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The elusiveN-hydroxypyridyl radical1 has been generated transiently in the gas phase by collisional
neutralization of the stable cation1+. The radical underwent extensive dissociation by specific losses of H,
OH, and ring-cleavage reactions, as elucidated by neutralization-reionization mass spectrometry aided by
deuterium labeling. Effective QCISD(T)/6-311+G(3df,2p) and combined Møller-Plesset and density functional
theory calculations indicated that loss of OH from1 was 49 kJ mol-1 exothermic and proceeded on the
potential energy surface of the ground doublet electronic state of the radical. The loss of H and ring-cleavage
dissociations were initiated by the formation of excited electronic states in1 that provided the internal energy
for these endothermic reactions. OH radical addition to pyridine was predicted by transition-state theory
calculations to occur mainly (82%) in the C-3 and C-5 positions. Hydrogen atom addition to pyridine-N-
oxide (2) was predicted to occur selectively at the oxygen atom and trigger a reaction sequence that can
result in a highly exothermic catalytic isomerization of2 to hydroxypyridines.

Introduction

Additions of small radicals to aromatic and heteroaromatic
systems represent the kinetically important steps in chemical
processes as diverse as tropospheric oxidation,1 pulse radiolysis,2

and radiation and oxidative damage.3 While the kinetics of
radical additions can be studied and stable addition products
can be analyzed under carefully controlled conditions, the
identity and chemical properties of transient radical intermediates
are difficult to elucidate directly in situ. In particular, additions
to pyridine by hydroxyl radicals produced by pulse radiolysis
have been studied and isomeric hydroxypyridines have been
isolated as stable products.4 However, much less is known about
the mechanism and energetics of the additions, including the
structures and relative stabilities of transient adducts, and
activation energies for the additions. Pyridine is substantially
less reactive than benzene toward electrophilic additions.5 The
reactivity toward electrophilic attack at the different sites in
pyridine decreases in the series N-1. C-3/C-5> C-4 > C-2/
C-6 due to the electron-withdrawing effect of the nitrogen atom.5

Since the hydroxyl radical is an open-shell electrophile, the
relative rates of addition to the different positions in pyridine
are of relevance with respect to the general question of pyridine
reactivity in both electrophilic and radical additions. Early ab
initio calculations6 indicated that OH should attack pyridine in
the C-3/C-5 positions, in keeping with pulse radiolysis experi-
ments in aqueous solution.4c However, OH reactions with
pyridine showed vastly different rate constants in the gas-phase1,7

and solution,4b which raised the possibility of different reaction
mechanisms and reactive intermediates being involved in the
gas-phase reaction.

We have shown previously8 that transient radical adducts to
aromatic and heterocyclic systems can be generated and studied

in the gas phase using neutralization-reionization mass spec-
trometry.9 This comprises the generation of a stable gas-phase
ion, which is selected and accelerated to a high velocity, e.g.,
129 000 m s-1 for the charged pyridine-hydroxyl adducts
described below. The fast ion is discharged by a glancing
collision with a polarizable molecular donor (trimethylamine,
dimethyl disulfide, etc.) and the newly formed radicals are
separated electrostatically from remaining precursor ions.
Transfer of an electron from the thermal electron donor to the
fast ion occurs over a distance of a few molecular diameters
(5-10 Å), which limits the time scale for the electron transfer
to <8 fs. This implies that the nascent radical is formed with
the structure and nearly identical geometry of the precursor ion,
because the time for the electron transfer is shorter than the
periods of molecular vibrations. Unimolecular dissociations of
transient radicals are then studied on a microsecond time scale
(e.g., 4.7 µs for the pyridine-hydroxyl adducts), and the
undissociated radicals and dissociation products are collisionally
ionized and analyzed by mass spectrometry.

Here we report on the transient generation of the hitherto
elusive adduct of hydroxyl radical to N-1 in pyridine (1). We
studied the formation and unimolecular dissociations of1 and
also carried out extensive ab initio and combined density
functional theory and perturbational calculations of energies for
the pyridine-hydroxyl adduct1, several cyclic isomers (3-9),
ring-cleavage intermediates (10-12), transition states, and
dissociation products. We show, inter alia, that the formation
of 1 by collisional electron-transfer involves excited electronic
states that affect the radical dissociations.

Experimental Section

Methods. Measurements were carried out on a tandem
quadrupole acceleration-deceleration mass spectrometer de-
scribed previously.10 The pyridine-N-oxide cation radical (2+•)
was generated in a standard electron ionization source. Typical
ionization conditions were as follows: electron energy 70 eV,
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emission current 500µA, temperature 200-250 °C. Ion-
molecule reactions were used to generate ions1+ and1a+ in a
tight chemical ionization (CI) source. Typical ionization condi-
tions were as follows: electron energy 100 eV, emission current
1-2 mA, temperature 280-300°C, ion source potential 80 V.
NH3, ND3, acetone, and CD3COCD3 were used as CI reagent
gases at pressures of 1.0-1.5 × 10-4 Torr, as read on an
ionization gauge located at the diffusion pump intake. Stable
precursor ions were passed through a quadrupole mass filter
operated in the radio frequency-only mode, accelerated to the
total kinetic energy of 8250 eV and neutralized in the collision
cell floated at-8170 V. The precursor ion lifetimes were 30-
40 µs. Dimethyl disulfide (DMDS) was admitted to the
differentially pumped collision cell at a pressure such as to
achieve 70% transmittance of the precursor ion beam. The ions
and neutrals were allowed to drift to a four segment conduit,11

where the ions were reflected by the first segment floated at
+250 V. The neutral flight times in standard NRMS measure-
ments were 4.6µs. The fast neutral species were reionized in
the second collision cell with oxygen or nitrogen dioxide at
pressures adjusted such as to achieve 70% transmittance of the
precursor ion beam. The ions formed in the second collision
cell were decelerated, energy filtered, and analyzed by a
quadrupole mass filter operated at unit mass resolution. The
instrument was tuned daily to maximize the ion current of
reionized CS2+•. Typically, 40 repetitive scans were accumulated
per spectrum, and each spectrum was reproduced at least three
times over a period of several weeks.

