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a b s t r a c t

Collision-induced dissociation (CID) of protonated 2-hydroxynicotinic acid (2-OHNic) generates a domi-
nant product ion through loss of 18 mass units, presumably the elimination of water. Subsequent isolation
and storage of this product ion in the gas-phase environment of an ion trap mass spectrometer, without
imposed collisional activation, shows that the species undergoes addition reactions to furnish new prod-
ucts that are higher in mass by 18 and 32 units. Density functional theory (DFT) calculations suggest that
an acylium ion (i.e., loss of H2O from the acid group) is energetically more favored than is a species gener-
ated by elimination of H2O from the hydroxypyridine ring. Formation of the acylium product is confirmed
by comparing the infrared multiple photon dissociation (IRMPD) spectrum to theoretical spectra from
(DFT) harmonic calculations for several possible isomers. A thorough DFT study of the reaction dynamics
eywords:
RMPD
on structure
FT
ragmentation mechanism
eaction dynamics

suggests that the acylium ion is generated from the global minimum for the protonated precursor along
a pathway that involves proton transfer from the hydroxypyridine ring and elimination of OH from the
acid group.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Proton transfer is an important part of the fragmentation mech-
nisms of protonated peptides using low-energy collision-induced
issociation (CID). Indeed, development of the mobile proton model
1,2] of peptide fragmentation, and related amide bond cleavage
athways [3–10], has been focused primarily on proton mobiliza-
ion. The pathways in competition (PIC) fragmentation model [11]
ses the mobile proton model as a foundation for understanding,
ut takes into account the structures and reactivity of key reactive
onfigurations and primary fragments as well as transition states
nd their energies.

As part of an on-going effort by our group to understand
he mechanism(s) of peptide fragmentation, we have investi-

ated CID of protonated peptides with N-terminal nicotinic acid
esidues [12,13]. In the experiments to date, the pyridine ring
f nicotinic acid was used to fix the charge (protonation) site to

∗ Corresponding author at: Department of Chemistry, Lawrence University, 711
. Boldt Way, Appleton, WI 54911, USA. Tel.: +1 920 832 6533.

E-mail address: michael.j.vanstipdonk@lawrence.edu (M. Van Stipdonk).

387-3806/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijms.2012.06.026
determine whether sequestering “mobile” protons influences pep-
tide fragmentation. In one study [12], b2

+ was found to be the
dominant product ion generated from protonated nicotinic acid-
glycine-glycine methyl ester, arising by cleavage of the amide bond
between glycine residues. Infrared multiple photon dissociation
(IRMPD) spectroscopy and density functional theory (DFT) calcu-
lations unambiguously showed that the protonation site for the
intact peptide was the pyridine ring of the nicotinic acid residue
rather than amide carbonyl oxygen atoms. More importantly, the
IRMPD spectrum revealed that the b2 fragment ion has a conven-
tional oxazolone structure also protonated at the N-atom of the
pyridine ring. The fact that both ions are protonated at the pyri-
dine ring was consistent with a proposed mechanism in which the
added proton was “fixed” at the pyridine ring and amide position
protons are mobilized and transferred to generate b2

+.
In an earlier study [13], we investigated transfer of H atoms

by McLafferty rearrangement using two model peptide sys-
tems, protonated nicotinyl-glycine-tert-butyl ester and the cationic

betaine-glycine-tert-butyl ester, using IRMPD spectroscopy. McLaf-
ferty rearrangement was used to generate the free-acid forms of the
respective model peptides through transfer of an H atom and elimi-
nation of butene. The resulting peptide ions were then subjected to

dx.doi.org/10.1016/j.ijms.2012.06.026
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:michael.j.vanstipdonk@lawrence.edu
dx.doi.org/10.1016/j.ijms.2012.06.026
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avelength-selective IRMPD to measure their vibrational spectra.
omparison of the IRMPD spectra to those predicted by DFT allowed
efinitive assignment of absorption bands corresponding to the
ree-acid carbonyl, amide I and amide II stretches, and enabled
ssignment of ion structure. For the nicotinyl-glycine system, the
est match between IRMPD and theoretical spectra, both in terms
f the respective absorption frequencies and relative intensities,
as obtained for a conformational isomer that is protonated at the
yridine ring N atom, and includes an intra-molecular hydrogen
onding interaction between the amide position H atom and the
-terminal carbonyl O atom.

Support for the intra-molecular transfer of the H atom by
cLafferty rearrangement was produced using the model peptide

ert-butyl esters incubated in a mixture of D2O and CH3OD to induce
/D exchange [13]. For the deuterium-exchanged peptide ester, CID
nd McLafferty rearrangement produces a heterogeneous isotopi-
ally labeled peptide ion containing two D atoms and one H atom at
xchangeable sites. Comparison of the IRMPD results to theoretical
pectra for different isotope labeled isomers clearly showed that
he H atom is situated at the C-terminal acid group and migration
o amide positions is minimal on the time scale of the experiment.

