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Direct Observation of a Hydrogen Atom Adduct to C-5 in Uracil. A
Neutralization-Reionization Mass Spectrometric and ab Initio Study

Erik A. Syrstad, Shetty Vivekananda, and Frantisek Turecek*

Department of Chemistry, Bagley Hall, Box 351700, dénsity of Washington,
Seattle, Washington 98195-1700

Receied: April 10, 2001; In Final Form: July 2, 2001

The elusive hydrogen atom adduct to the C-5 position in uracil was generated specifically in the gas phase,
and its unimolecular dissociations were elucidated by neutralizat@anization mass spectrometry. Collisional
electron transfer to the 5,6-dihydrouracil-6-yl cation generated the 5,6-dihydropyrimidirig4d34{)-dion-

6-yl radical @), which was the most stable hydrogen atom adduct to C-5 in uracil. A substantial fraction of

1 was stable on the 5.4s time scale. The main unimolecular dissociationslafiere specific losses of
hydrogen atoms from C-5 and ring cleavages, as determined by deuterium labeling. Rdalaabt isomerize
unimolecularly to 5,6-dihydropyrimidine-2,4,3H)-dion-5-yl (2). Ab initio calculations up to effective
QCISD(T)/6-31H1-G(3df,2p) and combined density functional theory and perturbational calculations up to
B3-MP2/6-31H1-G(3df,2p) provided bond dissociation and transition state energies for several radical and
ion dissociations that were used for assessing rate constants by RRKM theory. The observed dissociations
occur to a large part from excited electronic states of uracil radicals that are formed by vertical electron
capture. The adiabatic ionization energies of uracil ameere calculated as 9.24 and 6.70 eV, respectively.

Introduction ﬁu
Nucleobase residues in DNA and RNA are susceptible to H3\N3/C4\C{H5
attack by energetic particles produced by radiation or chemical I Il
. . . Lo _Ce.
processeslIn particular, radiolysis of water produces electrons o7 N7 THe

and small radicals (H, OH, etc.) that are known to add to the |
nucleobases and cause chemical modifications that are referred

Hy

" e . 0 o 0 0
to as radiation damade. Although the kinetics of radical H b H o w D H
additions to the four DNA nucleobases have been studied in "~y /. WH N o N AinD H\N ..... H
detail, much less is known about the reactivity of the RNA /I\ . )\ . )\ . )\ .
nucleobase uracil. Flossman, Westhof, and co-workers studied ©~ N H O T H O T H o h'l D
the formation of uracil radicals following irradiation with 100 H D H M
kV X-rays® or upon photosensitized irradiation with UV light. 1
Electron paramagnetic resonance spectra indicated the formation
of several transient species that were assigned to hydrogen atonfiesults obtained so far provided only indirect evidence of the
adducts to uracil. Von Sonntag and co-workers studied pulse existence of transient radicals through redox reactiand UV—
radiolysis of uracil derivatives in aqueous solution and concluded Vis absorption spectfdlnder radiolytic or photolytic conditions,
that hydrogen atom adducts to O-4 and C-6 were formed by a variety of products are typically formed that are monitored
protonation of the intermediate uracil anion radit&lor the spectroscopically in the mixtufe'° Structures and intrinsic
ring numbering in uracil, see the formulas below. Two mech- Pproperties of nucleobase radicals are therefore not amenable to
anisms for the formation of hydrogen atom adducts to nucleo- analysis. Limited information about the structures and energetics
bases have been suggested, as shown for uracil in Schéme 10f several nucleobase radicals has been provided by ab initio
The first mechanism (mechanism I) assumes direct addition to calculations that were carried out at lbw medium levels of
the nucleobase of a hydrogen atom produced by radiolysis of theory**
water. The presumed sites of H atom additions are at the-C-5 gcHEME 1
C-6 double bond to produce radicdlsor 2.6 Mechanism | is

1a 1b 1c

L. . o] o]
analogous to that presumed for the addition of OH radicals to H "
nucleobase$:however, additions of H atoms are much less hvor &9 HNT e HNTS
thoroughly documentet? The second mechanism (mechanism o ”2?*{ N H O%N ™~
I) presumes addition of a thermal electron to form a uracil } mecheniom! i WO
anion-radical. The latter is protonated by the solvent or an acid ~ H\: ¢ 3 | ! 2
present in the solution to give the H atom add8ét O)ﬂ‘q P RS HO

Although the radiation chemistry of uracil and other pyrimi- . H
. . . KO TN WD HNT e
dine nucleobases has been studied extensively, most of the )\ |
mechanism 11 >
H
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We now describe the targeted, specific preparation of two 84, 76, 72, 60, 57), and a small amourt506) of a methyl
pivotal uracil radicals relevant to radiolytic mechanisms | and ester (Wz 104, 74, 72, 62, 60, 59, 57).
[1.12 In the present paper, we report on the specific formation  Ethyl 3-(p-toluenesulfonyloxy)pentanoate-34 (6) was pre-
in the gas phase of 5,6-dihydropyrimidine-2,K(3H)-dion-6- pared by tosylation of esteb (p-toluenesulfonyl chloride,
yl (1), which is the elusive intermediate of H atom addition to pyridine, 0°C, 48 h) followed by standard workup (ice water,
C-5in uracil. We prepared radichlby femtosecond collisional  extraction with chloroform, drying with MgSQOfollowed by
electron transfer to its cationic precursbf, and studied the  solvent evaporation). Crude tosyl&evas used further without
mechanisms of radical unimolecular dissociations by neutraliza- purification.
tion-reionization mass spectroméfty* with the help of deu- Ethyl 2-pentenoate-3¢ (7). Crude tosylaté (34 mmol) was
terium-labeled derivativeka—1c. In addition, we report detailed  dissolved in tetrahydrofuran (40 mL), cooled 48 °C, and
ab initio calculations, performed at high levels of theory, up to potassiumt-butoxide (3.8 g, 34 mmol) was added under
effective QCISD(T)/6-31+G(3df,2p), of radicall, several of  nitrogen. The reaction mixture was stirred-a¥8 °C for 2 h
its isomers, dissociation products, and relevant transition statesand then allowed to warm to room temperature. Pentane (50
Excited electronic states are found to play an important role in mL) was added, and the slurry was poured on ice/water (300
the unimolecular chemistry dfand are therefore addressed by mL), the organic layer was separated, and the aqueous layer
time-dependent density functional theory calculatitnist an  was extracted with X 25 mL of pentane. The pentane solution
accompanying paper, we address the chemistry of 4-hydroxy-was washed with brine, dried with magnesium sulfate and
3,4-dihydropyrimidine-2[H)-on-4-yl radical 8), which is the decolorized with active charcoal. Pentane was distilled off
elusive intermediate of protonation at O-4 in uracil anion- through a 20 cm Vigreux column, and the residue was distilled

radical6 at ca. 100 Torr to yield 4.4 g of est& Mass spectrummny/z
_ 129 (M*).
Experimental Part 2-Pentenoic acid-3d (8). Ethyl 2-pentenoate-8-(7, 4.4 g,

; ; ; ; 34 mmol) was dissolved in a mixture of methanol (25 mL) and
Materials. Uracil, 2-pentenoic acid, urea, and ethyl-3- X :
oxopentanoate (all Aldrich) were used as received. Deuterium- Water (5 mL), sodium hydroxide (2.4 g, 60 mmol) was added

labeled reagents, sodium borodeuteride (99% D, Aldrich); ND and the solution was _refluxed for 3 h The sol\(e_n_ts were
(Matheson, 99% D), BD, CD;OD, and acetone (all Cam- evaporated and the residue was taken in water, acidified to pH
bridge Isotope Laboratories) were also used as received. 6-E’[hyl-l W'_th hydrochloric acid, and extracted W|th_f|ye 25 mL portions
5,6-dihydropyrimidine-2,4(H,3H)-dione @) was synthesized of dichloromethane. Workup followed by distillation gave 2.45
according to literaturé] and recrystallized from water, yield g (71%) of8, bp 100°C/20 Torr.