Collisionally activated dissociation (CAD) spectra were
measured on a JEOL HX-110 double-focusing mass spectrom-
eter of forward geometry (the electrostatic sector E precedes
the magnet B). Collisions with air were monitored in the first
field-free region at pressures such as to achieve 70% transmit-
tance of the ion beam at 10 keV. The spectra were obtained by
scanning E and B simultaneously while maintaining a constant
B/E ratio (B/E linked scan).

Calculations.Standard ab initio and density functional theory
calculations were performed using the Gaussian 98 suite of
programs.12 Geometries were optimized using Becke’s hybrid
functional (B3LYP)13 and the 6-31+G(d,p) basis set. Spin-
unrestricted calculations (UB3LYP and UMP2) were used for
open-shell systems. Spin contamination in the UB3LYP calcula-
tions was small as judged from the〈S2〉 operator expectation
values that were 0.75-0.77. The optimized structures were
characterized by harmonic frequency analysis as local minima
(all frequencies real) or first-order saddle points (one imaginary
frequency). Complete optimized structures in the Cartesian

coordinate format and harmonic frequencies are available from
the correspondence author upon request. The B3LYP/6-31+G-
(d,p) frequencies were scaled by 0.963 (ref 14, for other scaling
factors see ref 15) and used to calculate zero-point vibrational
energies (ZPVE), enthalpy corrections, and partition functions.
The rigid-rotor harmonic oscillator approximation was used in
all thermochemical calculations. Single-point energies were
calculated at several levels of theory. In two sets of calculations,
MP2(frozen core)16 and B3LYP energies were calculated with
basis sets of increasing size, e.g., 6-311+G(2d,p) and 6-311+G-
(3df,2p). A complete set of total energies can be obtained from
the correspondence author upon request. Spin contamination in
the UMP2 calculations was substantial for radicals and transition
states, as evidenced by the spin expectation values〈S2〉 that
ranged between 0.77 and 1.673, but showed only a weak
dependence on the basis set used. Spin annihilation using
Schlegel’s projection method17 (PMP2)12 reduced the〈S2〉 values
to 0.75-1.526 and resulted in total energy decrease by 23-51
millihartree In addition, restricted open-shell (ROMP2) calcula-
tions18 were carried out for the entire set of structures to deal
with spin contamination.19 The PMP2 and ROMP2 energies
were averaged with the B3LYP energies according to the
empirical procedure that was introduced previously20 and tested
for several systems since.21,22This resulted in error cancellation
and provided relative energies denoted as B3-PMP2 or B3-
ROMP2,21,22 as discussed below. Calculations on closed-shell
systems are marked by B3-MP2. In addition, a composite
procedure was adopted that consisted of a single-point quadratic
configuration interaction calculation,23 QCISD(T)/6-31G(d,p),
and basis set expansion up to 6-311+G(3df,2p) through PMP2
or ROMP2 single-point calculations according to eq 1:

This level of theory is intermediate between those of the
Gaussian 2 (MP2) method24 which uses the 6-311G(d,p) basis
set in the large QCISD(T) calculation and the G2(MP2, SVP)
method25 which uses the 6-31G(d) basis set instead. Spin
contamination in the effective QCISD(T) energies was small
(1.8 millihartree root-mean-square deviation upon spin annihila-
tion) because of an efficient cancellation of spin effects on the
MP2 terms. We also utilized the previous finding that restricted
open-shell calculations (ROMP2) provided good stabilization
energies for small organic radicals.19 The calculated total
energies are available from the authors upon request.

Franck-Condon energies in vertical neutralization and reion-
ization were taken as absolute differences between the total B3-
MP2/6-311+G(2d,p) energies of fully optimized ion or neutral
structures and those in which an electron has been added to an
optimized cation structure or subtracted from an optimized
neutral structure. No zero-point corrections were applied to the
calculated Franck-Condon energies.

Gradient optimizations of excited-state geometries were
performed with spin-unrestricted configuration interaction singles
(UCIS)26 using the 6-31+G(d,p) basis set. Improved energies
for excited states were obtained from UCIS and time-dependent
density functional theory27 single-point calculations using the
B3LYP hybrid functional and the larger 6-311+G(2d,p) basis
set. These calculations are denoted by TD-B3LYP.

Results and Discussion

Formation of 1. Radical1 was generated by the reaction
sequence shown in Scheme 1. First, cation1+ was produced

QCISD(T)/6-311+G(3df,2p)≈ QCISD(T)/6-31G(d,p)+
MP2/6-311+ G(3df,2p)- MP2/6-31G(d,p) (1)
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selectively by gas-phase protonation of pyridine-N-oxide (2).
Since the oxygen atom is the most basic site in2,28 it is
selectively protonated with gas-phase acids (BH+) of proton
affinities, PA(B), in the range of 760-920 kJ mol-1, such as
NH4

+ (PA(NH3) ) 853 kJ mol-1) and (CH3)2COH+ (PA-
(acetone)) 821 kJ mol-1).29 Likewise, ND4

+ and (CD3)2COD+

were used for selective deuteronation at oxygen to generate ion
1a+ (Scheme 1). The topical proton affinities of the less basic
sites in2, e.g., C-2 (forming3+), C-3 (forming4+), and C-4
(forming 5+), are summarized in Table 1.

