZ)—CHs
N
7“887 122 O
|""'""|""""'|"" '"'|"""'"I!""""I""""'l
ot e
121 O
I l I0 s 1(I)0 150 1:10 1é0

Figure 5. Double-stage (MS?) product spectra for reaction with 2-methyl-
1,3-dioxolane of the isomeric a) 2-pyridyl (1a), b) 3-pyridyl (1b), c) 4-
pyridyl (1¢) cations, and d) of the phenyl cation (5).
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dant product of m/z 122, which corresponds to net addition of
44 u (C,H,0) to the reactant ion. Therefore, transacetaliza-
tion-like reactions!™”! probably took place. The isomeric 1b
(Figure 5b) and 1e¢ (Figure Sc), on the other hand, react
mainly by proton transfer (m/z 89) and to a modest extent
by hydride abstraction (m/z 87). The participation of the
phenyl cation (5) in the transacetalization-like reaction is
limited; it affords a minor product of m/z 121 (Figure 5d).
The ions 1b and 1le¢, as opposed to the ortho-azaben-
zynium ion la, can both be regarded as protonated
forms of ortho-azabenzynes,'Y just as the phenyl cation
can be regarded as the protonated form of ortho-benzyne.
Hence, 1b and 1c are expected to be much more
acidic than la. It is therefore not surprising that 1b
and 1lec react predominantly by proton transfer (m/z 89)
to give the corresponding neutral ortho-azabenzyne
(Scheme 6).

N (0]
1c m/z 89
Scheme 6.

With regard to the isomeric pyrimidyl cations, the ortho-1,3-
diazabenzynium ion 2a (Figure 6a) reacts, as expected,
extensively by the transacetalization-like mechanism to afford

(a) Q
79

73 | o 32 97 O
I

(b) @ 89
! 0
N\ E —CHs
7987 0
52 73 j
45
L |
(c) 73 +E:,\N
| o]
S e
45 79 8789
| I
40 60 80 100 120 140 160
m/z

Figure 6. Double-stage (MS?) product spectra for reaction with 2-methyl-
1,3-dioxolane of the isomeric a) 2-pyrimidyl (2a), b) 4-pyrimidyl (2b), and
¢) 5-pyrimidyl (2¢) cations.

Chem. Eur. J. 1998, 4, No. 7
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the dihydrooxazolopyrimidyl cation of m/z 123. Ions 2b
(Figure 6b) and 2 ¢ (Figure 6¢) react mainly by proton transfer
(m/z 89) and hydride abstraction (m/z 87). Given the
extensive reactivity of the analogous ortho-azabenzynium
ions 1a and 2a, it is surprising that the analogous ortho-1,3-
diazabenzynium ion 2b does not react by the transacetaliza-
tion-like mechanism. A likely explanation for the unexpected
behavior of 2b is the ease with which it is fragmented by
collision to give the CH,N' fragment ion of m/z 52
(Figure 3b). The CH,N* fragment, formed preferentially
from 2b even under the mild collision conditions used for
ion—molecule reactions (note its presence in Figure 6b), may
react further with 2-methyl-1,3-dioxolane to afford the pro-
ton-transfer (m/z 89), and hydride- (m/z 87) and methyl-
abstraction (m/z 73) products.

Both positional isomers, that is, the ions thought to be the
2- and 3-furanyl and 2- and 3-thiophenyl cations, react
similarly with 2-methyl-1,3-dioxolane. The putative furanyl
cations 3a (Figure 7a) and 3b undergo, to a moderate
extent, addition of 44u to afford the product ion of

] 87 111
.
89

@ [}
fo= T
O

. P |

b 127
) O
0, 83
ZEOHHS ls7 89
|
40 60 80 100 120 140

mez
Figure 7. Double-stage (MS?) product spectra for reaction of the putative
a) 2-furanyl (3a) and b) 2-thiophenyl (4a) cations with 2-methyl-1,3-
dioxolane. The spectra of the corresponding 3-isomers 3b and 4b are
practically identical and are not shown. The ions 3ab and 4ab are
probably unstable in the gas phase and isomerize to common acylium (3d)
and thioacylium (4d) ions (see text).

m/z 111; the product of such reaction (m/z 127) dominates for
the thiophenyl cations 4a (Figure 7b) and 4b. Transacetaliza-
tion-like mechanisms for these reactions are briefly depicted
in Scheme 7.