27%, mp 194°C. 1H NMR (300 MHz, CDC}): 1.0 (t, 3H, 6-EthyI-Q-d-S,_6-d|hydropyr|m|d|ne-2,4(1H,3H)-d|one (4c).
—CH,CH3), 1.64 (m, 2H—CH,CH,), 2.42 (dd, 1H, H-5), 2.70  2-Pentenoic acid-8-(8, 2.4 g, 24 mmol) and urea (3.65 g, 61
(dd, 1H, H-5), 3.55 (m, 1H, H-6), 5.60 (broad s, 1H+N), mmol) were heated in a stainless steel pressure vessel (40 mL
7.62 (broad s, 1H, NH). 70 eV mass spectrunm(z, rel volume) at 195°C for 2_h.17 The vessel was c_ooled to room
intensity): 142 (9), 114 (5), 113 (100), 112 (35), 71 (3), 70 temperature, dgpressurlged to release ammonia, and the gummy
(80), 58 (3), 56 (7), 43 (23), 42 (7), 41 (7). res@ue was dlssolved in 50 mL of warm water. The warm
6-Ethyl-5,6-dihydropyrimidine-2,4(1D,3D)-dione (4a).Com- solution was decolorized with active charcoal, filtered, and the

pound4 (144 mg, 1 mmol) was dissolved in THF (13 mL) and filtrate vol_ume was reduc_ed to 15 mL on a rotavap. Compound
stirred overnight at 26C. Then, 11 mL of CHOD was added 4ccrystalllzed.upon standing at’€. The grystals were collected
and the solution was stirred for 10 min, followed by solvent andorecrystalllzed once from water._YleId .650 mg (19%), mp
evaporation under vacuum at room temperature. 70 eV mass192 °C. 70 eV mass spectrunmfz rel intensity): 144 (1), 143
spectrum ofda was Wz, rel intensity) 145 (2), 144 (11), 143 (11), 142 (2), 115 (7), 114 (100), 113 (51), 112 (5), 72 (3), 71
(7), 142 (2), 116 (5), 115 (80), 114 (76), 113 (26), 112 (4), 72 () 70(12), 80 (4), 59 (2), 57 (4), 56 (3), 44 (12), 43 (14), 42
6-Ethyl-5,6-dihydro-5,5-d,-pyrimidine-2,4(1H,3H)-dione égg EEr'oig';CFﬁCSSH)S 2%4420(?65026H§5)1'£'?H()d' 1H, H-5),
(4b). Compound4 (160 mg, 1.1 mmol) was dissolved in 43 ’ R T R ’
mL DO containing 450 mg KCOs. The solution was stirred hod
72 h at 20°C, acidified with 37% DCl in RO, and solventwas ~ Methods
evaporated to dryness in vacuo. The product was taken in  Measurements were carried out on a tandem quadrupole
methanol, the solution was filtered, and the solvent was acceleration-deceleration mass spectrometer described previ-

evaporated in vacuo. 70 eV mass spectrawz(rel intensity): ously8 Electron ionization was used to generate catibhs
148 (4), 147 (3), 146 (3), 145 (4), 144 (9), 143 (1), 116 (14), 1c*in a standard electron ionization source. Typical ionization
115 (100), 114 (11), 113 (31), 73 (8), 72 (86), 71 (8). conditions were as follows: electron energy 70 eV, emission

6-Ethyl-6-d-5,6-dihydropyrimidine-2,4(1H,3H)-dione (4c) current 500 #A, temperature 200250 °C. lon—molecule
was prepared from ethyl 3-oxopentanoate in five steps, asreactions and charge exchange ionization were carried out in a
follows. tight chemical ionization (CI) source. Typical ionization condi-
Ethyl 3-hydroxypentanoate-34 (5). Ethyl 3-oxopentanoate  tions were as follows: electron energy 100 eV, emission current
(5.0 g, 34.7 mmol) was dissolved in 25 mL of methanol and 1—-2 mA, temperature 286300 °C, ion source potential 80 V.
added at @°C to a solution of sodium borodeuteride (0.73 g, NHs, ND3, acetone, CBCOCD;, and 2-methylpropane, water,
16.6 mmol) in methanol (25 mL). The mixture was stirred at 0 and DO were used as Cl reagent gases at pressures. 150«
°C for 45 min, acidified with acetic acid (2 g), and the solvent 10~ Torr as read on an ionization gauge located at the diffusion
was evaporated in vacuo. The residue was extracted with ethelpump intake. Stable precursor ions were passed through a
(4 x 25 mL), dried, and the solvent was evaporated in vacuo quadrupole mass filter operated in the radio frequency-only
to yield 4.9 g (96%) of an oily product. GC-MS showed mode, accelerated to the total kinetic energy of 8250 eV and
essentially one peak correspondingst@m/z 118, 102, 90, 88, neutralized in the collision cell floated at8170 V. The
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precursor ion lifetimes were 30 us. Dimethyl disulfide several systems siné&3°This resulted in error cancellation and
(DMDS) was admitted to the differentially pumped collision provided relative energies denoted as-B3VIP2 or B3-

cell (cell I) at a pressure such as to achieve 70% transmittanceROMPZ2° as discussed below. Calculations on closed-shell
of the precursor ion beam. The ions and neutrals were allowedsystems are marked by B3-MP2. In addition, a composite
to drift to a four segment conduitwhere the ions were reflected  procedure was adopted that consisted of a single-point quadratic
by the first segment floated &t250 V. The neutral flight times  configuration interaction calculatiol,QCISD(T)/6-31G(d,p),

in standard NRMS measurements were&s1The fast neutral ~ and basis set expansion up to 6-313(3df,2p) through PMP2
species were reionized in a second cell (cell 1) by collision or ROMP2 single-point calculations according to eq 1:

with oxygen at a pressure adjusted such as to achieve 70%

transmittance of the precursor ion beam. The ions formed in QCISD(T)/6-31H#G(3df,2p)~ QCISD(T)/6-31G(d,p}

cell Il were decelerated, energy flltergd, and analyzgd by a MP2/6-311G(3df,2p)— MP2/6-31G(d,p) (1)
quadrupole mass filter operated at unit mass resolution. The

instrument was tuned daily to maximize the ion current of rhis jevel of theory is intermediate between those of the

reionized C%". Typically, 40 repetitive scans were accumulated Gaussian 2 (MP2) meth&which uses the 6-311G(d,p) basis

per spectrum. Collisional activation of transient radicals (denoted ¢o+ iy the large QCISD(T) calculation and the G2(MP2, SVP)
as NCR) was carried out in the differentially pumped conduit b33 which uses the 6-31G(d) basis set instead. We also

between cell 1 and cell Il using He at pressures to achieve 50% jjized the previous finding that restricted open-shell calcula-
precursor beam transmittance. The conduit segments wer€jqng (ROMP2) provided good stabilization energies for small
maintained at+250 V to prevent detection of any reionized  ,4anic radicalé’ Basis set expansions to effective QCISD/6-
species formed in this region. 311+G(2d,p), QCISD(T)/6-311G(2d,p), and QCISD(T)/6-
Collisionally activated dissociation (CA_D) spectra were 3111 G(2df,p) were also tested for selected systems.
measured on a JEOL HX-110 double-focusing mass spectrom-  pranck-Condon energies in vertical neutralization and reion-
eter of forward geometry (the electrostatic sector E precedesization were taken as absolute differences between the total B3-
the magnet B). lon collisions with air were monitored in the \p2/6-311G(2d,p) energies of fully optimized ion or neutral
first field-free region at pressures to achieve 70% transmittance gy ctures and those in which an electron has been added to an
of the ion beam at 10 keV. The spectra were obtained by gptimized cation structure or subtracted from an optimized
scanning E and B simultaneously while maintaining a constant neytral structure. No zero-point corrections were applied to the

B/E ratio (B/E linked scan). calculated FranckCondon energies.
_ Gradient optimizations of excited-state geometries were
Calculations performed with spin-unrestricted configuration interaction singles

(UCIS)* using the 6-3%+G(d,p) basis set. Improved energies
for excited states were obtained from UCIS and time-dependent
density functional theofy single-point calculations using the
B3LYP hybrid functional and the larger 6-3t5(2d,p) basis
set.

