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Hydrogen Atom Addition to Cytosine, 1-Methylcytosine, and Cytosine-Water Complexes. A
Computational Study of a Mechanistic Dichotomy
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Combined ab initio and density functional theory calculations at the B3-MP2/6~3G(3df,2p) level of

theory are used to investigate the structures and energetics of radicals produced by hydrogen atom addition
to cytosine tautomers, 1-methylcytosine, and cytosimater complexes. H-atom adducts to the N-3 positions

are the most stable radical isomers derived from cytosine tautobhet-fnethylcytosine, and cytosine

water complexes in the gas phase. Solvent effects on radical stabilities are addressed by calculations that use
the polarizable continuum model. Solvation by bulk water favors C-5 and C-6 adducts which have free energies
in water that are comparable to those of the N-3 adducts. H-atom additions to the C-5 positions have the
lowest activation energies for all cytosine derivatives under study and are predicted to be kinetically
predominant. H-atom additions to the N-3 and C-6 positions are solvent dependent. In the absence of solvation,
N-3 is more reactive than C-6 in cytosine and 1-methylcytosine. Water complexation increases the activation
energy for H-atom addition to N-3 and results in a reactivity reversal for the N-3 and C-6 positions.

Introduction Theintrinsic molecular properties of transient intermediates,
. » . including nucleobaseand heterocyclic radicaf$, have been
Radical additions to nucleobases represent an importantstdied in the gas phase where solvent and other environmental
component of the complex process of DNA radiation dantége.  effects are absedt:!2 For example, recent experimental and
Among the several reactive species that are produced bycomputational studies of uracil radicals indicated that, among
radiolysis of water, hydrogen atoms can attack nucleobasesthe hydrogen atom adducts, the C-5 radical derived from the
forming H-atom adducts as transient radical intermediates. canonical 2,4-dioxo tautomer was the kinetica”y and thermo-
Alternatively, electron capture by the nucleobase forms an anion gynamically most favorable intermedidfs-owever, gas-phase
radical that upon protonation produces an H-atom adduct. Thejnyestigations of cytosine radicals are complicated by the fact
relative importance of these processes in DNA damage has beeRhat the parent compound exists as a mixture of three major
the subject of a discussidrRadiolysis of cytosine, 1-methyl-  jsomers, e.g., 2-oxo-4-amino-1,2-dihydkbijpyrimidine (1) and
cytosine, and cytidine-containing nucleotides has been shownthe syn- and anti-OH rotamers of 2-hydroxy-4-aminopyrimidine
by electron paramagnetic resonance (EPR) studies to producq2 and 3), that are at prototropic equilibrium, as studied
transient radicals corresponding formally to H-atom addition previously by experiment and thec®/Hence, cytosine can be
to the C-5 and C-6 positions on the pyrimidine Arigf which expected to give rise to a number of isomeric hydrogen atom
the C-5 adduct predominated. Recently, the EPR data have beemdducts that are difficult to distinguish experimentafly.
interpreted as also supporting the formation of an N-3 adduct Tg shed some light on the properties of hydrogen atom
from cytosine’® whereas adducts of O-2, C-4, and the 4-amino adducts to cytosine and derivatives, we now report a compu-
group have not been detected. However, irradiation of cytosine tational study of relative and dissociation energies of several
and derivatives in frozen lithium chloride glasses produced cytosine radicals. Also investigated are activation energies for
transient radical intermediates that were assigned by EPR to beq-atom additions to the C-2, O-2, N-3, C-5, and C-6 positions
either N-3 or NH adducts’ Studies of OH radical addition to  jp cytosine tautomers and the N-3, C-5, and C-6 positions in
cytosine and derivatives shown dominant formation of C-5 1-methylcytosine and cytosiravater complexes. The N-1-
adducts and minor C-6 adduéts. methyl substituent blocks tautomerization of cytosine, so that
The dichotomy in the experimental data for cytosine radicals the canonical 1-methyl-2-oxo-4-amino-1,2-dihydidfpyrimidine
raises the question of whether the C-5 and C-6 positions in form is the most stable isonf€ras it is in cytidine and DNA.
cytosine are the intrinsically most reactive ones and the addition Water molecules solvating cytosine have been shown to affect
is kinetically controlled or whether the primary adducts undergo the tautomer relative stabilitié§,and so it was also of interest
fast secondary reactions, so that the observed radicals are théo examine the effect of water molecules on the activation
least reactive and hence most stable intermediates. A relatecenergies for H-atom addition.
guestion concerns the effect of the medium, e.g., the solvent, The energetics of cytosine radicals have been addressed
dissolved ions, or other solutes, that can react with the primary computationally by Sevilla and co-workers, who used Hartree
radiolytic intermediates. Fock level calculations to estimate the enthalpies of formation
of a number of radical adduct$.More recently, Erikssoh,
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were focused on spin densities and hyperfine coupling constants. oo 1908
The present study is focused on radical dissociations and H-atom Htots H AN /ﬂw
additions. Because DFT calculations are not always reliable in \N/Qﬁﬂgﬁ BT
providing accurate transition state energies for radical reac- el ms‘
tions2° we employ the B3-PMP2 scheme for all systems under 121 ¢ ez e Ca 1,3}§/H5
study?! The B3-PMP2 scheme is based on simple averaging N N A s N o o
of B3LYP and spin-projected MP2 energies obtained with 11 ‘3 |1S.361- :ggfl ‘};2?3
adequately large basis sets of triglquality and furnished with = C‘-m 1oss  Ha C, o 1088
multiple polarization and diffuse functions, e.g., 6-3HG- 1204 7N 7N 108s ng?o\o/ 1;\37N1/f-353 Ny
(2d,p) and 6-31%-+G(3df,2p). Systematic investigation of ~ OF ids Y1 'ise He 0908 TEis gy 15ae
medium-size (1650 atoms) radical systems has shown that this 1.023
empirical scheme results in cancellation of small errors inherent H;
to both B3LYP and MP2 formalisms and provides dissociation 1 2
and transition state energies that compare favorably with those ng)= 69D ng)=4.8D
from correlated QCISD(T) and CCSD(T) calculations but can p(w)=10.1D pw)=71D
be performed at a fraction of computational co¥t?2 The 1.008
theoretical background for the B3-MP2 scheme can be found Hqs ﬁ_':m
in a study by Rassolov, Ratner, and Pople who showed that a7 7
MP2 and B3LYP calculations underestimate and overestimate, e ’-35"| 1414 1084
L'esgectlvely, the correlation energy in the bond dissociation in ;3&04{2/3;&

