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Abstract

Isomeric GH:N"" and GH-N* radical cations were allowed to interact with various neutral reagents in the quadrupole
collision chamber of a six sector magnetic deflection type tandem mass spectrometer. UsB%8CE§ CH,OH, or H,0O,
iso-C;H4l, and tert-GH NC as substrates, specific associative ion—molecule reactions occur whose products were analyzed i
a subsequent high energy collision induced dissociation experiment. Differentiation between ionized pyridine and its 1,2-F
shift isomer is readily achieved with each of the four substrates as the latteiNC ion exhibits a radical-type reactivity
characteristic of its distonic character. An unambiguous structure characterization ofHbl C ions, namely ionized
2-methylpyridine, theN-methylene pyridinium ylide ion, the 2-methylene-1-hydropyridine ion, and Namethyl-2-
dehydropyridine radical cation, is realized when all of the above substrates are used in the analysis. (Int J Mass Spectrom 2|
(2001) 91-103) © 2001 Elsevier Science B.V.
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1. Introduction experiment and/or theoretical calculations, often leads
to a definitive structure assignment [1]. However,
The structure assignment of an organic ion in the deriving the structure of a given ion from its dissoci-
gas phase is commonly based on information derived ation chemistry may become problematic when iso-
from either its dissociation chemistry or its reactivity meric structures with energetically more favourable
in selected ion-molecule reactions. The methodology dissociation routes are accessible. This phenomenon
used in the former approach probes the collision may dominate a CID spectrum to such an extent that
induced (CID) and spontaneous dissociations of the tell-tale peaks for structure specific dissociation reac-
ions (and selected labeled isotopologues) and, whentions are largely suppressed or even absent [2].
combined with energetic information derived from In the second approach, the reactivity of the ion
under investigation is probed by interactions with
Torresponding author. E-mail: Robert.Flammang@umbh.ac.be selected neutral m0|eC.UIes [3]..Apart_from charge
1 Chargede Recherches du Fonds National de la Recherche exchange and protonation reactions, highly structure
Scientifique specific associative ion-molecule reactions may occur
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that can serve to easily distinguish the ion from its
structurally related isomers. A couple of examples of
the success of this approach (where CID experiments
were inconclusive) involve the differentiation of the
C- and Ssulfide ethenedithione ions SCE£Sand
SCCSS" [4] and the characterization of isomeric

C,H;" ions [3e,5]. CH; H s
On the other hand, the interaction of an ion with an 2 22"t 20" 2¢™
appropriately chosen neutral molecule may also lead Scheme 1.
to a facile isomerization, by way of proton transport
catalysis and related mechanisms [6]. Nevertheless,hydropyridme ion, and 2¢*, the N-methyl-2-

the virtually unlimited choice of neutral molecules  genydropyridine radical cation (Scheme 1).

makes the ion—molecule approach quite versatile and A shown in a recent detailed experimental study
eminently suited as a complementary tool to study [10], these four stable isomers can be differentiated on
systems of isomeric ions whose basic isomerization the pasis of small structurally characteristic intensity
and dissociation characteristics have been probed by itferences in their high-energy CID spectra but only

theory and/or experiment.

A case in point are the three 1,2-H shift isomers of
the pyridine radical cationl* which have been
thoroughly characterized by various collision experi-
ments and theoretical calculations [7]. The high-
energy CID spectra of the four isomeric ions are
similar but nevertheless characteristically different.
For example, for ionized pyridine and itsdistonic
isomer 1a™, the isomer distinction was realized on
the basis of them/z 28 (HC=NH")/26 (HG=CH ™)
peak branching ratio in their CID spectra: the pyridine
radical cation is characterized by a ratio of 04103
whereas, in keeping with its structurga™® yields a
higher ratio: 0.86:0.03.

However, as shown in a recent preliminary study
[8], a far easier differentiation between these two
CsH:N" ions is obtained in an associative ion-
molecule reaction with dimethyl disulfide as the
neutral reagent. Considering the ionization energies
(IEs) of laandl (6.8 and 9.3 eV [7]) vis &is that of
the disulfide (8.0 eV [9]), the pronounced difference
in reactivity between the two ions, viz. a facile ¢
abstraction forla® and charge exchange fdr™,
becomes readily understandable.

