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Modeling Nucleobase Radicals in the Gas Phase. Experimental and Computational Study of
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Isomeric radicals corresponding to hydrogen atom adducts to 2-hydroxypyridiaed 2-(1H)pyridoneZ2)

were investigated by neutralization-reionization mass spectrometry and combined ab initio and density functional
theory calculations. Gas-phase protonationlaind 2 occurred preferentially at the nitrogen and oxygen
atoms, respectively, to give a single 2-hydroxypyridinium &mn The calculated topical proton affinities in
1were 922, 602, 777, 649, 786, 694, and 746 kJiar the N-1, C-2, C-3, C-4, C-5, C-6, and OH positions,
respectively. The topical proton affinities thwere 756, 824, 815, 692, and 930 kJ midbr the N-1, C-3,

C-5, C-6, and carbonyl oxygen positions, respectively. The 2-hydroxy-(1H)pyridinium ragtjoabs generated

by collisional neutralization of io®" and found to be stable on a 4.6% time scale. Radic&" dissociated

by losses of the hydroxyl and amine hydrogen atoms and by ring cleavages. MP2 and B3LYP calculations
with the 6-311G(2d,p) basis set established the 298 K relative energies of hydrogen atom adducts derived
from 1 and2 as 3-H2 (11°, most stable, Ok 6-H-2 (14, +20) < 3H-1 (5°,+37) < 4H-2 (12,+59) < 5H-2
(13,+60) < 5H-1 (7,+62) < 3* (+67) < 6H-1 (8,+76) < 4H-1 (6°,+86) < 2H-1 (4",+107) < 1H-2 (10,+139

kJ molY). Hydrogen atom adducts to C-2 Znand to the hydroxyl group it were found to be unstable and
dissociated by ring opening and loss of H, respectively. RRKM calculations on the effective QCISD(T)/6-
311+G(2d,p) potential energy surface showed cleavages of thid @rd N—H bonds in3 to be the lowest
energy dissociations occurring in a 10:1 rafiovas calculated to be 4.7 kJ mélmore stable tha in the

gas phase at 0 K. Fitting the experimental and calculated isotope effects on dissociations of deuterium-
labeled radicals yielded a distribution function for the internal energy in the ground electronic state of
formed by collisional electron transfer. The maximum of the internal energy distribution in groun®state
(129 kJ mot?) was found to be expressed accurately by a combination of the internal energy of the precursor
ion and the FranckCondon energy gained on vertical electron transfer. The three lowest excited electronic
states in3* were found by CIS/6-311G(2d,p) calculations to be outer states resulting from excitation of the
unpaired electron i8* or electron capture bg". The energetics and radiative lifetimes of the outer excited
states of3* allowed interpretation of the highly endothermic ring-cleavage dissociations. The unimolecular
chemistry of3 can be explained by a bimodal energy distribution due to the formation of the ground and
excited electronic states upon femtosecond collisional electron transfer.

Introduction Previous reports from this laboratory have shown that simple
Tautomerism in heterocyclic compounds relevant to the Neterocyclic radicals pyrroliuthimidazolium? pyridinium? and
nucleobases guanine, uracil, cytosine, and thymine has beerPYimidinium®as well as substituted derivatives 2-aminopy-
studied extensively by experiment and thebr@ince the rimidinium,* 4-aminopyrimidinium?? (uracil + H)-** and
nucleobases are multifunctional molecules, simpler models have(thymine+ H)"** can be generated specifically by femtosecond
often been used to probe the properties of a particular structure€lectron transfer in the gas phésand analyzed by neutraliza-
motif.1 In particular, the 2-hydroxypyridine-2-(1H)pyridone tion—reionization mass spectrometry (NRMS)The general
system has been studied extensively as a model for nucleobasétrategy for the preparation of heterocyclic radicals of the (M
tautomerism in the gas ph&sd in solutiofin both the ground ~ + H)* type, where M is the heterocycle molecule, consists of
and excited electronic statédn addition to the effects on  Pprotonation of M with a gas-phase acid of well-defined acidity,
hydrogen bonding and Watse®Crick base pairing,the tau- as shown for 2-hydroxypyridinel] and 2-(1H)pyridone 2)
tomer relative stabilities and populations in mixtures also (Scheme 1). Protonation can be directed to the most basic site
underlie the question of nucleobase reactivities in radical in the heterocycle or, by using gas-phase acids of gradually
reactions and electron capture occurring in the process of DNA increasing acidities, less basic sites can also be targeted. The
damagé. The products and intermediates of radical reactions gas-phase cations (M- H)*™ are accelerated to 100 000 m
involving nucleobases or heterocyclic model compounds have s ! velocities and discharged by a glancing collision with a
been studied in solution using several ingenious methods, aspolarizable electron donor such as trimethylamine or dimethyl
reviewed’ However, elucidation of the structure of transient disulfide’® Nondissociating radicals and their dissociation
radical intermediates and determination of their relative stabili- products are analyzed by mass spectrometry following colli-
ties, reaction products, and kinetics remain a challenging task.sional reionization. Reaction mechanisms for dissociations of
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~ N rate constants and determination of internal energy distribution
| = | in radicals formed by collisional electron transfer.
OH N o
|
1 : Experimental Section

noH Methods. Measurements were made on a tandem quadrupole
o acceleratior-deceleration mass spectrometer as described previ-
@ ©0H @ Q) ously?® Precursor cation radicals were generated by electron
Voow N NTToH NTooH impact ionization (70 eV, 206C). Gas-phase protonation was
;'+ ot " o achieved by iormolecule reactions in a tight chemical-
ionization ion source of our desigh.CHs™/CH,, H3O'/H,0,
H (CHz),C—OHt/acetone, and Nk/NHz; were used as gas-phase
H@ @\ @ acids for protonation. BD*/D,0 and NO;¥/ND3 were used for
W on TN Nou G, deuteronation combined with H/D exchange of the acidic
hydroxyl proton in the substrate molecule. €0CD, and
™ 8" * (CDs3),C—0OD"/acetoneds were used for gas-phase deuterona-
W tions without OH/OD exchange. Stable precursor ions were
N 2 NN extracted from the ion source, focused by an radio frequency-
@ @[ | m ——(\l only quadrupole analyzer and accelerated to 8200 eV kinetic
N N o W o NN S o energy. The fast ions underwent neutralization by collisions with
w H H dimethyl disulfide at pressures allowing 70% transmittance of
10+ 1+ 12+ 13* 14+ the precursor ion beam. The remaining ions were reflected by
an electrostatic lens maintained #250 V, and the neutral
radical intermediates can usually be distinguished by isotope species were allowed to fly to a reionization chamber 60 cm
labeling or neutral collisional activation. In difficult cases, the downbeam. The lifetimes were 4.67, 4.70, and 4gZor the
neutral and post-reionization ion dissociations can be distin- (M + H)*, (M + D)*, and (MD+ D)’ radicals at 8200 eV. The
guished through their different temporal profiles using the neutral products were reionized by collisions with oxygen (70%
method of variable-time NRM$* Since NRMS data do not ion transmittance), the cations were decelerated, filtered by
provide direct quantitative information on the radical energetics, kinetic energy, and mass analyzed by a quadrupole mass
ab initio and density functional theory calculations have been analyzer operated at unit mass resolution. Collisional activation
used to complement and interpret the experimental &ata. of the radical intermediates (NCR)wvas performed by admitting
In a previous communicatid?? we have investigated the helium to the lens system between the neutralization and
formations and dissociations of heterocyclic radicals derived reionization chambers. The helium pressure was adjusted to
from 3-hydroxypyridine, which exists as a single tautomer in allow 70 or 50% transmittance of the precursor ion beam, and
the gas phase. In the present work we address the morethe lens potential was kept @250 V to reject any ions formed
complicated 2-hydroxypyridinelf-2-(1H)-pyridone ) system, in the lens. The reported spectra are averages of 30-40