Standard ab initio and density functional theory calculations
were performed using the Gaussian 98 suite of progfdms.
Geometries were optimized using Becke’s hybrid functional
(B3LYP)?! and the 6-3%G(d,p) basis set. For some species,

geometries were optimized with Hartreeock calculations, HF/ RRKM calculations used Hase'’s progréfithat was recom-
6-31G(d,p) and HF/6-38G(d,p), as specified below. Spin- piled for MS-DOS and run under Windows Nt Vibrational

unrestricted calculations (UB3LYP and UHF) were used for state densities were obtained by direct count of quantum states
open-shell systems. Spin contamination in the UB3LYP calcula- : y q

tions was small as judged from th&Coperator expectation in 2 kJ mor* steps for internal gnergies up to-8020 kJ mOTl. .
values that were 0.750.77. The optimized structures were above the threshold. The rotational states were treated adiabati-

7 X :
characterized by harmonic frequency analysis as local minima (I;Eci)llltyzam:rllqg-zat\?:ramé%r%?/?ralﬁe :ﬁﬁrﬁ;njzﬂﬁﬁgﬁ)} rvc\nlggonal
(all frequencies real) or first-order saddle points (one imaginary 9

frequency). Complete optimized structures in the Cartesian J and K states pertaining to the ion source temperature. Thermal
coordinate format and total energies are available from the rate constants were calculated using the standard transition state

correspondence author upon request. The B3LYP/B&H,p) theory fo_rmula§.8 Th_e activation energit_a_s were t?"e” from
frequencies were scaled by 0.963 (ref 22, for other scaling single-point calculations and the partition functlons were
factors see ref 23), the UHF/6-31G(d,p) frequencies were scaledcalcmated from thg B3LYP/ 6-_3ELG(d_,p) moments of inertia .
by 0.893, and used to calculate zero-point vibrational energies and_ scaled harmpnlc_frequenmes using the rigid rotor-harmonic
(ZPVE), enthalpy corrections, and partition functions. The rigid- oscillator approximation.

rotor harmonic oscillator approximation was used in all ther-
mochemical calculations. Single-point energies were calculated
at several levels of theory. In three sets of calculations, MP2-  Specific generation of radicals by neutralization-reionization
(frozen cored* and B3LYP energies were calculated with basis mass spectrometry in the gas-phase relies on fast collisional
sets of increasing size, e.g., 6-31G(2d,p), 6-31#G(2df,p), electron transfer to a cationic precursor. The precursor cation
and 6-31#G(3df,2p). Spin contamination in the UMP2 cal- is synthesized by the methods of gas-phase chemistry, acceler-
culations was moderate for uracil radicals and transition states,ated to a high velocity (118 625 ntsfor 1) and discharged

as evidenced by the spin expectation vali@sithat ranged by a glancing collision with dimethyl disulfide as a thermal
between 0.76 and 0.91. Spin annihilation using Schlegel’s electron donor (Scheme ) Because the electron transfer must
projection methotP (PMP2§° reduced théS[values to 0.75 occur over the distance of a few molecular diameters1(®
0.76. In addition, restricted open-shell (ROMP2) calculafidns  A),3° the time scale for the formation dfis limited to <8 fs.

were carried out for the entire set of structures to deal with This implies that the radical is initially formed with the geometry
spin contaminatiod’ The PMP2 and ROMP2 energies were of the precursor ion. Hence, iob" must be prepared by a
averaged with the B3LYP energies according to the empirical reliable method and its structure must be examined carefully
procedure that was introduced previodéiy4P-2%and tested for by available experimental and computational methdds.

Results and Discussion
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TABLE 1: Collisionally Activated Dissociation Spectra of
lons 1t and la"—1c"

relative intensity

relative intensity

mz 1 la® 1b* 1c' m'z 17 1lat 1b* 1c"
114 0.9 0.6 45 09 5.7 0.3
113 0.7 44 14 44 53 3.0
112 1.1 0.2 43 57 50 48 438
97 0.2 41 33 33 22 29
87 0.6 40 3.0 19 10 15
86 0.2 39 1.0 0.7 05 0.6
85 0.7 0.5 38 0.7 07 0.8 0.6
84 05 0.2 30 0.5 0.2
72 09 618 05 29 05 56 17 44
71 0.7 592 16 64.2 28 38 15 49 14
70 65.6 4.0 2.7 4.0 27 10 10 13 0.8
69 3.8 1.8 0.8 0.4 26 0.7 08 05 04
68 1.6 0.9 17 0.8
67 04 0.2 16 0.6 0.5
57 0.3 15 0.7 05 0.4
56 04 14 0.3
55 04
54 04 0.3
53 0.5 0.3
52 05

2 Relative to the sum of CAD ion intensiti€sDominant product
of metastable ion dissociations.

lon Structures and Energetics. Cation 1t was generated
efficiently by 70 eV dissociative ionization of 6-ethyl-5,6-
dihydrouracil 4, Scheme 2). Deuterium-labeled ioba"—1c"
were prepared accordingly using the labeled precurdars
4c. lon 1T showed a singlet peak in a high-resolution mass
spectrum that had the correct elemental compositigHsR>0,

Syrstad and Vivekananda

Unimolecular dissociations ofi™ proceeded mainly by
elimination of HNCO to form a eHsNO* ion at m/z 70
(measured 70.0295, calculated 70.0293) that dominated the
metastable-ion and CAD spectra (Table 1). Deuterium labeling
in la*—1ct indicated a clean elimination of HNCO containing
the N-1 and/or N-3 nitrogens that was not accompanied by
hydrogen atom exchange between thedNand C—H hydrogen
atoms (Table 1). Energy calculations confirmed that elimination
of HN=C=O0 containing C-2 and N-3 was the lowest-energy
dissociation ofl™ that required 165 kJ mot to form HN=
CH—CH,—CO" (9") at the 0 K thermochemical threshold
(Table 2). Formation of the isomeric GHCH—NH—CO"
(10%) ion by elimination of HN=C=O containing C-4 and N-3
was slightly more endothermic and required 186 kJ Thalt
the 0 K thermochemical threshold. These ring-cleavage dis-
sociations may have activation energies above the dissociation
thresholds (see below for radical dissociations), but these were
not studied here. Loss of H atom frot to form the uracil
cation-radical {1**) was calculated to be substantially endo-
thermic (360 kJ mot!, Table 2). The high threshold energy for
the loss of H explained why it did not occur competitively in
metastable-ion or collisionally activated dissociations.

Because electron ionization usually does not form ions with
a narrow distribution of internal energies, a more specific
ionization means was sought to generite The appearance
energy for the formation of* from 4 was calculated by B3
PMP2/6-31%G(2d,p). Assuming that was thermalized at the
ion source temperature (523 K), the calculated appearance
energies AE) ranged between 9.3 and 10.1 eV for the products
(11 + CzHs) formed with internal energies corresponding to 0
and 523 K, respectively. Charge-transfer ionization with COS
(IE = 11.18 eV}9 was therefore deemed to be sufficiently
exothermic to promote fast dissociation4f* to form 17 that
would have a range of internal energies that was bracketed by
the ionization exothermicity£(COS)— AE(1*) = 1.08-1.88
eV and the lowest dissociation threshold of the ion (vide supra).
In addition, the excess internal energy in thethus formed
(<1.9 eV) should be dissipated by collisions with COS in the
high-pressure ClI source. Fully thermaliz&t was calculated
to have 43 kJ moi' mean internal energy at 523 K.