2: 1330 |° 5

| 1m

Calculations 1'3‘?(-)25” ?i;;\N 4526\"4035

Standard ab initio and density functional theory calculations 0970 1 IS g 6d
were performed with the Gaussian 98 suite of progr&ms. "’”"H
Optimized geometries were obtained with density functional ?
theory calculations using Becke’s hybrid functional, B312YP 3
and the 6-3%G(d,p) basis set. Harmonic frequencies were “(22%: Z-gg

1 =5.

calculated to characterize stationary states as local minima (all
real frequencies) and first-order saddle points (one imaginary Figure 1. B3LYP/6-31+G(d,p) optimized structures of cytosine
frequency). Complete optimized geometries and harmonic isomersl—3. Bond lengths (angstroms): black numerals refer to the

equences can be obiained ffom the cortesponding author uporfS0ed Tolecles i he g phase bue faice refer o moleses
request: The BSLYP/G-B-ELG(d,p) moments of lnertlg and moments in units of Debye are for fully optimized structures and refer
harmonic frequencies were also used to calculate rotational and, the gas phase:(g)) or aqueous solutioni(w)).

vibrational partition functions, enthalpies, and entropies using

standard formulas of statistical thermodynamics. Single-point o)1 ~ E[CCSD(T)/6-31G(d,p)} E[PMP2/6-311+G(3df,2p)]
energies were obtained with B3LYP and Mgtiétlesset  _ E[pvp2/6-31G(d,p)]. Rate constants were calculated using
perturbational calculatioA%truncated at second order, MP2, the standard transition theory formdfActivation energies
with frozen core and valence electron only excitations with the \yere obtained by B3-MP2/6-33#4G(3df,2p) calculations.
larger 6-311+G(3df,2p) basis set. Spin contamination in - Rotational and vibrational partition functions were calculated
calculations with spin unrestricted wave functions was negligible fom B3LYP/6-31G(d,p) moments of inertia and scaled
to moderate, as judged from tf#operator expectation values  harmonic frequencies. Tunneling corrections to the calculated
that were 0.750.76 for UB3LYP calculations of local minima  rate constants were not considered. Solvation free energies were
and transition states, 0.78.77 for UMP2 calculations of local  ¢aiculated by B3LYP/6-3:G(d,p) using the polarizable con-
minima, and 0.760.96 for UMP2 calculations of transition  tinyum model (PCM§?° Structures were reoptimized by PCM-
states. Spin projectién in MP2 single-point calculations B3| yp/6-31+G(d,p) using standard parameters (water dielectric

(PMP2) reduced théSlivalues to 0.750.77 and resulted in onstant, atomic, and van der Waals radii) included in Gaussian
energy corrections of 3 millihartree (8 kJ mé) calculated as ~ gg24.30

root-mean-square deviation. The single-point energies from the

B3LYP and spin-projected MP2 (_:alculatio_ns were averaged and Results and Discussion

used to calculate B3-PMP2 relative energies that were corrected

for zero-point vibrational energies and are discussed throughout. Gas-Phase Radical Structures and Relative Energies.
This empirical proceduréhas been shown to result in efficient Hydrogen atom additions were investigated for the three most
cancellation of small errors inherent to B3LYP and MP2 stable cytosine isomers, e.g., 2-0x0-4-amino-1,2-dihyidp(
formalisms and to provide relative and activation energies that pyrimidine (1, Figure 1) and the OH rotamers of 2-hydroxy-
in accuracy compare favorably with those from high level 4-aminopyrimidine 2 and3, Figure 1). The relative stabilities
composite Gaussian 2 or Gaussian 2(MP2) calculations, asof 1—3in the gas phase have been addressed previously at high
reported for several systerfsFor selected cytosine radicals levels of ab initio theory by KobayasiP and Trygubenko et
and transition states, single-point energies were also calculatedal 162 Structure3 is the most stable isomer, wherelaand?2 are
according to a composite procedure that used coupled clustergespectively 5.26.0 and 2.7-2.9 kJ mot? less stable thaB
calculationg® with single, double, and perturbational triple at 0 K. Our effective CCSD(T)/6-31-+G(3df,2p) energies with
excitations and the 6-31G(d,p) basis set. Basis set expansion t@ero-point corrections give the reladi® K energies in kJ mot
effective CCSD(T)/6-31%++G(3df,2p) energies was accom- as 2.2 (), 2.9 ), and 0.0 8). Hydrogen atom addition ta
plished using the linear formula] CCSD(T)/6-311+G(3df,- gives radicalst, 5, 6, 13, 14 and 15 as local energy minima
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Figure 2. B3LYP/6-31+G(d,p) optimized structures of cytosine radicats15. Parameters as in Figure 1.