9
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H
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which is known to consist of a3:1 mixture of1 and?2 in the consecutive scans taken at scan rate of 1 mass unit/s. The spectra
gas phasé® The properties of th&/2 tautomeric system have  were reproduced over the period of several weeks.

been studied previously by ab initio thedrysemiempirical Collisionally activated dissociation (CAD) measurements
methods.’ density-functional theor}® and matrix-isolation ~ were made on a JEOL HX-110 doubly focusing mass spec-
technique®¥¢d and infrared?® Ramar?® microwave?! UV — trometer of an EB geometry (electrostatic sector E precedes
VIS,22 fluorescenc@? and photoionization spectroscopgieand magnet B). Air was used as a collision gas at pressures allowing
mass spectrometA?.Pulse radiolysig® radical oxidatior?’ and 50% transmittance of the ion beam at 10 keV. CAD were
photochemicaFf studies of thel/2 system have also been monitored in the first field-free region, and the spectra were
reported. recorded using a linked B/E scan. The spectra were averaged

We use neutralizatiofreionization mass spectrometry in  over 10-12 consecutive scans. CAD spectra using mass-
combination with deuterium labeling to elucidate the stabilities analyzed kinetic energy scans (MIKES) were also measured on
and dissociations of transient radicals corresponding to hydrogenthe Copenhagen four-sector JEOL HX-110/HX-110 mass spec-
atom adducts of and2. Ab initio and density functional theory  trometer using oxygen as collision gas at 70% precursor ion
calculations are used to provide relative energies for cations beam transmittance. The precursor ion was selected by the first
and radicals and activation energies for radical dissociations andtwo sectors (EB) at mass resolutier8000.
rearrangements. The activation energies were used for-Rice Materials. 2-Hydroxypyridine (a mixture of and2, Aldrich)
RamspergerMarcus-Kassel (RRKM) calculations of relative  was used as received and sampled into the ion source from a

heated glass direct probe. Dimethyl disulfide (Aldrich) was

SCHEME 1 purified by several freezepump-thaw cycles before use.
& 2-Hydroxypyridine-OD {-OD) in mixture with 2-(1D)-pyridone
Bt j (2-ND) was prepared by repeated H/D exchange ¥ Dthe

solvent was evaporated with a stream of dry nitrogen gas, and
the product was stored in a desiccator under nitrogen.
Calculations. Standard ab initio calculations were performed
by using the Gaussian 94 suite of prograth&eometries were
optimized with Hartree' Fock calculations using the 6-31G-
(d,p) basis set. A spin-unrestricted formalism (UHF) was used
for the radicals. The optimized structures were characterized
by harmonic frequency analysis (all frequencies real). The
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frequencies were corrected by 0.898nd used to calculate zero- TABLE 1: Topical Proton Affinities in 2-Hydroxypyridine
point vibrational corrections and 298 K enthalpies. Complete and 2-(1H)Pyridone?

optimized geometries (Cartesian coordinates) and uncorrected 2-hydroxypyridine 2-(1H)pyridone
harmonic frequencies for all species are given as Supporting position MP2 B3LYPb MP2 B3LYP
Information. Single-point energies were calculated with the

Mgller—Plesset perturbational thedfyruncated at second order (N:% 25%?; ggi 753 760
(M.PZ) using. frozen core excitations. Contamination by highgr c-3 759 795 815 833
spin states in UHF and UMP2 calculations was corrected in Cc-4 631 667 b b
part by Schlegel's spin annihilation proceddfeAnother set C-5 769 803 809 820
of single-point energies was calculated with density functional C-6 674 714 675 710
(@) 744 748 927 933

theory using Becke's three-parameter hybrid functional
(B3LYP),25 which incorporates a local correction functional of 2|n units of kJ mot* at 298 K. Calculations with the 6-311G(2d,p)
Vosko, Wilk, and Nusaf and a nonlocal density term according basis set and HF/6-31G(d,p) zero point and thermal corrections.
to Lee, Yang, and Pa#f.Both sets of single-point calculations ~°Unstable ion isomer.

used the larger 6-311G(2d,p) basis set, which had been ShOWFSCHEME 2
previously to provide reasonably accurate relative energies and

proton affinities for several ionic and radical heterocyclic H
system$11.38 Additional calculations were also performed with fi .

the 6-311-G(2d,p) basis set for selected systems. Relative

energies for radicals, transition states, and dissociation energies
were obtained by averaging the spin-projected MP2 (PMP2) 12" 1*

and B3LYP energiest-38 Another set of relative and activation

energies were obtained by a composite procedure includinginstead, upon attempted geometry optimization structizte
quadratic configuration interactiGRQCISD(T)/6-31G(d,p), and  rearranged td 1" (Scheme 2). This result is not too surprising
PMP2/6-31#G(2d,p) calculations, according to e¢®l. in view of 12" being ano-oxocarbenium ion which can be

QCISD(T)/6-313G(2d,p)~ QCISD(T)/6-31G(d, p)- expected to be substantially destabiliZéd.
P P The calculated topical proton affinities were further used to
PMP2/6-313#G(2d,p)— PMP2/6-31G(d,p) (1)  predict the protonation sites thand2. NH,;* must attack the
. . t basic sites il and 2 exclusively to produce the most
Effective QCISD(T)/6-313G(2d,p) energies from eq 1 were ~MOSt basic X
insensitive to spin contamination in the UHF wave functions Stable ion isomer3", from both 1 and 2 (Scheme 1). This
because the residual spin contamination in the projected Mp2Convergent protonation thus obliterated the problem of dealing
energies canceled out to within 0.5 mhartree. RRKM calcula- with the tautomeric mixture df and2. Exothermic protonation
tions were performed using Hase's progfdmand direct with (.CHS).ZC_OH+ was prgdictfd to be completely regio-
counting of quantum states, as described previotidixcited- ~ SEIECtive '”];r to produce ion3". In 2, protonation .W]féh
state energies were calculated with the configuration interaction (CHs)2C—OH™ at oxygen should also predominate to yi8

singles (CISIt method using the 6-311G(2d.p) basis set. In addition, protonations at C-3 and C-5 were marginally
gles (C1S) g (2d.p) exothermic and could possibly result in formationsldéf and
Results and Discussion 13*. These minor isomers could possibly contaminate the

) o ) precursor ion beam. Since the formationldft and 13" was
Protonation of 2-Hydroxypyridine and 2-(1H)Pyridone. contingent upon the population & in the gas phase, the

Precursor cations for the generation of transient radicals Were composition of thel/2 mixture at the ion source temperature
produced by gas-phase protonation of 2-hydroxypyridine con- \yas of interest.

sisting of a mixture ofl and2. The protonation exothermicities
were defined by the proton affinities (PA) dfand2 and those
of the reagent conjugate bagéspethane (544 kJ mol), water
(690 kJ mof?), acetone (812 kJ mol), and ammonia (854 kJ
mol™) (eq 2).

