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Abstract

Protonated 2-Cl and 2-Br-pyridines undergo facile dehal ogenation upon high energy (8 keV range) collisional activation
provided the target is NO, or even better O,, instead of He or Ar. In the low energy regime (20-30 €V range),
debromination occurs more readily than dechlorination, but the peculiar behaviour of O, in favouring an X-loss over a
HX-elimination, is no longer detected (using a MS® instrument). B3LY P/6-31G(d) calculations on X-pyridines with X = F,
Cl and Br on positions 2, 3 and 4, suggest that, if a protonated pyridine is formed in the lower-lying triplet state following
strong interaction with O, or NO having higher spin, the loss of Cl or Br becomes almost spontaneous (F-loss is more
difficult). Proton affinity PA(pyridine) = 940 + 15 kJ/mol, is decreased by 5-15 kJ/mol upon halogenation. © 2000

Elsevier Science B.V. All rights reserved.

1. Introduction

The use of molecular oxygen (O,) as a target gas
has became a common technique in collisional acti-
vation (CA) mass spectrometry as it increases signif-
icantly the yield of the charge stripping process (CS
being a production of doubly charged species) [1,2]
and the yield of the reionization of fast neutral
beams generated in neutralization—reionization (NR)
mass spectrometry experiments [3].

As a target, molecular oxygen behaves in most
cases just like helium or nitrogen generating the
same fragment ions in similar abundances. In some
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instances, O, accentuates, however, certain reactions
or even induces new fragmentation reactions that
were not observed at al when using helium or argon
as a target [4—9]. We report in this Letter another
case of such unexpected behaviour detected for pro-
tonated halogenated pyridines that readily undergo
dehalogenation upon oxygen collisiona activation.
As for an interpretation, the production of a
lower-lying triplet state of these ions is proposed on
the basis of quantum chemical computations.

2. Mass spectrometric experiments
All the spectra were recorded on a large-scale

(Micromass AutoSpec 6F) tandem mass spectrome-
ter of EBEOEBE geometry (E stands for electric
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sector, B for magnetic sector and © for the collision
cel used in the present work) [10]. Typical condi-
tions were 8 kV accelerating voltage, 1 mA emission
current and 70 €V ionizing electron energy. The py-
ridines were protonated in the chemical ionization
source by using methanol as the reagent gas at an
estimated pressure of 0.5—1.0 Torr.

The high energy CA spectra were obtained by a
linked scanning of the fields of the three last sectors
(MS2) after mass selection of the protonated
pyridines by the three first sectors (MS1). The pres-
sure of the collision gas was adjusted in order to
reduce the ion beam by 30-50%.

The low energy CA spectra were obtained with
the same instrument operating in the hybrid mode in
which a radiofrequency-only quadrupole collision
cell fitted with deceleration and acceleration lensesis
inserted between MS1 and MS2 [11,12]. In these
experiments, a beam of mass-selected (MS1) ions is
decelerated to ca. 20—30 eV and undergoes collision
with a target gas in the quadrupole cell. All the ions
generated in the quadrupole were thereafter reaccel-
erated at 8 keV and mass-analyzed by a scanning of
the field of the magnet of MS2.

All the samples were commercially available (Al-
drich) and used without further purification. The
collision gases were supplied by Praxair: oxygen 2.6,
nitric oxide 2.0 and helium 5.0.

The results obtained from the various MS experi-
ments are recorded in Tables 1 and 2, as well as in

Table 1

High energy (8 keV) CA spectra of protonated 2-halogenopyri-
dines2H * X (X =F, Cl, Br) using helium, nitric oxide or oxygen
as the collision gas (normalized values in %)

X Target gas  HX-elimina  X-elimina Charge
tion tion stripping
2H*F Helium 96 4 -2
Nitric oxide 93 7 -
Oxygen 93 7 -
2H*Cl Helium 85 13 2
Nitric oxide 58 38 4
Oxygen 41 43 16
2H*Br® Helium 81 18 1
Nitric oxide 50 12 8
Oxygen 38 37 25

& These peaks are not taken into account as severe interference
with singly charged ions cannot be excluded.

b Experiments performed on the 8By containi ng ions in order
to eliminate interferences.