Our attention in the present study was directed to the frag-
entation of protonated 2-hydroxynicotinic acid (2-OHNic), which

enerates a dominant product ion through the elimination of water.
oss of H2O can occur from the acid group, or from the hydrox-
pyridine ring: in both cases the fragmentation route would require
ntramolecular proton transfer.

Subsequent isolation and storage of the product in the gas-phase
nvironment of an ion trap mass spectrometer, without imposed
ollisional activation, shows that the species undergoes addition
eactions to furnish new products that are 18 and 32 mass units
igher. These reactions are consistent with “reforming” of the acid,
r generation of a methyl ester, by reaction of water or methanol
ith an acylium ion. The process is therefore reminiscent of the

ast step in formation of carboxylic acids from olefins, a process
or which acylium ions are thought to be intermediates [14,15].
cylium ions are also thought to be important intermediates in, for
xample, the solvolysis of benzoyl halides [16], alkyl thiobenzoates
17] and amides [18], in Friedel–Crafts acylation [19], and in the
chmidt reaction [20] and Hayashi rearrangement [21,22].

To shed more light on the mechanism(s) by which the dehy-
ration of 2-OHNic occurs, most probable conformations for the
rotonated precursor ion, and various possible product ions gen-
rated by CID through loss of H2O, were investigated using DFT.
he structures of gas-phase, protonated 2-OHNic and the dehy-
rated product were then determined using IRMPD spectroscopy.
astly, the reaction dynamics for three potential pathways were
nvestigated using DFT, and the lowest energy pathway is one that
nvolves formation of an acylium by proton transfer and elimination
f OH from the acid group. The experiments illuminate facets of
n interesting gas-phase reaction, contribute to the understanding
f proton transfer in dissociation pathways and further illustrate
he reactivity of acylium ions.

. Experimental methods

.1. Materials and sample preparation

2-Hydroxynicotinic acid (2-OHNic) was purchased from Ther-
oFisher Scientific (St. Louis, MO, USA) and used as received.

olutions for ESI MS and IRMPD spectroscopy were prepared by

issolving the appropriate amount of solid material in a 1:1 (v:v)
ixture of HPLC grade MeOH (Aldrich Chemical, St. Louis, MO)

nd deionized H2O to produce final concentrations of 10−5 to
0−4 M. Because of the labile nature of 2-OHNic, no formic or acetic
ass Spectrometry 330–332 (2012) 134–143 135

acid was added to the solution to enhance ionization efficiency.
Under the conditions employed in this study, acceptable (M+H)+

ion intensities were produced for both ion-trap CID and FT-ICR
IRMPD investigations. Investigation of the fragmentation of deu-
terium labeled 2-OHNic was carried out after incubating the species
in a mixture of D2O/CD3OD (Aldrich Chemical, St. Louis, MO).

2.2. Ion trap mass spectrometry experiments

CID spectra were collected using a Finnigan LCQ-Deca ion-trap
mass spectrometer (ThermoFinnigan, San Jose, CA, USA). Each of the
peptide solutions were infused into the ESI-MS instrument using
the incorporated syringe pump at a flow rate of 5 �l/min. The atmo-
spheric pressure ionization stack settings for the LCQ (lens voltages,
quadrupole and octopole voltage offsets, etc.) were optimized for
maximum (M+H)+ transmission to the ion trap mass analyzer by
using the auto-tune routine within the LCQ Tune program. Helium
was used as the bath/buffer gas to improve trapping efficiency and
as the collision gas for CID experiments.

The (M+H)+ ions were isolated for the initial CID stage (MS/MS)
using an isolation width of 1.2–1.8 mass to charge (m/z) units.
Product ions selected for subsequent CID (MS3 experiments) were
isolated using widths of 1.2–1.5 m/z units. For each stage, the width
was chosen empirically to produce the best compromise between
high precursor ion intensity and ability to isolate a single isotopic
peak. The (mass) normalized collision energy (NCE, as defined by
ThermoFinnigan) was set between 20 and 25%, which corresponds
the application of roughly 0.55–0.68 V tickle voltage to the end cap
electrodes with the current instrument calibration. To probe gas-
phase ion molecule reactivity, specific product ions are isolated and
stored in the ion trap, without imposed collisional activation. The
activation Q, which defines the frequency of the applied R.F. poten-
tial, was set at 0.30. In all cases, the activation time employed was
30 ms. Spectra displayed represent the accumulation and averaging
of at least 30 isolation, dissociation and ejection/detection steps.

