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Positive and negative electrospray mass spectrometry (MS), in-time and in-space MS”
experiments, high-resolution and accurate mass measurements obtained with an Orbitrap,
together with density functional theory calculations have been used to study the gas-phase ion
chemistry of a series of fluorinated 1,2,4-triazines. As a result of low-energy collision-induced
dissociations, occurring in an ion trap and in a triple quadrupole, their protonated and
deprotonated molecules show interesting features depending on the nature and structure of
the precursor ions. The occurrence of elimination/hydration reactions produced by positive
ions in the ion trap is noteworthy. Decompositions of deprotonated molecules, initiated by
elimination of a hydroxyl radical from [M—H]~, are dominated by radical anions. Theoretical
calculations have allowed us to obtain information on atom sites involved in the protonation

and deprotonation reactions.
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pounds that find their applications in several

fields, such as pharmaceutical chemistry [1], phy-
tochemistry [2], biology [3, 4], catalysis [5], and su-
pramolecular chemistry [6].

In the last decades different synthetic approaches
have been set up for obtaining new fluorinated hetero-
cyclic compounds [7]. Recently, we developed a new
synthetic procedure for preparing series of fluorinated
1,2,4-triazines through ANRORC (addition of nucleo-
phile, ring-opening, and ring-closure) rearrangements
of 5-perfluoroalkyl-1,2,4-oxadiazoles [8].

In the framework of research aimed at studying the
gas-phase ion chemistry of heterocyclic molecules [9],
we seek to present here a mass spectrometry (MS) and
a theoretical study of compounds 1-4 (Scheme 1).

These compounds are particularly suitable and inter-
esting for their gas-phase ion chemistry because they
can be protonated or deprotonated by using electros-
pray ionization (ESI). It follows that it is possible to
evaluate the effects of protonation and deprotonation
on their gas-phase decompositions. Multiple MS sepa-
ration stages arising from low-energy collision-induced
dissociations (CIDs) occurring both in an ion trap (IT)
and in a triple quadrupole (QqQ) mass spectrometer
have been carried out and compared. High-resolution
and accurate mass measurements, obtained by using an

Triazines constitute a class of interesting com-
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Orbitrap analyzer, have allowed us to determine the
elemental composition for each ionic species detected in
MS and MS" spectra as a result of electrospray ioniza-
tion. Because in each molecule different atoms might be
involved in proton addition or abstraction, density
functional theory (DFT) calculations have been carried
out on different structures of protonated and deproto-
nated molecules of compound 1.

Experimental

Synthesis of the Compounds and Mass
Spectrometry

Compounds 1-4 were prepared according to the pro-
cedure described in Buscemi et al. [8, 10].

Electrospray measurements were carried out on an
LCQ-DECA ion trap and on an LTQ-XP-Orbitrap in-
strument (Thermo Fisher Scientific, Bremen, Germany).
Operating conditions of the ESI source were as follows:
spray voltage, 4.5 kV; capillary temperature, 200 °C;
sheath gas (nitrogen) flow rate, approximately 0.75 L
min~ L Ultrapure helium was the collision gas; CID
collision energy: 0.5-1.0 eV (laboratory frame). The
Orbitrap analyzer was operating in the resolution range
30,000-100,000 and calibrated using the manufacturer’s
calibration mixture. Mass accuracies <2 ppm were
determined before and after each session of experi-
ments. In all, 30-50 scans were recorded and averaged
for accurate mass measurements.
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Electrospray triple quadrupole measurements were
carried out on a VG-Quattro LC (Waters, Manchester,
UK) mass spectrometer. Spray voltage was 3.5 kV; the
sampling cone was set at 5 V; and the counter-electrode
potential was 500 V. The source temperature was 80 °C.
Nitrogen was used as nebulizer and drying gas at flow
rates of 60 and 400 L h™', respectively. CID experiments
were carried out using argon as target gas at a pressure
of about 1.4 X 1077 bar. The laboratory energy was in
the 20- to 25-eV range.