Table 2

Low energy (ca. 30 eV) CA spectra of protonated 2-halogeno-
pyridines 2H * using argon and molecular oxygen as a collision
gas

X Collision gas HX-elimination (%) X-elimination (%)
2H*F Argon 100 -
Oxygen 100 -
2H*Cl Argon 87 13
Oxygen 93 7
2H * Br Argon 69 31
Oxygen 71 29

Figs. 1 and 2. First we found that the protonation
occurs exclusively on the nitrogen atom. There is
aso no evidence for the formation of other forms
such an ‘ipso’ structure. In the N-protonated form,
the transfer of a H-atom from one to another position
of the ring implies a unimolecular rearrangement that
is not favored in the high energy CA regime. The
most prominent fragmentation observed when fast (8
keV) protonated 2-halogeno-(X)-pyridines 2H *F (X
=F), 2H*Cl (X=Cl) and 2H *Br (X =Br), col-
lide with helium in a field-free region of the mass
spectrometer is the loss of hydrogen hal ogenide (HX)
producing 2-pyridyl cations [13—16] (see for instance
Fig. lafor protonated 2-chloropyridine). The loss of
the halogen atom (X °) is also detected, but to a
much lesser extent. Previous results in the literature
have shown that carbenic radical cations are actually
produced in this reaction rather than the more con-
ventional pyridine molecular ions [15,17].

We have also repeated the CA experiment using
argon as the target and found that the X-loss is very
similar to that observed with helium. Thus it is
apparent that the mass of the target is not an impor-
tant factor in this case.

Surprisingly, replacement of helium by oxygen
tends to increase very significantly the yield of
dechlorination (cf. Table 1). As a matter of fact, the
loss of Cl°, relative to the loss of HCl, is amplified
by a factor of ca 7 when replacing helium by
oxygen as the target gas. Nitric oxide behaves simi-
larly to oxygen. The charge stripping reaction is also
strongly enhanced (mainly with oxygen), but this
effect has already been described in the literature and
attributed to near resonant electron capture [18].
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The relative abundances of the losses of HX and
X upon collisional activation in the
radiofrequency-only quadrupole collision cell are
given in Table 2. In these low kinetic energy condi-
tions, protonated 2-fluoropyridine eliminates only
hydrogen fluoride (HF) irrespective of the nature of
the collision gas. For protonated 2-chloropyridine
and 2-bromopyridine (Figs. 1 and 2), a loss of
atomic halogen becomes significant, but it is clear
that the use of oxygen, under low energy conditions,
does not favour this reaction as it is detected in the
high energy CA spectra. Note, however, that the HX
elimination is not the subject of this study. A ques
tion of interest is whether there is any relationship
between the relative abundance of the X-loss and the
polarisability of the target gases. Our observations
for the Cl-derivatives are as follows (in parentheses
are the polarisabilities taken from Ref. [19]): He
13% (0.2), O,: 43% (1.6), Ar: 6% (1.7), N,: 20%
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Fig. 1. CA spectra of protonated 2-chloropyridine 2H * CI using
helium (a) or oxygen (b) as the collision gas. CS refers to the
charge stripping reaction.
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Fig. 2. CA spectra(partim) of protonated 2-bromopyridine 2H * Br
using: (upper) helium, or (lower) oxygen, as the collision gas. CS
refers to the charge stripping reaction. The experiments were
performed on the 8 Br containing ions (m / z 160).

(1.9) and NO: 38% (3.0). It is thus clear that no
relationship between these quantities could be de-
rived.

3. Quantum chemical calculations

We now attempt to search for a possible interpre-
tation of the peculiar difference in the behaviour of
the collision gases used in CA experiments, namely
oxygen and nitric oxide on the one hand, and helium
and argon on the other hand. It can first be noted that
both O, and NO molecules possess an open-shell
electronic ground state. Therefore it appears reason-
able to propose that when collided with oxygen gas,
which has a triplet ground state, the selected ions
could be somehow formed in a lower-lying excited
state prior to dissociation, with preponderant popul a
tions of excited states. Such an electronic transition
differs presumably from those reached when inert
helium or argon gas was used; in the latter cases, the
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ions therefore undergo collisional dissociation essen-
tially in their electronic ground state. In other words,
the observed difference in collision gases behaviour
may be interpreted as a consequence of a more
abundant formation during the CA process, of the
target ions in an excited state when O, and NO
(having a doublet ground state) were used.

In search for some quantitative information which
could lend a certain support for this proposition, we
have carried out ab initio quantum chemical calcula-
tions on a series of mono-halogeno(X)-pyridines, in
which the halogens X occupy the positions 2, 3 and
4 of the ring, and include fluorine, chlorine and
bromine. For each pyridine considered, the neutral,
ionized, and protonated forms have been examined.
In the latter, both singlet and triplet states, the dou-
bly charged cation, as well as the carbenic (or simi-
lar) product have been found to be formed from a
loss of the halogen radical X *. For this purpose, we
have made use of the density functional theory (DFT)
with the popular hybrid B3LY P functional [20,21], in
conjunction with the d-polarized 6-31G(d) basis set.
Recent studies [22—-25] on similar systems have
shown that as far as the relative energies are con-
cerned, this method provides results comparable to a
higher level quadratic configuration interaction and
coupled-cluster theories of molecular orbital meth-
ods. The absolute differences between B3LYP and
CCSD(T) values thus amount to, at most, 10-15
kJ/mol, and are thus quite acceptable for our present
purpose. On the other hand, use of the DFT method
allows us to avoid the problem of spin contamination
in UHF-wave functions, which could be severe in
some doublet and triplet states. An obvious short-
coming of UHF-based methods is that the open-shell
singlet states cannot be calculated. All calculations
were performed with the aid of the Gaussian 94 set
of programs [26].