The composition of thé/2 mixture in the range of temper-
atures used for gas-phase protonations {280 °C) was
assessed from\Gt values obtained by combined MP2 and
B3LYP/6-311G(2d,p) and effective QCISD(T)/6-3t&(2d,p)
relative energies and HF/6-31G(d,p) zero point corrections,

—AH, = PA(1,2) — PA(reagent) (2)  enthalpies, and entropies. Both sets of calculations predicted

1/2 ratios >2. According to the higher level QCISD(T)

Since only exothermic protonations are kinetically competitive calculations which gavAHo(2) — AHo(1) = 4.7 kJ mof* at 0
in ion—molecule reactions in the gas phd3e¢he protonation K, the fraction of1 was 73-71% at 473-523 K. Hence,1
regioselectivities were determined by the topical proton affinities Should be the predominating isomer in the gas phase. These
of 1 and2. Interestingly, the proton affinity af/2 has not been ~ results were in very good general agreement with the few
determined experimentall: an estimate from core electron ~€Xperimental determinations &f2 from gas-phase equilibria,
binding energie® placed the gas-phase basicityld? close to which gave ratios ranging from 1.5 to 3.99 at different
that of pyridine (PA= 924 kJ mot?).42 Here we assessed the temperature$® Most previous high-level theoretical calculations
topical PA in1 and 2 by MP2 and B3LYP/6-311G(2d,p) also predicted to be the predominating isomer in the gas phase,
calculations, as summarized in Table 1. The calculated PA although the calculated energy differences depended on the level
values showed that the nitrogen atonditPA = 923 kJ mot?) of theory used.
and the carbonyl oxygen i (PA = 930 kJ moft?) were the Since 2 was a minor component in th&2 mixture and
most basic sites. Previous DFT calculations bracketed the protonprotonation at C-3 and C-5 was less efficient than at oxygen,
affinities of 1 and2 between 916 and 963 kJ mél*é The other the contamination witHL1* and 13" upon protonation with
positions in1 and 2 were substantially less basic (Table 1). (CHz),C—OH" should be negligible, and the precursor ion
Protonation at C-4 ir2 did not result in a stable ionl2"); should consist mainly @". On the basis of the energetics alone,
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TABLE 2: Protonation Energies for 2-Hydroxypyridine and 4.0 -
2-(1H)Pyridone? 38
—AH; 20f® 33 ; @j\o
position N~ (CH).C-OH' HO" CHy' 30 oo
2-Hydroxypyridine g 26- :
N-1 69 110 232 378 222 78
C-2 c 58 ° 2.0 -
c-3 87 233 g 18! o
C-4 105 £ 1.4
C-5 96 242 1(2) 48
C-6 4 150 08 ] % | 67
0 56 202 o00d
2-(1H)Pyridone 3 |
N-1 212 S S R 15V 1| Y| PO | ' I
C-3 12 134 280 20 30 40 50 ., 60 70 80 % 100
C5 2 125 270 40 - ‘
C-6 2 148 g.g f 78
(@] 7 118 240 386 32 @
2From averaged MP2 and B3LYP topical proton affinities in kJ 32 H
mol~1. ® Based on experimental proton affinities of ammonia (853.5 2.8 I 9%
kJ mol 1), acetone (812 kJ mot), water (690 kJ molt), and methane 2 2o
(544 kJ mot?). Data from ref 42¢Endothermic protonations (not é 25
shown). 5 20
518
SCHEME 3 T 4, D% 51
1.2 39
i = ND; or DO | = g)g: \ 68
N om © N “op 8'§ : 28 1
1 =) o T Y AN |
orD0* 0.0 ! ! LI L A B L B B L
Q NDyor 0 Q I op 20 30 40 50 . 60 70 80 90 100
S @ ™ 30t Figure 1. Collisionally activated dissociation (CAD) spectra of
) ) (a, top) 3*, (b, bottom)3-OD* and 1-ND" from deuteronation with
) 2D (CD3),C—OD". Air as collision gas at 70% ion beam transmittance.
in which the hydroxyl H was exchanged for D, formed the
SCHEME 4 3-OD™ ion following selective gas-phase protonation. Concur-
~ 0,0 N St-on rently, the accompanying fraction afexchanged the NH proton
| oo @ ” E/J\ " @ to give 2-ND, which yielded3-ND" upon protonation in the
) Nooee E op gas phase. It was presumed that these isotopomeric ions were
o0 rop* formed in a ratio which reflected thH?2 ratio in the gas phase
b as discussed above. A different mixture with a reversed ratio
*-op of 3-OD" and 3-ND* was prepared by direct gas-phase

DsC

deuteronation ofl and 2.

The gas-phase chemistry 8f and its isotopomer8-D,™,
3-ND*, and 3-OD" was investigated through collisionally
activated dissociation spectra (CAD, Figure 1). The major
dissociations were loss of H,,B, COH, and ring cleavages
forming the QH274+/C3H072N+, C3H173+/C2NH072+, and HC-
NHT ions. The loss of a hydrogen atom involved hydrogens
. from all positions, as revealed by deuterium labeling. For

example,3-D,™ from deuteronation of -OD + 2-ND) with
protonation with HO™' could be less regioselective, and the (CDs),C—OD™" eliminated H and D in a 73:27 ratio, which was

~ 0,0 AN Ston
| o | —

¢} o

Z

OH

2

N I—2Z
N g

W o

-ND -ND

strongest acid Ck could nominally attack any site ihand2 only slightly higher than the 67/33 ratio expected for a random
(Table 2). loss of H or D from any position iB-D,". CAD of 3-OD* and
Deuterium labeling in the gas-phase ions was achieved in 3-ND" showed losses of H and D atoms in 83:17 and 85:15
two ways. First,exchanginggas-phase acids, NIYND3 and ratios, respectively, to be compared with the 83:17 ratio for a
D30*"/D,0, were used to prepar@D,* by exchange of the  purely statistical loss. These results clearly indicated that the
acidic N—H and O-H protons in1 and 2 for deuterium, loss of H from3™ involved hydrogen atoms from all positions

followed by gas-phase deuteronation. This yielded a single in 3*. Available thermochemical data allowed us to estimate
isotopomer 8-D,*) from both 1 and 2 (Scheme 3). Second, the thresholds for the dissociatiorss; — 1™ + H* and3* —
partial labeling was accomplished by combination of solution 2 + H* as 425 and 480 kJ mol, respectively*® which were