(Figure 2). The N-3 adduet is the most stable structure inthe (Table 1). Structurd3 is an N-3-amidyl radical in which the
gas phase, followed by the C-5 and C-6 addubtgnd 6, hydrogen atom at C-4 disrupts conjugation with the exocyclic
respectively (Table 1). Some structure feature4-e6 deserve amino group. Structur@4 can be viewed as an alkoxy radical
a brief comment. The rings id and 6 are essentially planar,  in which the H-atom at C-2 disrupts conjugation of the carbonyl
whereas the amino groups are pyramidal.4inthe amine group with the ring azadiene system. The H-atom adduct to the
hydrogen atom pointing toward N-3 is rotated® @t of plane amino group 15) is a high-energy zwitterion consisting of a
to avoid repulsive interaction with the N-3 hydrogen atom. The positively charged ammonium group and a negatively charged
latter is 18 out of plane because of a slight pyramidization at anion-radical ring, analogous to a hydrogen atom adduct to
N-3. The ring in5 is puckered into a half-chair conformation  4-aminopyrimidinet'¢ This description is supported by the
with out-of plane C-5 and C-6 and the C-4-C-5-C-6-N-1 dihedral atomic charges and spin densities calculated by Mulliken
being equal to 32 The optimized structures @f—6 and the population analys# that shows substantial polarization between
ordering of B3-PMP?2 relative energies are consistent with the the ammonium group+0.66 total charge) and the ring-0.66
results of previous DFT calculatiofd? total charge), with 93% of the spin density being delocalized
The adducts to C-4, C-2, and the amino groB, (L4, and among the N-1, N-3, C-4, and C-6 ring atoms. Also notable is
15, respectively, Figure 2) are substantially less stable than the long N-7C-4 bond (1.504 A) and pyramidization at C-4
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TABLE 1: Relative Energies of Cytosine Radicals

relative energy

B3LYP 6-31:+-G(d,p) B3-MP26-311+G(3df,2p) CCSD(T6-311++G(3df,2p)
radical AHo(g)? AHo(g)? AHaog(g)° AGaog(g)f AGagg(W)9 AHo(g)¢

4 0 0 0 0 0 0
5 31 36 35 34 7 31
6 37 44 43 39 -1 43
7 54 51 51 53 59
8 49 52
9 46 56 56 60 48

10 61 60

11 66 71

12 70 75 74 76 60

13 142 155

14 177 203

15 162 162 161 162 78

a|n units of kJ mot?®. All relative energies include ZPVE correctior’d=rom spin-projected MP2 energi€scrom a linear extrapolation:
E[CCSD(T)/6-311-+G(3df,2p)]~ E[CCSD(T)/6-31G(d,p)}- E[PMP2/6-311-+G(3df,2p)]— E[PMP2/6-31G(d,p)]¢ Gas-phase relative enthalpies
at 0 K. ¢ Gas-phase relative enthalpies at 298 &as-phase relative free energies at 298 Relative free energies in water.

1.010 1.025

which places the N-7 ammonium group©°36ut of the ring 1_019H H 1019 H H
plane. Radical5is 162 kJ mot! less stable tha# (Table 1). ?/122; \N?/;;gg;

H-atom additions to the ring positions hand 3 produce 1.348 vors 1593
radicals7, 8, 9, 10, 11, and12 as local energy minima (Figure 3 _Cu i '0'2 1,%},33 s i
2, Table 1). The C-5 adduct8 &nd9 differing in the orientation 160 3/ X /', o 3/ N /.
of the OH group) and the N-1 and N-3 adducagnd 10, 1.360 ‘}?ﬁi 1382 }323
respectively) have essentially planar rings. The H-1 hydrogen 22 Yoo 1228
atom in7 is slightly out of plane (8 due to pyramidization at %gy,';f; N@i‘,‘ \‘Hs 'ffy;gfg Nd11 \m‘
N-1, as is H-3 in10 (30°) due to pyramidization at N-3. The I}.Tﬁi | 1458
amino group |_nlO is t\(vlsteo! 56 out of pIa_ne to_ avoid an H H/ I~y /Ca\H
-*H repulsive interaction with H-3. The rings & and9 are i H %
slightly puckered into half-chair conformations with the €-4 16 17
C-5—C-6—N-1 dihedrals equal to 19 and %8respectively. u(g)=6.4D 9)=3.9D
Radicals7, 8, and9 are the most stable species of this group, w(w) =9.9D ma e
which however are 5156 kJ mot less stable thaA. The C-6 uw) =550
adductsll and 12 are yet 20 kJ mol' less stable (Table 1). ;ﬂ;gH H onn

The isomeric radicals derived from 1-methylcytosii®)( \N_/;.ggg . 1.015 H\ /IH‘m
e.g., the N-3 adduct?, and the C-5 and C-6 adducts3 and 1ase ! 1117 L N7 1076
19, respectively, show structural features (Figure 3) and relative 124 c, 158 st 1o i NP
energies that are closely analogous to thosé-e6 (Table 2). Ns/ \Cs_,.......Hs;-m 1‘3@04\@35 He
The electron-donating methyl group #7—19 causes a slight 136 ‘ ‘;.;gg i Cs 1092
decrease in the dipole moments in the gas-phase structures whe 12; ¢, Co ! 1.385 | |:.:‘3? 1109
compared to4—6. However, this is compensated by the ’5"/1476‘&430 Nhe 155 / Ao 11
increased polarizability 017—19 in water, so that the dipole R P HENT4e ey 11
moments calculated by PCM (Figure 3) are virtually identical /Ca'jf: |':l'fé§ 1128
to those for4—6 (Figure 2). HT p o H ey