The relative energies df" and several other ion isomers were
calculated at a high level of theory recenthyf?In the context
of the present work, we note that is only the fifth most stable
isomer in the family of protonated uracil cations and is 82 kJ

(measured 113.0348, calc. 113.0351), as established by accuratmol ! less stable than N-1 protonated 2,4-dihydroxypyrimidine,

mass measurements. lab™ was further characterized by
collisionally activated dissociation (CAD) mass spectra.

TABLE 2: lon Dissociation Energies

which is the most stable ion isom&#2 Regarding the other
relevant ion isomers, it is noteworthy that cat@nwas unstable

energy
species/reaction basis set B3LYP MP2 B3-MP2 QCISD» QCISD(Ty

1+ — 9* + HN=C=0 6-31+G(d.p) 169
6-311H-G(2d,p) 159 164 161 169 166
6-3114+-G(2df,p) 158 164 161 169 166
6-311+G(3df,2p) 156 163 159 169 165

1+ — 10" + HN=C=0 6-31+G(d.p) 191
6-311+G(2d,p) 169 177 173 187 183
6-311+-G(2df,p) 163 178 170 188 184
6-311+-G(3df,2p) 161 179 170 189 186

1H— 11+ H 6-31+G(d,p) 351
6-3114G(2d,p) 348 351 (359) 349 (353) 358 (358Y 356 (356)
6-311-G(2df,p) 346 350 (357) 348 (352) 357 (356) 355 (355)
6-3114+G(3df,2p) 347 355 (362) 351 (354) 361 (361) 360 (361)

2 |n units of kJ mot?! at 0 K. ® From spin-projected MP2 energies wherever it appli€som effective energies with basis sets expanded according

to eq 1.9 From restricted open-shell MP2 calculations.
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: - : e ‘ Figure 2. Neutralization (CHSSCH, 70% transmittance)-reionization
1 20 30 40 50 60 70 80 90 100 110 (02, 70% transmittance) mass spectra ofXa)j, (b) 1ct, (c) 1b*. The
mz insets show expanded regions of survivor ion peaks from separate
Figure 1. (a) Neutralization (CHSSCH, 70% transmittance)-reion- multiscan measurements.

ization (G, 70% transmittance) mass spectruniof (b) Neutralization
(CH3SSCH, 70% transmittance)-collisional activation (He, 50% trans-

mittance)- reionization (€ 70% transmittance) mass spectrunldf predominant loss of D (Figure 2c), in line with the foregoing

results. A small fraction of loss of H (ca. 15%) frohb* can

be attributed to an admixture of 1,5:0r 3,5-D, isotopomers
that were not distinguished by mass fram*. The correspond-
ing radicals were expected to eliminate H-5 rather than D-5,
because of isotope effects (see below). The specific loss of H
from the C-5 methylene group hindicated exclusive formation

of the most stable uracil tautom#f by NR dissociations.

and isomerized spontaneouslyt0.#! It can be readily shown
that an isomerization df™ by intramolecular proton migration
to form a more stable cation isomer must involve at least one
four-membered transition state and therefore is likely to face a
substantial energy barriétlon 17 is therefore kinetically well
stabilized against isomerization to more stable structures. _ e -
Formation and Dissociations of Radical 1.Collisional The ring cleavage yielding £1,NO showed predominant
neutralization ofl* yielded a fraction of nondissociating radicals ~ rétention of H-1 and/or H-3 in the eliminated HNCO molecule,
that following reionization gave rise to abundant survivor ions 2S evidenced by the appropriate mass shifts/af70 tom/z 71
that appeared atVz 113 in the NR mass spectrum (Figure 1a). N the complementary £H,D).NO fragments (Figures 2a-2c).
The dissociations observed upon NR comprised loss ofid (- The HNCO molecule lost can include the C-2 carbonyl group
112) and ring-cleavages producing HNQ@Z43) together with ~ in combination with the N-1-H or N-3-H groups, or the C-4
the complementary £,NO fragment atnz 70, GHsNO at carbonyl and the N-3-H group. These were not distinguished

m/z 69, fragments of the £&1,N and CHN groups atm/z 38— by the present labeling experiments. Energy arguments favor
42 andmz 26—28, respectively, and CO at/z 28. cleavage of the C4C-5 and C-2-N-3 bonds to eliminate

The NR spectrum ofl* generated by charge exchange HNCQ containing N-3 and C-4, as discussed below. Deuterium
ionization with COS* of 4 was closely similar to the spectrum ~ 1abeling further revealed that the/z 28 fragment consisted of
of the ion made by 70 eV electron ionization and is not shown CO and HNCH, where the latter contained the C-6 methine
separately. This indicated that effects on NR dissociations of 9roup.
1* of the precursor ion energy were negligible or that stabile Dissociation Products of 1.To characterize some of the
produced by electron ionization had internal energies close to important fragments produced by dissociatiori efe obtained
thermal. Collisional activation with helium of the intermediate reference NR spectra of the uracil cation radidalt¢, m/z 112),
fast neutral species resulted in deeper dissociations that enhance@;H,NO™ (m/z 70) prepared by dissociative ionizationdyfand
the formation of small fragments in the NCR spectrum (Figure CzH:NO™ (m/z 69) that was prepared from two different
1b). precursors, e.g., by dissociative ionization of uracil and male-
The dissociation mechanisms were elucidated by deuteriumimide by loss of HNCO and CO, respectively. The NR spectra
labeling. NR of the 1,3-Blabeled ionla" showed a clean  are shown in Figure 3ad. NR of uracil showed an abundant
(>95%) loss of a light hydrogen from C-5 and/or C-6 (Figure survivor ion in keeping with the stability of the neutral molecule
2a). These positions were distinguished in the 6-D-labeled ion (Figure 3a). The major dissociation was loss of HNCO to form
1c™ which upon NR showed clear~09%) loss of a light C3H3NO at m/z 69. This is also an abundant dissociation of
hydrogen (Figure 2b). NR of the 5,5;{labeled ionlb™ showed cation-radicafl 1™ upon electron ionization and its occurrence
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C3H3NO would be detected efficiently in the NR mass spectrum.
We did not investigate the structure of theHgNO™ fragment
further, although the NR dissociations were compatible with
both the HN=CH—CH=C=0O"* and 3-propenelactamstruc-
tures.

In contrast to GH3NO, the NR spectrum of £1,NO™ (m/z
70) showed only a weak survivor ion and a dominant formation
of CO (m/z 28) and CHCH=NH (nm/z 42) (Figure 3b). This
attested to the low stability of thes84NO radical in keeping
with the calculated bond dissociation energy for S€H—
NH—C=0* — CH,—CH=NH" + CO that required only 7 kJ
mol~ at the 0 K threshold. The radical energetics is discussed
in more detail later in the paper. The low stability of neutral
CsH4NO corroborates the conclusion that the prominmafzt70
peak in the NR spectrum dfmust be due to a stable ion formed
by a post-reionization dissociation bf. Conversely, however,
transient formatiorof CH,=CH—NH—-C=0r from 1 followed
by its consecutie dissociationss compatible with the formation
upon NR of abundant low-mass fragments HNCO ,EBH=
NHe, and CO.

In summarizing the observed unimolecular dissociations of
1, loss of a hydrogen atom from C-5 was a specific dissociation
of the radical. Ring cleavages also occurred iand gave rise
to small-mass fragments HNCO, GHCH=NH, and CO.