Another prime candidate for further analysis by
associative ion—molecule reactions concerns the re-
lated GH,N™ system of ions, viz. ionized 2-meth
ylpyridine, 2, and its isomers2a™, the N-methyk
ene pyridinium ylide ion2b™, the 2-methylene-1-

when the spectra are obtained under exactly the same,
carefully defined, experimental conditions.

In light of the promising result on the pyridine
system reported in [8], we report here a more detailed
characterization of the £i:N'* ions, 1" and 1a™,
and also the gH,N* ions, 2™, 2a™, 2b™, and2¢™
by studying their associative ion—molecule reactions
with several neutral reagents including water, metha-
nol, dimethyl disulfide, pyridinels, isopropyl iodide,
and tert-butyl isocyanide. Some of these molecules
are recognized as excellent trapping agents of distonic
ions [3a,3b].

2. Experimental

The spectra were recorded on a six sector tandem
mass spectrometer (Micromass AutoSpec 6F,
Manchester) of Ec,B,c,E,c5c,E5B,CsE, geometry
(E = electric sector, B= magnetic sector, & col-
lision cell) [11]. General conditions were 8 kV accel-
erating voltage, 20QA trap current (in the electron
ionization mode, El), 1 mA (in the chemical ioniza-
tion mode, CI), 70 eV ionizing electron energy and
200 °C ion source temperature. The solid samples
were introduced with a direct insertion probe, while
the liquid samples were injected into the ion source by
means of a heated (180 °C) septum inlet.

The instrument has been modified with an rf-only
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qguadrupole collision cell (Qcell) between &nd E as

reported elsewhere [12]. This modification allows the @ @

study of associative ion—-molecule reactions and the e 1 95*"_;;'3*
study of collision induced dissociation of decelerated 97 -0.01
ions having 20—30 eV kinetic energy. Briefly, the ™" ' %03
experiments utilizing the quadrupole consist of the “ercRNG 575204 15171_'(32
selection of a beam of fast moving ions (8 keV) with  segi o L
the three first sectors (B,E,), the deceleration of o7 206-6
these ions to~5 eV (to maximize ion-molecule  CH:SSCH: 126008 T262

reactions) or 20-30 eV (to maximize collision in- ., @ @ s ofthe inmoiecue reacions procucts

duced diSSOCiatiOnS). The interaction between the ions l;(i)r(;tensities of the reactions products signals relative to the intensity of the precursor ion =

and the reagent gas (the pressure of the gas is

estimated to be about 16 Torr) is thereafter realized

in the Qcell and, after reacceleration to 8 keV, all the

ions generated in the quadrupole are separated and3.2. lon—molecule reactions with dimethyl disulfide

mass measured by scanning the field of the second

magnet. The high-energy CA spectra of mass-selected ~As mentioned in Sec. 1, the bimolecular interaction

ions generated in the Qcell can be recorded by a of radical cationd ™ andla™ with dimethyl disulfide

linked scanning of the fields of the three last sectors. has been reported previously [8]. For the sake of

The pressure of the neutral reagent in the quadrupole comparison with the new results, we briefly summa-

collision cell cannot be reliably measured as it is fize the observations of that study (Table 1).

estimated using an ionization gauge situated quite far  Thela™ radical cations react with dimethy! disul

away from the quadrupole cell. For the sake of fide in the quadrupole cell by abstraction of €34

consistency, an ion transmission of 50% was used in (M/z 126, 2%) and to a lesser extent by charge

all experiments. exchange rt/z 94, 0.7%) (Scheme 2). As expected,
All samples were commercially available (Aldrich, the reaction between the pyridine iods™ and the

Resco Trade) and used without further purification, neutral reagent differs: the charge exchange reaction

except for 2-methylthiopyridine [13a] and methyl-2- Nnow becomes the dominant process494, 8%). To

pyridinethiocarboxylate [13b] which were prepared Verify the proposed structure of theg+CH,S]" ions

according to literature procedures. at m/z 126, their 8 keV CID spectrum was obtained

and found to be very similar to that of protonated
2-methylthiopyridine.