2.3. ESI FT-ICR mass spectrometry

Previously established methods were used for generation of ions
and the subsequent collection of IRMPD spectra [23–30]. Briefly,
ESI was performed using a Micromass Z-Spray source. Ions were
injected into a home-built Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometer described in detail elsewhere
[28]. Instrument operating parameters, such as desolvation tem-
perature, cone voltage, and ion accumulation and transfer optics
voltages, were optimized to maximize formation of (M+H)+ ions,
or b2 ions generated by in-source CID, and transfer of the species
to the ICR cell. Dry nitrogen (∼80 ◦C) was used to assist in the des-
olvation process. Ions were accumulated for the duration of the
previous FT-ICR cycle (approximately 5 s) in an external hexapole
and injected into the ICR cell via a quadrupole deflector and an
octapole R.F. ion guide.

In the relatively high pressures in a quadrupole ion trap mass
spectrometer, the “dehydrated” product undergoes fast addition
reactions, as discussed later. Similar behavior is also observed if
attempts to produce the dehydrated product in the electrospray
ionization source region. For the IRMPD experiments, the dehy-
drated product ion was generated from the protonated 2-OHNic
ion under high vacuum conditions (ca. 10−7 Torr) within the ICR
cell by photodissociation using the output of a continuous wave

30 W CO2 IR laser (2 s irradiation time). After formation, the dehy-
drated product showed no tendency to re-generate the carboxylic
acid through addition of H2O, consistent with the low pressure and
lack of adventitious water in the ICR cell.
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-18 (H2O)
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Fig. 1. Mass spectra derived from 2-hydroxynicotinic acid: (a) full mass spec-
trum, (b) CID of protonated 2-hydroxynicotinic acid (m/z 140), (c) isolation of m/z
122, without imposed collisional activation, after generation from protonated 2-
hydroxynicotinic acid (MS3 stage) and (d) CID (MS3 stage) of m/z 122 product ion
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.4. Infrared multiple photon dissociation (IRMPD)

Infrared spectra were recorded by measuring the photodissoci-
tion yield as a function of photon wavelength. Precursor ions were
rradiated using 30 FELIX macropulses (35 mJ per macropulse, 5 �s
ulse duration, 10 FWHM bandwidth ∼0.5% of central �). In the

RMPD process, a photon is absorbed when the laser frequency
atches a vibrational mode of the gas-phase ion and its energy

s subsequently distributed over all vibrational modes by intra-
olecular vibrational redistribution (IVR). The IVR process allows

he energy of each photon to be dissipated before the ion absorbs
nother, which leads to promotion of ion internal energy toward
he dissociation threshold via multiple photon absorption [29]. It is
mportant to note that infrared spectra obtained using IRMPD are
omparable to those collected using linear absorption techniques
30,31]. For the current experiments, the free electron laser wave-
ength was tuned between 5 and 7.2 �m in 0.025 �m increments.
he intensity of product and un-dissociated precursor ions was
easured using the excite/detect sequence of the FT-ICR-MS after

ach IRMPD step. The IRMPD yield was normalized to the total ion
urrent, and linearly corrected for variations in laser power across
he wavelength range scanned.

.5. DFT geometry and frequency calculations

All DFT calculations were performed using the Gaussian 03
roup of programs [32]. Full geometry optimizations for proton-
ted 2-OHNic and various product ion structures were initiated
sing the hybrid B3LYP functional and the 6–31G(d) basis set on all
toms. Using the minima identified at this level of theory, relaxed
cans were performed by rotating (through 360◦) dihedral angles
n 3◦ steps to continue the search for alternative structures. Min-
ma identified for all four ions were then re-optimized using the
ame functional and the 6-311+G(d,p) and 6-311++G(3df,3p) basis
ets. Vibrational spectra and (zero-point corrected) relative ener-
ies were computed at the B3LYP/6-311++G(3df,3p) level of theory.
he vibrational frequencies are scaled by factors chosen empirically
o facilitate comparison to the IRMPD spectra. For protonated 2-
HNic, the scaling factor of 0.98 used brought the acid C O stretch

or the spectrum predicted for the global minimum into agreement
ith the absorption in the IRMPD spectrum. For the dehydrated
roduct, the scaling factor that provided the best comparison was
.96. To compare theoretical to experimental IR spectra, the former
re convoluted with a Lorentzian profile with 10 cm−1 width at half
aximum.
Transition states along the potential energy surfaces for possi-

le reaction pathways were determined using the QST2 and QST3
ethod. All transitions states were confirmed by the presence of
single imaginary frequency. Intrinsic reaction coordinates were
erformed where necessary to confirm that the identified transition
tates bridged the appropriate minima.