Working solutions were introduced into each mass
spectrometer using a syringe pump at a flow rate of 5
wL min~ 1.

The reported values of relative intensities in MS/MS
spectra are the mean of 20-50 scans.

Theoretical Calculations

Density functional theory calculations were performed
on different structures proposed for protonated and
deprotonated molecules by using Gaussian 03 [11],
implemented on an IBM SP RS/6000 Power 5 super-
computer at Cineca in Bologna, Italy. All geometries
were fully optimized without any constraints at the
Becke 3LYP (B3LYP) [12] method with the 6-31G(d,p)
level of theory. The final lowest energy geometries were
confirmed as a minimum on the potential energy sur-
face by normal-mode vibrational frequency calculations
that produced all real frequencies. Zero-point energies
and statistical thermodynamic properties at 298.15 K
and 1 atm were calculated at the B3LYP-6-31G(d,p)
level of theory. A scaling factor of 0.9613 was used for
zero-point energies [13].

Results and Discussion

Guas-Phase Behavior of Protonated Molecules of
Compounds 1-4

The ESI (+) mass spectra of compounds 1-4 are char-
acterized by protonated molecules and sodium adducts,
whereas no other fragment ion is detected.
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DFT calculations carried out on [1+H]" cations,
protonated at different sites, suggest that protonation
on nitrogen atoms is highly favored, with N(2) being
the preferred site, followed by N(4) and N(1) (Figure 1,
Table 1).

Product ion CID spectra obtained in the ion trap by
selecting the species [M+H]" of compounds 1-4 show
common interesting features (Figure 2). The presence of
puzzling ions that differ 2, 22, and 24 u from their
precursors and that of clusters of ions that differ 2 u
from each other [14] is noteworthy. As an example, the
product ion MS/MS spectrum of [1+H]* (m/z 197,
Figure 2, top) shows the presence of ions at m/z 195,
differing 2 u from the precursor ion. Other groups of
ions differing 2 u from each other are also present at
m/z 173, 175, 177, and at m/z 155, 157. Among them,
ionic species at m/z 173, which differ 24 u from
[1+H]", are the most intense (Figure 2, top). This
behavior can be explained by the occurrence of
hydration/elimination reactions of trapped proton-
ated molecules, mainly consisting of successive elim-
inations of HF followed by nucleophilic addition of
water present in the ion trap [14].

This behavior resembles that recently observed for
protonated bisubstituted isoquinolines that, when sub-
mitted to MS® and MS* experiments in an ion trap,
show nominal elimination of 11 u, due to the loss of
HCN and concomitant addition of oxygen [15].

For compounds 1-3, the reaction pathways occurring
as a result of CID are initiated by loss of HF from the
protonated molecule, thus forming a carbocation
[M+H)—-20]". The loss of HF is promoted by the
protonation at N(2) that theoretical calculations suggest
as the most favorable protonation site. A successive loss
of HF produces the ions [(M+H)—40]". Alternatively,
the species [(M+H)—20]" can add, through a 1,3-
nucleophilic addition, a water molecule yielding the
cation [(M+H)—2]". A further elimination of one or
two molecules of HF yields ions formally due to
[M+H)—-22]" and [(M+H)—42]", respectively. This
latter can add another molecule of water, thus produc-
ing the species [(M+H)—24]".

Protonated molecules can also decompose by elimi-
nation of a water molecule followed by HF, thus
producing ions [M+H)—-18]" and [(M+H)—38]", re-
spectively. These latter can undergo a hydration reac-
tion yielding the species [(M+H)—20]", whose reactiv-
ity was reported earlier. Elemental compositions of all
these ionic species have been confirmed by accurate
mass measurements carried out under high-resolution
conditions.