3. Results and discussion: the gH,N* radical In agreement with its prominence, the reaction
cations 1" andl1la*t 18:++CHSSSC|‘§ﬁ[la+CHBS]++CH3S is estt
mated to be exothermic, by-110 kJ/mol. (From
3.1. Preparation of the ions AH(1a")=995 kJ/mol [7b],AH{(CH,SSCH)=—24
Pyridine molecular iond™ are conveniently gen
erated by electron ionization of neutral pyridine @ CHeSSCHs osscrs*
whereas thex-distonic isomerla™® can be obtained N o m/z94

by dissociative ionization from various precursor

molecules. These include 2-picolinic acid (loss of @ CH,8SCH, @

CO,) [7a], methyl picolinate (loss of CiHO + CO) + . W+ "SCH,
[7b], and 2-acetylpyridine (loss of GHC=0) [8] " " mize
which was used in the present study. Scheme 2.
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Fig. 1. lon—molecule reactions betwega™ radical cationsrf/z79) and water: (a) mass spectrum of the ions produced in the quadrupole
collision cell and (b) subsequent collision induced dissociatios—H&00 eV) of them/z95 radical cations. The terminology, introduced by

Schwartz et al. [37] is used to schematize the sequence of reactions: a filled circle represents a fixed (or selected) mass; an open circle
variable (or scanned) mass, whereas the neutral reagent or collision gas that causes the mass transitions is shown between the circles.

kd/mol, AH{[la+CHsS]")=739 kJ/mol and
AH{(CH3;S)=123 kJ/mol [14]). Charge exchange with
the disulfide is endothermic witta ™ (by 115 kJ/mol)
and exothermic witl'™* (by 120 kJ/mol) and this too

is reflected in the observed signal intensities for the
m/z 94 ion. In light of these thermochemical esti-

3.3. lon—molecule reactions with,® and CHOH

Water and methanol have only been used occasion-
ally in the study of ion—-molecule reactions with
distonic ions. The reactivity 6CH,CH,OH, radical
cations with water has been investigated by Kent-

mates, it is remarkable that the distonic ion undergoes tamaa and co-workers who showed that this distonic
a charge exchange reaction at all. We note, however,ion undergoes a thermoneutral exchange of a water
that in our experiments the mass-selected ions are notmolecule when reacted wiftH- or *¥0-labeled water

thermalized prior to the reactions in the quadrupole

[16]. The facile replacement of water with labeled

and this may explain why endothermic processes are water in the distonic ion was suggested to be in

also observed. Another point is that the calculated
barrier for the 1,2-H shift connectingj™ and 1a™
(265 kJ/mol [7b]) lies below the threshold for the loss
of HCN, the dissociation reaction of lowest energy
requirement (385 kJ/mol [15]). Thus, one may argue
that both the pyridine radical catior, ", and its
distonic isomer,1a™, contain (minor) contributions
from the other isomer. This would be so even if the
ions had been thermalized prior to the reaction in the
guadrupole cell. However, since the ions are not
thermalized in our experiments, it remains unclear
whether them/z 126 ions in the spectrum df * and
the m/z94 ions in the spectrum dfa™ (Table 1) are
due to the presence of isomeric “impurities.”

accordance with the predicted low barrier for the
isomerization of this ion to an ion—dipole complex of
ionized ethylene and water [17].

When the a-distonic ions1a® are allowed to
interact with water in the quadrupole collision cell,
see Fig. 1(a)m/z 95 ions are readily generated in a
reaction which formally involves abstraction of the
oxygen atom from the water molecule [18]. Under
these conditions, pyridine radical catiords" are
completely unreactive.

The CID spectrum of thesa/z 95 ions, shown in
Fig. 1(b), is closely similar to that of the molecular
ions in the El spectrum of the 2-hydroxypyridine/
pyridine-2-one system of protomeric isome&a/3b.
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Scheme 3.

Although protomer3a is the major isomer in the
vapour phase [19a], it is highly probable [19b] that a
facile interconversion between the ionic tautomers
3a"/3b* precedes the CID analysis.

To remove the resulting ambiguity in the structure
assignment of them/z 95 ions generated in the
ion-molecule reaction, we replaced the water mole-
cule by D,O. In this experiment only one signal was
observed, atm/z 95, showing that the abstraction

95

96. These peaks correspond taf CH,OH] " and
[la+OH]" ions, respectively. Surprisingly, they do
not seem to serve as precursors for the formation of
the m/z 95 ions3b™ as a signal am/z 95 is only
marginally present in their CID spectra.