H/D exchange of the acidic-©H and N—-H protons and gas-  substantially higher than the typical energy barriers to proton
phase protonation or deuteronations usingexchanging acids migration in protonated aromatic ions (30050 kJ mot?).49
such as (CB),C—OD™ or CDs* (Scheme 4). In preparing the  Extensive hydrogen scrambling Bt was therefore expected
partially labeled ions, allowance must be made for the different to precede loss of H in dissociating ions, as indeed observed.
protonation sites and positions of exchangeable protons or In summary, the CAD measurements identified small neutral
deuterons in the starting moleculeand?2. For example1-OD, species that were formed by ion dissociations and that could
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020 30 40 S0 6 70 8 %0 100 Figure 3. Neutralization (CHSSCH, 70% transmittance)reionization

Figure 2. Neutralization (CHSSCH, 70% transmittance)reionization (O, 70% transmittance) mass spectra of3a)(b) 3-OD*, (c) 3-ND*,
(O2, 70% transmittance) mass spectra of 1a) and 3+ prepared by and (d)3-D,*. The precursor ions were prepared by protonation with
protonations with (b) Nit, (c) H:O*, and (d) CH*. (CH3),C—OH?* and deuteronation with (GJRrC—OD".

. . . . . TABLE 3: Fractions of H and D Loss in the NR Mass
present interferences in the study of radical dissociations gpectra

following collisional electron transfer.

. . . . . %loss
Radical Formation and Dissociations Collisional neutral- ] ) o
ization of 3* formed a fraction of radical8® that gave rise to lon preparation H D
nondissociating (survivor) ions in the NRMS spectra (Figure  3-D;" ND3/ND4* 52 48
2b—d). This result established th&t were stable species on g'B{ Bzgl(g)ggtg)zc—om 5? g;
1 i 1 -2 2 3
the time scale of the experiment (4.@8). The fractions of 3D D;0(s)/CDs+ 50 50

survivor ions, denoted a8], depended on the internal energies 3 op+ + 3.ND* D,0(s)/(CH),C—OH* 68 32

of the precursor ion8*, which were in turn limited by the 3-OD" + 3-ND* D,O(s)/CH;* 54 46
corresponding protonation exothermicities (eq 1, vide supra). 3-ND" + 3-OD" (CD3),C—OD*" 63 37
3t prepared by protonation with Nf (Figure 2b), (CH).C— 3-ND* + 3-OD* CDs* 54 46

OH*, and HO" (Figure 2c) yielded §] = 2.2—-3.5% Zlyr, showed loss of D and H in a 52:48 ratio (Table 3). This differed
where Zlnr is the sum of all ion intensities in the NR mass from the product distribution by ion dissociations which
spectrum. The most energe8¢ prepared by protonation with  preferred loss of H. Collisional activation of radice@sD,*
CHs" yielded a substantially smaller fraction of survivor ions, resulted in an increased overall dissociation and also an
[3] = 0.3%ZInr (Figure 2d). The major dissociations®fwere increased specificity for D loss (Figure 4a). When 30% of
loss of H f/z 95), expulsion of COH to form pyrrolex{z 67), 3-D2* was allowed to undergo collisional activation, the loss of
and ring cleavages resulting in the formation of small fragments D and H occurred in a 69/31 ratio (Figure 4b), whereas on
CoH2/CN (mVz 26), HCNH (nz 28), and GHo-3/CoHo-3N (nvz collisional activation of 5098-D*, the ratio further increased
36—41) (Figure 2). Some of these dissociations also occurredto 87:13 (Figure 4c). These results pointed to a highly
on CAD of ions3", although the product ion relative intensities  regiospecific loss of H or D from the N(H,D) and O-(H,D)

in the CAD and NR spectra differed (cf. Figures 1 and 2). positions inneutral 3* and its isotopomers, as opposed to the
Isotope effects on the stability 8f were observed fo8-D,* random loss from ion8* through3-D,™.
prepared by deuteronation with §D and (CDQ),C—ODT, An alternative explanation would presume that the intermedi-

[3-DJ)/[3] = 1.46 and 3.1, respectively (Figures 3 and 4). In ate radicals were energized by collisional activation, but the

contrast, negligible isotope effects were observed for the relative observed dissociations occurred after collisional reionization.

abundances of3fD;] in NR of ions prepared by deuteronation Therefore, the effect on the H/D loss of increasing the number
with D3O and Cy* (spectra not shown). Deuterium labeling  of collisions in the CAD spectra @-OD* was examined. At

in 3-OD*, 3-ND*, and3-D," allowed us to distinguish some  70% ion beam transmittance, Poisson distribution predicted 83%
reaction mechanisms specific to neutral dissociati@B,*, single collisions while at 50% transmittance it was 69% single

prepared by gas-phase deuteronatierchange with N/ND3 collisions. The fractions for H/D loss fror8-OD™ did not
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Figure 4. NR and NCR mass spectra®D," prepared by exchange
deuteronation with NBIND4*. (a) NR spectrum, (b) NCR, He at 70%
transmittance, (c) NCR He at 50% transmittance.

change beyond the experimental erra206). Hence CAD ion
dissociations were insensitive to the mode of ion excitation. This
result was in line with the energetics for the loss of H fram
which requires an estimated 425 and 480 kJthtd form 1+

and 2™, respectively, at the thermochemical threshold at 298
K.#8 Such high-energy dissociations are usually insensitive to
variations of internal energy in the dissociating BNR of
3-D," prepared by (CE),C—OD* deuteronation ofl-OD/2-

ND showed a 47/53 ratio for loss of H/D, which did not differ
substantially from that foB-D,* prepared by the less exothermic
deuteronation with NB" (vide supra). The loss of H can be
attributed to nonspecific, post-reionization dissociatior-bg™
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NR of the partially labeled ion8-OD* and3-ND* showed
similar losses of H and D in approximately 2:1 ratios (Table
3). In this case a clear-cut distinction of the-® and OG-D
bond cleavages could not be made, because the ion preparations
in each case gave mixtures ®ND* and3-OD™ (vide supra),
and the losses of H and D were affected by kinetic isotope
effects as discussed below.

NR of 3-D,* from exchange-deuteronation with BO/D;O™"
showed highly specific loss of D (93%). This result showed
that isomers other thaB+D,™ were not present in the ion beam,
because deuteronation at C-3 through C-6 would have resulted
in increasedfractions for loss of H upon NR. Note that
deuteronation with BO™ could occur exothermically at C-3,
C-5,and O inl and at N, C-3, and C-5 i@. The fact that C-3
and C-5 deuteronated ions were not present indicated that, if
formed, they underwent exothermic™Dransfer to the more
basic N and O positions in neutraland?2 in the ion source.