Gas-phase decompositions strictly dependent on the
chemical structure of the ions are also observed. One
example is the fragmentation pathway that yields ions
at m/z 151 in the IT-MS? spectrum of [1+H] " (Figure 2,
top). Accurate mass measurements have allowed us to
determine that their elemental composition is C;H,N,F3
(caled 151.0226, measured 151.0224), indicating a nom-
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Figure 1. Energy-minimized structures for protonated (top row) and deprotonated (bottom row)
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inal loss of CH,O, from the protonated molecule. This
loss might be ascribed to the elimination of formic acid,
but it seems unlikely because it should require deep
rearrangements. Thus we propose that ions at m/z 151
are produced by consecutive losses of water and CO
from [1+H]".

As a result of low-energy collision-induced dissoci-
ations occurring in the ion trap, the protonated species
[2+H]" (m/z 257) shows an abundant elimination of a
water molecule. Distinctive fragmentation pathways,
observed in MS® experiments by selecting the cation
[2+H)—-H,0]" as precursor ion, yield the species

Table 1. Energy values of minimized species produced by 1

AE

B3LYP SCF + (SCF +
Species  6-31G(d,p)? ZPVE® ZPVE? ZPVE)°
[1a+H]" —823.489023 0.104296 —823.384727 0
[Mb+H]" —823.467561 0.103416 —823.364145 12.91
[1c+H]" —823.456856 0.103158 —823.353698 19.47
[1d-H]- —822.587675 0.078325 —822.509350 0
[1e-H]- —822.580493 0.078488 —822.502005 4.61
[1f-H]~ —822.558682 0.078321 —822.480361 18.19

2Units of Hartree.

bZero-point vibrational energies corrected by 0.9613 [13]; units of
Hartree/particle.

°kcal mol~".

[(2+H-H,0)-HF—-N,]" and [(2+H-H,0)—CF,CN]"
at m/z 191 and 144, respectively, whose elemental
compositions have been confirmed by accurate mass
measurements.

Compound 4, bearing a —C;F, moiety at position 3
of the triazine ring, has a different behavior. In fact the
IT-MS? spectrum obtained by selecting its protonated
molecule (m/z 311) shows that the initial loss of HF
occurs to a very small extent, producing ions at m/z 291
whose relative abundance is about 1%. For both com-
pounds 3 and 4, the most intense product ions are
[(M+H)—46]" and, similarly to 1, they are attributed to
consecutive losses of H,O and CO. Hydration of frag-
ment ions is quite scarce for 4 and it occurs only for those
at m/z 223, produced by a GC,H,N, loss from
[(4+H)-H,O—CO]" (m/z 265). Addition of one water
molecule to the former ions produces the species at m/z
241.

When low-energy collision-induced dissociations oc-
cur in a triple quadrupole, different reaction pathways
are activated in comparison with those detected in the
ion trap: hydration reactions, which have great impor-
tance inside the ion trap, are undetectable in the QqQ
regime. Furthermore, the possibility offered by the
triple quadrupole of scanning the low m/z region allows
one to detect product ions with low m1/z values. Finally,
MS? spectra obtained in the triple quadrupole generally
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Figure 2. Comparison between ESI MS? product ion spectra of [M+H]* produced by 1 as a result of
low-energy collision-induced dissociations occurring in a quadrupole ion trap (top) and in a triple

quadrupole (bottom).

show a greater abundance of product ions than those
produced in the ion trap.

The QqQ-MS? spectrum of [1+H]" is reported in
Figure 2 (bottom). The two most intense product ions
are at m/z 69 and 76 that can be attributed to
CHN,O"/CF; and F,C"—C=N, respectively. The
product ions at m/z 137, also detected in the ion trap
but with a very low abundance (Figure 2, top),
constitute abundant CID product ions formed in the
QgQ instrument. Accurate mass measurements have
shown that they are attributed to elimination of three
molecule of hydrofluoric acid from the protonated mole-
cule. Although elimination of the first molecule of HF
produces intense ions at m/z 177, the successive loss of
HF is undetectable, suggesting that the species
[(1+H)—2HF]" eliminates a further HF molecule with a
very fast kinetics. In addition, the elimination of three HF
molecules requires rearrangement of at least two hydro-
gen atoms.