Radical Structures and Relative Energies in Aqueous H . "”H
Solution. Geometry optimizations using PCM resulted in 18 19
structure changes and provided free energies of solvation wg = 65D uig)= 70D
(AGson) for 4—6, 9, 12, 15, and17—19 (Table 3). The other p(w) =104 D pw)=11.5D

cytosine radicals were not investigated further. The differences Figure 3. B3LYP/6-31+G(d,p) optimized structures of 1-methylcy-
between the structures optimized with B3LYP/6+33(d,p) for tosine (6) and radicalsl7—19. Parameters as in Figure 1.

isolated species in the gas phase and using PCM were minor

indeed, as all bond lengths differed by less than 0.02 A betweenfree energy in this group, but the free energy decrease upon
the gas-phase and solvated structures for cytosine isdim&s  solvation is insufficient to compensate the large free energy of
(Figure 1), as well as for the radicals (Figure 2). More substantial gas-phasé5relative to4, so that the former remains disfavored
differences ensued from the calculated solvation free energiesby 79 kJ moft? in solution. The less effective solvation of the
(Table 3). With cytosine isomers, the 2-oxo fofims 22—25 2-hydroxy group (vide supra) is retained in radic@land 12

kJ mol~* more strongly solvated in water than the 2-hydroxy which are calculated to be substantially less stable #afin
forms2 and3, which reverses the gas phase ordering of relative aqueous solution.

free energieS2and renderd the most stable isomer in aqueous The different solvation free energies of cytosine molecules
solution. Out of the radicals derived froi structure and6 and radicals can be related to their dipole moments. Figure 1
are more effectively solvated thah so that the free energies shows that, out of the three most stable cytosine isonédras

for these three tautomers become very close in solution (Tablethe largest dipole moment (6.9 D) which further increases to
1). The highly polarized radicdl5 has the highest solvation  10.1 D in water. Hydrogen atom attachment to N-3 decreases
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TABLE 2: Relative Energies of 1-Methylcytosine Radicals HJooe H
. \NA.OOB
7
relative energy 1_359| voss 1991 _.-H10m _H
B3LYP B3-MP2 & iwe M Homm " \N%.ooe
1.325 4 - 5
radical AHo(@F AHo(@F AHzos@) AGae@)f AGaedW) NS N s \H°'9*’5 s
16 0 0 0 0 0 1-363| |1,363 1.331 C4{43/H5
17 31 36 35 32 5 12 Con Lo roms ez e N owe
18 38 43 43 40 0.5 02/1.415 N; 1354 \He 1.37o| |1.3eo
#1n units of kJ mol-1. All relative energies include ZPVE corrections. 8155 | 1.023 1-2yC2\ /C6\1-085
b From spin-projected MP2 energies with the 6-311G(3df,2p) basis B H Oy 142 Ny 1388 "Hg
set.© Gas-phase relative enthalpies at 09%Gas-phase relative enthal- H 1.011
pies at 298 K& Gas-phase relative free energies at 298 Relative 0s8s Ny 1847 Hy
free energies in water. §
H 0.964 21
TABLE 3: Solvation Free Enthalpies
species AGz98 s0i® AG2g8 sold® 20
1 -81 -90 ose7  20%2..-HJIO7 H
2 -62 —68 H==o" 7
3 59 —64 \os7o 1352
4 —67 ~70 H-...
5 88 Y st 2N A0
3 5
g :gg __1(]3-4]1- 1.366 | |1.362
9 —-91 —86 1232 _C2 Ce_ 1085
12 -80 -82 0 1N N,
15 —131 -153 ' 1020
16 -70 -83 2002} B,
17 —56 ~59 o
18 —88 —86 g
19 —102 —-99 H
§ 0967
aPCM calculations with the 6-318G(d,p) basis set using standard H
parameters and the dielectric constant of water; free energies in units 22
of kJ mol L. P Solvation free enthalpies for structures optimized by . o .
B3LYP/6-31-G(d,p) in the gas phase and solvated in watSolvation E(I)grﬁ:)?ei'eg%&\;z/ 6-31+G(d,p) optimized structures of cytosine-water

free enthalpies for structures optimized by PCM-B3LYP/6-8Kd,p)

In the water dielectric. TABLE 4: Dissociation Enthalpies and Free Energies of

both the dipole moment of gas-phagé@nd its polarizability, =~ Cytosine-Water Complexes in the Gas Phase

so that the dipole moment is only 5.7 D in water (Figure 2). energy-®
This effect is most likely due to the parallel arrangement of the reaction AHz94(g) AGzed(g)
H-3(+)—N-3(—) and O-2()—C-2(+) bond dipoles that de-
. 20— 14 H0 45 12

crease the total dipole moment4fHydrogen atom attachment 21— 1+ H,0 42 6
to C-5 and C-6 has only a small effect on the dipole moment in 22— 20+ H,0 38 25
5 and6 when compared to that ih Of these6 shows a greater 22— 21+ H,0 41 4
dipole moment which, according to the atomic charges, can be 23— 4+ H0 34 -3
assigned to polarization of theO-2(—C-2—N-3—C-4—C-5(+) gg” gi :28 g? :%
conjugatedr-bond system, further increasing in water (Figure 26— 4+ Hio 18 _8
2). . y 27—5+ H,0 39 0.4