Neutralization of1+ followed by reionization resulted in
substantial dissociation, as shown in Figure 1a. The NR
spectrum of1+ showed a peak atm/z96 that coincided by mass
with the survivor ion1+. However, the apparent survivor ion
in the NR spectrum of1+ was, to a large extent, due to an
isobaric interference of ca. 2.3% of combined13C and 15N
isotopomers of2+• at m/z 96 which was not resolved from1+

in the precursor ion beam (see inset in Figure 1a). Note that
the reference NR spectrum of2+• showed a very prominent
survivor ion (Figure 2a). In the absence of isotopic interference
the survivor ion of1+ was very weak. The NR spectrum of the
deuteronated ion1a+ (Figure 1b) showeda Very weak surViVor
ion, in keeping with the negligible interference from combined
13C, 15N, and 18O isotope contributions (0.05% combined) at
m/z97 in the precursor ion beam (Figure 1b, inset). With regard
to the substantial thermodynamic stability of1+ (vide infra),
the absence of a survivor ion can be unambiguously ascribed
to the low stability of radical1.

Dissociations of 1.The main dissociations of1 upon NR
were ring cleavages that produced overlapping C4H1-5/C3H0-3N
fragments atm/z49-53, C3H0-3/C2H0-3N fragments atm/z36-
41, NO (m/z 30), and C2H0-2/CH0-2N fragmentsm/z 24-28,
in addition to loss of H (m/z 95) and OH (m/z 79). A further
insight into the nature of these dissociations was obtained from
the NR spectrum of1a+ (Figure 1b) that showed a very minor

peak due to loss of H, peaks for losses of D (m/z 95) and OD
(m/z 79), ring fragments atm/z 49-53, 36-41, and 24-29,
and the peak of NO+. Note that the ring fragments showed
virtually no mass shifts due to the presence of deuterium. This

SCHEME 1

TABLE 1: Proton Affinities and Ionization Energies

energya

species/reaction
B3-MP2

6-311+G(3df,2p)
QCISD(T)b

6-311+G(3df,2p)

1+ f 2 + H+ 914 920
3+ f 2 + H+ 753
4+ f 2 + H+ 656
5+ f 2 + H+ 761
1 f 1+ 516c 509c

523 517
2 f 2+• 816c 810c

821 807

a In units of kJ mol-1 at 298 K.b Effective energies from basis set
expansions.c PMP2 data in upper lines, ROMP2 data in lower lines.

Figure 1. Neutralization (CH3SSCH3, 70% transmittance)/reionization
(O2, 70% transmittance) mass spectra of (a)1+and (b)1a+. (c) NR
(CH3SSCH3/NO2, 70% transmittance) mass spectrum of1+. Insets show
the (M + H)+ (m/z 96 in a and c) or (M+ D)+ (m/z 97 in b) regions
in the corresponding chemical ionization mass spectra.

Figure 2. Neutralization (CH3SSCH3, 70% transmittance)/reionization
(O2, 70% transmittance) mass spectra of (a)2+• and (b) [cyclopenta-
diene]+•.
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proved that the deuterium atom of the OD group was not mixed
with the ring hydrogens and was directly lost as D or OD.

Consecutive dissociations of the presumed primary products,
2 and pyridine,8b respectively, were inferred from the reference
NR spectra. The NR spectrum of2+• showed a prominent
survivor ion atm/z 95 and ring fragments (Figure 2a). The
relative abundance of the ring fragments in the NR spectrum
of 2+• (65% of the sum of NR peak intensities,ΣINR) was
substantially less than that in the NR spectrum of1 (>90%
ΣINR). The NR spectrum of [pyridine]+• also showed 65%ΣINR

of ring-cleavage dissociations that formed fragments atm/z49-
52, 36-40, and 24-27.8b Hence, consecutive dissociations of
pyridine,2, and their cation-radicals could qualitatively account
for the ring-cleavage products observed in NR of1+. However,
when scaled from the reference NR spectra, the contributions
of pyridine and2 dissociations amounted to only about 7 and
9%, respectively, of ring-cleavage products in NR of1+. Further
excitation of neutral2 by collisions with He caused more
extensive ring fragmentations (spectrum not shown). For
example, upon 50% attenuation due to collisions, the relative
abundance of survivor2+• decreased from 29%ΣINR to 16%
ΣINR, i.e., by 45%. This indicated that 100(45/50)≈ 80% of
collisions with He caused dissociation of neutral2, or in 2+•

following reionization. The energetics of these dissociations is
discussed later in the paper.

The presence of an abundant peak of NO+ by NR of 1 also
indicated a dissociation pathway involving a ring cleavage.
However, the complementary C5H6 fragment was very weak in
the NR spectrum of1. A reference NR spectrum of cyclopen-
tadiene was obtained that showed an abundant C5H6

+• survivor
ion and C3H3

+ and C2H2
+• ring fragments (Figure 2b). Hence,

the virtual absence of a C5H6
+• ion in NR of 1 suggested that

NO was not produced by direct dissociation of1 to cyclopen-
tadiene+ NO.