. Results and discussion

.1. CID of protonated 2-OHNic

The ESI mass spectrum of 2-OHNic in the range mass to charge
atio (m/z) 90–150 is shown in Fig. 1a. ESI of 2-OHNic in a 50/50
ix of H2O and methanol primarily generates the protonated ion

t m/z 140. A minor peak (<10% relative intensity) at m/z 122 was
lso observed using the experimental conditions employed. In the

ID spectrum (MS/MS stage, Fig. 1b) collected from protonated 2-
HNic, the only product ion generated appears at m/z 122, a mass
ifference of 18 mass units (u) that is attributed to loss of H2O.
he neutral loss shifted to 20 mass units (u) when CID of the fully
derived from protonated 2-hydroxynicotinic acid.

deuterium exchanged version of 2-OHNic was examined (data not
shown), consistent with the proposed fragmentation channel.

The relative intensities of the ions at m/z 122 and 140 in Fig. 1b
remained similar even when the applied collision voltage was
increased to 40–50% of the NCE, values that are much higher than
those typically required to fragment small protonated species such
as 2-OHNic. This observation suggested either that there were two
or more species in the ion population with significantly different
dissociation thresholds, or that the ion at m/z 140 is regenerated by
ion-molecule reactions between the m/z 122 ion and adventitious
water in the quadrupole ion trap. The proposed involvement of H2O
as a collision partner is plausible based on recent work demon-
strating that CID within ion trap instruments involves a significant
number of activating collisions between precursor ions and small
molecules such as N2 and H2O present as contaminants within the
He bath gas [33–36].

The ion at m/z 122 was isolated and stored in the ion trap, with-
out imposed collision voltage, for 30 ms in an MS3 experiment. The
resulting product ion spectrum is shown in Fig. 1c. It is important
to note that all species other than the ion at m/z 122 are reso-
nantly ejected from the ion trap prior to the imposed isolation
time of 30 ms. Additional product ions present in the spectrum are
therefore the result of gas-phase ion-molecule reactions that occur
within the environment of the ion trap. The spectrum displayed in
Fig. 1c shows that the species at m/z 140 is formed from an ion-
molecule reaction involving the ion at m/z 122. The appearance of
the m/z 140 ion therefore suggests that the 2-OHNic species is re-

generated, as a protonated ion, by the reaction of the m/z 122 ion
with adventitious H2O in the ion trap. The intensity of the m/z 140
ion increased with increasing imposed isolation time, consistent
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Scheme 1. Possible routes for elimination of H2

ith the hypothesis that the species generated at the MS3 stage is
reated by an ion-molecule reaction within the ion trap.

Similar experiments were performed using ESI spray solutions
repared using 2-OHNic dissolved in pure MeOH or ethanol (data
ot shown). After a period of 30 min with spray of the alcohol solu-
ions (presumably allowing introduction of sufficient quantities of

eOH or EtOH into the ion trap to allow each to serve as neutral
eagents in ion-molecule reactions), adducts to the m/z 122 ion at
/z 154 and 168, respectively, were observed. This suggests that

eactions to produce the methyl and ethyl esters of 2-OHNic were
enerated in the gas-phase after the m/z 122 ions was generated
y CID.

The ion-molecule reactivity of the m/z 122 fragment ion in these
xperiments is reminiscent of earlier work involving specific prod-
ct ions generated by CID [37–39]. For example, Guan and Liesch
37] reported that product ions generated from a class of protonated
harmaceutical molecules participated in ion-molecule reactions
ith ESI solvent molecules (for example, water, acetonitrile and

liphatic alcohols) to form adducts. The reactive product ions were
roposed to be acylium ions based on rational interpretation of the
ragmentation of the precursor species. Later, Stein and cowork-
rs [38] demonstrated that the intensities of product ions from
rotonated quinoline drug precursors were sensitive to a range of
perating parameters during selected ion monitoring by tandem
ass spectrometry. Apparent changes in ion intensity were ulti-
ately traced to formation of adducts to specific (acylium type)

ons by ion-molecule reactions. The work by Stein and coworkers
as a follow-up to an earlier investigation of similar compounds

y Kaufmann and coworkers [39].
In the present study, the apparent product ions generated by CID

f the product ion at m/z 122 (MS3 stage, Fig. 1d) initially derived
rom protonated 2-OHNic appeared at m/z 94 and 112. The m/z 94
on corresponds to the elimination of 28 mass units, presumably CO,
rom the ion at m/z 122. The species at m/z 112 was identified as an
on generated by addition of H2O to the m/z 94 product by isolating
he latter, with storage without imposed collisional activation, in
he ion trap for 30 ms.