3.4. lon—molecule reactions with tert-butyl
isocyanide

The reactivity of tert-butyl isocyanide toward dis-
tonic radical cations was recently examined by Kent-
tamaa and co-workers [21]. Two distinct reactivity
patterns were observed, one characteristic of the
electrophilic nature of the charge site of the ion, and
the other characteristic of the unpaired spin of the free
radical moiety. This neutral reagent reacts with

involves the specific loss of the water hydrogen atoms charged groups by means of transfer of a cyanide ion,
and that the product ion generated has the (initial) whereas a cyano radical is transferred to the radical
structure of the keto-isomeBb™ as depicted in site. These two types of reactivity are mutually

Scheme 3. We further note that the hydrogen atoms exclusive due to great differences in reaction rates.
are probably lost as Hrather than Ht+-H-. This is Tert-butyl isocyanide reacts preferentially at the dis-
because the latter reaction is highly endothermic tonic ion’s charge site and reaction occurs at the

whereas the reactioba " +H,0—3b* +H, is calcu
lated to be slightly exothermic (frotH, [1a"]=995
kd/mol [7a]; AH; [3b"]=733 kJ/mol [14a] (735
kJ/mol [14b]); AH; [H,0O]=—242 kJ/mol andAH;
[H,]=0 kJ/mol [14]).

Methanol and CBOD behave in a completely

radical site only if the charge site is inert. The
applicability of such a neutral reagent to the study of
distonic radical cations has been clearly demonstrated
[21].

Two reaction products are generated in the quadru-
pole cell when radical cationsa™ are allowed to

analogous fashion: whereas the pyridine ions remain interact with neutral tert-butyl isocyaniden/z 105

completely unreactive, the distonic isondei ™ again
clearly yields m/z 95 ions with a CID spectrum
compatible with the formation c3b*. Here too, the
overall reaction is calculated to be exothermic, by 136
kJ/mol, when it is assumed that Gi4 lost rather than

ions (from cyano radical abstraction) anuz57 ions
(from a cyanide ion transfer), see Fig. 2(a). The
reaction leading to the abstraction of Q/z105) is
more efficient than the reaction yielding tert-butyl
cations (n/z57) as the ration/z105M/z57 amounts

CHs;+H-. In this context, we note that this remarkable to ~6. This result is in keeping with the findings of
abstraction process whose mechanism is currently Kenttamaa and co-worker [21]: the charge site in
being probed by further experiments, may have a radical cationsla™ is coordinately saturated and can
precedent: diphenylcarbene radical cations interact thus be considered as chemically inert. The charged

with methanol in the condensed phase yielding ben-

pyridinium phenyl radical, studied in great detail by

zophenone radical cations as one of the reaction Kenttairaa and co-workers [22], provides an excellent

products [20].
Finally, it follows from the summary of the exper-
imental results in Table 1, that two more signals are

example of such a chemical inertness of the distonic

ion’s charge site. In support of the mechanism de-
picted in Scheme 4, the CID spectrum of tinéz 105

present in the mass spectrum of the ion—molecule ions of Fig. 2(b) is closely similar to that of indepen-

experiment ofla™ with CH;OH, atm/z111 andm/z

dently generated protonated 2-cyanopyridine.
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Fig. 2. lon—molecule reactions betwegs™ radical cationsr(//z79) and tert-butyl isocyanide: (a) mass spectrum of the ions produced in the
quadrupole collision cell and (b) subsequent collision-induced dissociation&@O0 eV) of then/z105 ions. lon—molecule reactions between
pyridine radical cationd™* (m/z79) and tert-butyl isocyanide: (c) subsequent collision-induced dissociation8@0 eV) of them/z 105

ions.

In contrast to its inertness in reactions with water ions 1a™ are transmitted to the quadrupole cell, this
and methanol discussed in Sec. 3.3, the pyridine yield decreases to about 0.4% with the molecular ions
molecular ionsl'™* do react with tert-butyl isocyanide,  of pyridine. Moreover, a consecutive CID experiment,
generating ions ah/z57 andm/z105. However, these  see Fig. 2(c), reveals that tine/z105 ions generated
reactions are clearly less efficient than those observedfrom ionized pyridine do not have the protonated
with the distonic ionla™. Although the signal amn/z 2-cyanopyridine structure. These ions rather represent
105 represents 3.5% of the base peakz(79) when a less stabléN-cyano species which is prone to lose