Collisional activation with oxygen can cause electronic
excitation in the ion, thus supplying internal energy for highly
endothermic dissociations, as reported recently.30 A similar
effect in collisional reionization of1 with O2 may provide
excitation that could drive ring dissociations in1+. To check
this possibility, we measured a NR spectrum of1+ using NO2

for reionization instead of O2 (Figure 1c). In contrast to O2,
NO2 has no bound excited electronic states31 and cannot promote
resonant electronic excitation in the ion or neutral collision
counterpart. The NR spectrum in Figure 1c was similar to that
obtained by reionization with O2 in that analogous abundant
ring-cleavage dissociations were observed in both spectra. In
addition, the CH3SSCH3/NO2 NR mass spectrum showed an
enhanced formation of NO+ at m/z 30, while the pyridine ion
at m/z 79 due to loss of OH was diminished. These effects on
ion relative intensities can be due to some extent to different
cross sections for collisional ionization with O2 and NO2 of the
neutral fragments formed by dissociation of radical1.32 How-
ever, the comparison of the CH3SSCH3/NO2 and CH3SSCH3/
O2 NR mass spectra showed convincingly that the ring
dissociations were determined mainly by the energetics of the
electron-transfer producing the intermediate radical1 and less
so by collisional reionization.

To summarize the reaction types observed upon NR, ring
cleavages were the predominant dissociations that competed with
specific losses of OH and H from the N-OH group.

Ion Dissociations.Since neutral and post-reionization ion
dissociations may overlap in NR mass spectra, ion dissociations
pertinent to 1+ were examined separately by collisionally
activated dissociation (CAD) spectra (Table 2). CAD of1+

produced fragment ions due to losses of H (m/z 95), OH (m/z
79), H2O (m/z 78), H + HCN (m/z 68), ring fragments atm/z
63, 50-52, and 37-41, and a weak peak of NO+ at m/z 30.33

The CAD spectrum of1+ differed substantially from the NR
mass spectrum in the fragment relative intensities. In addition,
deuterium labeling in1a+ revealed nearly statistical loss of H
and D from the ion, as opposed to NR dissociations (vide supra).
Thermochemical data29 suggest that the main ion dissociations
of 1+ that were observed on CAD were substantially endother-
mic. For example, the formation of [pyridine]+• + OH• required
377 kJ mol-1 at the thermochemical threshold, and the formation
of 2+• + H required 420 kJ mol-1.34 Hence, the ion dissociation
energetics differed dramatically from that of the radical, as
discussed next.

Radical Dissociation Energetics.To further elucidate the
competing unimolecular dissociations of1, we obtained relative
energies for several species and transition state energies for
isomerizations and dissociations. The relevant energies from
effective QCISD(T)/6-311+G(3df,2p) calculations are visualized
in a potential energy diagram (Figure 3), and the relative
energies obtained by B3-PMP2 calculations are summarized in
Table 3. According to calculations,1 was a local energy
minimum ofCs symmetry in which the O-H bond was rotated
out of the pyridine ring plane (Figure 4). However,1 was
metastable with respect to isomerization to theortho andpara
nitroxyl radicals (3 and5, respectively, Figure 3 and Table 3),
ortho-, meta-, andpara-hydroxydihydropyridyl radicals (6, 7,
and 8, respectively), and dissociation by loss of OH to form

TABLE 2: Collisionally Activated Dissociation Spectra of
Ions 1+, 1a+, and 2•+. Relative Intensitya

m/z 1+ 1a+ 2•+

26 1.9 2.3 0.7
27 1.0 1.9 0.2
28 1.4 1.7 0.4
29 0.2
30 1.2 0.7
36 0.9 0.2
37 2.3 2.4 1.2
38 4.3 2.7 3.4
39 9.0 4.1 7.9
40 2.4 2.1 3.6
41 1.6 2.6
42 1.1 0.7
48 3.0 1.7 0.5
48.5 6.6
49 1.7 2.2 0.9
50 6.8 6.4 4.3
51 10.0 12.6 5.2
52 7.5 9.3 2.8
53 1.4 2.1 2.1
61 1.3 0.9
62 2.3 3.3
63 4.1 2.1 9.3
64 1.5 1.6 2.2
65 1.0 0.9
66 0.8 3.0
67 0.9 0.9
68 2.2 27.0
69 0.9
75 0.8 0.2
76 0.8 1.8 0.5
77 0.7
78 5.2 7.8 5.5
79 11.5 15.4 3.8
80 0.7
94 4.5
95 6.3 2.8
96 9.3

a Relative to the sum of CAD ion intensities.
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pyridine. Radical1 was more stable than themeta-nitroxyl
radical 4 and the cyclicN-oxide radical9 corresponding to
hydrogen atom addition to N-1 in2 (Table 3). The optimized
structures of the isomeric radicals3-9 and dissociation products
10-13are shown in Figure 5, and the transition state geometries
are shown in Figure 6.

Loss of the hydroxyl group from1 was 49 kJ mol-1

exothermic and represented the lowest-energy dissociation path.
Radical1 gained modest kinetic stability from the 15 kJ mol-1

barrier to reach the transition state for cleavage of the N-O
bond (TS1, Figure 3). The optimized structure ofTS1 (Figure
6) showed an early transition state in which the N-O bond
was elongated by only 0.18 Å compared to the local minimum

of 1 (Figure 4). For a radical produced by vertical electron
capture, Franck-Condon effects alone induced 22 kJ mol-1

vibrational excitation which, in combination with the mean
thermal energy of the precursor ion (38 kJ mol-1 at 523 K),
should be more than sufficient to drive fast dissociation of1.
In contrast, loss of the H atom from the OH group in1 to
produce2 was 113 kJ mol-1 endothermic and included an
additional small energy barrier (TS2). The dissociation and
activation energies calculated at the other levels of theory are
summarized in Table 4.