Dissociation Energetics of 1.To interpret the observed
dissociations of uracil radicals, we performed ab initio and
density functional calculations of the pertinent relative, activa-
tion, and dissociation energies. The energies were obtained at
several levels of theory as summarized in Table 3. The energies

(02, 70% transmittance) mass spectra of dissociation products: (a) obtained at the highest levels of theory, which in this work were

[uracil]™, (b) mVz 70 ion from dissociative ionization ¢, (c) m/z 69
ion from dissociative ionization of uracil, and (dyz 69 ion from
dissociative ionization of maleimide.

in the NR spectrum ofl1™ can be due to a combination of
neutral and post-reionization dissociations. Interestingly, NR of
1t and11** showed very similarfyz 69]/[nVz 112] abundance
ratios, 0.32 and 0.31, respectively, which indicated that the
formation of them/z 69 fragment fromil was due to consecutive
dissociationsl — 11 — C3H3NO™. In addition, one can use
the relative abundances ofz 112, m/z 69, and other ions in
the NR spectrum ofl1™ to subtract the contributions of
dissociations of reionizeti1™ in the NR spectrum of.*3 These
amounted to 45% of the total NR ion intensities and cor-
responded to the fraction dfthat dissociated by loss of H-5 to
form 11. The remaining 55% of the NR fragment ion intensities
were due to ring cleavage dissociationd @fr post-reionization
dissociations of.*. The contributions of the latter two processes
were roughly estimated as follows. Assuming that the relative
intensity of them/z 70 ion in the NR spectrum (12.5%) was
due entirely to dissociations of reionizdd (see below), we
obtain from the corresponding CAD relative intensity of the
m/z 70 ion (60%) that 12.5/0.6= 21% of all ring fragments
originated from reionized™.*® The contribution of the radical
ring-cleavage dissociations was therefore-2% = 34%. After

effective QCISD(T)/6-311G(3df,2p) and B3PMP2/6-31#G-
(3df,2p), are visualized in a potential energy diagram (Figure
4). At all levels of theoryl was the most stable uracil radical,
followed by 5,6-dihydropyrimidine-2,4{H,3H)-dion-5-yl (2),

3, 4,5-dihydro-2-hydroxy-pyrimidine-8H)-on-2-yl (12, Figure

5), and 2-hydroxy-5,6-dihydropyrimidine-3i)-on-5-yl12 A
number of other tautomeric radical structures were also calcu-
lated to be local energy minima, which are not discussed here.
Out of these, radical$, 2, and3 were hydrogen atom adducts
to the most stable uracil tautoméd, which were of most
interest for uracil radical chemistry.

The optimized structure of was unexceptional, as shown
in Figure 5. The ring irl was only slightly puckered with C-5
being out of plane and the axial hydrogen atom (H-5a) pointing
nearly perpendicular to the ring. The radical site linvas
localized mainly at C-6, as indicated by the calculated atomic
spin density (0.92). The unpaired electron can activate cleavage
of bonds to the adjacent atoms, e.g., Nd-2, N-1—H-1, C-5—
H-5, and C-4-C-5. Dissociation products resulting from cleav-
age of these bonds were therefore of interest. Loss of H-5a was
the lowest-energy dissociation dfthat required 114 kJ mot
at the 0 K thermochemical threshold (Figure 4, Table 3). The
dissociation involved a transition stat€g1) that was 133 kJ
mol~! abovel and 19 kJ mot! above the products. Hence,
addition d a H atom to C-5 in uracil had an activation energy

this separation of ion and radical dissociations, the branching p5rier. Dissociation of the N-=H-1 bond in1 was 177 kJ

ratio for ring cleavages and loss of H-5 in neutta estimated
as 34/45~ 0.75.

The NR spectra of the 4EIs3NO™ ions prepared by dissocia-
tive ionization of uracil and maleimide were very similar and
indicated identical ion structures or mixtures thereof (Figure
3c-d). The substantial survivor ion ez 69 indicated that the

mol~* endothermic to form the less stable uracil tautog#42
In addition, the dissociation must proceed through a transition
state TS2) that was 203 kJ mol abovel and 26 kJ mot!
above the threshold energy for the formatiori8fand H atom.
The large energy difference betwe&®2 and TS1 strongly
favors elimination of H-5a in perfect agreement with experiment.

C3H3NO intermediate was a stable species. This indicates thatA transition state TS3) was also located for the 1,2-migration

if formed as a neutral molecule by dissociations of radical

of a hydrogen atom from C-5 to C-6 that resulted in a mildly
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TABLE 3: Dissociation and Activation Energies for Uracil Radicals 1 and 2

energy-°
reactiori
method “m @ & @ 6 6 O @6 © W @11 @12) @13) (14 (19
B3LYP/6-31+G(d,p) 133 140 203 214 163 111 148 124 156 148 184 209 208 125 137
B3LYP/6-311+G(2d,p) 12(; 137 196 210 162 107 144 121 154 130 165 200 197 118 133
12 130 119
B3LYP/6-31H-G(2df,p) 125 135 198 211 161 128 168 116 131
B3LYP/6-311G(3df,2p) 125 135 198 212 161 105 143 124 156 126 166 198 200 116 131
PMP2/6-313-G(2d,p) 1029 124 165 199 165 117 151 120 154 148 170 222 209 89 119
10 124 93
ROMP2/6-31#G(2d,p) 96 120 161 194 160 116 154 119 152 147 168 219 212 84 117
98 127 87
PMP2/6-313%G(2df,p) 96 119 166 201 161 155 184 84 114
ROMP2/6-313#G(2df,p) 92 115 162 195 155 153 182 79 112
PMP2/6-313G(3df,2p) 101 122 172 204 161 120 156 130 162 155 183 229 227 88 117
ROMP2/6-31#G(3df,2p) 97 118 168 199 155 119 158 129 161 154 181 226 231 83 115
QCISD/6-31%G(2d,p)
PMP2 123% 144 178 208 179 117 157 115 151 153 170 236 176 112 141
12 145
ROMP2 122 145 179 210 178 119 156 116 152 154 167 235 177 112 141
123" 144
QCISD/6-311-G(2df,p)
PMP2 117 140 180 210 174 159 183 107 136
ROMP2 118 140 180 211 173 160 184 107 137
QCISD/6-311G(3df,2p)
PMP2 122 142 185 213 174 120 161 124 159 160 182 243 195 111 139
ROMP2 123 143 186 215 173 121 160 125 161 161 183 242 196 112 139
QCISD(T)/6-311#G(2d,p)
PMP2 113 134 170 199 173 114 150 112 144 147 165 220 179 102 130
ROMP2 114 135 170 200 171 115 149 113 146 148 165 219 179 102 131
QCISD(T)/6-311G(2df,p)
PMP2 109 130 172 200 168 154 179 97 126
ROMP2 109 131 172 202 166 155 179 97 126
QCISD(T)/6-311G(3df,2p)
PMP2 114 133 177 203 168 116 154 121 153 154 178 227 197 101 128
ROMP2 114 133 178 205 166 118 153 122 154 155 178 226 198 102 129
B3—PMP2/6-31%#G(2d,p) 11;; 130 180 205 164 112 148 120 154 139 168 211 203 103 126
11 127 106
B3—PMP2/6-31#G(2df,p) 110 127 182 206 161 141 176 100 123
B3—PMP2/6-31%#G(3df,2p) 113 129 185 208 161 112 149 127 159 140 175 213 213 102 124

a|n units of kJ moft at 0 K. ? From single-point energies on B3LYP/6-8G(d,p) optimized geometries including zero-point vibrational energy

corrections® Reaction 1:1 — 11 + H*. Reaction 2:1 — TS1 Reaction

3:1— 13+ H°. Reaction 4:1 — TS2. Reaction 5:1 — TS3. Reaction

6: 1 — 1l4a Reaction 7t — TS5. Reaction 8:1 — 16b. Reaction 9:1 — TS6. Reaction 10:1 — 10 + HNCO. Reaction 11:1 — 9 + HNCO.
Reaction 12:1 — TS7. Reaction 13:1 — 17 + CO. Reaction 14:2 — 11 + H-. Reaction 15:2 — TS4. ¢ From single-point energies on
HF/6-31G(d,p) optimized geometries (HF/6-3&(d,p) for transition states) and zero-point energy corrections.