The radicals produced by hydrogen atom additioh@¢17— 28— 6+ H,0 39 8.5
19) show a behavior that is entirely analogous to tha#ieb 29— 4+ 2H,0 51 -12
and need not be discussed in detail. The optimized structures ~ 30— 5+ 2H:0 73 —2

31— 6+ 2H0 67 -85

of 16, and17—19 are shown in Figure 3.
Cytosine—Water Complexes.In addition to investigating 2In units of kJ mot™. ® From B3-PMP2/6-313-+G(3df,2p) relative

the effect of bulk solvent polarization on the cytosine radical energies and B3LYP/6 31G(d,p) zero-point vibrational energy cor-

structures and relative energies, we also addressed the questioffctions, enthalpies, and entropies.

of specific interactions between the cytosine moiety and water ) ]

molecules when the latter were hydrogen bonded to N-1, N-3, €xpected lengthening of the C-B-2 and N-1-H-1 bonds in

and N-7 or the corresponding nitrogen bound protons. For 20 compared to those ih. In the isomeric 1:1 comple&1, the

we found two 1:1 water adducts in which the water molecule Water molecule has one hydrogen bond between its oxygen and

was hydrogen bonded to N-1, O-20j, or N-3, N-7 @1). A the syn-oriented amine hydrogen and the other between N-3

2:1 water adduct2?) was also found to be a local energy and one of the water protons. These features are combined in

minimum. The optimized structure @D (Figure 4) shows that ~ complex22 that binds two water molecules (Figure 4).

the water molecule is bound by two hydrogen bonds, one The dissociation enthalpies and free energie2fbr22 are

between the water oxygen and H-1 (1.947 A) and the other shown in Table 4. The bonding energies for the water molecule

between one of the water hydrogens and O-2 (1.815 A). Water are similar in20 (45 kJ moft) and21 (42 kJ mot?) and result

bonding has a negligible effect on the bond lengths in the remotein positive free energies for dissociation for both complexes

part of the molecule, as shown by comparing the structures of which are calculated to be bound at 298 K. In contrast, the

2022 (Figure 4) with that forl (Figure 1), but results in the ~ second water molecule is bound less stronglfifos = 38 kJ
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water at N-1 and O-2 (Figure 5) with binding enthalpies in the s o"'l L ;:;;\d""-‘-'?‘
34-37 kJ mot* range (Table 4). However, the entropy gain ., " F
upon dissociation results in negative free energies that indicate H H
that the complexes are unbound at 298 K. 29 30
A substantial difference in water binding energies is calculated o
. . ).063 p 3
for radical complexe6—28 (Figure 6, Table 4). Ir26, the H___O,_,,.--v-"'”-lf’\'" il
ring hydrogen (H-3) prevents the protons of the water molecule | osree HWN"
from hydrogen bonding to N-3. Instead, the water oxygen forms L
hydrogen bonds to H-3 and the syn-oriented exocyclic amine 2T ' cﬁca’s
hydrogen atom. This arrangement results in substantially longer .392[ quu
hydrogen bonds ir26 than in 27 and 28 where the steric i Gy et Hag
’ . . 7 NN
hindrance due to H-3 is absent (Figure 6). As a consequence, Q7 1T NI 1ME Ny 1o
the water binding energy i86 is substantially smaller (18 kJ v 1021
mol~?1) than in the other radicals, and the 298 K free energy for - H A
water loss is negative, indicating that the complex will dissociate it
spontaneously at room temperature (Table 4). Compléis F oo
marginally bound at 298 K, where&8 is predicted to be H

3

Figure 7. B3LYP/6-31+G(d,p) optimized structures of cytosine-water
radicals29—31.

thermodynamically stable.

The 2:1 water radical complex28—31 combine the structure
features described for the 1:1 complex2%-25 and 26—28
(Figure 7). The second water molecule is only weakly bound \yater and in water-complexe20—22. The electronic effects
(Table 4), and the negative free energies for water loss indicatethat can be used to interpret the data will be discussed next.
facile dissociation to the Corresponding 1:1 Comp|eXGS (@JE., Hydrogen atom addition to Cytosine tautoméris an
or complete dissociation to form cytosine radicaland . exothermic reaction if occurring in positions N-3, C-5, and C-6,