A yet different result was obtained for the most exothermic
deuteronation with CE" (Table 3), which showed50:50 ratios
for H and D loss regardless of the mode of ion preparation. It
should be noted that the exothermicity of protonation withsCH
(or CDs") was sufficient to cause extensive isomerization by
H* or D™ migrations in nondissociating ions. The energy barriers
for such isomerizations can be estimated<a60 kJ mot?,4°
which is less than the dissociation energyinand its isomers.
lon isomerization could occur during the flight time between
the ion source and the neutralization cell {2 us). Note that
in this essentially collision-free region the less stable ion isomers
would not be depleted efficiently by iermolecule reactions.

In addition to loss of a hydrogen atom, NR also induced ring
cleavages that gave rise to small fragments of thelyGs,
CoHo—2N, CHo-2, and CH-2N groups (Figure 2). These
fragments also appeared in the NR mass spectruhR¢Figure
2a). However, the relative abundance of survivbrif 2]**
(5.29&InRr) from NR of the cation-radical was greater than the
relative abundance ofl[+ 2]** from NR of 3t (0.6-3.3%
Slyr). This difference can arise if radic& underwent ring-
cleavage dissociations or it was formed from3* with
substantial internal energy that drove its molecular or post-
reionization dissociations. Since the products of ring-cleavage
dissociations ir3*, 3", and 1™ overlapped, the spectra alone
did not permit distinction of these processes in the species
involved. A deeper insight was therefore sought by investigating
the dissociation energetics and kinetics by combined ab initio,
DFT, and RRKM calculations.

similar to those discussed above. The relative abundances of Radical Energetics.Geometry optimizations yielded local

products because of loss of H and D fr@iD,* were fitted in
the mass balance equation (eq 3), wHexgwus, Dn, andD; are
the normalized fractions for loss of D from combined NR,
neutral, and post-reionization ion dissociations,
Dyrus = (1 — ay)D; + oDy 3
respectively, anduw is the fractional contribution of the neutral
dissociations. The value @ = 0.27 was taken from the CAD

spectrum of3-D,*. The value ofDy was estimated as 0.9
based on the NCR spectrum 8fD,, which showed mostly

energy minima for radical8— 8 derived from 2-hydroxy-
pyridine 1 (Figure 5),10—15 derived from 2-(1H)pyridine
(Figure 6), open-ring isomers, and transition states (Figure 7).
The 2-pyridylhydroxonium radical¥) dissociated tdl and a
hydrogen atom upon attempted geometry optimization. Radical
15 underwent ring opening by cleavage of the-@-2 bond
(Figure 6). The ordering of relative stabilities for radicais-

8 and10—15 (Table 4) differed from that for the corresponding
cations (Table 1). According to the averaged PMP2 and B3LYP
energies5* was the most stable structure among the radicals
derived froml, followed by 7¢, 3, 8", 6°, and4*. Radicalll®

neutral dissociations. Under these assumptions, eq 3 predictedierived from2 was the global minimum among the species

that upon NR the loss of H,D froi®-D, was composed of 28%
neutral and 72% post-reionization ion dissociations¥dd,"
prepared by deuteronation/exchange with ;ADDs. Very
similar fractions (27% neutral and 73% post-reionization ion
dissociations) were obtained f8¢D," prepared by (CE).C—
OD™ deuteronation of a mixturé-OD and2-ND.

studied.

The relative stabilities in the 2-pyridone series can be related
to the electronic structure of the isomeric radicals as documented
by the topical spin densities calculated fol*—14° by UHF/
6-311+G(2d,p) (Figure 8). The most stable isonidr was an
allylic radical substituted by a weak electron-donating acylamino
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N
H 1.3760)1185 & 1.090
1.076
1.090
H
1.338

115.9 119.8
1.073 1.375 N 1.273

7-

Figure 5. UHF/6-31G(d,p) optimized structures 8f—8°. Bond lengths in angstroms, bond angles in degrees.

TABLE 4: Relative Energies of Radicals 3—152 resulted in substantial spin densities at the O atom (Figure 8).
species PMP2 B3LYP®  averagé Er  AHged Radicalsl2—14 thus can be viewed as containing contributions
1r 0 0 0 2 148 of canonical structures with oxygen-ce_n_tered rad|ca_ls. In general,
o 19 20 20 15 128 electron-donating groups tend to stabilize alkyl radi€afSthe
5 35 40 37 26 103 effect of electron-withdrawing substituents is destabiliZifg,
12 67 51 59 19 88 while a combination thereof results in the stabilizing captodative
13 61 59 60 51 87 effect> These effects were only moderate for the acylamino
r 63 61 62 26 8 group in11* and 13 and the amide group it and 14" and
g, gg g? % 3i gg gave rise to only modest differences in the radical relative
6 86 86 86 19 54 enthalpies (Table 4).
4 104 109 107 19 34 Radical 100 was calculated to exist as a marginally stable
10 145 133 139 46 8

structure whose dissociation 2oand H required 8 kJ mot at
298 K. This thermodynamic stability ocf0* was somewhat

2|n units of kJ mot? at 298 K. Calculations with the 6-311G(2d,p)  surprising because of the well-known metastability or instability
basis set, UHF/6-31G(d,p) zero-point energies, and 298 K enthalpy of aliphatic and alicyclic hypervalent ammonium radicls.
S‘;ggcﬂogis;';::?gt‘i g‘;}’eé?]g?di:SMgifgdai%Lmilg}iﬁg(tzh‘i%ecn_ezrg'es' However, the calculated charge and spin densitieslon
bond upon optimization. 9 ' indicated that the radical exists as a zwitterionic f&fwith

a positively charged ammonium group@.20) and a dienone

group. The spin densities showed that the unpaired electron wag@nion-radical system with negative charges at the oxygen atom
mainly delocalized over the C-4 and C-6 allylic termini. Spin and C-6 (Figure 9). A similar electronic structure was previously
polarization of theg-atomic orbitals at C-5 and C-4, which ~ found for 2-pyrimidylammonium and 4-pyrimidylammonium
resulted in negative spin densities, was related to spin contami-radicals, which both were local energy minima, but were
nation of the UHF wave functiofi. The slightly less stable ~ metastable with respect to cleavages of theHNbonds!01%>
radical14° was an allylic radical substituted by a weak electron The thermodynamic stability 010" can be ascribed to the
withdrawing amide group, as depicted by delocalization of spin efficient stabilization of the negative charge by the electron-
densities at C-3 and C-5 (Figure 8). The lower energy bf withdrawing dienone systethwhich removed the destabilizing
suggested that the acylaminoallyl structure was more favorable.€lectron density from the ammonium hydrogen atéfighe
Likewise, radicalsl3 and12 contained thex-aminoalkyl and low stability of 15 can be attributed to the facile electrocyclic
a-carbonylalkyl radical systems, as documented by localization 0pening of the dihydropyridine ring (Scheme 5).
of the spin density at C-6 and C-3, respectively. Note that in  Franck-Condon energiesEec) were also calculated for
12—14, the electron withdrawing effect of the carbonyl oxygen vertical electron capture in ior8 —14". TheErc values (Table

15¢ 149 139 144
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H

TS1
TS2 TS3
Figure 7. UHF/6-31G(d,p) optimized structures &6, 17, TS1-TS3. Bond lengths in angstroms, bond angles in degrees.
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Figure 8. UHF/6-311G(2d,p) calculated spin densities 1d°—14:.
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Figure 9. UHF/6-311G(2d,p) calculated total atomic charges (roman)

and spin densities (italics) i10. Bold numbers show the major
contributions.