An alternative exists for the furanyl and thiophenyl cations.
Their reactions may involve not the primary ions 3ab and
4ab but the isomeric (thio)acylium ions 3e¢,d and 4cd
(Scheme 3). These secondary (thio)acylium ions could then
react by the original transacetalization mechanism[** to afford
the cyclic ionic (thio)ketals shown for 3d and 4d in Scheme 8.
Isomerizations to 3d and 4d are supported by ab initio
calculations and triple-stage mass spectrometric experiments
(see below).
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not excluded, the G2(MP2) prediction of thermodynamically
\ A_Q favorable ring opening to give 3d and 4d suggests that these
X 5 +£X \_/O andror {{ N o) isomerizations are the cause of the identical CID and ion-—
3a,X=0 - L ¥ molecule behavior of the (unstable) 2- and 3-furanyl (3a,b)
43, X=8 H™ "Ch and 2- and 3-thiophenyl (4a,b) cations. One must, however,
also consider the activation energies of the isomerization

0] . .
+ E »—CH, (o] steps. These barriers were not estimated, but apparently they
ﬂ <=£_7 are readily overcome by the internal energies of the nascent

X N 3ab and 4ab.

3:;: ; The transacetalization-like products of 1 a and 2 a: By analogy
Scheme 7. with the cyclic ionic ketals formed in reactions with acylium
ions (Scheme 4), the bicyclic dihydrooxazolopyridyl and
-oxazolopyrimidyl cations depicted in Scheme 5 are expected

o

o - +
CH
s 3

EO>—CH3 to be formed in reactions of 1a and 2a with 2-methyl-1,3-
_ ¥ 0 ,,X dioxolane. However, other alternative products could be
HT=Cr—o=X o = CH2_<‘O+j considered, as exemplified for 1a in Scheme9. To
3d ; X=0 -
4d ; X=§ H” ~CHs

Scheme 8.
|
+

Ab initio calculations: Gas-phase stability of the 2- and 3- \_,0
furanyl and 2- and 3-thiophenyl cations: As discussed above, 6
CID and product-ion spectra suggest that isomerization of 7
3ab and 4ab to the corresponding (thio)acylium ions 3¢,d o) — | A
and 4¢,d may occur prior to EO>_CH3 NT O
or in the course of dissoci- Q 7
[>—CEX + ation and reaction. To eval- ) o
H uate the likelihood of such 1+a H/”\CHg — (::L .
:z ; )):(s) i: ; ifg processes, ab initio calcula- 0\7
’ T tions were performed with 8
the high-accuracy G2(MP2)
model®. The two additional isomeric structures 3e.,f and e Q — Q )H\
4ef were also considered for both C,H;O" and C,H;S* N" o™ 0% “CH,
systems. 9

The G2(MP2) energies (Table 1) show that the butynoyl Scheme 9.
(3d) and butynethioyl (4d) cations are the most stable
isomers in each case; they are far more stable than the
evaluate the likelihood of these processes, an MP2/6-
311G(d,p)//6-311G(d,p) + ZPE ab initio potential energy

Table 1. Total and relative energies from G2(MP2) ab initio calculations. . .
reaction surface diagram for 1a was calculated (Table 2 and

1 2(MP2) E hart Relati kcalmol ! . . L L
on G2(MP2) Energy [hartree] Relative energy [kealmol '] Figure 8). The proposed bicyclic ion 6 is indeed by
3a —228.59123 531 far the most likely and thermodynamically favorable
:lc’ :;gz'gig% 53'; product. Its formation is overall —87.6 kcalmol~! exothermic
3d 27867589 0 (—22.2 kcalmol™! exothermic relative to the adduct).
3e —228.65395 13.8 Such an exothermic reaction to form 6 is in agreement
3f —228.65856 10.9 with the rapid dissociation of the adduct. The processes
4a —551.22860 26.9
4b —351.24198 18:5 Table 2. Total energies from MP2/6-311G(d,p)//6-311G(d,p) + ZPE ab initio cal-
4c —551.26165 6.2 .
culations.
4d —551.27152 0
4e —551.25964 75 Species MP2/6-311G(d,p)// ZPE [hartree]  Total energyl®
4f —551.26050 6.9 6-311G(d,p) [hartree] [hartrees]
1la —246.64905 0.08031 —246.57758
2-methyl-1,3-dioxolane —306.88788 0.12917 —306.77292
. . . adduct —553.64634 0.21536 —553.45467
correspon‘dmg heteroaromatl'c furanyl (3 a,b) and thiophenyl acetaldehyde 15344077 0.05916 15338812
(4a,b) cations. The energy differences in favor of 3d (53.1- — 400.23706 0.15181 — 400.10195
54.7 kcalmol~') and 4d (26.9-18.5 kcalmol~!) are even more 7 —400.17834 0.15050 — 400.04440
pronounced in the case of 3d, most likely due to the greater 8 —400.14558 0.14857 —400.01336
9 —400.18647 0.14634 —400.05623