The QqQ-MS? spectrum of 1 also shows the presence
of the species at m/z 180, with a relative abundance of
about 3%, which is much lower when low-energy
collisions occur in the ion trap (Figure 2). These ions are

due to loss of 17 u from [M+H]" and are formed by
compounds 1, 3, and 4, all of them bearing an oxygen
atom at position 6 of the triazine ring. Accurate mass
measurements have established that they are due to
elimination of -OH from the protonated molecules. It
means that radical cation species, i.e., [(M+H)—-OH]**,
rarely observed under electrospray conditions [16], are
produced as a result of low-energy CID.

The QqQ-MS? spectra of [2+H]* and [3+H]" are
compared in Figure 3. Regarding compound 2, product
ions common to those produced inside the ion trap
are at m/z 239 ((M+H)-H,0]"), 219 ([(M+H-
H,0)—HF]*), 191 (219-N,), and 144 ([(M+H-H,0)—
CF,CNJ"), whose elemental compositions have been
confirmed by accurate mass measurements.

The ions at m/z 144 have a high intensity in the
QgQ-MS? spectrum, with a relative intensity of about
93%, whereas it is 30% in the IT-MS* spectrum. These
are yielded by elimination of CF;CN from the species
[M+H-H,O]". This decomposition pathway is specific
for 2 and it is not observed for all the other compounds.
Low m/z ions are undetectable in the ion trap, whereas
they are very abundant in the QqQ-MS? spectrum of 2,
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Figure 3. ESI QqQ-MS? product ion spectra obtained as a result of low-energy collision-induced
dissociations for protonated 2 (top) and 3 (bottom). A portion of the IT-MS” mass spectrum of

protonated 3 is reported in the inset.

whose base peak is at m/z 77 (Figure 3, top). Because
analogous ions are not formed by the other compounds,
those at m/z 77 can be attributed to the phenyl cation.
Other product ions present both in the IT-MS® and
QqQ-MS” spectra are at m/z 104, 117, and 129. They
have been attributed to [C,H,N]*, [C,Hs;N,]", and
[CsHsN,L]", respectively.

However, differently by its IT-MS? spectrum—which
shows a very scarce fragmentation—the QqQ-MS? spec-
trum of protonated 3 shows a wide variety of ions
(Figure 3, bottom). Those at m/z 123 (100%), 87 (80%),
and 146 (83%) are the most abundant ones. Their origin
and composition have been determined by MS" mea-
surements in the ion trap and by accurate mass mea-
surements. [3+H]" can eliminate HF or, alternatively,
water and CO, yielding the species at m/z 191 and 165,
respectively. This latter can follow two distinctive de-
composition pathways: one consists of the elimination
of CH,N,, thus forming ions at m/z 123, as shown by
IT-MS’® measurements. Alternatively, through consecu-
tive eliminations of N, and CF,, ions at m/z 165 can
yield the cations at m/z 87. As already observed for 1, 3
and 4 also show a prominent loss of a hydroxyl radical
that in all cases is much more abundant when CIDs
occur in the triple quadrupole than in the ion trap. The

species [(3-+H)—OH]™* have an m/z value equal to 194.
In the IT-MS? and QqQ-MS” product ion spectra their
relative intensities are about 5 and 20%, respectively
(Figure 3, bottom and inset).