Geometries of the structures considered were opti-
mized and subsequently characterized by harmonic
vibrational analyses that also provide zero-point en-
ergy corrections (ZPE) to relative energies. Through-
out this section, bond distances are given in &ngstrom
and relative energies in kJ/mol. Unless otherwise
noted, the latter were derived from B3LYP/6-
31G(d) + ZPE cdculations.

As for a convention, each of the structures exam-
ined is denoted by a combination of letters and

numbers, for example, 2NF or 4H *Br-t, that are
defined as follows: (i) the first number n=2, 3 or 4
indicates the substitution position of the halogen on
the six-membered ring; (ii) N stands for a neutral,
H * a N-protonated pyridine, d* a doublet dication
resulting from a charge-stripping of the protonated
form H*, and ¢c* the carbene radical cation gener-
ated upon a halogen-loss of H*; (iii) F, Cl or Br
corresponds to the halogen; (iv) for a protonated
form, s(singlet) and t (triplet) specifies its electronic
state. Due to the rather large number of the species
considered, and to the fact that the geometric proper-
ties are not directly relevant to the purpose of the

(C2N1C3C5)=11.7

(C4C2N1)=115.0
(C4C2C1)=114.8
(NI1C2CI)=114 .4
(CIC2N1C4)=136.1

2H*CI-t

Fig. 3. Selected B3LYP/6-31G(d) distances of the structures
related to 2-chloro-pyridine. N stands for neutral, H * protonated,
s singlet, t triplet, d* dication, and ¢* carbene ion. For 2NCI,
experimental values taken from Ref. [25] are given in parentheses.
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present work, only a representative selection of struc-
tures concerning 2-chloro-pyridine are recorded in
Fig. 3. The latter includes the calculated distances of
the neutral 2NCI, protonated singlet 2H *Cl-s and
triplet 2H *ClI-t, dicationic 2d *Cl and carbene ion
2c™*. A perspective representation of the triplet struc-
ture 2H *CI-t is given showing the ring distortion;
the other structures are planar or nearly planar. For
the sake of simplicity in the presentation of data, the
calculated total and zero-point energies are aso
omitted. The calculated relative energies are
schematically given in both Figs. 4 and 5.

The molecular structures of 2-, 3- and 4-chloro-
pyridines have been analysed in detail in a recent
experimental and theoretical study [27]. We note that
for 2-Cl-pyridine, except for the C — Cl distance (cf.
Fig. 3), the B3LY P values for the ring agree remark-

vl DICATION (d*)
15 15.1 15.0
10 |
L CARBENEION (cH)+X '
I 5.5
5| (5_0_ —
- <’ 3.6 35
- TRIPLET PROTONATED (t)
0 |
( SINGLET PROTONATED (s)

Pyridine-H*

2H'F

ably well with the results obtained in a recent gas
phase electron diffraction study [27]. The geometric
changes induced by halogen substitution are rather
small, amounting to afew thousandths of an angstrom
for the bond distances, irrespective of the substitu-
tion position. As expected, the ring structure is modi-
fied substantially upon N-protonation. In the singlet
protonated forms, the ring remains planar, even
though some distances are compressed whereas those
around the nitrogen atom are stretched (up to
0.035 A); especialy the C— X distance shows a
compression of about 0.06 A. It seems that a strong
electron delocalization of the X-lone pair which sta-
bilizes the positive charge and in the same time
shortens the C — X distance. Except for the C — X
distances, geometric parameters of the planar singlet
protonated species are quite similar to each other.

15.0 154
54 5.5
=3 3.7
3H'F 4H'F

Fig. 4. Schematic comparison of the energy levels, relative to the corresponding singlet protonated form, of the parent pyridine, and 2-, 3-,
4-fluoro pyridines. Energies given in eV are obtained from B3LYP/6-31G(d) + ZPE computations. For 3-pyridine, the fragment is not

formally a carbene, but an isomer.
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Fig. 5. Schematic comparison of the energy levels (eV) relative to the corresponding singlet protonated form, of 2-, 3-, 4-chloro- and
bromo-pyridines. Energies are obtained from B3LYP/6-31G(d) + ZPE computations. For 3-pyridine, the fragment is not formally a

carbene, but an isomer.