CN (m/z79).
X 3.5. lon—molecule reactions with isopropyl iodide
@ £ 7 7
) — s v K | . Alkyl iodides have relatively low homolytic @
" ot "E zN/)T *E SN bond dissociation energies, in the 170-250 kJ/mol

range [23]. lodine atom abstraction is therefore often
Scheme 4. observed when free alkyl radicals are allowed to react
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with an alkyl iodide [24]. Hence, the bimolecular
reactivity of several distonic ions toward alkyl or allyl

97

an isopropyl radicalri/z 122, 0.7%). However, the
charge exchange reaction leading gz 170 ions
(7%) is clearly the predominant process. This is not
surprising considering that the IE of pyridine (9.3 eV)
is slightly higher than that of isopropyl iodide (9.2
eV). Charge exchange reactions that are exothermic
can be expected to be very fast: the reported rate
constants for most exothermic charge exchange reac-

iodides has been thoroughly investigated. For in- tions are close to the capture collision limit [28].

stance, the distonic ioriCH,CH,CH,C O readily

In summary we note, see Table 1, that isopropyl

abstracts an iodine atom from isopropyl iodide, most iodide allows an even better differentiation of the

likely by way of a direct attack at the radical site of
the distonic ion [25]. However, the competitive ab-
straction of a GH> radical is also observed [26]. This

isomeric ionsl'" andl1a™ than tert-butyl isocyanide.

has been rationalized on the basis of a mechanism4. Results and discussion: the gH,N'* radical

involving “catalysis” by the charge site of the radical
cation: initial bond formation at the charge site would
be followed by a radical substitution through a six-
membered transition state [26]. Distonic ions like
(CH,),S™—CH, [25] and charged pyridinium phenyl
radicals [27] also readily abstract but not GH,
from C3H,I. These ions cannot form an additional

cations 2%, 2a*, 2b™, and2¢*
4.1. Preparation of GH,N ™ radical cations
lonized 2-picoline,2™, is prepared by electron

ionization of the stable neutral molecule. Tin
methylene pyridinium ylide ion2a™, can be pre

bond at their charge site because it is coordinately duced by dissociative ionization of bis(ethoxycarbon-
saturated and thus, in support of the proposed catal-yl)pyridinium methylide [29]. The ion can also

ysis mechanism, loss of 85 is not realized.

As far as radical cationsa™ are concerned, they
react in the quadrupole with isopropyl iodide by
iodine atom adduct formationm/z 206, 6%) and to a
lesser extent also by charge exchangéz(70, 1% of
them/z79 base peak). The IE dfa, 6.8 eV [7b], is
considerably lower than that of;8-1, 9.2 eV [14],
and thus the charge exchange leadingnitz 170
C;H,I™" ions either reflects the fact that the ions are
not thermalized or else the presence 16f as an
isomeric impurity, see Sec. 3.2.

The collision-induced dissociations of th#z206

ions generated in the quadrupole indicate that they

conveniently be generated by GHtransfer from
oxirane ions to neutral pyridine under conditions of
chemical ionization [30]. Oxirane, upon electron im-
pact ionization spontaneously undergoes a ring open-
ing into the distonic ioriCH,OCH; [31], which has
been reported to be an efficient methylene transfer
agent [3a,3b,32]. lonized ketene [33] and cyclobu-
tanone [25] (by means of its distonic isomer
"CH,CH,CH,C" 0O [34]) also react with several neu
tral molecules by CH transfer. In this work, we have
used cyclobutanone to gener@&" by CH," transfer
to pyridine.

The decarbonylation of 2-acetylpyridine ions [10]

have the structure of protonated 2-iodopyridine, see and the loss of formimine (CHNH) from 2-dimeth

Scheme 5. Another very interesting finding is thek
122 cations resulting from isopropyl radical abstrac-
tion are not observed, in line with the coordinative
saturation of the pyridinium charge site iha™
[26,27].

lonized pyridine 1™, on the other hand, undergoes
both abstraction of an iodine atorm{z206, 1%) and

ylaminopyridine ions [29] provide convenient routes
for the generation of isomerically pure io@% ™. In
this study we have used the second of these dissocia-
tive electron impact procedures.