Three plausible routes to elimination of H2O from protonated
-OHNic are shown in Scheme 1. Protonated 2-OHNic may either
e in the 2-pyridone form with the added proton located at the O

tom of the ring-carbonyl group, or adopt the tautomeric hydrox-
pyridine form with the proton instead added at the N-atom of the
ing. Route 1 is initiated by tautomerization, with proton trans-
er from the N atom of the ring to create a hydroxypyridine-like
ing CID of protonated 2-hydroxynicotinic acid.

structure with the added proton also located at the ring carbonyl
O atom. Cleavage of the C OH2 bond results in elimination of H2O.
The product ion thus generated has a structure reminiscent of a
nicotinic acid carbocation.

In route 2, rotation of the acid group is followed by proton trans-
fer and elimination of H2O through a 6-member ring transition state
to furnish an acylium ion with a 2-pyridone like structure. The same
product ion is generated through route 3, but by a process in which
proton transfer from the protonated 2-pyridone ring to the car-
bonyl O atom of the acid group is followed by transfer to the OH
group. Elimination of H2O then furnishes the acylium ion.

Of the proposed pathways, routes 2 and 3 are most consistent
with the observed fragmentation of the m/z 122 product ion. Loss of
CO from the acylium structure would furnish a 2-hydroxypyridine
carbocation, or the keto tautomer. Fragmentation of the product ion
generated by route 1 might instead be expected to involve elimi-
nation of CO2 or CO2H. Proton transfer steps in both routes 1 and 3
would appear to proceed through suprafacial 1–3 transition states
that are (symmetry) forbidden, and thus likely to have relatively
large (>150 kJ/mol) barriers.

3.2. Structures predicted by DFT

Possible structures for protonated 2-OHNic and the dehydrated
product ion are shown in Figs. 2 and 3, respectively. Relative
energies for the respective conformations, obtained from B3LYP/6-
311+G(d,p) and B3LYP/6-311++G(3df,3p) calculations, are provided
in Tables 1 and 2. For intact 2-OHNic, the majority of the minima
identified correspond to structures with a 2-pyridone-type struc-
ture of the ring that differ in the position of the added proton. Two
structures, OHNic p3 and OHNic p11, are stable ion-molecule com-
plexes composed of the acylium ion and H2O. Of the respective
minima, the lowest energy structure is OHNic p1, for which the
conformation identical to the one depicted as the starting species
in Scheme 1. Structures in which the added proton is positioned on
the acid group rather than on the 2-pyridone ring range from ∼21
to 99 kJ/mol higher in energy. Similar species that are protonated
at the acid group, but which adopt the hydropyridine conforma-
tion (OHNic p20 and OHNic p21) are ∼76 to 120 kJ/mol higher in
energy.
The lowest energy structures predicted for the dehydrated prod-
uct ions are acylium ions. Structure OHNic p4 is an acylium ion with
2-pyridone configuration of the ring and is lowest in energy. The
acylium ion with the tautomeric hydroxypyridine configuration of
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Fig. 2. Structures predicted for protonated 2-hydroxynicotinic acid (B3LYP/6-311+G(d,p) level of theory).

Fig. 3. Structures predicted for dehydrated product ion (m/z 122) derived from
protonated 2-hydroxynicotinic acid (B3LYP/6-311+G(d,p) level of theory).

Table 1
Calculated energies for minima identified for protonated 2-hydroxynicotinic acid.

E ZPE E + ZPE �E (kJ/mol)

6-311+G(d,p)
OHNic p1 −512.6147 0.1217 −512.4931 0
OHNic p2 −512.6084 0.1216 −512.4868 17
OHNic p3 −512.5606 0.1162 −512.4444 128
OHNic p5 −512.5515 0.1183 −512.4333 157
OHNic p8 −512.6054 0.1206 −512.4848 22
OHNic p9 −512.5929 0.1202 −512.4727 53
OHNic p10 −512.5757 0.1204 −512.4552 99
OHNic p11 −512.5511 0.1159 −512.4352 152
OHNic p20 −512.5843 0.1206 −512.4637 77
OHNic p21 −512.5679 0.1202 −512.4476 199

6-311++G(3df,3p)
OHNic p1 −512.6536 0.1217 −512.5319 0
OHNic p2 −512.6458 0.1216 −512.5242 20
OHNic p3 −512.5963 0.1162 −512.4802 136
OHNic p5 −512.5901 0.1185 −512.4715 159
OHNic p8 −512.6449 0.1208 −512.5240 21
OHNic p9 −512.6340 0.1207 −512.5133 49
OHNic p10 −512.6152 0.1205 −512.4947 98
OHNic p11 −512.5861 0.1158 −512.4704 162
OHNic p20 −512.6233 0.1209 −512.5024 77
OHNic p21 −512.6083 0.1204 −512.4879 166
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Table 2
Calculated energies for minima identified for the dehydration product derived from
protonated 2-hydroxynicotinic acid.