SCHEME 5

15"

Wolken and Turecek

Radicals3*—8 and10—14 represented the isomeric products

of hydrogen atom addition tband?2, respectively. The reaction
enthalpies;-AHaga= AHygis, are given in Table 4. Additions to
all positions in1 were exothermic. However, the-& bonds

in 4°—8°* and the N-H bond in3* were weak indicating that the
radicals should be prone to facile dissociatiorLtonless they
were kinetically stabilized by potential energy barriers to loss
of H. The C-H bonds in radicalsl1*'—14" were on average
stronger than those iB*—8, which of course reflected the
greater stabilities of the former and the higher threshold for the
formation of2 compared withl (Table 4).

Transition State Energetics. Radical dissociations and

rearrangements were also addressed by calculations to obtain
the relevant potential energy barriers. The relative energies at
0 K are summarized in a potential energy profile (Figure 10).
Dissociation of the N-H bond in3* showed a transition state

at d(N—H) = 1.560 A (TS1, Figure 7). The energy barrier
(En-p) for TS1was calculated by averaged PMP2 and B3LYP
and effective QCISD(T) at 120 and 136 kJ mbhbove 3",
respectively. The value &y depended on both the basis set
and the level of correlation energy treatment (Table 5).

4), which gauge the mismatch between the equilibrium geometry Increasing the basis set in the PMP2 and B3LYP calculations

of the ion and that of the radical, ranged between 1 kJ ol
(8) and 51 kJ moi! (13). In general, the FranekCondon

resulted in a small increase Bf_n, e.g., by 3.7 kJ mot* for
PMP2 energies calculated with the 6-31G(d,p) and 643341

energies resulted from a combination of small differences in (2d,p) basis sets. The QCISD(T) energy showed another increase
several bond lengths and angles in the pyridine ring of the by 12.5 kJ mot! compared with the PMP2 energy. Interestingly,

cations and radicals. The Frare€ondon energy accompanying
vertical ionization of3* was also moderate (40 kJ mé) and
by far insufficient to promote dissociation of reionizad.

the B3LYP and PMP2 values f&— were practically identical
for the larger basis sets used (Table 5). The calculations also
pointed to a substantial activation energy for the addition of a

Figure 10. Potential energy profile for dissociations and isomerization8'ofThe energies are from combined PMP2/B3LYP/6-311G(2d,p)
calculations. Values in parentheses are from effective QCISD(T)/6-@12d,p) calculations.

TABLE 5: Transition State and Dissociation Energies

energy
PMP2 PMP2 B3LYP PMP2 B3LYP QCISD(T) QCISD(TY
species 6-31G(d,p) 6-311G(2d,p) 6-311+G(2d,p) 6-31G(d,p) 6-311+G(2d,p)
TS1 119 119 120 123 124 132 136
TS2 126 124 107 121 107 130 125
1+ He 50 53 94 58 98 70 78
2+ He 63 66 96 70 99 7 83

a|n kJ mol ! relative to3" including zero-point correction$.Effective values from eq LAt 298 K including thermal vibrational, rotational,

and translational corrections.
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hydrogen atom to the nitrogen atomIinEn+y = 48 and 61 kJ 10 5
mol~! by averaged PMP2/B3LYP and QCISD(T) calculations, 9 3
respectively. The dissociation energy of the N bond in3* at 8
298 K, BDE(N-H), was calculated as 74 and 78 kJ mioby 73
the two methods used (Table 5). 64 log k= 5.475
Dissociation of the ©H bond in 3* reached an early O it i
transition state ad(O—H) = 1.395 A (TS2, Figure 7). TheTS2 g 44 o ko
energy Eo—n) was calculated at 116 and 125 kJ miohbove 34 O Kou
3* by the averaged PMP2/B3LYP and QCISD(T), respectively 2] —— Kyp
(Figure 10). The different values &4 at different levels of 13 —— Kuoom
ab initio theory resulted from a combination of several factors. N O koo
First, the B3LYP activation energies were systematically 14 IR EE— B R e I
16 kJ mot lower than those from the PMP2 calculations (Table 100 150 200 250 300 as0
5). Increasing the basis set resulted in a slight (0.5 kJ #ol E (kJ/mol)
lowering of theEo—p, while improving the correlation energy 0.000
treatment by QCISD(T) increased tli&_n by 4 kJ mof? ‘
(Table 5). The calculateHo-y provided the activation energy 0.005
for the addition of a hydrogen atom to the carbonyl oxygen in
2, Eo+n = 38 and 46 kJ motlt, respectively for the two sets of 0.010 b
calculations. It is noteworthy that the transition states for both
the O—H bond cleavage and formation had lower energies than '&3 0.015 J
the corresponding ones for the—W bond cleavage and
formation. These small energy differences affected the kinetics 0.020 |
of the competing dissociations 8f and additions of H tdl @
and2, as discussed below. 0.025 |
A transition state was also sought for hydrogen migrations
that would isomerize3* to 8 and 11°. The potential energy 0.030 e T T SRR T '
100 150 200 250 300 350

surface for the migration of the NH hydrogen to C-6 was

mapped systematically by UHF/6-31G(d,p) calculations for fixed

N---H distances between 1.45 and 2.1 A. The relevant part of Figure 11. RRKM calculated unimolecular rate constants for the loss
; ; of H and D from 3 and 3D, and the best-fit energy distribution

g;gs,%?;tizggil igg:g?’nzlga:gggﬁ?IS;ega(gd?evalg?m?gE%TE N function. The rate constants are based on the effective QCISD(T)/6-

A . 9 P - 311+G(2d,p) activation energies, UHF/6-31G(d,p) moments of inertia,
1_.560 . (_I'Sl, vide _supra) and another valley along th_e €k6 and scaled harmonic frequencies.
dissociation coordinate. The latter had a saddle poi(@t