Reaction Enthalpies and Transition States for Hydrogen whereas additions to C-2, C-4, and the amino group are
Atom Additon to Cytosine. In this section, we will first endothermic (Table 5). Hence, positions N-3, C-5, and C-6 are
describe the calculated trends in the reaction and transition statehe most favorable candidates for a radical attack and were the
energies for H-atom additions to cytosine and 1-methylcytosine focus of our kinetic and solvation studies. Solvation effects on
in the gas phase and compare those to analogous reactions ithe thermochemistry of H-atom addition were investigated both
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TABLE 5: Reaction Energies for Hydrogen Atom Additions TABLE 6: Activation Energies and Rate Constants for
H-Atom Additions to Cytosine, 1-Methylcytosine, and
energy Cytosine—Water Complexes
reaction B3-PMP2 CCsD(Ty B3-PMP2 energies CCSD(T) energies
ii : :‘51’ :gg]i_(;:ll'?ﬁ(y_%;;z)e __]'gg reactant positionEz2 Eamn? l0g A log koo E2 Eamh® l0g A log koogt
1+H—6 —87 (—66Y (—73F -87 1 C-5 13,5 135 12,70 10.32 18.8 18.9 12.70 9.39
24+ H—7 -84 N-3 17.6 17.4 12.61 9.56 24.4 242 12.61 8.36
3+H—8 80 C-6 227 229 12,78 876 295 29.7 12.78 7.58
2+H—9 -79 0-2 405 409 12.89 5.72
3+H—10 —72 2 C-5 143 146 12.86 10.30
16+H—17 ~128 (_104}1 (—66)F C-6 25.0 254 12.88 8.42
16+H~—18 —92 (~71 (~60F s O 146 149 128y 1024 225 227 1282 884
%gi E _ %g :?‘213(_:5’57(; 65r N-3 235 232 12.64 856 328 325 12.64 6.93
204+ H— 24 —89 (—94y C-6 25.0 254 12.86 841 342 345 1286 6.81
20+ H— 25 83 (—88y 16 C-5 122 12.3 12,70 10.55
214 H— 26 114 (-115) N-3 17.0 17.1 12.72 9.73
214 H— 27 —95 (~100) C-6 20.8 21.2 12.90 9.19
RS T 20 C5 150 145 1211 957
_ (-92f N-3 195 18.8 12.03 8.74
22+H—29 —106 (~107¥ C-6 240 237 1225 8.10
22+H—30 —88 (—93y 21 C5 149 151 1277 10.12
22+H—31 —74 (-78y N-3 274 27.7 12.97 812
21n units of kJ mot?. All energies include zero-point corrections 29 C-6 ig’g 54-2 12-85 18-21
and refer o 0 K unless stated otherwiseFrom averaged B3LYP and ﬁg’ 22'2 222 138’;’ g'os
spin-projected MP2 single-point energiég:rom a linear extrapolation: C:G 240 245 1295 865
E[CCSD(T)/6-311+G(3df,2p)|~ E[CCSD(T)/6-31G(d,p)}- E[PMP2/ Hoete e :
6-31H-+G(3df,2p)] — E[PMP2/6-31G(d,p)]¢ 298 K reaction free a Activation energies for H atom additions in units of kJ miol
energies in the gas phase98 K reaction free energies in aqueous ° Arrhenius activation energie$298 K bimolecular rate constants in
solution. mol~t cm?® s7L.
using the PCM model and calculating the reaction enthalpies g il T toj 1008
, - Ny g
and free energies for the cytosinwater complexe0—22. N7 N7
The hydration free energy of the hydrogen atom was taken as |wm S 1360 2040 51
13.5 kJ mot* from the work of Gai and Garre#t '-"-'-'-?f_r:l:ycujj;/Hs e G
k 5 3 Cy 52

The gas-phase data show that H-atom addition to cytosine is
affected by the presence of water molecules that are hydrogen-

1.382 1062

I 1,363 1371 J 1372

bonded to the nucleobase. For addition to N-3, the water c','fy'?f;\,\“--ﬁgfs\‘f" st ?1;N4C"’*\‘|:“*

molecules destabilize the radical adducts by 8, 17, and 25 kJ ‘._m % i ¢

mol~! for 23, 26, and 29, respectively. This destabilization =~ ™"&=%#0 5 malacl e

appears to be a cumulative effect. H-atom additions to C-5 and

C-6 are affected differently by water complexation2B) where T84 82

the water molecule is hydrogen bonded to H-1 and O-2, H-atom

addition to C-5 and C-6 is 6 and 5 kJ mélless exothermic, T e Wk

respectively, than id, indicating again that water complexation H P Ho M

destabilizes the radicals. In contrast, water complexatidiin N7 N7

has no effect on H-atom addition to C-5 and a small stabilizing T i

effect on addition to C-6 (Table 5). In the presence of two water PR ety i opden )

molecules 22), H-atom addition to C-5 and C-6 is again 74 |3 T?m u.amr Tﬁw

disfavored by 7 and 13 kJ nidl, respectively, relative to the PN .. Ha, Jo% - L

corresponding additions tb. 02/ i N1450\1024 “‘O?/H;;\N{J;\'HB
The effect of bulk water differs for H-atom additions to N-3, i Hg.'j'(f.-:c.,-c.ﬁ-soz.'.' s } on

C-5, and C-6 (Table 5). Although the reaction free energies Hy Hy

decrease substantially for addition to N-3 (frerd06 kJ mot?* Tk T4

in the gas phase te-72 kJ mot? in bulk water), and less so
for addition to C-5 (from—71 to —64 kJ mot?), addition to Figure 8. B3LYP/6-31+G(d,p) optimized structures of transition states

C-6 is more exothermic in bulk water-{3 kJ mot?) than in ~ for hydrogen atom additions if.

the gas-phase—66 kJ mot™). This shows that the radical transition state structures for additions@nd21 are shown

stabilities are greatly affected by solvent effects. in Figure 8 TS1—TS4) and Figure 97S18-TS20), those for
Hydrogen atom additions to 1-methylcytosirkb)( show a additions to2, 3, 16, 20, and 22 are given as Supporting

trend which is entirely similar to that described forThe effect Information TS5—-TS17, TS21-TS23Tables S36-S54). The

of the N-methyl group is to slightly decrease the addition TS for addition to N-3 inl (TS1, Figure 8) shows the H-atom

exothermicity in both the gas phase and bulk water (Table 5). approaching N-3 at a distance of 1.726 A and out of the ring
More important than the reaction thermodynamics are the plane. The TS for additions to C-3%2) and C-6 TS3) also

activation energies for H-atom addition and the effect of show out-of-plane approach of the H-atom anet & distances

environment on the reaction kinetics. The calculated activation of 2.040 and 1.924 A, respectively.

energies for H-atom additions t&, 2, 3, 16, and water The ordering of the activation energiegy) for H-atom

complexe0—22 are summarized in Table 6. The representative addition tol indicates that C-5 is the most reactive position,
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Figure 9. B3LYP/6-31-G(d,p) optimized structures of transition states
for hydrogen atom additions iR1.

followed by N-3 and C-6 (Table 6). Additions to O-2 and C-2

Ture®k and Yao

where the X-H bonds are 5670% longer than the standard
bonds and the model fails.