Isomer2c™ can be generated by either dissociative
electron ionization, loss of OCS from methyl-2-
pyridinethiocarboxylate ions [13] or by collision in-
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duced dechlorination oN-methylated 2-chloropyri-
dine ions as described in [8]. The former procedure
was used in this study.

4.2. lon—-molecule reactions with,® and CHOH

Of the four GH,N™ isomeric radical cations
studied, only the carbenic speci@s™ reacts with
water, yieldingm/z 109 ions by a formal abstraction
of atomic oxygen. Analogous to the behaviour of the
pyridine type ionla™ discussed previously, the use of
D,O as the neutral reagent shows that the leaving
hydrogens are those of the water molecule. The
structure of then/z109 ions was established to be that
of ionized N-methyl-2-pyridone by comparative CID
experiments. That the CHjroup in ion2¢™ does not
participate in this remarkable abstraction reaction
follows from ion—-molecule reactions with methanol
and CD,OD which exclusively yieldm/z 109 ions
having the structure of ionized-methyl-2-pyridone.

Thus interaction of the above-mentionegHGN ™
isomers with water (or methanol) allows one to

unambiguously determine if the reacting species has

the structure2c™.

4.3. lon—molecule reactions with tert-butyl
isocyanide

When2c™ ions are transmitted to the quadrupole
cell pressurized with tert-butyl isocyanide, ionswtz
57 (0.2%) andm/z 119 (2.2%) are produced. These
ion-molecule reaction products arise from a TN
transfer and a CNabstraction, respectively. Tha/z
119 signal resulting from the radical abstraction is
more intense than that of the cationic reaction, in
keeping with the chemical inertness of the cationic
site in ions2¢™ (see Sec. 3.4). The CID spectrum of
them/z119 ions features structure diagnostic signals
such asm/z 104 (loss of CH) and m/z 93 (loss of
CN), and is compatible with the presenceMNsmeth
yl-2-cyanopyridine ions. In these experiments the
isomeric ions2™ and2b™ also generaten/z57 and
119 ions but, see Table 2, in negligible quantities.

In contrast, the pyridin&-methylene isomeRa ™
reacts in a unique way with tert-butyl isocyanide

P. Gerbaux et al./International Journal of Mass Spectrometry 206 (2001) 91-103

Q. @ Q. @

';l+ CH; +'}1
*CH, H CH,
2a™ 2b™ 2c™
H0 109-0.3
CH3OH - - - 109-0.1
tert-C4HgNC 57-0.01 97 -5 57-0.1 57-0.2
119-0.3 119-0.1 119-2.2
pyridine-ds - 98-0.3 - -
iso-C3Hyl 136 -0.2 220 -0.04 206-0.3 220 -1
170-0.6
220-0.5
CH3SSCH;3 94 - 11 140 -0.02 140 -0.02 94-23

140-1

# mass-to-charge ratios of the ion-molecule reactions products
® intensities of the reactions products signals relative to the intensity of the precursor ion =
100

which permits its unambiguous characterization. An
ionized methylene is readily transferred from "

ions to the neutral isocyanide, yielding tihnéz97 ions
shown in Fig. 3(a). That these ions have the expected
ketenimine structure, (CHLC—N=C=CH,", follows
from the CID spectrum of Fig. 3(b) which shows
prominent peaks amn/z 57 ((CHy);C") and m/z 41
(H-N=C=CHy', loss of isobutene). The transfer of a
charged odd-electron group from a distonic ion to an
isocyanide is not unprecedented. In fact the reaction
has been frequently used to characterize distonic ions
such as nitrileN-selenide ions [35], pyridineN-
selenide ions [3h], ¢S;° radical cations [4] and
ionized thiosulfoxides [3i]. We further note that an
ionized ketenimine, CE-N=C=CH," [2,3g] is also
readily generated when methyl isocyanide interacts
with ionized ketene or cyclobutanone.

4.4. lon—-molecule reactions with isopropyl iodide

2-methylpyridine ions2* react with isopropyl
iodide by isopropyl radical abstractiorm(z 136),
charge exchangen(z170) and iodine atom abstrac-
tion (m/z 220). The charge exchange is clearly less
pronounced than that observed in the parent pyridine
ion 1" discussed in Sec. 3.5. This is because the
process is exothermic fdi" and slightly endothermic
for 2° (IE(2)=8.6 eV [14]).