6—H) = 1.80 A (TS3 Figure 7), corresponding to a late  earrangement pathways was repulsive in thekdcoordinate
transition state for C-6H bond cleavage which was 106 kJ  ang if accessed it would result in dissociation rather than

mol~* above8" (Figure 10). The valleys were separated by a rearrangement. It can be concluded tha a- 11* rearrange-
ridge whose height decreased continuously with increasing the ment was kinetically disfavored against dissociatiog and a
N---H and C-6...H distances. Evend{N—H) = 2.1 Athe crest  pygrogen atom.

of the ridge showed a negative gradient along the-H Dissociation Kinetics. The calculated activation energies
coordinate. This indicated that attempts3yyo climb the ridge allowed us to estimate the unimolecular rate constaqt for

en route to rearrangement & would instead accelerate the N—(H,D) and O-(H,D) bond dissociations i3* and its
motion along the N-H dissociation coordinate and lead to jsotopomers and to assess the pertinent isotope effects. Since
dissociation. Single-point calculations of the crest energy at the activation energies obtained at the various levels of theory
d(N—H) = 1.560 A yieldedAE = 74 kJ mof™* which was the  giffered by several kJ mol, the RRKM calculated rate
height of the ridge aboveS1. A frequency analysis at this point  constants differed by-23 orders of magnitude for the different
showed two imaginary frequencies. The calculations indicated sets of energies. However, relative rate constants for the
that, barring efficient tunneling, a 1,2-hydrogen rearrangement competitive losses of the NH and O-H hydrogen atoms
from N to C-6 was energetically impossible 3up to 74 kJ  showed consistent trends as did the calculated isotope effects.
mol~! above the transition state for dissociation. In addition,  The calculated logkuni for the N—H and O-H bond
even if a first-order saddle point had existed at some larger gissociations in3* are shown in Figure 11. Both sets of
N---H distance, the rearrangement would have been dynamically cajculations predicted moderate kinetic shiftsE(,) for the
disfavored, because the repulsive part of the potential energygissociations. The kinetic shifts were due to the fact that
surface pastS1imparted translational energy to the departing achijeving dissociation on the time scale of the measurements
hydrogen atom to move along the-NH coordinate. (4.67us) required appropriate;, €.9., logkuni = 5.17 for 50%

A transition state for the 1,3-migration of the-®1 hydrogen dissociation. On the basis of the combined PMP2/B3LYP and
atom to C-3 in3* was also investigated by UHF/6-31G(d,p) QCISD(T) calculations, 50% dissociation &fby cleavage of
calculations. Upon moving the hydrogen atom toward C-3, the the O-H bond was expected to shoEy, = 24 and 30 kJ
potential energy surface showed a negative energy gradientmol™, respectively. This extra energy provided additional
along the G-H coordinate for all O..H distances investigated kinetic stabilization foi3* with internal energies betweéi o-n
1.35-2.1 A. The gradient decreased with the increasingtD (116125 kJ mot?') andEa o-n + AExin (140-156 kJ mot?).
distance, but at all points it indicated<<H bond dissociation. To evaluate the RRKM rate constants, kinetic isotope effects
No first-order saddle point was found for the hydrogen migra- were calculated for the various combinations of H and D losses
tion; in contrast, the potential energy surface along the attemptedfrom 3-D,*, 3-OD*, and3-ND* and compared with experiment.

E(kJ/mol)
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The calculated,,; for the N—H and O-H bond cleavages in
3, denoted aky-y andko-, respectively, and ND and O-D
bond cleavages i8-D,", denoted aky-p andko-p, respectively,
were population averaged with a Boltzmann-like internal-energy
distribution function,P(E) (eq 4)}°2and used to calculate the
flux of radicals nondissociating on the time scale of the
experiment { = 4.67 us, eqs 56). A single distribution
function was considered fo8 and 3-D,* to simplify the
calculations.

4E~E) e eqm

P(E) = W

4)
[8] ={[38] +[3— H]} [,  P(E)e MttoTdE  (5)

[3D2] = {[3D2] + [3D2 } .fO P(E)e_(kN p+ko-p)T dE

(6)
Since loss of H from the hydroxyl group B1to yield 2 was

the lowest energy dissociation (Figure 10), the kinetics was
evaluated from the fluxes a3 and 2 and similarly for the

Wolken and Turecek

in 3* prepared by neutralization 8f from the more exothermic
protonation with (CH),C—OH™, Ejny < 164 kJ mot™.

It should be noted that the estimatég represented an upper
energy bound, because the precursor ions underwent several
tens of collisions with the NElreagent gas in the ion source.
However, recent measurements of intermolecular energy transfer
by Dai et al®®indicated that the energy transferred per collision
becomes very smalk(50 cnt?) for hot molecules with internal
energies below ca. 200 kJ mél It is therefore probable that
moderate vibrational excitation i&" attained by exothermic
protonation was not depleted substantially by-iomolecule
collisions.

The internal energy distribution functions, when convoluted
with the RRKM rate constants, further allowed us to calculate
branching ratios for the formation df and2 by competitive
dissociations o8°. The neutral fluxes of and2 were expressed
by eq 7 and 8, respectively. The formationsledD and2-ND
from 3-Dy* followed similar equations, where= 4.72us, and
the pertinenkn wereky—p andko—p. Theky—n/ko-n branching
ratios calculated with using the QCISD(T) energies did not
depend strongly on the internal energy distributior8ine.g.,
kn—n/ko—n = 0.101 and 0.108 faEmax= 129 and 164 kJ mol,
respectively. The branching ratios were also very similar for

labeled derivatives. The fluxes were presumed to be proportionaldissociations of the labeled radica@sD", e.g., kn-o/ko-p =

to the integrated peak intensities in the NR spectra, 89.a{
m/'z 96, [3-Dy*] at m/z 98, [1,2] at m/z 95, and R-ND] at m/z
96. This presumed th& and 2 had similar ionization cross

0.097 and 0.102 fdEmax= 129 and 164 kJ mol, respectively.
The branching ratios based on the combined PMP2/B3LYP
energies gave somewhat higher values, &g/ko-1 = 0.289

sections. Such an assumption was reasonably justified by theand 0.306 forEmax = 114 and 149 kJ mot,

fact that ionization cross sections in general scale with the
number of atoms, an@ and 2 differed by a single hydrogen
atom which contributed a small increméhAnother assumption
inherent to this treatment of dissociation kinetics was that the
consecutive dissociations of reioniz&tland2™ occurred to a

similar extent, so the measured relative abundances were not

skewed by subsequent ion dissociations. The calcul&}ehfl
[3-D;] relative intensities were least-squares fitted to the

experimental relative abundances of the corresponding NR ions.