E ZPE E + ZPE �E (kJ/mol)

6-311+G(d,p)
OHNic p4 −436.0855 0.0923 −435.9932 0
OHNic p30 −436.0743 0.0916 −435.9827 28
OHNic p6 −436.0078 0.0900 −435.9178 198
OHNic p7 −436.0094 0.0899 −435.9194 194

6-311++G(3df,3p)
OHNic p4 −436.1178 0.0923 −436.0256 0
OHNic p30 −436.1077 0.0918 −436.0160 25
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Fig. 4. IRMPD spectrum of 2-hydroxynicotinic acid (a) and predicted (B3LYP/6-
311++G(3df,3p) level of theory) IR spectra for structures, (b) OHNic p1, (c) OHNic p2,
(d) OHNic p3, (e) OHNic p5 and (f) OHNic p8. The IRMPD spectrum is included as
a light gray trace in (b) through (f) to facilitate comparison of experimental and
theoretical results.
OHNic p6 −436.0411 0.0902 −435.9509 196
OHNic p7 −436.0427 0.0901 −435.9526 192

he ring is >20 kJ/mol higher in energy. The transition state energy
or tautomerization of the acylium ion is 230 kJ/mol (Table 3),
onsistent with the high barrier expected for the suprafacial 1–3
roton transfer. The products derived from loss of H2O from the
ing, as formed along proposed route 1, OHNic p6 and OHNic 7,
re >190 kJ/mol higher in energy that OHNic p4. OHNic p6 and
HNic p7 differ in the relative orientation of the acid group with

espect to the carbocation site on the pyridine ring.

.3. IRMPD spectroscopy of protonated 2-OHNic and its
ehydration product

The IRMPD spectrum of 2-OHNic was collected by monitoring
he yield of the dehydrated product (m/z 122) as a function of pho-
on energy in the region 1350–1900 cm−1. In Fig. 4, the IRMPD
pectrum of protonated 2-OHNic (Fig. 4a) is compared to calculated
pectra for structures OHNic p1, OHNic p2, OHNic p3, OHNic p5
nd OHNic p8 (Fig. 4b–e, respectively). In Fig. 5, the IRMPD spec-
rum of protonated 2-OHNic is compared to those for structures
HNic p9, OHNic p10, OHNic p11, OHNic p20 and OHNic p21

Fig. 5a–e, respectively). The theoretical vibrational spectra shown
n Figs. 4 and 5 are the result of calculations at the B3LYP/6-

11++G(3df,3p) level of theory. Similar comparisons made using
he 6-311+G(d,p) basis set are provided in Figures S1–S3 of the sup-
orting information.

able 3
alculated energies for transition state structures identified for routes 1 through 3
hown in Scheme 1.

E ZPE E + ZPE �E (kJ/mol)

6-311+G(d,p)
OHNic TSp1 p5 −512.5183 0.1148 −512.4035 235
OHNic TSp5 p6 −512.5370 0.1174 −512.4196 193
OHNic TSp6 p7 −436.0001 0.0898 −435.9103 382a

OHNic TSp1 p2 −512.5909 0.1207 −512.4701 60
OHNic TSp2 p3 −512.5762 0.1173 −512.4589 90
OHNic TSp4 p30 −436.0171 0.0869 −435.9301 330a

OHNic TSp1 p8 −512.6065 0.1176 −512.4889 11
OHNic TSp8 p9 −512.5835 0.1183 −512.4652 73
OHNic TSp9 p10 −512.5594 0.1189 −512.4405 138
OHNic TSp10 p11 −512.5002 0.1147 −512.3855 282

6-311++G(3df,3p)
OHNic TSp1 p5 −512.5566 0.1149 −512.4418 237
OHNic TSp5 p6 −512.5751 0.1176 −512.4575 195
OHNic TSp6 p7 −436.0335 0.0899 −435.9436 383a

OHNic TSp1 p2 −512.6294 0.1207 −512.5087 60
OHNic TSp2 p3 −512.6136 0.1173 −512.4963 90
OHNic TSp4 p30 −436.0505 0.0871 −435.9635 331a

OHNic TSp1 p8 −512.6460 0.1179 −512.5281 10
OHNic TSp8 p9 −512.6238 0.1184 −512.5053 70
OHNic TSp9 p10 −512.5988 0.1190 −512.4798 137
OHNic TSp10 p11 −512.5393 0.1149 −512.4244 282

a Denotes transition state energies for specific product ions to which the zero-
oint corrected energy of water product has been added for comparison.
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Fig. 5. Comparison of IRMPD spectrum (light gray trace) of protonated 2-
hydroxynicotinc acid to spectra predicted (B3LYP/6-311++G(3df,3p) level of theory)
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plex OHNic p3 can presumably be formed. Elimination of H2O from
omparison of experimental and theoretical results.