IS7

182

203
208
9 +HNCO
= 178 177

175 O 185
H

10a + HNGO

ity

..........

Figure 4. Potential energy diagram for dissociationd.@nd2. Roman
numerals: B3-PMP2/6-31%G(3df,2p) energies. Bold numerals: Ef-
fective QCISD(T)/6-31+G(3df,2p) energies from basis set expansions
through PMP2 calculations.

endothermic isomerization dfto 2. However, theTS3 energy
(168 kJ mot?! abovel) was substantially higher than that for
TS1 (Table 3).

The large difference in the activation energies for the loss of

H-5a and isomerization 1@ indicated that the former dissocia-

tion should be kinetically preferred. This was supported by
RRKM calculations of unimolecular rate constants that were
performed using both the effective QCISD(T)/6-31G(3df,2p)
and B3-PMP2/6-31#G(3df,2p) potential energy surfaces. In
each case, the loss of H-5 was 2 orders of magnitude faster
than the isomerization for reactant internal energies up to 200
kJ mol ! above the threshold (Figure 6). Loss of a deuterium
atom from C-5 inlb was also substantially faster than migration
to C-6, as indicated by the pertinent RRKM rate constants (not
shown). These findings were perfectly consistent with the results
of deuterium labeling that showed a clean loss of a deuterium
atom from C-5. Had isomerization Boccurred, H and D would
have become equivalent at the C-6 methylene in the intermediate
radical 2 and therefore would have been lost competitively.
Interestingly, the transition state for the hydrogen atom loss from
C-6 in 2 (TS4) was belowTS3, so that loss of H-6 could also
be expected to occur without isomerizationlt¢Figure 4).
Mechanisms for Ring Opening in 1.Ring cleavage dis-
sociations ofl were all endothermic (Figure 4). Dissociation
of the C-4-C-5 bond proceeded with concomitant rotation of
the incipient vinyl group about the N=1C-6 bond to produce
an open-ring intermediatanti-syn-syn-antR,4-diazahex-5-en-
1,3-dion-1-yl (44 Scheme 3) that was 116 kJ mbless stable
thanl (Table 3). This reaction path was confirmed by intrinsic
reaction coordinate calculatiotifrom the transition state for
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Figure 5. B3LYP/6-314+G(d,p) optimized structures of uracil radicals in ground electronic state. Bond lengths in &ngstroms, bond and dihedral
angles in degrees. The structure of #hestate ofl was optimized with UCIS/6-3£G(d,p). The bond lengths in tiA state that differed most from
those in the’X state are shown as bold italics.

the ring opening TS5). Radicall4acan isomerize by internal

that because there are four bonds for internal rotatiorigta
e.g., N-3-C-4, C-2-N-3, N-1—C-2, and N-1-C-6, there are
16 theoretically possible combinations of conformers, of which
the anti-syn-syn-syronformer is identical witti, and the all-

the relative energies of thgyn-syn-syn-ant{14b), anti-anti-
syn-anti(14¢9), anti-anti-syn-syr(14d), all-anti (146, andsyn-

favorable alignment of the €0 and N—H bond dipoles. The
0 K enthalpies of the conformers relativetdawere—1, 2, 4,
—6, and —31 kJ mot?! for 14b, 14c 14d, 14e and 14f,

respectively.

Because the open-ring radicdlda-14f represent isomers of

the C-2-N-3 bond in14a—d and 14f can producenti-anti-
CH,=CH—NH—-CO (108 and HNCO that was calculated to
require 154 kJ mott from 1. syn-antiCH,=CH—NH—-CO’
(10b) was 9 kJ mot! less stable than thanti-anti conformer
104, so that the formation afOb had a correspondingly higher
threshold energy. Dissociation bivia 14b by loss of the C-4-
O carbonyl to form theanti-anti conformer of the N-vinyl-N

ureidyl radical, CH=CH—NH—-CO—-NH* (15 Scheme 3),
rotations to produce several other conformers (Scheme 3). Noterequired 197 kJ mol at the 0 K thermochemical threshold and
was therefore substantially more endothermic than the loss of

HNCO.

Another mechanism for ring cleavage Incomprised dis-
sociation inl of the N-1—C-2 bond with concomitant rotation
synconformer is impossible for steric reasons. We calculated about the C-4-C-5 and C-5-C-6 bonds to produce an open-
ring intermediateanti-anti-syn-antil,5-diazahex-1-en-4,6-dion-
6-yl (16a) (Scheme 4), that was 121 kJ méless stable than
syn-anti-anti (14f) conformers, which all had at least one 1. The ¢)-syn-syn-anti-ant{16b) and allanti (16¢) conformers
were also stable structures whose respediX enthalpies were
1 and 20 kJ mol! relative to16a A further dissociation of
16a to HN=CH—-CH,—CO (9) and HNCO required 58 kJ
mol~1 so that the product threshold energy was 178 kJ ol
abovel. Dissociation ofl via 16aby loss of the C-2-O carbonyl
1 and not detectable dissociation products, the energetics of theirto yield the syn-anticonformer of the 3-imidopropionamidyl
further dissociations were also investigated. A dissociation of radical (L7, Scheme 4) was substantially endothermic and
required 230 kJ mol at the 0 K thermochemical threshold

(Figure 4).

In addition to their inherent endothermicities, the ring
cleavages irl involved additional activation barriers that were
calculated as 154TES5) and 153 kJ molt (TS6) for the
cleavages of the C-4C-5 and N-1-C-2 bonds, respectively
(Figure 4). Hence, the activation energies for the ring cleavages
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100 150 200 250 300 350 400 (d,p) through 6-31+G(3df,2p). In contrast, PMP2 calculations
with these basis sets mostlyderestimatedond dissociation
Figure 6. RRKM unimolecular rate constants for dissociations and energies. Simple averaging of the BSLYP and PMP2 energies
isomerizations ofl. Full circles: Dissociation of the C-5H bond. (denoted B3-PMP2) thus often resulted in error cancellation
Empty circles: Ring-opening by cleavage of €@-5 bond k). and provided excellent agreement with the benchmark dissocia-
Upside-down triangles: Ring closufeta— 1 (k_;). Squares: Dis- tion energies. In addition, the fit between the-BBMP2 and
sociation14a — 10a + HNCO (k). Diamonds: Ring-opening by  penchmark energies showed only a weak dependence on the
ﬂgi‘;’lggﬁs‘?f goir;ce”zz :t(i)g: 9éTrTlir(]eglc?ass:hsgtﬁrt:gnaltmlg;j é”'lbé basis set used, so that even the relatively inexpeffsB&—
corresponds to the rate constant for 50% dissociation on the experi-PM?2/6'31%G(2d’p) dISSOCIa.tIO.n energies were within 4 kJ
mol~! root-mean-square deviation of the benchmark data.