Reaction pathways for ring opening were studied in some
detail to elucidate the ring dissociations observed on NR.
Cleavage of the N-C-2 bond in 1 to give the open-ring
intermediate10 was 193 kJ mol-1 endothermic, and included
an additional potential energy barrier in the transition stateTS3,
which was 36 kJ mol-1 above10 (Figure 3). TheTS3geometry
showed a nearly in-plane cleavage of the N-C-2 bond (Figure
6), which must be followed by subsequent rotation about the
C-5-C-6 bond to reach theanti-anti-syn-synconfiguration
of radical10 (Figure 5).

Ring cleavages by C-C bond dissociations were also
expected to lead to high-energy intermediates. A further
dissociation of10 by elimination of acetylene to form HCd
CH-CHdN-OH (13) required 145 kJ mol-1 and may have
involved an additional potential energy barrier. Note that the
open-ring radical10can rearrange by hydrogen transfer to form
the substantially more stable nitroxyl radical12, which, however,
was still 84 kJ mol-1 above1. Radical 12 was a potential
intermediate for the loss of NO from1.

Another possible pathway to losing NO was by isomerization
to the more stable isomer3 which can eliminate NO to form
cyclopentadiene (Figure 3). The overall dissociation1 f C5H6

Figure 3. Potential energy diagram for dissociations and isomerizations of1. The relative energies are based on effective QCISD(T)/6-311+G-
(3df,2p) total energies and B3LYP/6-31+G(d,p) zero-point corrections and refer to 0 K.aExcited state energies are from time-dependent B3LYP/
6-311+G(2d,p) calculations.bThese energies are based on the basis set expansions through the ROMP2 calculations.

TABLE 3: Relative Energies of (Pyridine + OH) Radicals

energya

species
B3-MP2

6-311+G(3df,2p)
QCISD(T)b

6-311+G(3df,2p)

1 0 0
3 -20 -12

1 -12
4 35 49

48 44
5 -18 -20

-1 -15
6 -114 -120

-108 -120
7 -103 -108

-97 -109
8 -95 -98

-86 -99
9 144 139

153 137

a In units of kJ mol-1 at 0 K. b PMP2 data in upper lines, ROMP2
data in lower lines.c Effective energies from basis set expansions.
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+ NO was only 7 kJ mol-1 endothermic and could, at least in
principle, provide a low-energy pathway to ring-cleavage
products. However, a search for the transition state for the1 f
3 isomerization, which included migration of H from the OH
group onto C-2, was unsuccessful. Upon decreasing the C-2‚‚
‚H-O distance, the potential energy of the system increased
steeply, and while the O-H bond showed a negligible elonga-
tion, the weak N-O bond was gradually stretched. At C-2‚‚‚
H-O distances that would normally develop a bonding C-H
interaction in the transition state (1.4-1.5 Å), the N-O bond
dissociated completely, and the interaction between C-2 and
the hydrogen end of the OH radical showed a negative
(repulsive) energy gradient. This result indicated that, at the
present level of theory at least, there was no low-lying cyclic
transition state for the 1,3-hydrogen migration from1 to 3. A
two-step isomerization by O-H bond dissociation followed by
H atom addition to C-2 in2 faced a large activation energy
(160 kJ mol-1 above1, Figure 3) and should not occur in
competition with loss of OH.

The calculations indicated that the low stability of1, as
observed in the NR spectrum, can be explained by a facile OH
loss which is promoted by vibrational excitation in1 caused
by a combination of the precursor ion thermal energy and
Franck-Condon effects in vertical electron transfer. However,
the calculated potential energy surface of the ground electronic
state did not explain the loss of H and the extensive ring-
cleavage dissociations observed upon NR.

Similar discrepancies between the predicted and observed
dissociations have been noted previously for other heterocyclic

radicals and attributed to the formation of excited electronic
states upon collisional electron transfer.8d,8eAn exited state can
arise by electron capture in a vacant molecular orbital of the
fast precursor ion, or by electron capture combined with
excitation of a valence electron during collisional electron
transfer. To be kinetically significant, the excited state must
have a radiation lifetime commensurable with the dissociation
lifetime, t ) 1/k, where k is the unimolecular dissociation
constant. To gain some insight, we investigated by computations
the first five excited doublet states of1.

Electronic States of 1.The excitation energies and radiative
lifetimes of the lowest five excited states in1 were calculated
at two levels of theory (UCIS and TD-B3LYP) for the optimized
geometry of the ground electronic state, optimized geometries
of the2A and2B states (Figure 4), and for1 formed by vertical
neutralization of1+ (Table 5). According to TD-B3LYP, the
vertically formed2A state of1 was 122 kJ mol-1 above the
local minimum for the X state. The2A state was metastable
with respect to loss of OH, and close to the energy ofTS2 for
the loss of H from the OH group (Figure 3). The2B state was
about 85 kJ mol-1 aboveTS2, but still 20 kJ mol-1 belowTS3
for ring opening in (2X)1. Hence, internal conversion2B f 2X
could provide sufficient vibrational energy for1 to dissociate
by loss of H, but not for fast ring opening. The2C and higher
excited states were aboveTS3, so that internal conversion2C
f 2X could provide energy for the vibrationally excited2X state
to undergo ring cleavage. Note that the2C and2D states of1
had radiative lifetimes of several microseconds (Table 5), and
therefore could participate in state-selective dissociations or
provide vibrational energy to the2X state following internal
conversion.