The IRMPD spectrum contains 4 prominent absorptions. Two
bsorptions at ca. 1420, and 1735 cm−1, are fully resolved. Two
bsorptions at 1550 and 1615 cm−1 are less well resolved, but still
learly distinguishable. It is clear from inspection of Figs. 4 and 5
hat the best agreement between experimental and theoretical
pectra is for structure OHNic p1, consistent with the fact that the
ame species is predicted to be lowest in energy. All other min-
ma identified for protonated 2-OHNic have predicted IR features
hat are in poorer agreement, in terms of the relative positions of
bsorptions, with the experimental IRMPD spectrum.

Based on comparison to the vibrational pattern predicted for
HNic p1 at the B3LYP/6-311++G(3df,3p) level of theory, the
bsorption at 1735 cm−1 is assigned to the C O stretch of the acid
roup coupled to C C stretches of the protonated 2-pyridone ring.
he absorption in the IRMPD spectrum located at 1615 cm−1 is
ssigned to a pair of closely spaced absorptions, predicted to appear
t 1612 and 1637 cm−1, that are best described as C C stretches
oupled to an OH wag of the 2-pyridone ring. The absorptions at
550 and 1420 cm−1 are assigned to different coupled modes that

nvolve the amide N H wag of the protonated 2-pyridone ring and
ing C C stretches.

In Fig. 6, the IRMPD spectrum of the dehydrated product
Fig. 6a) is compared to those predicted for OHNic p4, OHNic p30,
HNic p6 and OHNic p7 (Fig. 6b–d, respectively). The IRMPD spec-

rum for the dehydrated product contains 3 absorptions at ca.

430, 1530, and 1750 cm−1. The best general agreement between
RMPD and predicted spectra is for OHNic p4, the 2-pyridone-like
cylium ion predicted to be lowest in energy (Table 2). The key
ass Spectrometry 330–332 (2012) 134–143

distinguishing feature of an acylium ion would be the C O stretch
[40,41]. For structure OHNic p4, this feature is predicted to appear
at ∼2200 cm−1, which is outside the photon energy range that could
be accessed during the experiments. However, for the 2-pyridone
or hydroxypyridine-type structures, absorptions characteristic of
C O stretches or N H wags are equally telling, especially when
attempting to distinguish the acylium ions from the products that
resemble the nicotinic acid carbocation.

Based on the comparison to the theoretical spectrum for
OHNic p4, the absorption at 1750 cm−1 can be assigned to the C O
stretch of the ring carbonyl. The absorptions at 1530 and 1430 cm−1

are assigned to the N H wag of the ring coupled to C C stretches.
For structure OHNic p30, the hydroxypyridine ring tautomer of
the acylium ion, the C O stretch is predicted to red-shift by ca.
200 cm−1, with the other absorptions in the region of 1530 and
1430 cm−1 composed only of ring C C stretches. These absorptions
are not predicted for structures OHNic p6 and OHNic p7 because
the proton situated at the pyridine N atom is eliminated and the
species no longer contains a ring carbonyl. The feature at 1770 and
1780 cm−1 in Fig. 6c and d for structures OHNic p6 and OHNic p7
correspond to the carboxylic acid C O stretch. The small features at
1370 and 1425 cm−1 are best described as ring C H wags coupled
to ring C C stretches. Clearly, based on the excellent agreement
between the predicted spectrum for OHNic p4 and the IRMPD spec-
trum for the ion at m/z 122, the structure of the dehydrated product
can be assigned to the acylium species with 2-pyridine like struc-
ture.

3.4. Pathway for loss of H2O from protonated 2-OHNic

With the conformations of protonated 2-OHNic (m/z 140) and
the dehydrated product ion (m/z 122) confidently assigned to
OHNic p1 and OHNic p4, respectively, the CID reaction that leads
to elimination of H2O can be said to generate an acylium ion. To
further investigate the fragmentation pathways, DFT calculations
were used to probe the reaction energies for the pathways shown
in Scheme 1. The relative energies of relevant minima are provided
in Tables 1 and 2. Energies for transition state structures at the
B3LYP/6-311+G(d,p) and B3LYP/6-311++G(3df,3p) level of theory
are provided in Table 3. Structures of the transition states for the
three pathways are provided in Figs. 7–9.