As a result of CID occurring in the triple quadrupole,
[4+H]" decomposes through the elimination of a hy-
droxyl radical, whereas other first-generation product ions
are not observed. The resulting ions [(4+H)—OH]**
have a relative intensity of about 18%. These odd-
electron cations may follow two decomposition routes,
both involving elimination of radicals: in fact, the -CF,
and HCO® species can be lost, yielding even-electron
cations at m/z 225 and 265, respectively. These latter can
lose a CH,N, molecule producing the species at m/z 223
that constitute the most intense peak in the QqQ-MS?
spectrum of [4+H]". Fragmentation pathways of
[4+H]" occurring both in the ion trap and in the QqQ
mass spectrometer are reported in Scheme 2.

Gas-Phase Behavior of Anions Produced by ESI of
Compounds 1-4

Deprotonated molecules [M—H]™ of compounds 1-4
have been produced by electrospray ionization and
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studied both in an ion trap and in a triple quadrupole
instrument. In comparison with protonated molecules,
two main differences can be highlighted in their gas-
phase behavior: (1) hydration reactions, observed for
cations in IT-MS? experiments, do not occur for anions;
and (2) successive eliminations of HF, which are impor-
tant gas-phase decompositions of cations, are not ob-
served for anions.

Decomposition reactions of deprotonated mole-
cules of compounds 1-4 are initiated by loss of a
hydroxyl radical and proceed through eliminations of
neutral species (Figure 4). It follows that most prod-
uct ions formed as a result of MS” experiments are
radical anions. Some examples of radical anions
produced by ESI have been described for glycosides
[17, 18], nitro compounds [19, 20], diuretics [21], and
others.

The IT-MS? spectrum of [1-H]~ (m/z 195) shows a
prominent loss of 17 u yielding the most abundant ions
at m/z 178. Accurate mass measurements have con-
firmed that they are due to the loss of a “OH radical.
Theoretical calculations, carried out on 1 deprotonated
at different atoms, have shown that proton abstraction
is more favored from the hydroxyl group in position 6
of the triazine ring, followed by the nitrogen and the
oxygen of the hydroxylamino moiety (Figure 1, bottom
row and Table 1). By considering the large energy
difference, deprotonation at the hydroxylamino oxygen
atom is highly unfavored.

When radical anions [(1-H)—OH] ™ * are selected as
precursors for MS® measurements in the ion trap, two
product ions are detected: one at m/z 150 (100%) and
another at m/z 151 (18%). The use of the Orbitrap
allowed us to determine that they are produced by
losses of CO and HCN, respectively. Elimination of N,
occurs only from the ions at m/z 150, as shown by MS*
measurements.

Similarly, the QqQ-MS? spectrum of [1-H] ™ shows a
prominent loss of 17 u, but the most abundant ions are
at m/z 150, already described for the ion trap. All the
QqQ-MS? spectra produced by the species [M—H]~ of
compounds 1-4 show abundant ions at m/z 66 that are
undetectable in MS? spectra obtained by the ion trap.
When these latter ions are produced in the ESI source
by CID in source fragmentation and detected by the
Orbitrap, the most probable elemental composition
was C,Nj;. By considering the molecular structure of
compounds 1-4, the formation of this species should
require important rearrangement reactions in their
skeleton.

The IT-MS? spectrum of [2—H]~ (m/z 255) shows the
most intense ions at m/z 237 (Figure 4, top). An accurate
examination of the spectrum reveals that it has a
shoulder on the right side. Indeed, high-resolution,
accurate mass measurements show two peaks at m/z
238.0470 and 237.0392, with 28:100 intensity ratio, due
to losses of *OH and water, respectively. Thus, for the
deprotonated molecule [2—H]™, the elimination of wa-
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Figure 4. ESI IT-MS? product ion spectra obtained for deprotonated 2 (top) and 3 (bottom).

ter is much higher than that of *OH. Similarly to
positive ions, the proximity effect of the pendant phenyl
to the hydroxylamino group is the driving force for the
elimination of water with the formation of a tricyclic
system, thus suggesting that deprotonation does not
involve the exocyclic OH group. In turn, ions
[(2—H)—H,O] " can lose N,, yielding the species at m/z
209. Distinctively from the other deprotonated com-
pounds, [2—H]™ may fragment through elimination of
isocyanic acid (HOCN) forming ions at m/z 212. The
formation of both ions at m/z 212 and 209 occurs
exclusively inside the ion trap. Other abundant ions
present in the IT-MS? product ion spectrum of [2—H]~
are at m/z 115 (Figure 4, top), due to the radical anion
CgHsN™* (caled 115.0427, measured 115.0426), reason-
ably containing the exocyclic nitrogen atom.