As expected for distonic ionda™* and2c™, both
abstract an iodine atom to formm/z 220 ions. This
process appears to be much more efficient with ions
2¢* than ions2a™: 1% versus 0.04%, as measured
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Fig. 3. lon—molecule reactions betwe2s™ radical cationsrf/z93) and tert-butyl isocyanide: (a) mass spectrum of the ions produced in the
quadrupole collision cell and (b) subsequent collision-induced dissociatiph§@0 eV) of them/z97 ions.

under experimental conditions that were kept rigor-
ously constant. Moreover the CID spectra of the
adduct ions are characteristically different, thus per-
mitting the differentiation oRa™ and2¢™. The two

moiety in the ion by iodine (see Fig. 5). That the
resulting product ions are protonated 2-iodopyridine
follows from the close similarity of its CID spectrum,

with that of protonated 2-iodopyridine, discussed in

CID spectra, see Fig. 4(a) and (b), show the same Sec. 3.5. The mechanism of this remarkable reaction

major dissociations but that @™ features a signa
ture peak at/z141, which, see Scheme 6, originates
from the loss of pyridine.

Finally, ions2b™ show a very unexpected reac
tion: m/z 206 ions are generated in a reaction that
formally corresponds to the substitution of the CH

93 o3 @ m:z93
l (CH3),CH-l
@ miz220
| o
127 ©
CS
CS 127
L 141
A i
a I m/zlv I ,b‘,. ml/z !

Fig. 4. (a) lon—molecule reactions betwegm" radical cationsr/z

93) and isopropyl iodide: subsequent collision induced dissociation
(O,—8000 eV) of them/z220 cations. (b) lon-molecule reactions
betweer2a* radical cationsr/z93) and isopropy! iodide: subse
quent collision induced dissociation {68000 eV) of them/z220
cations. (CS represents the charge stripping signai/at10).

has not yet been investigated but the process clearly is
uniquely characteristic of ionb™. We further note
that I abstraction does not occur sino®z 220 ions

are not generated.

4.5. lon—-molecule reactions with pyriding-d

In one of the earlier studies ™-methylene pyri-
dine radical cations, Yu et al. [30b] describe the CH
abstraction from ion2a™ by the more nucleophilic
pyridine derivative, 2,6-dimethylpyridine. We have
extended this interesting experiment to characterize
the molecular ions of pyridiné\-thioxide [3f] and

@ l__l_. @ _CA . “Chyl

N+ o miz141
CH2- e

2a"+

CA

Q. . QL

'|\1+ N

CHg 20+ CH,

Scheme 6.
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93 X 100 CH,SSCH,3 CA
Q O CHsSCHy* + O
NT N+ m/z61 N
3 éHE. CH CHe +
. m/z 93 2at ls~g” 3a
CH,SCH,* + @
-
l (CH3)2CH-I 7< m/z61 'L
CH,SSCHg CH,
o O == "=
N CH, No ok, \
2b.+ 4 M : ].+
206 3p+ [ M-CHSH | o
O CHySSCH, Q cA @ PR
. _CH .
L e L B e s w LA Ifh' 'ﬁ"‘ss 'ih. 4
m/z 2¢™* CH, CHy ge+ CHy 2¢
AN m/z93
Fig. 5. lon—-molecule reactions betwe2h* radical cations ro/z NS
93) and isopropyl iodide: mass spectrum of the ions produced in the CHy
quadrupole collision cell.
Scheme 7.

pyridine N-selenide [3h]. In the same vein, the £H
transfer observed in the reaction of the LMCH,"
ion with pyridineds characterizes its distonic nature
[3g]. As expected with the four isomeric ions in the
present study, only thél-methylene pyridine ions
2a™" show a CH' transfer to pyridineds.

pyridine) are indeed in keeping with tfga" struc
ture. The CID spectrum of the adduct ions derived
from 2b™" is very different, see Fig. 6(b). Tha/z92
base peak in this spectrum corresponds to the loss of
methanethiol, which is a negligible fragmentation for
ions 3a*. The absence of the signal am/z 61
(CH,SCH,) is entirely compatible with the proposal
that the sampled ions possess 8t structure, see
Scheme 7. The production of GBCH, ions from

Analogous to the pyridine case, the 2-picoline 3b* would involve the energetically unfavourable
molecular ions react predominantly by charge ex- elimination of the carbenic pyridine isomée. This
change /2 94, 11%). This is not surprising as the neutral, the so-called Hammick intermediate [7a], is
ionization energy of 2-picoline (8.6 eV) is higher than 210 kJ/mol higher in energy than its pyridine coun-
that of the disulfide (8.0 eV). The charge exchange terpart.