In contrast, excited electronic states of the stable products
pyridine and2 were energetically inaccessible from the2A
through 2E excited states of1. For example, the vertical
excitation energies of pyridine were calculated by TD-B3LYP
as 3.9, 4.1, 4.5, and 4.8 eV for the3A1, 3B1, 3B2, and1B1 states,
respectively, so that even a dissociation originating form a
highly excited state, (2E)1 f (3A1) pyridine+ OH•, was 12 kJ
mol-1 endothermic. Likewise, the vertical excitation energies
in 2 were calculated as 2.3, 3.5, 3.7, and 4.0 eV for the3A1,
3B2, 3A2, and1A2 states, respectively, which made the dissocia-
tion, (2E)1 f (3A1)2 + H•, 38 kJ mol-1 endothermic. This
indicated that excited electronic states of the primary products
could be formed only from the sixth and higher excited states
of 1.

Ring-Cleavage Mechanisms in 1.What are the plausible
mechanisms for ring-cleavage dissociations in NR of1? Some
insights can be obtained from the dissociation energetics and
results of labeling experiments. The energy diagram in Figure
3 suggests two different mechanisms which are now discussed.
In the first mechanism, internal conversion in an excited state
of 1 promotes dissociation by loss of H and OH. If the pyridine
molecule is formed in a high vibrational state, its further
dissociation can lead to ring-cleavage products, as shown
previously by NRMS,35 laser pyrolysis,36 and shock-tube
experiments.37 The lowest-energy dissociation of neutral pyri-
dine to 3-buten-1-yne and HCN requires 290 kJ mol-1 at the
thermochemical threshold,38 which can be supplied by dissocia-
tions originating from the2C and higher excited states of1
(Figure 3). The lowest-energy dissociation of [pyridine]+• to
produce [methylenecyclopropene]+• and HCN requires 310 kJ
mol-1 threshold energy, which could be supplied by a combina-
tion of vibrational excitation in neutral pyridine produced from
1 and collisional excitation upon reionization. This leads to the

Figure 4. Optimized geometries of1+ and the X, A, and B electronic
states of1. Roman numerals: UMP2/6-31+G(d,p) (2X state) and UCIS/
6-31+G(d,p) (2A and 2B states) geometries. Italics: B3LYP/6-31+G-
(d,p) geometries. Bond lengths in angstroms, bond and dihedral angles
in degrees.
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conclusion that post-reionization dissociations of [pyridine]+•

can result in extensive ring cleavages provided theneutral
moleculewas produced form1 in highly excited vibrational
states.

The energetics of2 and2+• also offer plausible mechanisms
for ring cleavage dissociations. The reaction2 f [cyclopenta-
dienyl]• + NO• was calculated to be 214 kJ mol-1 endothermic,

so that the formation of these products from1 required 327 kJ
mol-1, which was only slightly above the energy of the vertically
formed 2E state of1. Dissociation by loss of NO from2+• to
produce the cyclopentadienyl cation was calculated to require
243 kJ mol-1 at 0 K, which could be readily supplied by a
combination of vibrational excitation in2 and further excitation
upon collisional ionization. In keeping with the energy analysis,

Figure 5. B3LYP/6-31+G(d,p) optimized geometries of3-13.
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collisional excitation of neutral2 resulted in 80% ring-cleavage
dissociations in excited2 and/or2+•.

To summarize the dissociation mechanisms, the generation
upon vertical electron transfer ofexcited electronic statesof 1

Figure 6. B3LYP/6-31+G(d,p) optimized geometries of transition statesTS1-TS12.
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TABLE 5: Excited State Energies of 1

excitation energya fb t( µs)c configurationd

species/geometry state UCISe TD-B3LYPe UCISe TD-B3LYPe UCISe TD-B3LYPe UCIS TD-B3LYP

(X) 1 A 4.1 2.1 0.005 0.004 0.3 2.0 26R f 33R 26R f 27R
B 4.8 3.1 0.027 0.034 0.04 0.07 26R f 27R 26R f 28R
C 5.5 3.4 0.013 0.037 0.02 0.05 mixedR,â 26R f 29R
D 5.5 3.8 0 0 >20 >20 26R f 28R 26R f 30R
E 5.7 4.0 0.043 0.012 0.02 0.1 mixedR,â 26R f 31R

1 (VN)f A 2.9
(3.3)g

1.0
(1.3)g

0.002 0.002 1.1 12 26R f 33R 26R f 27R

B 3.5
(3.9)

1.9
(2.1)

0.03 0.02 0.06 0.3 26R f 27R 26R f 28R

C 4.1
(4.5)

2.4
(2.6)

0.002 0.002 0.5 2.5 mixedR 26R f 29R

D 4.3
(4.7)

2.9
(3.1)

0.001 0.001 2.1 4 26R f 28R 26R f 30R

E 4.6
(5.0)

3.2
(3.4)

0.003 0.005 0.4 0.4 mixedR 26R f 31R

(A) 1 A 2.6
(3.2)g

0.8
(1.3)g

0.002 0.001 1.9 24 26R f 33R 26R f 27R

B 3.2
(3.8)

1.8
(2.3)

0.04 0.03 0.06 0.2 26R f 27R 26R f 28R

C 4.0
(4.6)