The latter were taken from the NR spectra of precursors
generated by low-energy protonation with MN+or deuterona-
tion-exchange with NBIND4*, e.g., BI/{[3] + [2]} = 0.498
and B-D.J/{[3-D;] + [2-ND]} = 0.623. The fits yielded the
width (W) and position Eg) parameters for the internal energy
distribution function. The best fit fdk,n based on the QCISD-
(T) calculated energies wal = 49 kJ mof! andEp = 105 kJ
mol~1, which gave BJ/{[3] + [2]} = 0.496 and 8-D,]/{[3-D]

+ [2-ND]} = 0.621. The best fit fok,, based on the PMP2/
B3LYP calculated energies wa¥ = 28 kJ moi! andEg =

100 kJ mof L. TheP(E) functions (Figure 11) showed maxima,
Emax = Eo + W/2, atEmax = 129 and 114 kJ mot and full
widths at half-maximum AEwmm = 59 and 34 kJ mof,
respectively. The calculated energy distribution maxima were

[1]= [, ky_n [3ldt=
Jodt [ P(E)ky_p(E)e” oW dE (7)
— H( ) p —(kn—HHKo-H)T
= e @ P Jde
[2 = f; ko-w [3dt=
Jodt [ P(E)ko_p(E)e oW dE (8)
H( ) P —(Kn-Htko-n)T
@@ O e

respectively. Hence, both sets of calculations predicted prefer-
ential formation of2 upon the lowest energy dissociation3f
The higher level QCISD(T) energies predicted a higher specific-
ity in the formation of2 from 3.

Excited States of 8 The potential-energy surface for the
ground electronic state i® clearly indicated that loss of H to
form 2 and1 should be the lowest energy dissociations (Figure

reasonable as followed from an energy analysis. The internal 10). However, the NR mass spectrum3v&howed substantial

energy in3* (Einy) was composed of the internal energy in the
precursor ion §") and the FranckCondon energy upon
neutralization Erc = 31 kJ motl, Table 4). The ion energy

formations of small fragments due to ring-cleavage dissociations.
The latter could not be entirely accounted for diynsecutie
dissociations ofl,2 or 1,2", because the latter showed much

consisted of the thermal energy in the precursor molecules (38less dissociation upon NR (Figure 2a). It was also clear that

kJ mol® at 200°C) and a 85% fraction of the protonation
exothermicity according to the calculations of Uggettidhe
latter was estimated by Boltzmann-averaging DA{ PA-
(NH3) = 69 kJ mot? and PAQ) — PA(NH3) = 76 kJ mot?
over the populations df (73%) and2 (27%) at the ion source
temperature (200C). The estimate yielded an averdgg =

129 kJ mot?tin 3" in close agreement with tHe(E) maximum
obtained by fitting the QCISD(T) energies (129 kJ molide
supra). A similar estimate was made for the energy distribution

the internal energy distribution i8 dissociating by loss of H

did not allow formation of hoR and1 to promote consecutive
ring-cleavage dissociations in neutral molecules or cation
radicals formed by collisional ionization. Dissociations of
reionized3* proceeded mostly by elimination of water, whereas
products of ring-cleavage dissociations were less abundant
(Figure 1). This pointed to the possibility of ring-cleavage
dissociations ir8. However, to be competitive with the H loss,
the ring cleavages must occur in very hot radicalsEgf >
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Figure 12. Potential energy diagram for thé and A states in3-.
Excitation energies and oscillator strengths are from CIS/6-311G(2d,p)
calculations, adiabatic ionization (Jg&and vertical recombination (R
energies are from combined PMP2/B3LYP/6-311G(2d,p) calculations.

220 kJ mot™ (Figure 10), which appeared to be incompatible
with the internal energy distributions derived from the isotope
effects on loss of H and D. A possible mechanism for energy
deposition in a fraction oB* was through excited electronic
states formed upon collisional electron transfer. Since the latter
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states, B and C, oAE = 3.98 and 4.43 eV, respectively, were
also outer excited states due to promotion of the 2&ctron

to combinations of the 2¥ through 3@ virtual orbitals. The
calculated radiative lifetimes were 4.8 and 2s3for the B and

C states, respectively, which were sufficient for unimolecular
dissociations to occur. Figure 12 also shows the calculated
adiabatic ionization energy & at 0 K, IE, = 4.86 eV from
combined PMP2/B3LYP/6-311G(2d,p) calculations.

Although the details of the potential energy surfaces for the
A, B, C, and higher excited electronic states were unknown,
the excitation energies and radiative lifetimes suggested that
highly endothermic ring dissociations could occur in vertically
neutralized3". Internal conversion of the excited states to the
X state can be expected to produce the latter with a bimodal
distribution of internal energy. The low-energy part of B(&)
function is due to the FranekCondon effects in the formation
of the X state and the precursor ion internal energy, as discussed
above. The high-energy part of tiR§E) function is governed
by the energy gap between the excited state and ground state
of 3.

Conclusions

The experimental and computational data were in accord that
the 2-hydroxy-(1H)pyridinium radicaBf) was a stable species
in the gas phase. Hydrogen atom additions to the N-atom in
2-hydroxypyridine 1) and to the carbonyl oxygen atom in
2-(1H)pyridone 2) were associated with potential energy
barriers. Addition of a hydrogen atom was found to be
energetically preferred. Radic88sacquired a bimodal internal
energy distribution when formed by collisional electron transfer
in the gas phase. The low-energy part of the energy distribution
function was composed of the internal energy of the precursor
ion and the FranckCondon energy upon vertical electron
transfer. The high-energy part of the energy distribution was
due to the formation of long-lived outer excited states that either
dissociated adiabatically by ring-cleavage or underwent internal

process is nonresonant the electron can be captured in any ofonversion to a vibrationally excited ground electronic state.

the manifold of unoccupied orbitals to form the ground or an
excited electronic state of the radical. Only those excited states
can be kinetically significant that have enough energy for ring-
cleavage dissociations to occur and that also have radiative
lifetimes compatible with the time scale of the dissociations.
The five lowest excited states Bt were investigated with
CIS/6-311G(2d,p) calculations for radicals formed by vertical
electron transfer and for those with the relaxed geometry of the
ground (X) state. The use of CIS was justified by the substantial
energy gap between the doubly occupied25bital and the
singly occupied 26 SOMO (AE = 3.89 eV), which was greater
than the X~A excitation energy (3.54 eV). Single-electron
excitations in3* therefore could involve electron promotion from
the 2Gx SOMO to the appropriate combination of virtual
orbitals. Such “outer” excited states were also expected to be
formed upon vertical electron capture3n. The properties of
the first excited state iB* are shown in Figure 12. The potential
energy surfaces for the X and A states were shifted, such that
the excitation energy in relaxed)@, AE = 3.54 eV was greater
than in3* formed by vertical neutralization of io8", AE =
2.64 eV. This shift may facilitate internal conversion of the A
state to vibrationally exciteX state, because of the proximity
of the potential energy surfac&sThe available energy (255
kJ molt) was sufficient to promote ring opening & (Figure
10). In addition, the calculated radiative lifetime of the A state,
7j = 1/A; = 0.47us, was sufficiently long to allow ring-cleavage

This study and that of the related 3-hydroxy-(1H)pyridinium
radical®® pointed out that bimodal energy distributions in
molecules and radicals due to populations of excited electronic
states upon femtosecond collisional electron transfer may be
more common than previously recognized.
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