In the triplet state, the molecular structure under-
goes, as expected, a significant distortion. While the
six-membered pyridine ring is only marginally puck-
ered, the C—(Cl)—carbon atom becomes strongly
pyramidal with a significant lengthening of the C —
Cl distance as compared with that in the singlet
counterpart (1.708 A in 2H *Cl-s and 1.737 A in
2H *CI-t). In principle, five (5) distinct triplet struc-
tures could be formed depending on the location of
the triplet centre. Fig. 3 displays the energetically
lowest-lying triplet in which the substituted carbon
(C-X) is pyramidalized 2H *CI-t. The dication
species 2d *Cl remains also essentidly planar. For
their part, the carbene radical cation 2c* and its
neutral counterpart as well as the isomerisation pro-
cess have been studied in detail in a recent paper
[22]. We note that these distonic radical cations also
exhibit nearly planar conformations.

Regarding the energetic results, a few relevant
points can be mentioned.

(a) The singlet state is confirmed to be the ground
state of all nitrogen-protonated pyridines considered.
At the B3LYP/6-31G(d) + ZPE level, the proton
affinity is calculated to be PA(N) = 940 kJ/mol for
the parent pyridine, with an expected error of + 15
kJ/mol. Following mono-substitution either by X =
F, Cl or Br, the PA is reduced to about 905 kJ/mol
for 2-X-, 915 kJ/mol for 3-X- and 925 kJ/mal for
4-X-pyridines. It turns out that for each substitution
position, there is a difference of, at most, 5 kJ/mol
between the PA’s of halogenated pyridines.

(b) Thetriplet is an excited state of the protonated
pyridine lying about 3.0-3.5 €V above the corre-
sponding singlet ground state. Upon halogenation,
the triplet—singlet energy gap is dlightly reduced.
The most marked effect is found for the 2- and
3-bromine derivatives (reduction up to 0.5 eV), fol-
lowed by the 2- and 3-chlorine ones (0.4 eV). The
4-substitution induces a consistently smaller reduc-
tion. Compared with its higher homologues, fluorine
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induces a smaller effect on this quantity. As men-
tioned above, the method employed in this work
does not alow the singlet open-shell state to be
characterized. Therefore, we could not establish yet
as to whether the triplet is the lowest-lying excited
state of protonated pyridines.

(©) In the parent pyridine, the fragments arising
from a H-loss (carbene ion + H) are calculated to lie
about 5.0 and 1.4 €V above the singlet and triplet
protonated forms, respectively. Upon fluorine substi-
tution, these gaps tend to enlarge to 5.5 and 2.0 €V.
On the contrary, they are significantly reduced fol-
lowing chlorine and bromine substitution. As a mat-
ter of fact, the separation between the fragments and
the triplet state amounts to only 0.3 €V in the
4-bromo-derivative (cf. Fig. 5). In other words, this
result apparently lends a quantitative support for the
proposition stated above that if a protonated pyridine
could be formed, with a higher population, in its
lower-lying triplet state following interaction with
the oxygen collision gas, then the loss of a halogen
atom becomes, in some cases, an almost spontaneous
process. Of course, this implies an inherent assump-
tion that the deactivation of the excited triplet to the
singlet ground state is going slower than the C—X
bond cleavage. .

A lengthening of 0.03 A of the C-Cl bond dis-
tance in going from the singlet to the triplet state of
the protonated species, as mentioned above, could
also facilitate the C—Cl bond cleavage in the higher
spin state. Using the same argument, the charge
stripping (CS) process is equally accelerated due to
the smaller gap between the triplet ion (t) and the
corresponding dication (d*).

The energy levels shown in Figs. 4 and 5 are also
consistent with the mass spectrometric results de-
scribed in the previous section in that chloro- and
bromo-derivatives tend to undergo easy elimination
of the X atom, whereas it is not the case for fluoro-
counterparts. It should be stressed that a detailed
mechanism of an eventual triplet formation during
the collisional activation is not clear to us yet.

4. Concluding remarks

Using a combination of tandem mass spectromet-
ric methodologies, it is shown that dehal ogenation of

protonated 2-halogenopyridines produces carbenic
(ylid) radical cations, isomers of the more conven-
tional pyridine molecular ions. The dehalogenation
reaction is a very efficient process in the high energy
(8 keV) collisional activation regime, provided the
target is molecular oxygen or nitric oxide. The he-
lium or argon gas shows a different behaviour. In the
low energy regime (20-30 eV), debromination oc-
curs more readily than dechlorination, but the pecu-
liar behaviour of molecular oxygen is no longer
detected. Quantum chemical results at the
B3LYP/6-31G(d) + ZPE level suggest that prepon-
derant formation and subsequent dissociation of the
lowest-lying triplet protonated species provide a rea-
sonable rationalization for the difference in be-
haviour of collison gases. The proton affinity of
pyridine is also calculated, PA(pyridine) = 940 + 15
kJ/mal; this quantity tends to be decreased by 5 to
15 kJ/mol upon halogenation.
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