Plots of relative energy versus reaction progress are provided in
Figures S4–6 in the supporting information for pathways 1, 2 and 3,
respectively. For pathway 1, structure OHNic p5 is generated from
the global minimum, OHNic p1, by proton transfer through tran-
sition state OHNic TSp1 p5. As noted earlier, the transfer proceeds
through an energetically unfavorable suprafacial 1–3 transition
state. Cleavage of the ring C OH2 bond that ultimately causes elim-
ination of H2O, occurs through transition state OHNic TSp5 p6,
presumably furnishes structure OHNic p6, the nicotinic acid carbo-
cation. The products (OHNic p6 and H2O) are ca. 362 kJ/mol above
the energy of the global minimum. Rotation of the acid group,
through transition state OHNic TSp6 7, furnishes the lower energy
structure OHNic p7 (ca. 358 kJ/mol).

For pathway 2 (Fig. 8), structure OHNic 2 is populated by rota-
tion of the acid group through transition state OHNic TS p1 p2,
with a barrier of about 60 kJ/mol. Elimination of H2O in this path-
way proceeds through a 6-membered ring transition state that
involves concerted proton transfer and C OH2 bond cleavage
(structure OHNic TSp2 p3) that is about 90 kJ/mol above structure
OHNic p1. Following elimination of H2O, the post reaction com-
the post-reaction complex then furnishes the acylium ion. The rate
determining step in this pathway is formation of products, which
lie ca. 164 kJ/mol above the global minimum.
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ig. 7. Reaction pathway for generation of dehydrated product ion (m/z 122) by rou
ext.

For pathway 3 (Fig. 9), structure OHNic p8 is generated
rom the global minimum, OHNic p1, by proton transfer through
ransition state OHNic TSp1 p8. Structure OHNic p9 is gener-
ted from OHNic p8 through rotation of the acid OH group
hrough transition state OHNic TSp8 p9. Progress through tran-
ition state OHNic TS p9 p10 furnished structure OHNic p10, a
em-diol conformation which allows for proton transfer (transition
tate structure OHNic TSp10 p11) with concerted C O bond cleav-

ge to result in elimination of H2O and formation of the acylium
on, OHNic p4. The barrier to this reaction pathway is the suprafa-
ial 1–3 proton transfer transition state OHNic TSp10 p11 that

ig. 8. Reaction pathway for generation of dehydrated product ion (m/z 122) by route 2 in
ext.
Scheme 1. Relative energies for relevant species are provided in Tables 1–3 of the

ultimately leads to elimination of H2O, which is ∼282 kJ/mol above
the global minimum when calculated at either level of theory.

Based on the energetics produced by DFT, it can reasonably be
assumed that loss of H2O from protonated 2-OHNic occurs by route
2 depicted in Scheme 1. The path leads to the correct product ion
as identified by IRMPD spectroscopy. The overall reaction barrier
appears to be formation of products, at ∼164 kJ/mol, which is signif-
icantly lower than the proton transfer barriers identified for routes

1 and 3. As noted earlier, the product ion generated by route 1 is a
nicotinic acid carbocation, for which no evidence was observed in
the IRMPD spectrum.

Scheme 1. Relative energies for relevant species are provided in Tables 1–3 of the
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. Conclusions

In summary, we have shown that CID of protonated 2-
ydroxynicotinic acid (2-OHNic) generates a dominant product

on through the elimination of water, which subsequently forms
n adduct with adventitious H2O in a quadrupole ion trap in an
on-molecule reaction. The formation of the adduct species was
onfirmed by isolating and storing the product in the ion trap mass
pectrometer, without imposed collisional activation. Adduct for-
ation is identified by new peaks 18 and 32 mass units higher and

resumably represents generation of acid and methyl ester species
y reaction of an acylium ion with water and methanol.

Density functional theory calculations indicate that an acylium
on is energetically more favored as the dehydration product from
-OHNic than a nicotinic acid carbocation generated by elimination
f H2O from the aromatic ring. Formation of the acylium prod-
ct is confirmed by IRMPD spectroscopy following comparison to

armonic calculations by DFT. The IR spectrum of the dehydra-
ion product is most consistent with formation of an acylium ion
ith a 2-pyridone-like structure rather than the hydroxypyridine

automer.
n Scheme 1. Relative energies for relevant species are provided in Tables 1–3 of the

DFT was also used to investigate in detail the dynamics of pos-
sible reaction pathways to the dehydrated product. Investigation
of three possible routes to loss of H2O from protonated 2-OHNic
demonstrates that the lowest energy pathway leads to an acylium
ion by concerted proton transfer and elimination of H2O through
a 6-membered ring transition state. The other pathways include
energetically unfavorable 1–3 proton transfer steps and, in one
case, the formation of an energetically unfavorable product ion.
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