4.6. lon—molecule reactions with dimethyl disulfide

reaction is also observed when the reacting ions have

the structure2c™, but nom/z 94 radical cations are
detected witiRa™ and2b™. This can be attributed to
the low IEs of the corresponding neutrals, 6.1 and 6.3
eV, respectively, as derived from the theoretical
calculations of Lavorato et al. [7b].

A common reaction product & ", 2b™ and2c™
is the adduct ion resulting from the expected {SH

If the ions prepared from methyl-2-pyridinethio-
carboxylate ions are indeed distonic ioRg™, it is
expected that abstraction of a methylthio radical
produces ions3c”, N-methyl-2-methylthiopyridine
ions, see Scheme 7. The CID spectrum of this ion, see
Fig. 6(c), is different from that o8a* and3b™. It is
characterized by very intense signalsmaiz 125 and
m/z93 corresponding to the losses of C&hd CHS,

radical abstraction, characteristic of distonic ions, see respectively. The latter decomposition regenerates the
Scheme 7. The structures of these ions were investi- initial distonic ion2¢™. Further, the CID spectrum of
gated by consecutive CID experiments. The CID [2c+CH,S]" is virtually identical with that obtained
spectrum of theJa+CH,S] " ions is shown in Fig. on methylated 2-methylthiopyridine ions generated by
6(a) and is characteristic of the proposed structure, the methylation ofN-methyl-2-pyridine-thione [36],
3a" (Scheme 7). Peaks at/z125 (loss of CH), m/z see Scheme 7, and this confirms the structure assign-
93 (loss of CHS) and m/z 61 (CH;SCH;, loss of ment.
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61 92
P ® 7293
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Fig. 6. lon—-molecule reactions betweegHZN* radical cationsrf/z93) and dimethyl disulfide. Collision-induced dissociation spectra of the
m/z 140 adduct ions generated from io2&™, item (a), ions2b™*, item (b) and ion2¢™, item (c).

5. Conclusions react with water or methanol. The mechanism of this
reaction is currently under investigation.
Associative ion—-molecule reactions with judi- As far as the picoline isomei@™, 2a"-2¢* are

ciously selected substrates in conjunction with CID concerned, their characterization can be achieved by
experiments on the adducts provide a powerful tool to using at least three neutral molecules, namely water
differentiate isomeric ions whose CID spectra are (or methanol), tert-butyl isocyanide (or pyridig),
closely similar. Differentiation of the E-N" iso- and isopropyl iodide. Only the carbenic io2s ™"
mers, ionized pyridinel ™, and its carbenic isomer, react with water (or methanol) by formal oxygen atom
1a™, is readily realized as their reactivity is funda abstraction yielding ionizedN-methyl-2-pyridone.
mentally different. Radical cationga™ exhibit a The remaining isomers can then be subjected to a
radical-type reactivity that reflects its distonic charac- reaction with tert-butyl isocyanide (or pyridirgd)

ter. For instance, they react with dimethyl disulfide by and a net ionized methylene transfer uniquely char-
CH,S abstraction while the conventional isomer acterizes the pyridinél-methylene ion2a™. Next,
mainly reacts by charge exchange. An unexpected isopropyl iodide allows a clear distinction between
reaction was also discovered which involves the 2% and2b™. lonized 2-picoline,2™, performs the
formal abstraction of an oxygen atom whes* ions abstraction of the isopropyl radical whereas an un-
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usual substitution reaction occurs wheh™ is alt
lowed to react with isopropyl iodide. A formal sub-
stitution of methylene by iodine in io2b ™ is the only

reaction observed. This unprecedented reaction leads

to protonated 2-iodopyridine.

The distonic character of ior&ga ™, 2b™, and2¢™
was also probed by their reactivity toward dimethyl
disulfide. All three ions react with this reagent by
thiomethyl radical abstraction. Consecutive CID ex-
periments readily distinguish the produced adduct
ions and interpretation of the spectra attests to the
structures of the substrate ions in the ion-molecule
reactions.
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