Electronic Effects on Hydrogen Atom Additions. The
H-atom additions show some common features but also differ-
ences that are now discussed using orbital analysis and electron
distributions calculated from Mulliken populatioisof the
reactants and transition states. The features that are common to
H-atom additions to the N-3, C-5, and C-6 positionsljr3,

16, and20—-22 are that (1) all these reactions are exothermic
and (2) they all involve modest activation energies which are
in a 13-28 kJ mof! range. The activation energies do not
correlate with the reaction exothermiciti#§as the most stable
N-3 adducts require higher activation energies for H-atom
addition than do the less stable C-5 adducts. The electron
donating 1-methyl group id6 slightly lowers the TS energies
for all H-atom additions, whereas hydrogen bonding to water
in 20—22 causes the TS energies to increase (Table 6).

A hydrogen atom addition to cytosine or its derivatives
involves an unpaired electron in the low-energy hydrogen atom
1s orbital ¢ = 13.59 eV) which interacts with electrons in
the cytosine frontier orbitals to produce an electron pair
occupying a low-energy-bonding orbital of the newly formed
N—H or C—H bond, and an unpaired electron which occupies
the highest (singly occupied) molecular orbital (SOMO) of the
radical adduct. The extent of electron reorganization en route
to products determines the activation energy of the reaction.

have substantially higher activation energies and are predictedMolecular orbital analysis of the frontier orbitals 1n 16, and
to be disfavored. The same ordering of activation energies is 20—22, their radical products, and pertinent transition states

obtained for H-atom additions tt6 which show overall slightly
lower E, values for all three of the most reactive positions. It

showed, in general, very similar orbital shapes that can be
represented by those for H-atom addition2® (Figure 10).

may be noted that the B3-PMP2 scheme gives the same orderingrhe highest occupied molecular orbital (HOMO) 22 is a
of activation energies as do the much more expensive effective-type orbital shown in Figure 10. The TS for H-atom attack

CCSD(T)/6-31#+G(3df,2p) calculations, although tiig data
from the latter are offset up by 68 0.9 kJ mot? (Table 6).

at C-5 (S22 shows the SOMO as an antibonding combination
of the hydrogen 1s orbital with the HOMO i22. The

C-5is also calculated to be the most reactive position in cytosine diminished expansion coefficients at C-2 and C-5Ti§22

isomers2 and3 in the gas phase, with activation energies being
similar to that for addition td. The other reactive positions in

2 and3 are C-6 and the ring nitrogen atoms.2nan H-atom
addition to N-3 would result in the formation of an unstable
syn-OH rotamer of10 and likely does not occur. H-atom
addition to the position N-1 shows slightly highgythan does
addition to C-6. In3, addition to N-3 is more favorable than
addition to C-6, although both have substantially higher activa-
tion energies than the addition to C-5 (Table 6).

Solvation effects on the ordering of activation energies for
H-atom additions were studied for cytosine-water complexes
20—22. In 20, the activation energies follow the same trend as
in 1 and 16 in that C-5 is the most reactive position followed
by N-3 and C-6. Overall, water complexation 20 slightly
increases th&, for all three additions and results in diminished
reactivity. In contrast, water complexationd primarily affects
addition to N-3 which shows a substantially gredigrelative
to 20, whereas thé&, for additions to C-5 and C-6 are virtually
unaffected. The effect ok, of the second water molecule in
22 is very weak and concerns mainly addition to N-3 which

indicates a (38 + 400) mixing with an unoccupied orbital in

22 which has an opposite phase at these carbon atoms. Likewise,
the-type SOMO for the transition state of H-atom addition at
C-6 (TS23 can be viewed as arising from a combination of
cytosine (38 + 400) and hydrogen 1s orbitals. In contrast,
the SOMO for addition to N-3TS21) involves a lower-lying
(360, —¢ = 8.0 eV) orbital in22 that has a strong component
localized at N-3 (Figure 10).

The electron reorganization in the transition states for H-atom
additions can be visualized by the total atomic charges and spin
densities at the attacking H-atom and the cytosine ring atoms
as shown forl (Table 7). InTS1, the H-atom addition causes
electron density flow from N-3 to C-4 and C-5 which both show
increased electron densities compared with thosé.iifhe
attacking H-atom retains most (77%) of the spin density and
shows a negligible atomic charge. This is consistent Wi
being an early transition state. The charge polarization in the
cytosine ring inTS1indicates that the H-atom attacking at N-3
can be viewed as a weak nucleophileTI&2, the H-atom has
a negligible charge and retains most (79%) of the spin density.

shows a yet higher activation energy. Thus, water complexation The atomic charges indicate electron density flow to C-5 and

in 21 and22 results in areversal of relatve reactvities of N-3
and C-6by disfavoring the addition to N-3.
PCM calculations of solvation free energies for transition

C-4, so that the H-atom can be viewed as a weak nucleophile.
In contrast, iInTS3, the attacking H-atom develops a small
positive charge and causes a polarization of the<G% bond,

states of H-atom addition did not give reasonable results. This Whereby C-6 develops an increased negative atomic charge,
is probably due to the PCM setup, where hydrogen atoms arewhereas C-5 becomes more positive. Hence, the attacking

included in the atomic radii of heavy atoms (X), and the
structures are presumed to have standarddbond lengths?
This principle is violated in transition states for H addition,

H-atom inTS3 can be viewed as a weak electrophile.