stability of acylium ions compared to thioacylium ions.['”
Therefore, although formation of isomeric ionic mixtures is [a] ZPE energies were scaled by 0.89.
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Figure 8. Ab initio MP2/6-311G(d,p)//6-311G(d,p) + ZPE potential energy reaction surface
diagram for reaction of the 2-pyridyl cation (1a) with 2-methyl-1,3-dioxolane. Acetaldehyde,

sponding reactant ion of m/z 78 (Figure 9a)
and m/z 79 (Figure 9b). Similar dissociation
to re-form the reactant ion is observed for
the net 44 u addition products of 3ab
(spectra not shown). This dissociation, which
is similar to the hydrolysis of acetals and
ketals to re-form the carbonyl compounds, is
a characteristic of the transacetalization!®]
and ketalization"®! products of acylium ions;
it is also easily rationalized for the trans-
acetalization-like products of 1la and 2a
(Scheme 10).

Contrasting CID behavior is displayed by
the net 44 u addition products of the (un-
stable) thiophenyl cations 4a (Figure 9c)
and 4b (spectrum not shown). Both spectra
are very similar, and show that the pro-
duct ions dissociate to form a fragment of
m/z 67 (Figure 9¢). Generation of an ion of
m/z 67 (C,H;0"), rather than the C,H,S*

which is not indicated in the figure, is the neutral product in all cases.

leading to the other alternative products 7-9 are, on the
contrary, all endothermic relative to the adduct.

MS? experiments: The products of net addition of 44 u to 1a
and 2a in reactions with 2-methyl-1,3-dioxolane are shown by
their triple-stage sequential-product spectra to dissociate
exclusively upon collisional activation to reform the corre-

(a) ?EZHHS (EL/ 122

78

20 40 60 80 100 120 140

m?
Figure 9. Triple-stage (MS®) sequential product spectra for the ionic
products of transacetalization-like reactions of the a) 2-pyridyl (1a), b) 2-
pyrimidyl (2a), and c) the unstable 2-thiophenyl (4a) cation (most likely
4d).
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reactant ion of m/z 83, indicates formal

>

Scheme 10.

replacement of sulfur by oxygen. Such a distinct trans-
acetalization/dissociation sequence recently has been shown
to be a unique characteristic of—and a structurally diag-
nostic test for—thioacylium ions, allowing their gas-phase
conversion into acylium ions.'d By this sequence, the
thioacylium ions react with cyclic acetals to form cyclic
ionic thioacetals, which dissociate on collisional activa-
tion to exclusively afford the analogous and more stable
acylium ions.' Therefore the replacement of sulfur by
oxygen observed for the C,H;S* ions is best rationalized if
one assumes that indeed the ions thought to be the 2- and 3-
thiophenyl cations (4a,b) isomerize to 4d (HC=CHCH,C=S")
prior to reaction (Scheme 11). If the primary thiophenyl
cations 4ab participated in the reaction, their possible
transacetalization-like products (Scheme 7) would not be
expected to lose C,H,S.

EZ)—C Hg

+
[ K +
—» H—=—CH,—C=S < I H:
S

s
= cw—{'\'{;j

ad - CoH,0
4a,b m/iz 127
m/z 83
olol -CoHsS
+ -CO +
H—==—CH, «———  H—==—CH,—C=0
m/z 39 3d
m/z 67
Scheme 11.
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In the case of the putative furanyl cations, the fact that their
transacetalization (or transacetalization-like) products disso-
ciate to re-form the reactant ion cannot be used to support
either the heteroaromatic structure 3ab or the acyclic
structure 3d. However, their CID behavior and ab initio
thermochemistry point to a C;H;O* composition in which the
acylium ion 3d dominates.

Conclusions

The isomeric 2-, 3-, and 4-pyridyl cations are indistinguishable
by low-energy CID. The 2-pyridyl cation is characterized,
however, by its transacetalization-like reactivity with 2-methyl-
1,3-dioxolane, which likely results from activation of the
charge site by the adjacent heteroatom. The three isomeric 2-,
4-, and 5-pyrimidyl cations display quite characteristic dis-
sociation behavior, and are therefore easily distinguished by
CID. In addition, only the 2-pyrimidyl cation participates in
transacetalization-like reactions with 2-methyl-1,3-dioxolane.
It is therefore possible to locate the charge site in the 2-pyridyl
and all three pyrimidyl heteroaromatic cations; hence, the
unique CID behavior or transacetalization-like reactivity of
these common fragment ions can be applied generally to
reveal the position of the substituent in the whole class of
substituted pyridines and pyrimidines. Charge location is not
possible, however, in the 2- and 3-furanyl and 2- and 3-
thiophenyl cations because of their instability in the gas
phase. Rapid isomerization of the nascent furanyl and
thiophenyl cations, most likely to the same (thio)acylium
ion HC=CHCH,C=0(S)", results in identical CID and ion-
molecule behavior.
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