Energy (kJ mol'1)

mental time scale.
Experimental data are scarce to provide a rigorous check for
SCHEME 3 the calculated parameters. We note, however, that the calculated
He o " adiabatic ionization energy of uracil, 9.23 and 9.25 eV from
)”\ = )\ B3—PMP2/6-31%G(2d,p) and effective QCISD(T)/6-311G-
0 o o N @ (3df,2p), respectively, (Table 4) reproduced very well the
He fHH Ny I. s 4 4 experimentallE; (9.2 eV) that was extrapolated from the
)\ z\f[ — /k 14p 15 photoelectron spectruf§.Likewise, the B3-PMP2/6-31#G-
O o T/\ ci Q (2d,p) electron affinity of uracil (0.055 eV) compares well with
; A N .\\N/H the experimental values, 0.054 €\and 0.093 e\#8
— J The transition state energies calculated with B3LYP/6-G1
O/AT’\ OAT (d,p) showed very good agreement with the benchmark energies
HNC’% o - (reactions 2, 4,5, 7,9, 12, and 15, Table 3). However, because
B3LYP calculations overestimated bond dissociation energies,
A 1 they severely underestimated the barriers for hydrogen atom
© E o )‘L additions, as noted previously for other systéfhs.
10a O/-\N)J\N/\ — ™ 7/\ The B3-PMP2 transition state energies were mostly in very
Lol AN good agreement with the benchmark data. The largest deviation
140 Ot was forTS7 (reaction 12, Table 3) which was underestimated
by B3—PMP2 by 13-16 kJ mof'. However, the overall

in 1 were greater than that for loss of H-5a, but comparable to agreement with the benchmark energies, including reaction 12,
that for isomerization ta. was within 9 kJ mot! rmsd. We also note that effective QCISD
Comparison of Radical Dissociation and Activation Ener- calculations consistently overestimated bond dissociation and
gies Calculated at Different Levels of Theory.The data in transition state energies by 9 kJ mbfrmsd. These deviations
Table 3 allowed us to compare the performance of the various canceled out in the calculations of activation energies for
schemes used to calculate the total of 15 dissociation andhydrogen atom additions for which QCISD performed at the
activation energies for uracil radicals. As benchmark values, benchmark level. It may also be noted that relative energies
we chose the effective QCISD(T)/6-3t6(3df,2p) energies  from spin-projected MP2 calculations did not differ significantly
with which the other energies, calculated at presumably lower from the ROMP2-based values in B3-MP2 or effective QCISD-
levels of theory, were compared. The value of such comparisons(T) calculations.
is in identifying schemes that equal or approach the performance In summary, inexpensive B3PMP2/6-31#G(2d,p) calcula-
of the benchmark scheme, but are computationally less demand+ions provide very good estimates of bond dissociation and
ing and therefore practical for use with even larger open-shell transition state energies in uracil radicals when compared with
systems. benchmark effective QCISD(T)/6-3315(3df,2p) data. Other
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TABLE 4: lonization and Franck —Condon Energies was faster than the loss of HNCO in open-ring intermediates
ionization Franck-Condon 14aand14bhaving up to 230 kJ mot internal energy. Hence,

energy energy except for a fraction of highly energetic radicals, the dissociation

method 1 1 1 was the rate-determining step. RRKM calculations of the rate

constants for the dissociation @#b (k;) and ring closure in

VNP Vie i

14a(k-1) showedky/(k-1 + ko) values ranging between 0 and
B3LYP/6-31+G(d,p) 6.96  9.21 0.94 for internal energies fromS7 up to 260 kJ moi! above
B3LYP/6-31HG(2d,p) 6.92 921 46 62
B3LYP/6-311G(2df,p) 6.93 922 45 14a (379 kJ mot?! abovel). Note the crossover of the ldg
B3LYP/6-311G(3df,2p) 6.92 922 45 63 curves fork; andk-; at E = 323 kJ mot? (Figure 6). Hence,
PMP2/6-313%G(2d,p) 6.66 9.25 54 65 the upper bound for the branching ratio for the ring cleavage
ROMP2/6-31%#G(2d,p) 6.61 9.33 53 dissociations vs loss of H is given simply Wi/ky. The
;gsﬂgg;glii(éga@ ) g-gg g-i‘l‘ gg calculated RRKM rate constants indicate that, at all levels of

- P - . < < ingi i

PMP2/6-31% G(3df,2p) 672 9% £o 65 theory, 0< ki/ky < 0.25 forl having internal energies between

ROMP2/6-31% G(34f,2p) 668 043 50 that of the dissociation threshold and 380 kJ mioHence kefi/

QCISD/6-311G(2d,py 670 914 kH < 0.25 an_d the loss of H-5ahould predominate at all
QCISD/6-311G(2df p)’ 6.74 9.23 internal energies?

QCISD/6-31%G(3df,2py 6.77 9.24 Discussion of Radical Dissociations: The Role of Excited
QCISD(T)/6-311-G(2d,py ~ 6.63 9.14 Electronic States. The calculated potential energy surfaces

QCISD(T)/6-311-G(2df,py  6.68 9.23

OCISD(T)/6-31-G(3df 2p)  6.70  9.25 tsrrlgges_tedI thatI ellrg;_lnatpnt_of a hyfdrogfedr;la}tortr;] sh(;)_uld do_mlnate
B3—PMP2/6-31%G(2d,p) 6.79 9.23 50 64 e unimolecular dissociations of radichl In the discussion
B3—PMP2/6-313G(2df,p) 6.81 9728 49 we now compare the predicted dissociations with those observed
B3—PMP2/6-31%G(3df,2p) 6.82 9.28 49 64 for radicals generated by collisional electron transfer.

a Adiabatic ionization energiest® K in electronvolts? Energy The NR dissociations df showed specific loss of a hydrogen

difference in units of kJ mof between the vertically neutralized radical ~ from C-5 that was not accompanied or preceded by isomeriza-
and the optimized neutral structufeEnergy difference in units of kJ  tion to 2. This was in keeping with the RRKM calculated rate
mol~* between the single-point energy of the cation with the optimized constants for these competitive reactions that predicted the loss
radical structure and the energy of the optimized cation structure. of H-53 to be substantially faster (Figure 6). Note that the
5 . . , , .

Effective energies from basis set expansions (eq 1). absence of unimolecular isomerizatibr> 2 in the gas phase

schemes, e.g., B3LYP and effective QCISD, showed systematiccomraStS the acitdbase-catalyzed isomerization of uracil radi-

bias in dissociation or transition state energy calculations. cals in solutior?. Referring back to th_e present gas-_phase data,
Kinetics of Competing Dissociations of 1.The effective the calculated rate constants also indicated that ring cleavage

QCISD(T) and B3-PMP?2 transition state energies were used dissociati_ons shoyld not compete ef_ficiently _with _th(_a loss of
in RRKM calculations of the unimolecular rate constants for H-5 which was in sharp contrast with NR dissociationd of
loss of H-5a and ring cleavage dissociations.ifigure 6 shows N Whichring-cleavage dissociations producing H&=0 and

the RRKM rate constants based on the effective QCISD(T) CH2CH=NH accounted for about 34% products.

energies; those based on the-B3VIP2 energies showed very Another question related to the NR dissociations concerned
similar trends and are not discussed separately. The dissociatiorihe internal energy in the radicals formed by collisional electron
to anti-ant-CH,=CH—NH—COC (108 and HNCO proceeds in  transfer that drives the observed dissociations. We have shown
a minimum of three steps, e.d.;~ 14a— 14b— 10a where previously for related heterocyclic radickis!4Pthat the vibra-

the ring-opening is reversible. The rate of formationl6a s tional energy in the species that were formed in ¢gmeund

in general time-dependefft,but can be approximated by the electronic statavas convoluted from the internal energy of the
time-independent Bodenstein (steady-state) forPiukrough precursor cation and the Frane€ondon energy acquired upon
an effective rate constanke = kiko/(k-1 + ko), wherek; is vertical electron transfer. With, the sum of the ion mean

the rate constant for ring opening by €-@-5 bond dissociation ~ thermal energy, e.g., 43 kJ mélfor 1* generated by charge-

in 1, k_1 is the rate constant for the reverse ring closure,kand  exchange ionization followed thermalization at 523 K, and the
is the rate constant for the dissociation of the open-ring Franck-Condon energy (Table 4) results in an estimated-43
intermediatel4a The branching ratio for the ring cleavage 49 = 92 kJ mol'* mean vibrational energy in the radiéat.
dissociation and loss of H-5a is given ky/ky, whereky is This is substantially less than the transition state energy for the
the rate constant for the hydrogen atom loss. Exact evaluationlowest-energy dissociatioiT§1, 133 kJ mot?, Table 3). In