The electron reorganization trends during H-atom attack in
positions N-3, C-5, and C-6 ih6 and20—22 are analogous to
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Figure 10. Molecular orbitals in22 and TS21-TS23 The isosurface was set at 0.025.
TABLE 7: Atomic Charges and Spin Densities in Cytosine and Cytosine Radicals
charge and spin densitfes
species N-1 C-2 0-2 N-3 C-4 C-5 C-6 N-7 H-3 H-5 H-6
1 —0.41 0.55 —0.53 —0.48 0.25 0.12 —0.16 —0.55
TS1 —0.40 0.57 —0.52 —0.35 0.20 —0.02 —0.19 —0.52 0.00
—0.01 0.04 0.01 —0.16 0.16 0.09 0.09 0.01 0.77
4 —0.45 0.65 —0.54 —0.53 —0.02 0.28 -0.27 —0.62 0.32
0.06 —0.01 0.00 0.09 0.44 —0.24 0.64 0.06 0.00
TS2 —0.39 0.55 —0.52 —0.45 0.12 0.09 -0.17 —0.51 0.01
0.02 0.00 0.03 —0.04 0.24 —0.30 0.28 —0.03 0.79
5 -0.37 0.51 —0.51 —0.45 0.34 -0.22 -0.17 —0.54 0.16
0.07 0.00 0.09 0.00 0.01 -0.11 0.90 0.00 0.07
TS3 —0.36 0.56 —0.52 —0.46 0.22 0.33 —0.53 —0.55 0.03
—0.05 —0.03 0.00 0.07 0.01 0.08 0.15 0.02 0.76
6 -0.47 0.54 —0.51 —0.44 0.25 0.17 —0.39 —0.55 0.16
0.03 —0.03 0.03 0.30 -0.17 0.88 -0.12 0.01 0.05
15 -0.42 0.57 —0.54 —0.60 0.05 —0.16 -0.07 —0.15 0.82
0.13 0.02 0.01 0.24 0.39 —0.12 0.30 —0.12 0.18
21 —0.41 0.65 —0.53 —0.58 0.18 0.24 —0.24 —0.60
TS18 —0.40 0.57 —0.52 —0.40 0.16 0.16 —0.23 —0.57 0.03
0.00 0.04 0.01 —0.11 0.11 0.07 0.06 0.01 0.74
26 —0.44 0.72 —0.56 —0.53 —0.08 -0.32 -0.32 —0.63 0.37
0.06 0.00 0.00 0.09 0.41 —0.23 0.66 0.05 0.00
TS19 —0.38 0.65 —0.52 —0.56 0.09 0.19 —0.25 —0.56 0.02
0.02 0.00 0.03 —0.03 0.26 —0.33 0.29 —0.03 0.79
27 -0.37 0.60 —0.52 —0.54 0.321 —0.20 —0.18 —0.58 0.18
0.07 0.00 0.09 0.00 0.01 -0.11 0.91 0.00 0.07
TS20 -0.35 0.66 —0.52 -0.57 0.16 0.43 -0.57 —0.59 0.03
—0.05 —0.03 0.00 0.06 0.02 0.09 0.14 0.02 0.76
28 —0.46 0.65 —0.52 0.56 0.22 0.27 —0.45 —0.61 0.16
0.02 —0.02 0.02 0.25 -0.17 0.91 —0.12 0.04 0.05

aFrom Mulliken population analysis. Upper lines: atomic charges on heavy atoms. Lower lines: spin densities on heavy atoms or hydrogen
atoms, as denoted. Sites of major spin density are shown as bold nurh&mais.of charge/spin densities on the ammonium hydrogen atoms.

that described fofl. and do not depend on the mode of water in TS1. Hence, neither the orbital analysis nor the charge and
complexation. For example, the negative charge at N-3 decreasespin densities provide a straightforward explanation for the
from —0.58 in21to —0.40 inTS18 whereas the positive charge reactivity reversal of N-3 and C-6 in water complex&isand
at C-5 decreases from 0.24 to 0.16 (Table 7). The charge and22. An explanation can be inferred from the bonding energies
spin density at the attacking H atom ar€0.03 and 0.74, of the water molecule coordinated to N-3 and the Njfboup.
respectively, inTS18 which are not much different from those  The bonding energy decreases from 40 kJth@ K value) in
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21to 26 kJ mott in TS18 and further to 20 kJ mot (0 K attack at C-5 in all tautomers and water complexes. In the gas

value) in radical26. In contrast, the water bonding energy in phase, N-3 is calculated to be the second most reactive position

TS20 is calculated as 35 kJ md, indicating a stronger  inthe 2-oxo-4-amino-1,2-dihydrbd)pyrimidine tautomefd and

solvation of the transition state for addition at C-6. Hence, the in 1-methyl-2-0xo0-4-amino-1,2-dihydrbH)pyrimidine (16),

reversed order of reactivities at N-3 and C-&ihand22 can followed by C-6. However, a water molecule solvating the N-3

be attributed to solvation effects. Note that the water bonding position and NH group in cytosine hampers addition to N-3

energy inTS19is 34 kJ mof?, a 6 kJ mot! decrease when  and reverses the relative reactivities of the C-6 and N-3

compared t@1, which results in an increased activation energy positions.

for H-atom addition at C-5 (14.9 kJ mdlin 21 compared to

13.5 kJ mot? in 1) but does not change the reactivity ordering. Acknowledgment. Support of this work by the National
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