2.3
(2.8)

0.007 0.003 0.2 1.6 mixedR 26R f 29R

D 4.4
(5.0)

2.7
(3.2)

0.001 0.001 2.0 3.9 26R f 28R 26R f 30R

E 4.5
(5.1)

3.1
(3.5)

0.002 0.005 0.6 0.6 mixedR 26R f 31R

(B) 1 A 2.6
(3.2)g

1.0
(1.4)g

0.002 0.002 1.6 16 26R f 33R 26R f 27R

B 3.2
(3.8)

1.8
(2.2)

0.037 0.03 0.06 0.2 26R f 27R 26R f 28R

C 4.0
(4.6)

2.4
(2.9)

0.007 0.003 0.2 1.5 mixedR 26R f 29R

D 4.1
(4.7)

2.8
(3.2)

0.001 0.001 1.7 2.8 26R f 28R 26R f 30R

E 4.4
(5.0)

3.1
(3.6)

0.003 0.005 0.5 0.5 mixedR 26R f 31R

a In units of electronvolts relative to the ground state of the pertinent optimized geometry.b Oscillator strength.c Radiative lifetime for transition
to the ground state.d Dominant configurations with expansion coefficients>0.8. e Calculations with the 6-311+G(2d,p) basis set.f Vertical
neutralization of cation1+. g Excitation energies relative to the optimized ground state of1.

TABLE 4: Dissociation and Activation Energies of (Pyridine + OH) Radicals

energya energya

species/reaction
B3-MP2b

6-311+G(3df,2p)
QCISD(T)b,c

6-311+G(3df,2p) species/reaction
B3-MP2b

6-311+G(3df,2p)
QCISD(T)b,c

6-311+G(3df,2p)

1 f 2 + H• 110 113
118 120

5 f TS6 145 180

1 f pyridine+ OH• -42 -49
134 173

-32 -41
6 f TS7 82 100

1 f 10 193 225
7 f TS8 68 82

197 194
71 84

1 f 11 199
8 f TS9 63 78

202
70 81

1 f 12 64 84
6 f 14 + H• 29 35

85 84
31 43

1 f 13 + C2H2 342 338
7 f 15 + H• 57 62

349 338
58 70

1 f cyclopentadiene+ NO 12 -0.5
8 f 16 + H• 40 43

21 7
39 51

1 f TS1 8 15
6 f TS10 78 95

1 12
75 96

1 f TS2 117 124
7 f TS11 103 120

125 132
98 120

1 f TS3 225 241
8 f TS12 89 91

235 236
83 53

2 + H• f TS2 7 12
pyridine+ OH• f TS1 49 64

8 13
33 54

2 + H• f TS4 17 47
pyridine+ OH• f TS7 10 29

13 35
pyridine+ OH• f TS8 6 23

2 + H• f TS5 25 61
6 17

28 49
pyridine+ OH• f TS9 11 29

2 + H• f TS6 17 48
17 23

15 37
14 + H• f TS10 49 60

3 f TS4 147 172
44 53

129 167
15 + H• f TS11 47 58

4 f TS5 100 125
41 50

97 125
16 + H• f TS12 48 48

44 3
a In units of kJ mol-1 at 0 K. b PMP2 data in upper lines, ROMP2 data in lower lines.c Effective energies from basis set expansions.
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provides the energy to drive dissociations forming vibrationally
excited pyridine and2. The latter molecule, and its cation radical
in particular, can dissociate by expulsion of NO and other ring-
cleavages to produce the various fragments observed in the NR
spectrum of1.

Hydroxyl Radical Addition to Pyridine. The calculated
transition state energies allowed us to assess the kinetics of
bimolecular hydroxyl radical additions to the N-1, C-2, C-3,
and C-4 positions in pyridine, which were relevant to the
previous pulse radiolysis4 and gas-phase studies.7 The calculated
rate constants and activation parameters are summarized in Table
6. As expected, the absolute rate constants strongly depended
on the transition state energies, which in turn depended on the
computational scheme used. However,relatiVe rate constants
showed similar trends regardless of the level of theory used.
The symmetrically equivalent positions C-3/C-5 in pyridine
showed the lowest activation energies for OH addition and were
therefore most reactive. OH additions to C-3/C-5 amounted to
81-98% of total reactivity, when expressed as the pertinent
relative rate constant,krel (Table 6). Thekrel values for OH
addition to the C-2/C-6 and C-4 positions were similar, so that
an OH attack in the ortho-positions was predicted to be favored
for statistical reasons. The nitrogen atom was calculated to be
virtually unreactive toward OH attack.

These predicted relative rate constants were in very good
qualitative agreement with previous experimental results.4

Analysis of the reaction products following pulse radiolysis of
pyridine indicated that>80% of OH attacks took place in the
C-3 and C-5 positions, which is reproduced by the present

calculations. In addition, no2 was detected in the reaction
mixture following pulse radiolysis,4c which is consistent with
the high calculated energy barrier for an OH attack at the
pyridine nitrogen atom.

The calculated total rate constants,ktotal ) kN + kC-2,C-6 +
kC-3,C-5 + kC-4, varied greatly (Table 6). In general, the gas-
phase rate constants calculated at the present levels of theory
were lower than the experimental values. The best match was
obtained for the rate constant calculated from the B3-PMP/6-
311+G(3df,2p) transition state energy which also showed the
best match with the experimental Arrhenius activation energy
(6.3 kJ mol-1, Table 6). Using the smaller 6-311+G(2d,p) basis
set gave acceptable kinetic data when based on B3-PMP2 and
B3-ROMP2 transition state energies. This is significant for
transition state calculations of yet larger open-shell systems for
which the 6-311+G(3df,2p) basis set could be prohibitively
expensive. Note also that the logA terms were predicted
accurately from the calculated partition functions (Table 6).