of theky/(k-1 + k) term to find thekinetically most faorable addition, the loss of H-5a showed ca. 37 kJ nmiddinetic shift
dissociation route would be a daunting task because of theto attain rate constants allowing 50% dissociation on the:s.1
multitude of conformers in the open-ring intermediatds—f, time scale. The internal energy needed for a kinetically relevant
rotational barriers for their interconversion (Figure 4), and the loss of H-5a can possibly be accessed in a fraction of radicals
multitude of transition states for the loss of HNCO from the belonging to the high-energy tail of the internal energy
conformers. We have investigated the potential energy profiles distribution curve. However, a dissociation by ring-cleavage,
for dissociations of the C-2N-3 bonds in14a—14f, which all including theTS5 energy and an associated 43 kJ mMdlinetic
showed potential energy barriers above the dissociation thresholdshift,>3 would require that dissociatirfjcontain>190 kJ mot*
corresponding to the formation df0a As a case in point, a  internal energy, which can be accessed only by an extremely
transition stateS7) was obtained for the loss of HNCO from  small fraction of the highest-energy radicals. Clearly, these
14bthat was 112 kJ mof abovel4b and 227 kJ moi! above cannot account for the ca. 34% of ring dissociations observed.
1 (Figure 4). This was significantly higher than the barrier for The competition between the loss of hydrogen atom and ring
intramolecular rotation about the GONH bond interconverting cleavage dissociations is thus incompatible with the estimated
14aand14b, which was 41 kJ mof* abovel4a According to internal energy distribution in radicals formed in the ground
RRKM calculations (Figure 6), tht4a< 14binterconversion electronic state.
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TABLE 5: Excited State Energies of Radical 1

radical i )
optimized AE2 fb 7(us) configuratiof
geometry state CHK TD-B3LYP® CIS TD-B3LYP CIS TD-B3LYP CIS TD-B3LYP
(X) 1f A 5.26 3.21 0.002 0.010 0.4 0.2 &0~ 3la 300 — 31a
B 5.64 3.76 0.0004 0.0015 1.8 1.1 mixegB" 300 — 320
C 5.72 437 0.001 0.001 0.7 1.2 mixegh 298 — 308
D 6.03 451 0.011 0.007 0.06 0.2 mixegB 300 — 33
E 6.36 4.73 0.001 0.0003 0.6 3.4 mixegh 300 — 34
(A) 1 A 3.66 2.31 0.0014 0.012 1.2 0.4 @6~ 31a 300 — 31a
B 4.95 2.47 0.0001 0.001 94 3.8 mixed 300 — 320
C 5.04 3.40 0.031 0.000 0.03 >20 mixeda 300 — 33
D 5.08 3.63 0.001 0.0001 0.9 17.5 B6~ 330 300 — 34a
E 5.42 4.01 0.010 0.005 0.08 0.3 mixed 300 — 35a
1+ A 3.84 2.02 0.0013 0.011 1.2 0.5 @6~ 31a 300 — 31a
B 5.00 2.60 0.031 0.0009 0.03 3.8 mixed 300 — 320
C 5.03 3.42 0.000 0.0001 >20 20 mixedo 300 — 33
D 5.13 3.60 0.0007 0.000 1.25 >20 30— 33 300 — 34
E 5.38 3.94 0.0001 0.040 8.0 0.04 mixed 300 — 35a

a Excitation energies in units of electronvdlitOscillator strengthst Dominant configurations with expansion coefficient.85.4 From spin
unrestricted UCIS/6-3HG(2d,p) single-point calculations From time-dependent UB3LYP/6-331(2d,p) single-point calculationsUB3LYP/
6-31+G(d,p) optimized geometry of the ground electronic staEom time-dependent UB3LYP/6-315(d,p) calculations? Configurations consisting
of several. and/orf electron excitations.UCIS/6-3HG(d,p) optimized geometry of the excit@dstate.] B3LYP/6-314+-G(d,p) optimized geometry
of the cation.

It has been pointed out recently that excited electronic states
play an important role in the dissociations of radicals formed
by femtosecond collisional electron transté#140:54This is due
to the fact that the incoming electron can enter an unoccupied
orbital in the cation or cause excitation of a valence electron to
form the radical in an excited electronic state. Bright excited
states that have short(1s) radiative lifetimes compared to the
us time scale for dissociations will emit a photon and decay to
the ground electronic state without affecting the dissociation
kinetics. In contrast, photochemically dark states that hes/e
or longer radiative lifetimes can dissociate on the corresponding
potential energy surfaces or undergo internal conversion through
avoided crossings or conical intersections to a vibrationally
excited lower electronic state. Such dark excited states can be B
expected to affect the dissociation kinetics by opening new T
dissociation channels or by funneling the electronic energy to A% i/ '

IE, =7.45eV

IE,=6.79eV

vibrational energy of the ground electronic state. N é‘ﬂ
Excited States of 1.We have addressed the energetics of 260 K\ﬁ
excited electronic states ihby time-dependent density func- 2.02
tional theory (TD-B3LYP) and configuration interaction singles 23 2.90 eV
(CIS) calculations. The former approach has been shown to
provide reliable excitation energies for several molecular
systems, whereas the energies from CIS calculations are
typically overestimated and do not converge to the ionization
limit. 15 CIS calculations, combined with gradient optimizations,
were used to obtain geometries for local energy minima of the 1
first excited state?®) that in turn served for single-point energy ~ Figure 7. TD-B3LYP/6-311-G(2d,p) excitation and B3PMP2/6-
calculations with TD-B3LYP. The calculated energies, oscillator 311+G(2d,p) ionization energies df
strengths, radiative lifetimes, and dominant configurations of o
the five lowest excited states @fare summarized in Table 5,  in & nonrelaxed geometry, the vibrational wave packet unfolds
and the?X, 2A, and?B states depicted in Figure 7. rapidly on the potential energy surface to distribute the internal
The 2A through?E excited states formed by vertical neutral- €nergy among the vibrational degrees of freeddBecause
ization of 1" all had energies that were above those for the the Franck-Condon energies in vertical electron capture were
transition states for the hydrogen losses or ring cleavages inlow, e.g., 25 kJ moi* from the CIS energies of the vertically
ground statd. Hence, any of the radiationally long-lived excited formed and fully optimizecPA state, most of the vibrational

states can drive the fragmentations of ground-stdtdlowing modes must remain in = 0 states® Therefore, the radiative
internal conversion. The calculated radiative lifetimes of the lifetime of radicals formed by electron capture in thestate
vertically formed?A through?E statesg = 1/Aj, whereAy is also depends on the transition moments from the geometry of

the Einstein coefficient for spontaneous radiative transition to the corresponding potential energy minimum. Table 5 shows
the ground state, were in thws range, although it must be noted that the radiative lifetime of the relaxéd state was comparable
that the values calculated by CIS and TD-B3LYP differed (Table to that formed by vertical electron capture, and a similar situation
5). Following vertical electron capture to form the excited state was expected for the higher excited states, as ¥ell.
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Can ring-cleavage dissociations occur on the excited-state

potential energy surface? Although detailed investigation of
excited-state potential energy surfaced @fould be a daunting

task, an insight can be gained from the comparison of the

optimized geometries of th&X and2A states ofl (Figure 5).
Compared with théX state, the?A state had a planar ring:{
symmetry) and showed a substantial elongation of theN-1
C-2 bond and concomitant shortening of the Nd-6, C-2—
N-3, and C-2-O-2 bonds. These changes upon electron
excitation are consistent with the weakening of the Nct2
bond to facilitate ring cleavage.

Conclusions
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