Similarly to that occurring in the ion trap, the QqQ-
MS? product ion spectrum of [2—H]~ shows abundant

e e

ee

ions at m/z 115 that in this case constitute the base peak.
On the contrary, elimination of a hydroxyl group is
unfavored in the triple quadrupole because it results
from the relative abundance (8%) of ions at m/z 237,
whereas the loss of water is undetectable.

Elimination of “OH is a major decomposition reac-
tion also occurring in the ion trap for [3—H] ™, yielding
ions at m/z 192 (Figure 4, bottom). These latter further
decompose by elimination of CO thus producing the
species at m/z 164 that constitute the most intense peak
in the MS? spectra obtained both by IT and QqQ mass
spectrometers (Figure 4, bottom, and Scheme 3).
Because the ions at m/z 192 are undetectable when
collision-induced dissociations occur in the triple quad-
rupole, it follows that they lose CO with a kinetics faster
than the flight time of the ions in the QqQ system.

After elimination of OH® and CO, the decomposition
pathways involve the loss of 28 u, which accurate mass

~ - CH,N* N\
- \ _
: ':/N\ = /N
N’ CH, FsC CHa FaC N
m/z 209 m/z 192 m/z 164 m/z 136

Scheme 3.
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measurements showed to be attributable to CH,N,. The
ions so formed (i.e.,, m/z 136) have high abundance
(90%) in the QqQ-MS2 spectrum, whereas in the ion
trap they are detectable only as a result of MS® of the
species at m/z 164 (Scheme 3).

The gas-phase behavior of [4—H] " strictly resembles
that of [3—H]~, with analogous ions but shifted by
100 u. The only significant difference between them is
the abundance of the [M—H)—OH] ° ions in their
corresponding IT-MS? spectra: it is 70% for [3—H]~
(Figure 4, bottom) and only 1% for [4—H] ™. Also their
QgqQ-MS? spectra are similar, but the abundance of the
ions [M—H)—OH-CO—-CH,N] * is much higher for 3
(m/z 136, 95%) than for 4 (m/z 236, 20%).

Conclusion

This study has allowed us to investigate the gas-phase
ion chemistry of a new series of fluorinated 1,24-
triazines. The decomposition pathways of protonated
and deprotonated molecules, occurring as a result of
low-energy collision-induced dissociations in an ion
trap and in a QqQ mass spectrometer, have shown
interesting features depending on the nature and struc-
ture of precursor ions. The use of high-resolution,
accurate mass measurements, MS" experiments, and
theoretical calculations allowed us to define both the
nature and the composition of product ions formed
in their decomposition pathways. The occurrence of
elimination/hydration reactions followed by positive
ions in the ion trap is noteworthy. These reactions,
which consist of elimination of HF molecules and
addition of water, cause the formation of puzzling ions,
differing 2 u from each other, in the IT-MS" spectra.
Loss of a hydroxyl radical from species [M+H]" also
occurs; it is more abundant in the QqQ-MS® spectra
than in the IT-MS? spectra.

Low-energy collision-induced dissociations of dep-
rotonated molecules are dominated by odd-electron
anions whose formation is initiated by loss of a hy-
droxyl radical from [M—H]".

This study has shown that the combination of differ-
ent experimental and theoretical approaches is a useful
tool for investigating gas-phase ion chemistry of hetero-
cyclic compounds such as fluorinated triazines.
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