It may also be noted that the transition state energies obtained
at the present levels of theory were greater than those reported
recently from B3LYP calculations which predicted a negative
activation energy for the OH addition to C-3 in pyridine.39 That
result was likely to be an artifact of B3LYP calculations that
were reported to underestimate activation energies in radical
additions to several unsaturated systems.40

Hydrogen Atom Addition to Pyridine- N-oxide. Hydrogen
atoms are produced by pulse radiolysis of water,2 and their
reactivity toward pyridine derivatives is also of interest. The
potential energy diagram in Figure 3 suggests that H atom

TABLE 6: Kinetic Parameters for OH Additions to Pyridine

position

method N C-2,C-6a C-3,C-5a C-4

QCISD(T)/6-311+G(3df,2p) ETS
b 64.0 28.9 23.1 29.3

Ea
c 67.2 32.8 27.6 33.5

log Ad 11.69 12.11 12.44 12.34
log k200

e -5.83 3.57 5.27 3.62
log k298 -0.11 5.35 7.59 6.45
log krel,298

f 0g 0.052 0.915 0.033
log ktotal,298

h 7.65
B3-PMP2/6-311+G(3df,2p) ETS 49.4 9.8 6.5 10.6

Ea 52.6 13.8 10.9 14.8
log A 11.69 12.11 12.44 12.34
log k200 -2.02 8.56 9.63 8.50
log k298 2.46 9.69 10.52 9.73
krel,298 0g 0.122 0.812 0.066
log ktotal,298 10.64

B3-PMP2/6-311+G(2d,p) ETS 54.3 10.2 6.7 10.8
Ea 57.4 14.1 11.1 15.1
log A 11.69 12.11 12.44 12.34
log k200 -3.28 8.46 9.58 8.44
log k298 1.61 9.63 10.48 9.69
krel,298 0g 0.115 0.820 0.065
log ktotal,298 10.60

B3-ROMP2/6-311+G(2d,p) ETS 38.6 16.3 7.6 17.7
Ea 41.8 20.3 12.0 22.0
log A 11.69 12.11 12.44 12.34
log k200 0.81 6.86 9.34 6.63
log k298 4.35 8.55 10.32 8.47
krel,298 0g 0.016 0.977 0.007
log ktotal,298 10.34

experiment Ea 6.3( 0.8i

log A 12.32( 0.17
log ktotal 11.21( 0.22i,j

10.98k

a Total fractions for additions to the equivalent C-2/C-6 and C-3/C-5 positions.b Calculated activation energies for OH additions in kJ mol-1.
c Arrhenius activation energies in kJ mol-1. d Arrhenius preexponential factors.e Bimolecular rate constants mol-1 cm3 s-1 at the indicated absolute
temperatures.f Relative rate constants,krel ) k/(kN + kC-2 + kC-3 + kC-4). g Relative rate constants<10-6. h From log(kN + kC-2,C-6 + kC-3,C-5 +
kC-4). i Corresponds to total OH additions.j At 298 K from ref 7a.k At 297 K from ref 7b.
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addition in 2 should proceed preferentially at the O atom to
form 1. H atom additions to the C-2 through C-4 positions in2
showed substantially higher activation energies and should not
compete effectively with the addition at oxygen. However, an
H addition forming1 was 110-113 kJ mol-1 exothermic, so
that the radical adduct was expected to be vibrationally excited
above the potential energy barrier for the exothermic OH loss.
The overall exothermicity of the reaction2 + H• f pyridine+
OH•, ∆Hrxn ) -162 kJ mol-1, indicated that2 should be
susceptible to facile reduction by H atoms. More interestingly,
the readdition of the OH radical formed by the dissociation of
intermediate1 can occur exothermically in the C-2, C-3, and
C-4 positions (vide supra), and the respective intermediate
radicals7-9 can subsequently transfer a hydrogen atom to
another molecule of2 to produce stable hydroxypyridines (14-
16) while recreating1. This is shown for 3-hydroxypyridine
(15) in Scheme 2, which also gives the calculated reaction
enthalpies in kJ mol-1. The analogous reactions with2 of
radicals 6 and 8 were 71 and 70 kJ mol-1 exothermic,
respectively. These reaction sequences thus could createcatalytic
cyclesfor isomerizations of2 to hydroxypyridines14-16, which
are triggered by the hydrogen atom addition to2 and driven by
exothermic OH additions to pyridine and H atom transfers to
2. The catalytic cycle shown in Scheme 2 can possibly provide
an efficient mechanism for destruction of2 and may explain
the absence of2 in the mixtures produced by pulse radiolysis
of pyridine.4c

Conclusions

N-hydroxypyridyl radical1 is a highly reactive species that
has been transiently generated for the first time by femtosecond
collisional electron transfer in the gas phase. The radical is only
weakly bound with respect to dissociation to pyridine and OH
radical. In addition to the predicted loss of OH,1 produced by
collisional electron transfer also underwent specific loss of H
that originated from excited electronic states. While the energet-
ics of OH additions to pyridine exclude1 as an intermediate, it
can play a pivotal role in catalytic isomerization of pyridine-
N-oxide to the more stable hydroxypyridines.
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